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Aline Lopes Camargo, Ângela Gaio Graeff, Carla Neves
Costa, Deives Junior de Paula,Fabŕıcio Longhi Bolina,
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Preface

The Organising and Scientific committees of IFireSS 2023, as well as
CIB W-14 Commission - Fire Safety, would like to thank your
participation in the International Fire Safety Symposium – IfireSS –
2023, in Rio de Janeiro, Brazil. The city of Rio de Janeiro allowed
the creation of a unique and fantastic environment for the realization
of this event.
The Symposium contributed to the exchange of ideas and knowledge
in the area of Fire Safety and assisted in planning future research
activities for the area.
The Symposium has had participants from different countries around
the world and covered a wide variety of research areas including:
Structural Fire Safety; Mechanical and Thermal Properties of
Materials; Fire Chemistry, Physics and Combustion; Fire Reaction;
Fire Safety in Vehicles and Tunnels; Fire Risk Assessment; Smoke
Control Systems; Firefighting and Evacuation; and Fire Regulations,
Standardization and Construction Trends.
The articles presented at this Symposium were of high quality, in
different areas of fire safety, and these proceedings reflect that fact.
They will serve as the basis for developments in the field, research
projects and technical standards. The in-person or online
presentations were superb and resulting in discussions of a high level
for the area.

The Organizing and Scientific Committees of IFIRESS 2023
and CIB W14 Commission
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Gouveia; Ângela Gaio Graeff; Mônica Regina Garcez ) . . . . . . . . . . . . 711

Research and Certification of Building Products 724
Paper 061 - A PLAN FOR THE TEACHINGOF FIRE SAFETY IN ARCHITECTURE

AND URBANISM COURSES (Evandro C. Medeiros; Ângela G. Graeff ) . . 725
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1. FIRE HAZARDS AND CHALLENGES IN MODERN WAREHOUSES   
 
Among all types of commercial properties and buildings, warehouses often have the highest 
quantity of combustibles per unit of footprint (i.e., fuel loading), and thus present very 
challenging scenarios for fire protection. Failure to achieve adequate protection may result in 
significant fire safety concerns and catastrophic property losses. Traditionally, commodities 
have been stored in warehouses directly on the floor or on rigid racks to maximize the space 
utilization, and handled by forklifts that require certain aisle space to operate. This results in the 
widely used double-row rack storage (Fig. 1a), where protection challenges primarily come from 
the storage height and commodity type. This has motivated the continuous development of 
large-orifice sprinklers.  
 

 

Figure 1: Warehouse storage illustrations: (a) double-row rack storage; (b) on-end roll paper 
storage; (c) open-top plastic containers stored in racks. 
 
Modern warehouses are constantly evolving with emerging challenges that require innovative 
sprinkler solutions. As examples, this work will focus on three specific fire hazards in today’s 
warehouses: (1) open-top combustible container (OTCC) storage in racks (Fig. 1c); (2) high 
storage of on-end hard-surface paper rolls (Fig 1b); and (3) top-loading automatic storage and 
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retrieval system (TL-ASRS). When a fire occurs among the OTCCs placed on racks, the water 
discharged from ceiling sprinklers is collected by the containers resulting in very little wetting of 
the lower portion of the storage. Consequently, fires can spread beyond the coverage area of 
activated sprinklers. In contrast, fires from on-end storage of hard-surface paper rolls can also 
impede water penetration through strong upward fire plumes, and become uncontrolled via 
paper exfoliation that exposes fresh fuels. As to TL-ASRS, the densely arranged storage tends 
to prevent adequate downward water transport, whereas the narrow gaps between adjacent 
container units preclude use of in-rack sprinklers. Clearly, these challenging fire scenarios in 
modern warehouses demand innovative and cost-effective solutions. 
 
2. DEVELOPMENT OF COST-EFFECTIVE SOLUTIONS  
 
OTCC fires are challenging largely due to the limited downward water transport to the lower 
portion of the storage. To address this problem, in-rack sprinklers may be deployed in a very 
dense manner, which inevitably leads to high cost of fire protection. To overcome the water 
transport issue, the container structure can be modified to allow for adequate water cascading 
from one tier to another. This work will assess options of container modification and the 
corresponding protection performance using ceiling sprinklers. 
 
To counteract the tremendous fire plume generated by on-end paper roll fires, this work 
explores the use of large-orifice sprinklers to produce high momentum water sprays. In this 
study, a unique challenge is the limitation of testing lab capabilities, especially when the roll 
storage height exceeds that of the lab. Therefore, an innovative testing method is developed to 
evaluate sprinkler protection performance beyond current lab capabilities. 
 
The unique storage arrangement of TL-ASRS, especially the narrow gaps between adjacent 
columns, does not allow for installation of in-rack sprinklers. In addition, the human occupied 
storage facility is also not suitable for many gaseous agent-based suppression systems. As a 
result, this work evaluates ceiling sprinkler protection options in conjunction with carefully 
selected final extinguishment measures. The final extinguishment is crucial to TL-ASRS fires 
due to the limited access for firefighting activities that are traditionally used as the last resort to 
achieve complete fire extinction. 
 
3. FUTURE DEVELOPMENT OF SMART SPRINKLER TECHNOLOGY  
 
Traditional sprinkler technology has many limitations, such as slow activation, sprinkler skipping 
and lack of proactive response to fire spread. Looking into future, a new generation of SMART 
(Simultaneous Monitoring, Assessments and Response technology) sprinkler is being 
developed and commercialized. This work will provide a review of state-of-the-art on SMART 
sprinkler, expected to be increasingly used to address challenges of modern warehouse fires.     
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1. INTRODUCTION 
 
Currently the use of wood as the main construction material is becoming more and more popular not only for 1 to 
3 storey buildings, but also for mid-rise and high-rise buildings. In addition, in the context of reducing carbon 
emissions, buildings with wood seem interesting because this allows the transition to a low-carbon, circular and 
sustainable economy. But, this should not lead us to ignore the risks that wood as a combustible material 
presents to fire safety. For that reason several researchs are carried out in the world, in order to identify the best 
construction techniques so that the wooden buildings provide at least the same fire safety as the other types of 
buildings made up of concrete or steel structures. The combination of these three main building materials is one 
of the paths taken more and more by construction builders to take advantage of the qualities of each material. 
 
However, unprotected structural timber constitutes an additional fuel load compared to concrete and steel. In fire 
situation its combustion and/or charring can lead to the collapse of the building if measures preventing these 
phenomena are not taken. For a wooden structure, the two aspects, reaction and resistance to fire, are interesting 
because the first favors the ignition of fire and contributes to its development, and the second characterizes its 
capacity to ensure its function of resistance and/or compartmentation in a fire situation. 
 
In this paper, several experimental results allowing to identify the contribution of wooden structures on the 
development of the fire, are given. Calculation methods for wooden structures, assemblies included, as well as 
those for composite timber-steel and timber-concrete structures are presented. Finally, technical conclusions and 
possible solutions, based on experimental and numerical results, for the safety of buildings made of timber 
structures, are also presented. 
 
2. Description 
 
The presentation begins by recalling the context why it is interesting to know the fire behavior of wooden 
structures. This can be simply summarized by "Willingness to build with more wood and reduction of the carbon 
footprint". Then the regulatory codes, the fire safety objectives and the criteria that allow to satisfy them, are 
recalled. 
 
In order to have an overview of where wooden structures stand in relation to concrete and steel structures in a fire 
situation, the durations of fire resistance of five beam and frame structures are compared. These structures have 
been dimensioned according to the standards EN 1992-1-1, EN 1993-1-1 and EN 1995-1-1 [1]. 
The contribution of wooden structural elements to the development of fire, inside [2, 3, 4, 5] and outside [6] of a 
building, is illustrated using several results of experimental studies based on real compartment fires. These 

 
a CSTB, Centre Scientifique et Technique du bâtiment (dhionis.dhima@cstb.fr). 
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studies make it possible to identify the most important parameters that contribute to the development of the fire, 
the effect of partial or complete protections on its duration, and in particular, the durations of the temperature 
stages above 1000°C. The two most important parameters are the density of the fuel load and the opening factor 
of the fire compartment. Concerning the vertical propagation of the exterior of a building, the role of wooden 
facades is presented and the most important parameters are identified [7, 8, 9]. The contribution to the fire 
development of the beams and columns of a mixed timber-steel-concrete structure of an open car park tested and 
modeled in fire is also presented [9, 10]. Regarding fire resistance, simplified and advanced calculation methods 
for timber structures [12] and their assemblies [13, 14, 15, 16], as well as those for mixed timber-steel [17] and 
timber-concrete structures [ 18, 19, 20, 21, 22] are presented. 
Encouraging experimental results, relating to the evolution of the compressive strength of wooden specimens and 
to the reversibility of this resistance after cooling, complete the presentation relating to the fire resistance of timber 
structures. 
The conclusions of a parametric FSE (Fire Safety Engineering) study based on small, medium and large scale fire 
tests [3, 23, 24] and modeling [25], in order to predict under what conditions flame extinction can occur are also 
presented. 
The technical conclusions based on the analysis of presented experimental studies and the application of the FSE 
are accompanied by some proposals for probable solutions which would make it possible to achieve the levels of 
security fixed by safety objectives. 
Concerning the complete encapsulation of wooden structural elements, some solutions proposed and applied in 
France are given [26]. 
 
3. CONCLUSION 
 
The analysis of the large-scale experimental results and the application of FSE by exploiting the experimental 
results at several scales make it possible to design technical solutions which could lead to the extinction of the 
flames during a fire, and consequently to a high probability to satisfy the fire safety objectives of a building. 
It is essential to improve the models that simulate the development of fire and to carry out more research in order 
to take into account the effect of the wind on the extinction of flames and smoldering fires. 
However, the complete encapsulation of the elements of timber structures and the use of sprinklers can easily 
satisfy the safety objectives for the duration of the fire. These solutions are known and are relatively simple to 
implement. 
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ABSTRACT 

 

Extreme loading conditions generated by explosions that may result from terrorist attacks, transportation, and 

storage of energetic materials can cause devastating consequences for structures and their occupants. Blast-

induced effects can be broadly classified into two distinct categories, 1) far-field detonation and 2) near-field 

detonation. Threats involving terrorist attacks using large amounts of explosives, kept at some distance from the 

structures, come under far-field detonation. A possible threat tactic is to detonate small quantities of explosives in 

contact with critical load-bearing structural members to compromise the stability of the structure, leading to its partial 

or complete collapse, which can be defined as near-field detonation. In the near-field region, the blast loading is 

affected by local phenomena such as the expansion of the detonation products and after-burn. These phenomena 

are not observed in far-field blast loading. This study investigates the response of steel sections subjected to blast 

loads due to near-field detonations. A combination of the Material Point Method (MPM) and Implicit Continuous-

fluid Eulerian (ICE) method within the Uintah-Computational Framework (UCF) was used for simulations. These 

methods are based on a coupled Eulerian-Lagrangian formulation. Pressure, temperature, and velocity profiles 

generated from the explosion on the sections were also investigated.  

 

 

Keywords: TNT, MPM-ICE, Uintah, Ignition and Growth Model, near-field detonation. 
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1. INTRODUCTION 

 
Over the past few decades, terrorist attacks have become more frequent, with explosive attacks accounting for 
more than 50% of all incidents in the last two decades, as per data from the National Consortium for the Study of 
Terrorism and Response to Terrorism. Notable attacks like the 9/11 attack on the Twin Towers of the World Trade 
Center and attacks on several bridges significantly impact the design of structures worldwide. The failure of the 
structure depends on the amount and location of explosives [1]. 
 
High-occupancy buildings are easy targets for terrorist attacks that might result in a total or partial structural collapse 
with the greatest fatalities. Blast-induced events can be majorly classified into two categories: “near-filed” and “far-
field” detonations [2]. Small bag packs or a parcel can reach the targets, but due to several such incidents, near-
field detonations have become a major threat to the structures. The experimental and analytical investigation of 
near-field blast response is challenging because the loading is dominated by high-pressure, high-temperature 
detonation products rather than a diffracting shock wave as in far-field detonations [3]. The need to accurately 
predict the blast loads and structural response in near-field detonations has become significantly important for the 
security of buildings and critical infrastructures. Design charts such as those available in UFC 3-340-02 [4] can not 
be used in near-field detonations because they can not capture the amplitudes of the incident and reflected peak 
overpressures and the effect of the expanding detonation products on the overpressure histories [5].  
 
One of the critical factors that affect the response of steel sections to near-field detonations is the standoff distance, 
which is the distance between the explosive charge and the target structure. The effect of the standoff distance on 
the response of steel sections has been the subject of extensive research in recent years, as it can significantly 
impact the design and safety of structures in high-risk areas. Several studies have been performed to characterize 
the near-filed blast and to investigate the response of structures to the near-filed blast loading [5]–[8]. Jinwon et al. 
[5] numerically modeled the detonations of explosives and characterized their effect in the near-field. Most of the 
CFD models assume that all the energy released from the explosive is released upon detonation and is used to 
drive the shock front forward. This assumption does not hold for under-oxidized explosives such as TNT. 
Afterburning is a process that occurs in these situations. As the shock wave expands into the atmosphere, the 
detonation products can consume oxygen from the surrounding air and oxidize. Afterburning does not affect peak 
overpressure significantly but can increase impulse [5]. Remennikov et al. [2] investigated the response of steel 
plates subjected to near-field detonation and proposed a simplified model for predicting the damage from near-field 
loading. Zarkrisson et al. [8] numerically simulated the blast loading in near-field scenarios and its application on 
steel plates. Fan et al. [9] numerically investigated the load induced by cylindrical charge parameters for near-field 
explosion and observed that the pressure in the axial direction was greater than that in the radial direction. The 
opposite was observed for the far-field detonations. The behavior of blast load is different for near-field detonation 
than for far-field detonations. CFD tools must be used to characterize the response of structures subjected to near-
field detonation [5]. 
 
Understanding the effect of the standoff distance on the response of steel sections is critical in designing structures 
to withstand blast loading and protect human lives and critical assets. The current study numerically investigates 
the effects of near–field blast loading on steel sections. The model was verified and validated for overpressure at 
different standoff distances and the response of steel plates subjected to near-filed detonation. Further, the effect 
of standoff distance on displacement, pressure profiles, velocity profiles, and temperature profiles were 
investigated.  
 
2. SIMULATION METHODOLOGY  

 

Uintah Computational Framework (UCF) was used as the underlying framework for simulations [10]. It consists of 

several components. The main components used for the model are 1) The Material Point Method (MPM), 2) The 

Implicit, Continuous fluid Eulerian algorithm (ICE), and 3) The combined Fluid-Structure Interaction algorithm 

(MPMICE). MPM was used to model the steel plate, while ICE was used to model the explosion from the charge. 

The quasi-meshless MPM can model large deformations, material contact, fracture, etc. [11]. Each grid cell in the 

cell-centered ICE model carries the thermodynamic variables, which are calculated by an iterative pressure solution, 

volume, temperature, and kinetic attributes like velocity. The complicated flow behaviour of combustion gas 

interactions in surface flames, convective flames, and detonation product gas expansions can be modeled using 

ICE. The main component used in the current study is MPMICE, which is a combination of both MPM and ICE. The 

use of MPMICE made it possible to simulate fluid-solid interactions as well as flow and deformation. 
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2.1 Equations of state 

 

To model, the reactants and products in case of explosions equation of states (EOSs) are required. EOSs give the 

relationship between pressure, volume, and energy. In the current study, JWL EOS was used to model the reactant, 

and ideal gas EOS was used to model the products. The JWL EOS calculates the average bulk pressure, which is 

given as follows:   

 

                                                            p = Ae−R1V + Be−R2V +ωCvT                                                                      (1) 

 

where, p is bulk pressure; V is relative volume; A, B, R1, R2, and w are material constants. The parameters for the 

detonation of reactants were taken from the literature [12]. 

 

2.2 Reaction model 

 

The ignition and growth model [13] was used to model the detonation from the explosive. The governing equation 

for the model is given by:  

                                        
dF

dt
= I(1 − F)b (

ρ

ρo
− 1 − a)

x
+ G1(1 − F)cFdpy + G2(1 − F)eFgpz                                 (2) 

 

 

Where, F is the fraction of the chemical energy released, t is time in µs, ρ and ρo are current and initial densities, 

respectively, p is pressure, and I, G1, G2, a, b, c, d, e, g, x, y, z are constants. In this model, the shock front ignites a 

portion of the explosive. The reaction rate is controlled by surface area and pressure. The amount of hotspot 

generation leads to rapid consumption of explosive material. The parameters for TNT were taken from the literature 

[12]. 

 

2.3 Material model 

 

Johnson-Cook plasticity and damage models were used to model the behavior of steel plates. The model is 
applicable for modeling the material behaviour of metals under high strain rates and temperatures. The model 
parameters for XLERPLATE Grade 350 were taken from the literature [14]. 
 

3. VERIFICATION AND VALIDATION STUDIES 

 

3.1. Example 1 (Verification of TNT explosion) 

 

Fan et al. [9] numerically modeled the overpressure of TNT spherical charge. A TNT charge of 1 kg was taken, and 

only 1/8th part was modeled due to symmetry. Symmetric boundary conditions at x-, y-, and z- faces with Neumann 

boundary conditions being applied at x+, y+, and z+ faces. The resolution was 20 mm, with four particles on each 

side of each cell. The overpressure profiles at 1 m, 2 m, and 3 m from the point of detonation were calculated at 0o 

angle. Figure 1 shows a comparison of pressure profiles from simulation and reference. It was observed that the 

arrival time of peak pressure is slightly lower than that of the results obtained from the reference [9]. The values of 

peak pressures obtained from the present simulation are higher at 2 m and 3 m standoff distances than that from 

reference results [9]. The overpressure reaches below ambient pressure after a certain time, which is termed the 

negative overpressure phase. In the negative overpressure phase, the structure is subjected to a suction force. The 

negative phase overpressure histories are also considered for the overall performance of the structures. The 

presented model in this study can capture the negative overpressures as well. 
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Figure 1: Simulated and reference pressure-time history at different standoff distances for 1kg TNT [reference 

simulation did not capture negative pressure]. 

 

3.2. Example 2 (Validation of steel plate response) 

 

Remennikov et al. [2] experimentally investigated the response of steel plates for near-field detonation and provided 

a simplified model for predicting the damage caused by near-field blast loading. Figure 2 shows the test rig for 

explosive loading of steel plates. The overall dimensions of the rig were 1000 mm x 1000 mm x 800 mm. The 

effective surface area of the plate exposed to the blast source was 700 mm x 700 mm, and the plate was 10 mm 

thick. Figure 3 shows the schematic of the model. Only 1/4th part of the plate was modeled due to symmetry. A 

spherical charge of 1 kg TNT was taken, and a steel plate (XLERPLATE Grade 350) was modeled at a 110 mm 

standoff distance. Symmetric boundary conditions were applied on y- and z- faces. The plate was fixed at y+ and 

z+ faces. The effective exposed area was taken for the simulation. Figure 4 shows the deflected shape of the plate 

from the experiment (3D scanned image) and simulation. The shape of the deformed plate from the simulation is 

similar to that obtained from the experiment. Figure 5 shows the comparison of the displacements at the center of 

the plate from the present simulation and displacements obtained from the experiment and numerical model of 

Remennikov et al. [2]. The results obtained from the experiment are the final deformations calculated from the 3D 

image. Initially, the displacement obtained from the present simulation was lower than that obtained from the 

numerical model in reference [2], but after a certain time, the final displacement does not have a significant 

difference.  
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Figure 2: Plate dimensions and test rig used in the experiment [2]. 

 
 

Figure 3: Schematic of the model for validation study (for example 2). 

 

 

        
(a)                                                                                          (b) 

 

Figure 4: Deformed shape of steel plate, (a) experiment [2] and (b) present simulation. 
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Figure 5: Comparison between displacement at the center of the plate from simulation and reference [2].  

 

4. RESULTS AND DISCUSSIONS 

 

This section investigates the effect of standoff distance on displacement, overpressure, velocity, and temperature 

profile. A TNT spherical charge of 1 kg was taken for all the simulations, and a steel plate of 1000 mm x 1000 mm 

x 10 mm was taken. The steel material taken was XLERPLATE Grade 350. The material models are the same as 

discussed in section 2. Eight different standoff distances were taken, ranging from 100 mm to 1050 mm, to 

investigate the effect of near-field detonation.  

 

4.1 Displacement of steel plate 

 

Figure 6 shows the maximum displacement in the x-direction with time. The displacement is maximum (about 130 

mm) at 100 mm standoff distance and decreased exponentially as the standoff distance increased. The value of 

displacement is about 30 mm (minimum) at a standoff distance of 1050 mm. The observed phenomena were 

expected, as the target is moved away from the explosive charge the blast load generated due to the overpressure 

reduces. It was observed that in the region from 300 mm to 600 mm distance the difference in displacement id 

about 10 mm. And further the rate of decrease of displacement increases for 800 mm and 1050 mm standoff 

distances. 

 

4.2 Overpressure profiles near the center of the steel plate 

 

Figure 7 shows the overpressure profiles for different standoff distances. In the Figure, the y-axis is overpressure 

in MPa near the center of the plate, and the x-axis denotes the time in msec. It was observed that the peak 

overpressure for 100 mm standoff distance was about 250 MPa and reduced as the standoff distance was 

increased. The arrival time also increases as we increase the standoff distance. Secondary and tertiary shock 

waves were observed in pressure profiles. These were due to the successive reflection of the shock wave of the 

air/explosive interface shortly after detonation. 
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Figure 6: Maximum x-displacement for different standoff distances after 2 msec. 

 

4.3 Gas and plate velocity profiles at the center of the plate 

 

Figure 8 shows the velocity profiles. In the Figure, the left y-axis represents the gas velocity near the center of the 

plate, and the right y-axis represents the particle velocity at the center of the plate. It can be observed that the gas 

velocity is initially positive, but as the overpressure reaches the plate, it changes its direction due to the reflection 

from the plate. The particle velocity is always in positive x-direction with a maximum value for 100 mm standoff and 

decreases as the standoff distance is increased. The reflected and particle velocities are highest for 100 mm 

standoff distance and decreases as the standoff distance was increased. The maximum particle velocity was about 

300 m/sec.  

 

4.4 Temperature profiles at the center of the plate 

 

Figure 9 shows the temperature profiles. The maximum temperature observed was about 9000 K. It was observed 

that the occurrence of peak temperature was after the arrival time of peak overpressure. The temperature values 

decreased as the standoff distance increased, and it has a minimum value of 1500 k for a 1050 mm standoff 

distance. 
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Figure 7: Pressure-time histories for different standoff distances. 
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Figure 8: Velocity profiles of gas (near the center of the steel plate) and particle (at the center of the plate). 
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Figure 9: Temperature profiles for different standoff distances. 
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5. CONCLUSIONS 

 

In this work, the effect of standoff distances on the response of steel sections was investigated. It was observed 

that as the standoff distance increases, the displacement decreases. The peak overpressure is maximum for 100 

mm standoff distance and decreased significantly as the standoff distance increased. The gas velocity was 

calculated near the center of the plate, and it was observed that initially, the velocity is positive, which denotes that 

the velocity is in the positive x-direction, but after the pressure profile reaches the plate, the velocity changes its 

direction to negative x-direction. The particle velocity at the center of the plate was calculated, and it was observed 

that the particle velocity is always in the positive x-direction. The temperature near the center of the plate was 

calculated, and it was observed that for smaller standoff distances (100 mm and 150 mm), the temperature was 

about 8000 K and decreased significantly with an increase in standoff distance. Further, it was found that the time 

to reach the peak temperature was lower than the time to reach the peak pressure. 

 

Overall it can be concluded that the overpressure, velocity, and temperatures induced due to near-field detonations 

affected the plate significantly. The proposed numerical model is capable of modeling the coupled response of the 

structure due to blast loading as most of the previous models are capable of uncoupled study of blast loading on 

structures. Further, the effect of near-field detonations can be studied for different sections with varying masses of 

the charge. 
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ABSTRACT 

 

Dust explosions are the combustion of thin particles suspended in the air of closed 

environments, in this way, silos are favorable environments for the occurrence of such events. 

Dust explosions can occur in any silo with combustible products suspended in air at a 

sufficiently high concentration. Several studies point out that the energy generated by dust 

explosions is enough to cause fires in silos and burn all the stored product, in addition to the 

structural damage, especially if there is no ventilation in the silo Several researchers have 

already defined critical parameters that define the possibility of a dust explosion, such as 

particle size and dust concentration. The primary explosions are capable of generating 

secondary explosions that increase fire probability. It is important to notice that if there is no 

explosion, fire is less likely to occur. Although there is not a lot of papers treating about 

probability of occurrence of fires after dust explosion in reinforced concrete silos, some 

researchers developed simple mathematical equations to enable statistical analysis. This 

statistical analysis is undoubtedly an important step to a risk assessment in silos, and other 

structures and other performance based methods. After fire ignition, there are a lot of published 

papers simulating fire and structure resistance, specially using Monte Carlo or other distribution 

to simulate values of fire. 

  

Keywords: Dust explosions, fire, reinforced concrete, silos 

 

 

1. INTRODUCTION 

 

Dust explosions are the combustion of thin particles suspended in the air of closed 

environments, in this way, silos are favorable environments for the occurrence of such events. 

Dust explosions can occur in any silo with combustible products suspended in air at a 

sufficiently high concentration. Several studies point out that the energy generated by dust 

explosions is enough to cause fires in silos and burn all the stored product, in addition to the 
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structural damage, especially if there is no ventilation in the silo. The objective of this paper is to 

investigate the probability of dust explosion and the probability of this explosion to cause a fire, 

in addition to the factors that influence the probability of occurrence of these fires. For this, a 

literature review and statistical data collection of fire in silos developed to. 

 

Silo fires caused by dust explosions are a serious and potentially deadly hazard that can occur 

in industries that handle large quantities of dry materials such as grain, feed, and cement 

(National Fire Protection Association, 2018). According to the U.S. Chemical Safety and Hazard 

Investigation Board (CSB), dust explosions are one of the leading causes of fires and 

explosions in the food and agriculture industry (CSB, 2016). 

 

The conditions necessary for a dust explosion to occur include the presence of a combustible 

dust, an ignition source, and sufficient oxygen (National Fire Protection Association, 2017). 

Different types of materials have different levels of combustibility, with some materials being 

more problable to dust explosions than others. For example, grain and other food products, 

wood products, are all known to be prone to dust explosions (National Institute for Occupational 

Safety and Health, 2018). 

 

 

2. DUST EXPLOSIONS AND FIRE 

 

The National Fire Protection Association (NFPA) defines a dust explosion as "a fire that results 

from the rapid combustion of particles that are finely divided, generally smaller than 500 microns 

in diameter, and suspended in air or some other oxidizing atmosphere" (NFPA, 2022). These 

explosions can be dangerous and destructive, resulting in injuries, fatalities, and significant 

damage to property and equipment. 

 

Dust explosions occur when a cloud of combustible dust particles is ignited and rapidly 

combusts, creating a powerful explosion. Several factors can contribute to the ignition and 

spread of a dust explosion, including the concentration of dust particles, the size and shape of 

the particles, and the presence of an ignition source. 

 

According to the NFPA, five conditions must be present for a dust explosion to occur: fuel 

(combustible dust), oxygen, an ignition source, dispersion of dust particles, and confinement of 

the dust cloud (NFPA, 2022). When these conditions are met, an explosion can occur. 

 

Fires can occur after a dust explosion due to the high temperatures generated by the explosion 

and the presence of flammable materials in the area. When a dust explosion occurs, the rapid 

combustion of the combustible dust particles can create extremely high temperatures, which 

can ignite flammable materials, leading to a fire. 
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According to the National Fire Protection Association (NFPA), fires can be a secondary hazard 

of dust explosions, and combustible materials, such as packaging materials or equipment, can 

become fuel for a fire following an explosion (NFPA, 2022). In addition, the high temperatures 

generated by a dust explosion can damage surrounding structures and equipment, creating 

additional fuel sources for a fire. 

 

The intensity of fires in silos can vary based on the type of product stored. The stored product 

can affect the ignition and combustion characteristics, as well as the heat release rate and 

smoke production during a fire. Some products, such as wood pellets and straw, are more 

prone to combustion due to their low ignition temperature and high surface-to-volume ratio 

(Kleineidam et al., 2017). Other products, such as wheat and corn, are less prone to 

combustion but can still pose a fire risk if stored improperly (Dunn, 2017). 

 

In addition to the type of product stored, other factors can also affect the intensity of fires in 

silos, including the size and configuration of the silo, the temperature and humidity conditions, 

and the presence of ignition sources (Kleineidam et al., 2017). 

 

In general, silos storing agricultural products such as hay, straw, or corn can be particularly 

susceptible to fires due to the high moisture content and potential for spontaneous combustion 

(Tamburrino et al., 2020). Grain dust explosions can also occur in grain silos, which can lead to 

fires. 

 

There are several models that have been developed to predict the probability of a dust 

explosion occurring in a given situation, based on factors such as the type and concentration of 

the dust, the size and shape of the space in which the dust is present, and the ventilation and 

ignition sources present in the area. Some commonly used models for predicting the probability 

of a dust explosion include: 

1. The "maximum explosion pressure" model: This model estimates the maximum 

pressure that could be generated by a dust explosion in a given space based on the 

properties of the dust and the size and shape of the space. 

2. The "Kst" model: The Kst model is based on the maximum explosion pressure model 

and estimates the probability of a dust explosion occurring based on the dust's ability 

to generate pressure. 

3. The "Pmax" model: The Pmax model is also based on the maximum explosion 

pressure model and estimates the probability of a dust explosion occurring based on 

the maximum pressure that could be generated by the dust in a given space. 

4. The "dusting explosion index" model: The dusting explosion index model estimates the 

probability of a dust explosion occurring based on the dust's ability to disperse and mix 

with air. 
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Zhang et. al developed a review of literature on the factors that influence a dust explosion, and 

together with this literature review they developed a statistical method to predict dust explosion 

probability. The authors took into account the following parameters: minimum ignition energy 

(MIE); minimum explosion concentration (MEC); minimum ignition temperature of a dust cloud 

(MITc); maximum burst pressure (Pmax); maximum rate of pressure increase ((dP/dt)max); and 

explosion index (KSt). 

 

Several researchers have already defined critical parameters that define the possibility of a dust 

explosion, such as particle size and dust concentration. According to Amyotte (2013), the 

particle size is the most important factor for determining a dust explosion, and this is because 

the smaller the particle, there is an increase in the surface area of the grains, and with this, an 

increase in the dust reactivity, and if combustion takes place between a gaseous oxidant and 

solid fuel then there are more possible sites for the chemical reaction on the surface of each 

particle. 

 

Zhang et. al (2018) conclude that factors such as dust dispersion, ignition energy, dust 

concentration, oxygen and combustible agents favor the occurrence of dust explosions, while 

factors such as particle size, humidity and inert density would reduce the probability of 

occurrence of dust explosions. dust explosions. 

 

Hassan et al (2014) developed a flowchart with a method to determine the probability of a dust 

explosion occurring, the flowchart is presented in Figure 1. The method consists of using 5 

steps: step 1-risk identification; 2-data collection from databases, or from experimental works; 3-

data analysis, with the classification of parameters, statistical analysis and determination of the 

PDF curve; 4-probabilistic modeling; 5-Graphing for quick visual identification. Hassan et al 

(2014) determined a equation (1) to calculate the probability of dust explosion occurrence: 

 
 

(1

) 

 

Addai et al. (2016) developed a method to estimate Minimum Ignition Temperature (MIT) for 

hybrid mixtures. They observed that MIT value increased when dust amount was below 

Minimum Explosible Concentration, meaning that, if there is no dust explosion, the ignition of a 

fire is less likely to occur.  
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3. RELIABILITY IN SILOS 

 

Failure probability is the defined as the number of times that silo fails divided by the total 

number of analysis. This kind of article is already published by some authors, like Van Coile et. 

Al (2017), Yaping  (2013), Shpilberg (1977).  

 

Van Coile et. Al (2017) developed a fluxogram to define if there is a structural failure. The 

author defines that after ignition, it is necessary to consider the probability of failure of users to 

suppress the fire before flashover, the probability of the sprinklers to fail and the probability of 

fire brigade to fail to suppress the fire before flashover. After all this probabilitys it is necessary 

to consider fire growth and structure capability to resist to fire action. 

 

To apply Van Coile et al (2017) fluxogram to a silo, after the dust explosion there is the 

probability of a fire starting, and to this, it is necessary to reach minimum energy of explosion, 

so, it is possible to use Monte Carlo to make a distribution of Explosion Energy depending on 

the . If users, fire brigade and sprinklers are unable to suppress fire, then the structure will be 

verified by equation (2): 

  (2) 

 

Where f(x) is reliability function, g(x)=R=resistance, h(x)=S=Solicitation. With a Monte Carlo 

analysis its possible to calculate probability of failure of structure based in these factors and 

values. 
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Figure 1 - Probability of dust explosion (flowchart) 
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4. CONCLUSIONS 

 

Although there is not a lot of papers treating about probability of occurrence of fires after dust 

explosion in reinforced concrete silos, some researchers developed simple mathematical 

equations to enable statistical analysis. This statistical analysis is undoubtedly an important step 

to a risk assessment in silos, and other structures and other performance based methods.  

 

However there is no article published about fire probability after a dust explosion, it is proposed 

to do the analysis as a future paper, since it is an important step to a performance based 

design, since its necessary to calculate the probability of occurrence of fire and its intensity. 

After fire ignition, there are a lot of published papers simulating fire and structure resistance, 

specially using Monte Carlo or other distribution to simulate values of fire. 
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ABSTRACT 

 

Searching for victims in smoky indoor environments is a challenging task during firefighting missions. This is due to 

the fact that firefighters have limited visibility in smoke and existing search strategies require time to find the missing 

victim. Nowadays, fire departments are also equipped with remote-controlled mobile robots with embedded sensor 

technology, which are navigated by operators outside the danger zone and are used to search for victims. Operators 

also reach their mental limits, as it is difficult to judge changing smoke conditions within the image displayed on the 

human-machine interface. In this paper, a novel approach that uses artificial intelligence to display the smoke 

intensity in a smoky indoor environment on a human-machine interface to support operators of a remote-controlled 

mobile robot is presented. Thereby, a deep learning model is trained on a reference system to determine and 

visualize the smoke intensity on the interface. Experiments show that this approach enables efficient visualization 

of the smoke intensity. 

 

Keywords: Computer vision, deep learning, mobile robot, optical camera, smoke intensity, smoky environment, 

SSD, victim detection. 

 

 

1. INTRODUCTION 

 

The increasing number of apartment fires over the last years caused a tremendous loss of human life (20,755 fire 

deaths in 2020 [1]). Due to the furnishing in the home area, the combustion process causes a large amount of 

smoke, which increases the time needed for firefighters to search for victims and at the same time significantly 

complicates the search process. [2]. Mobile robots that are remote-controlled by operators outside the danger zone 

have gained a lot of interest in the past, as they assist firefighters during search and rescue missions [3]. This 

assistance is needed due to the fact that firefighters' cognitive fatigue reduces their efficiency during long search 

missions [4]. Also, today’s intelligent imaging systems are an integral part of mobile robots, especially for victim 

detection in hazardous environments [5]. A key role during the search for victims with mobile robots is assigned to 

the operator [2]. By using a human-machine interface (HMI), the operator is required to navigate the mobile robot 

inside the building as well as assess whether or not a victim is in the indoor environment [2]. Because of this stressful 

situation and the associated cognitive fatigue of the operator, the operator potentially fails to recognize victims due 

to the smoke as well as the additional navigation of the mobile robot [4]. In summary, it is therefore necessary to 

provide the operator with further information of the indoor environment such as smoke intensity. Figure 1 shows a 

schematic illustration of the smoke intensity visualized on the HMI. 
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This paper is an early work for victim detection in smoky indoor environments. The main contribution of this work is 

a novel approach that qualitatively determines the smoke intensity in a smoky indoor environment using a trained 

CNN model and an optical camera equipped on a remote-controlled mobile robot. The smoke intensity is visualized 

to the operator’s HMI. 

 

Figure 1: Visualization of the smoke intensity on the HMI 

 

The paper is structured as follows: In section 2, the related work on this topic is discussed. The methodology of 

determining the smoke intensity shows section 3. In section 4, the experimental outline and obtained results of the 

experiment are demonstrated. Finally, a conclusion of the work and directions for future work is provided in 

section 5. 

 

 

2. RELATED WORK IN SMOKE DETECTION 

 

In this section, the related work in smoke detection is presented. 

 

Khan et al. [6] present a smoke detection and segmentation framework for hazy and clear real-world surveillance 

settings based on a convolutional neural network (CNN). The authors [6] employ an efficient CNN architecture 

(EfficientNet) with better accuracy and also segment the smoke regions. As a result, Khan et al. [6] increase the 

accuracy up to 3% and decreases the false positive rate (FPR) by 0.46%. 

 

A novel hybrid approach to assess precise as well as fast identification of smoke in video sequences is given by 

Gagliardi et al. [7]. The approach combines a feature detector based on Kalman filtering and a CNN. First, the 

algorithm automatically selects a specific region of interest within the image for gray colored moving objects. 

Second, the CNN verifies the presence of smoke in the proposed region of interest. The authors [7] compare their 

approach with existing metrics on several video datasets and demonstrate the improvement of their approach. 

 

A special application of smoke detection in a normal and foggy IoT environment is investigated by Khan et al. [8]. 

The authors [8] use the VGG-16 CNN architecture. Experiments show better results in terms of accuracy, FPR as 

well as efficiency compared to other CNN models. 

 

He et al. [9] propose a smoke detection method for normal and foggy environments. The approach combines an 

attention mechanism, a feature-level module as well as a decision-level fusion module. Through comparative 

experiments with an existing and self-created dataset, He et al. [9] show higher accuracy and precision compare to 

other existing CNN approaches. 

 

Saponara et al. [10] introduce a real-time video-based smoke and fire detection system which uses YOLOv2 CNN. 

The training process of the YOLOv2 CNN is executed with a fire and smoke image dataset in outdoor and indoor 

scenarios. The trained data is tested with fire and smoke and negative videos in several outdoor (for instance 

storage area) environments as well as indoor (for instance container, home, office) environments and is compared 

to other CNN methods. The YOLOv2 CNN method achieves promising results in terms of accuracy in comparison 

to the state-of-the-art CNNs. 
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Another special application of fire smoke detection in a wildland forest is presented by Zhang et al. [11]. The authors 

[11] uses a Faster R-CNN to detect smoke in forest environments and produce synthetic forest smoke training 

images by inserting simulative and real smoke into forest environment images. The trained system is verified with 

real forest smoke images and the performance of simulative smoke show better results. 

 

Zhao et al. [12] investigate the impact of using additional infrared bands for fire smoke detection from landsat images 

with a CNN model when wildfires occur. Thereby, the authors [12] design a lightweight CNN model (Variant Input 

Bands for Smoke Detection) and show in a case study that the trained CNN model could effectively detect fire 

smoke mixed with cloud over limited geographic areas. 

 

Also, Almeida et al. [13] propose a novel lightweight CNN model for wildfire detection through RGB images. The 

CNN architecture is applicable with aerial images by unmanned aerial vehicles (UAV) as well as video surveillance 

systems. The CNN model achieves an accuracy of 98.97% and a F1 score of 95.77%. 

 

In the work of Lin et al. [14], the authors [14] develop a joint detection framework based on Faster R-CNN and 3D 

CNN. The two frameworks show high performance in smoke location and recognition. The authors [14] achieve a 

detection rate of 95.32% and a FPR of 0.39% for smoke video sequences. 

 

Zeng et al. [15] address an improved detection method based on CNN to detect fire smoke. The authors [15] verify 

the CNN models Faster R-CCN, Single Shot MultiBox Detector (SSD), Region-based Fully Convolutional Networks 

(R-FCN) and improve the detection effect by replacing the feature extractor with a novel feature extraction network 

(for instance MobileNet, ResNet V2, Inception V2, Inception ResNet V2). Experiments demonstrate that the mean 

average precision (mAP) reaches 56.04% on the smoke detection dataset. 

 

Also, Cheng [16] uses Faster R-CNN for smoke detection in images. During an experimental verification, Cheng 

[16] demonstrates the improvement of accuracy and the decrease of the FPR. 

 

Nguyen et al. [17] present a novel smoke detection method by using surveillance cameras in indoor environments. 

The method consists of two stages. First, motion regions between consecutive frames are located by using optical 

flow. Second, a CNN is used to detect smoke in this region. The method is evaluated with an own image dataset 

as well as a real video sequence. The proposed method achieves better accuracy compared to the state-of-the-art 

methods. 

 

Also, Pincott et al. [18] develop and evaluate a vison-based CNN (Faster R-CNN) approach for indoor fire and 

smoke detection. Based on indoor fire and smoke videos, the trained CNN model achieves up to 92.37% correct 

fire detections, but smoke detection did not perform well. In 2022, Pincott et al. [19] present a second work with the 

objective, to study two existing CNN models (Faster R-CNN Inception V2 and SSD MobileNet V2) and design a 

vision-based indoor fire and smoke detection system. Tests show that the Faster R-CNN Inception V2 model 

achieves better results in terms of accuracy and detection compared to the SSD MobileNet V2 model. 

 

Dhiman et al. [20] propose a firefighting robot that uses CNN to detect fire. The authors [20] achieve an accuracy 

of fire detection up to 98.25%. Also Guo et al. [21] present a firefighting robot that uses a Faster R-CNN model to 

detect indoor fire in noisy images. The authors [21] obtain a precision of up to 99.8%. 

 

Another approach of fire detection with a firefighting robot is presented by Li et al. [22]. The work proposes a thermal 

image flame detection with YOLOv4-F based on YOLOv4-tiny CNN model. Experiments show that the accuracy of 

the proposed YOLOv4-F CNN model is 5.75% higher and the mAP rises by 7.02%, compared to the YOLOv4-tiny, 

YOLOv5-s and YOLOv7-tiny CNN models. 

 

Furthermore, Tephila et al. [23] address a firefighting robot that uses deep learning to detect fire. The authors [23] 

use a combination of Imagenet and Alexnet and achieve a fire detection accuracy of up to 97.75%. 

 

An efficient fire detection based on a CNN model in video surveillance applications is proposed by Muhammad et 

al. [24]. The efficient CNN architecture, inspired by the SqueezeNet architecture, is used to detect fires. The 

architecture has the advantage that it uses smaller convolutional kernels with lower computational requirements. 
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Tests show that due to the increased depth, the proposed solution achieves an accuracy that is comparable to other 

more complex CNN models. Also, Muhammad et al. [25] present a second work. In this work, the authors [25] 

propose another efficient CNN model for fire detection in uncertain surveillance scenarios. Experiments also show 

better performance of the CNN model compared to state-of-the-art CNN models. 

 

An et al. [26] propose a dynamic convolution YOLOv5 CNN-based fire detection approach. First, the approach uses 

the K-mean++ algorithm to optimize anchor box clustering. Second, the dynamic convolution is introduced into the 

convolution layer of YOLOv5. Third, the pruning of the network heads of YOLOv5’s neck and head is carried out to 

improve the detection speed. During experiments, the authors [26] verify that the dynamic convolution YOLOv5 fire 

detection method reaches higher performance (recall, precision, F1 score) than the YOLOv5 method. Also, in 

comparison to other CNN models, the precision and F1 score is improved. 

 

Chowdhury et al. [27] introduce a hybrid model for fire detection. The vision-based fire detection model uses the 

color and motion attributes of fire in the frame. In the second part, a physical MQ-2 smoke sensor is used to 

recognize smoke and gas in the environment caused by the fire. Experiments show that the system has an accuracy 

of up to 86.67%. Also Zhang et al. [28] use a vision-based systems and a physical MQ-2 smoke sensor in their 

work. On the other hand, Jobert et al. [29] present a novel optical smoke sensor. 

 

Li et al. [30] propose a deep-learning fire source localization algorithm with temperature and smoke sensor data 

fusion according to the stages of the combustion process. Experiments show that the root mean squared error of 

the model localization reaches 0.63, 0.08 and 0.17 in three stages. 

 

Fritsche et al. [31] discover that real smoke and fog, generated by a fog machine, is physically different, but 

emphasize that the attenuating influence on vision measurement is basically comparable. 

Summarizing the smoke detection approaches in the literature [6] - [31] no research, by the best knowledge of the 

author, is known that determines the smoke intensity in real-time in a smoky indoor environment using an optical 

camera as well as a CNN model. 

 

 

3. METHODOLOGY OF SMOKE INTENSITY MODEL 

 

This section describes the, by the author of this work, proposed methodology for determining the smoke intensity 

in smoky indoor environments. Figure 2 illustrates the methodology in a flowchart. 

 

Figure 2: Flowchart of smoke intensity model 

 

Since no image dataset is available for the smoke intensity model, first it has to be crated with reference object 

classes. After preprocessing (for instance removal of outliers) and training the image dataset on a MobileNet SSD 

network architecture, a reference object classes detection model is provided. On the one hand, the generated model 

is validated on an image dataset and is the input for the reference system on the other hand. Based on the reference 

system, the smoke intensity model is derived. 
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3.1 – Image Dataset Collection 

 

Since there is no image dataset available, an own image dataset is generated in this research work. The image 

dataset consists of a collection of reference object classes taken with an optical camera and a sensor for 

illumination. The optical camera (model Rapoo) is a high resolution device (1,920×1,080 px) with a viewing angle 

of 80° and a frame rate of 30 fps. It is connected to a single-board computer via serial interface (USB) and positioned 

statically in space. The scene with the reference object classes consists of a neutral background but is combined 

with different lighting conditions. These lighting conditions are characterized for instance by lateral sunlight or 

shadowing. In total, 193 RGB images (640x480 px) are captured, also without reference object classes for true 

negative predictions. 

 

3.2 – Reference Object Classes 

 

The reference object classes used in this research work has the characteristics that they are unique from other 

objects in the scene. In Figure 3 example images of the novel image dataset, captured with the optical camera, are 

illustrated. 

 

   

Figure 3: Examples of the reference object classes in different positions captured with the optical camera 

 

Figure 3 shows that the reference object classes are represented by a combination of letters and shapes, which 

differ from conventional shapes in a scene. 

 

3.3 – Image Dataset Preprocessing 

 

Three steps are taken to preprocess the image datasets. In the first step, images that are not suitable for training 

are removed from the image dataset (blur, reference objects cropped, outliers). Second, the image dataset is 

annotated1 (XML format) by the individual letters and numbers. Third, the image dataset is randomly sorted into a 

training (90%) and a validation (10%) batch. The random split is applied with the library Split Folders2. 

 

3.4 – Image Dataset Training 

 

After preprocessing the image dataset, the data is trained on a Single Shot MultiBox Detector (SSD) MobileNet 

network architecture3. The deep learning model is pretrained on the COCO dataset4. The used MobileNetV25 is an 

appropriate architecture for devices with low computational power. It consists of two layers, whereby the first layer 

is a depthwise convolution and performs lightweight filtering by applying a single convolutional filter per input 

channel and the second layer is a 1×1 convolution, which is responsible for building new features through computing 

linear combinations of the input channels [32]. In order to prevent the training of overfitting, the image dataset is 

trained over 30,000 steps. The result of the training is a reference object classes detection model in different regular 

environmental conditions based on RGB images.  

 

 
1 https://github.com/tzutalin/labelImg/ 
2 https://pypi.org/project/split-folders/ 
3 https://github.com/tensorflow/models/blob/master/research/object_detection/g3doc/tf1_detection_zoo.md 
4 https://cocodataset.org/ 
5 https://github.com/tensorflow/models/blob/master/research/object_detection/g3doc/tf1_detection_zoo.md 
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3.5 – Image Dataset Validation 

 

For the assessment of the performance of the trained model, a validation image dataset is used and its results are 

presented in a precision recall (PR) diagram as well as in a receiver operating characteristics (ROC) diagram. Figure 

4 illustrates the validation results of the trained MobileNet SSD network architecture in a PR diagram with its F1 

score and average precision AP. 

 

Figure 4: PR diagram with F1 and AP 

 

The PR curves of the reference object classes show a high precision and recall. On all reference objects, F1 has a 

value greater than 0.89 (ideal model: 1.0), which indicates a balance of precision and recall. The mean average 

precision of the reference object classes has a value of 0.83 (ideal model: 1.0). The results indicate a high accuracy 

of the victim detector. 

 

Figure 5 illustrates the validation results of the trained MobileNet SSD network architecture in a ROC diagram with 

the value of the area under the curve (AUC). 

 

Figure 5: ROC diagram with AUC 

 

The ROC curves of the reference object classes show that the curves are located above the dashed diagonal line 

(AUC = 0.5). AUC has a value greater than 0.9 (ideal model: 1.0). The result points out that there is a chance 
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greater than 90% that the MobileNet SSD network architecture can distinguish between a positive class and a 

negative class. 

 

3.6 – Reference System 

 

The reference system represents the basis for the smoke intensity model and is established with an experimental 

reference study. The study determines the correlation of an increasing smoke intensity to the detection rates of the 

reference object classes and applies them to the smoke intensity model. Figure 6 illustrates the experimental 

reference setup for the study. It consists of a 1,000 mm long smoke chamber with an optical camera, the reference 

object classes and filled with artificial smoke from a fog machine. 

 

 

Figure 6: Experimental reference setup 

 

Figure 7 shows the plotted result of the experimental reference study of each reference object class in a detection 

rate (ordinate) time (abscissa) diagram. Frame 1 represents no smoke and frame 3187 represents high smoke 

(increasing smoke level). 

 

Figure 7: Detection rate (ordinate) time (abscissa) diagram 

 

It can be summarized that the detection rate of the reference object class ref_C decreases at frame range 1,100 – 

1,200 (low smoke level), where on the other hand the detection rate of the reference object class ref_A decreases 

at frame greater than 2,500 (high smoke level). 

 

3.7 – Smoke Intensity Model 

 

Based on the results of the reference system, a smoke intensity model is described in the format of an algorithm. 

Figure 8 illustrates the algorithm of the smoke intensity model. 
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Figure 8: Smoke intensity model 

 

 

4. EXPERIMENTAL EVALUATION 

 

In this section, the experimental evaluation of the smoke intensity model is conducted with an optical camera 

mounted on a mobile robot in a smoky indoor environment with varying smoke intensity sending its environmental 

information to the human-machine interface and visualizes the smoke intensity on it. First, the experimental setup 

is described and second, the obtained results of the experiment are discussed. 

 

4.1 – Experimental Setup 

 

Figure 9 illustrates the experimental setup for the evaluation of the smoke intensity model.  

 

Figure 9: Experimental setup 

 

The experimental setup consists of a 1,000 mm long smoke chamber (transparent body) in which the smoke 

experiment is performed. The smoky environment is implemented with artificial smoke from a fog machine. Although 

real smoke and artificial smoke are physically different, Fritsche et al. [31] describe in their research work that the 

attenuating influence on vision is basically the same. Furthermore, an artificial hand is positioned in the smoke 

chamber, to ensure a visual contrast to the surrounding area. The mobile robot (see Figure 10) is positioned 

statically in space and equipped with an optical camera and the reference object classes in front of it. The optical 

camera is connected to a single-board computer (Raspberry Pi 4 Model B, 8 GB) via serial interface (USB). In order 

to conduct the experiment in real-time, the CNN model on the single-board computer is converted into a TFLITE 

format. The mobile robot has the following main specifications: size 275×255×315 mm, weight 4 kg, speed 0.5 m/s, 

drive unit 4× 12VDC motors. It can be controlled remotely and the information are visualized in real-time on a 

human-machine interface (Figure 10) to the operator outside the danger zone. 
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Figure 10: Mobile robot with human-machine interface 

 

The experimental evaluation is conducted as follows: The mobile robot is positioned stationary in the smoke 

chamber. The smoke chamber is then continuously filled with artificial smoke by the fog machine. The frames of 

the optical camera are continuously plotted and transmitted in real-time to the human-machine interface and the 

smoke intensity (no smoke, low smoke, high smoke) is visualized. 

 

4.2 - Experimental Results 

 

Figure 11 illustrates example frames (frame rate top left) of the human-machine interface captured with the optical 

camera on the mobile robot in the smoke chamber with increasing smoke intensity. 

 

(a) No smoke  (b) Low smoke  (c) High smoke  

Figure 11: Results of smoke intensity experiment with increasing smoke intensity 

 

The following results can be drawn from the data: 

• The smoke level in a scene can be determined based on the variation of the detection rates of selected 

reference object classes. 

• An optical camera is sufficient for smoke level determination, no physical smoke sensor required. 

• The artificial hand is used as a reference to represent changing smoke intensity in a scene. 

 

 

5. CONCLUSIONS 

 

In this paper, a novel smoke sensor for victim detection in smoky indoor environment based on a MobileNet SSD 

network architecture is developed and evaluated. The smoke sensor (optical camera, no physical smoke sensor) 

is based on a smoke intensity model and supports operators outside the danger zone during victim detection by 

providing the operator with a visualization of the smoke intensity in the smoky indoor environment. Experiments 

demonstrate a promising approach for victim detection. In summary, remote-controlled mobile robots can be 

equipped with the smoke intensity model and can visualize the smoke intensity in real-time on a human-machine 

interface outside the danger zone. This allows an efficient and time-limited victim detection mission. In future 

research work, the smoke intensity model will be validated in a more complete environmental setup carried out with 

a real rescue scenario (for instance, victim body, several heat sources, background temperature higher than the 

victim body, collapsed and cluttered environment, darkness). Additionally, an improvement of the smoke intensity 

model with a finer subdivision of the smoke intensity is researched as well as an algorithm that provides additional 

thermal image information on the human-machine interface to the operator above a defined smoke intensity. 
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FLASHOVER CHARACTERISTICS IN CONFINED SPACE UNDER LOW PRESSURE

Yuanhua HE 1a,*; Zitong LI 2b;Jingdong WANG 3c; Di ZHANG 4d, and Jiaxin LIANG 5e,*

ABSTRACT

In order to reveal the inherent mechanism of the flashover in aircraft cargo compartment under low pressure, a
series of fire flashover experiments were conducted in a 1/4 volume FAA standard aircraft cargo compartment at
96 kPa and 60 kPa. The ignition of single-walled corrugated cardboard is chosen as the criterion of flashover. The
influence of different fire sizes and fuel types on flashover is studied by comparing the average temperature of
smoke layer, the radiation heat flux at floor level and the heat release rate of the fire source. The critical condition
and behavior of flashover are analyzed. The results show that the flashover occuring under low pressure requires
higher temperature and radiation heat flux. The increase of size of fire source raises the possibility and severity of
flashover occurrence. After the minimum fire size for flashover is reached, continuous increase of the fire source
size will bring the flashover forward. The average temperature of the smoke layer and the radiation heat flux at
floor level required for flashover are about 450°C and 14 kW/m2. In addition, the minimum fire size for flashover is
directly proportional to their evaporation heat and inversely proportional to their combustion heat.

Keywords: Low pressure; Confined space; Flashover; Critical condition; Heat release rate.

1 INSTRUCTIONS

Flashover is a transitional stage of fire in confined space, in which all the combustibles reaches the ignition points
almost at the same time. And the flame spread rapidly on all the surfaces of the combustibles, leading to the fire
in the whole space[1]. Aircraft cargo compartment is a typical confined space with various combustibles, large fire
load and poor ventilation. Once a fire happens, combustible smoke will quickly accumulate on the ceiling, and
flashover occurs which will seriously threaten the human lives and properties[2-5]. According to the statistics of
aviation accidents, aircraft cargo fire accidents occur frequently and are extremely harmful. In 2007, China
Airlines No. 120 suddenly caught fire and burned the No. 2 engine on the right wing of the aircraft, and the cabin
exploded after the 198 s, and the aircraft began to burn in full. In 2013, when Asiana Airlines Flight 214 landed at
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San Francisco International Airport, the tail of the aircraft hit the airport breakwater, the plane caught fire instantly
and an explosion occurred about 3 minutes later, killing a total of 307 passengers and crew members in this air
crash. Oxygen is thin at low pressure, and the development process and law of fire are different from those at
atmospheric pressure, and the time and scale of deflagration will also be different. High-altitude airport is a typical
low-pressure environment, with altitudes of more than 2438 meters. High-altitude airports around the world are
mainly distributed in China, Nepal, Peru and other countries. Studying the development of flashover in aircraft
cargo compartment will help reduce the input of rescue personnel and equipment to a great extent, improve the
safety of the adjacent airspaces, and greatly decrease the casualties and damage to properties caused by the
flashover.

Flashover in confined space under atmospheric pressure has widely been studied by researchers. Chow [6]
applied a zone model to investigate the flashover in confined space with different ventilation areas and analyzed
the average upper and lower layer temperature, the smoke layer interface height, the mass flow rates for intake
air and outgoing smoke and other important parameters. Xing et al [7] used Fire Dynamics Simulator (FDS)
software to show the flashover process in the carriage of electric multiple units (EMU) and found that a power
function relationship between the heat release rate (HRR) of the initial ignition source and the time of flashover
occurrence. Kumar et al [8] conducted a full scale compartment flashover study using plywood board as lining
material on walls and determined the peak heat release rate, flashover conditions and gas concentrations in
transient condition and compared with tenability limits of fire hazards.

Some researchers have also been focusing on the studies of fire under low pressure. A famous study conducted
by the Swiss scholar Wieser et al [9] in 1997 was carried out in a mobile test room of 6 m × 2.8 m × 2.1 m. The
pressure was chosen to be 97 kPa and 71 kPa, and the parameters such as combustion mass loss, gas
concentration, and smoke density were measured. The results showed that as the pressure decreased, the fire
developed and the smoke density decreased more slowly. However, the ceiling temperature of the smoke layer
and CO concentration were slightly affected by the atmospheric pressure. Thereafter, Liu et al [10] investigated
the effect of low pressure on the combustion characteristics of early fires and analyzed the change of HRR and
smoke concentration of the fire source. It was found that the HRR of the fire source would be reduced under low
pressure, which provides some guide for the design and application of fire detection system in highland area. Li et
al [11] conducted n-Heptane tanks and wood cribs fire experiments in two laboratories under different pressures
and found significant differences in the combustion characteristics such as flame temperature,thermal radiation
flux, and fuel mass loss . For the same burning surface area, the burning rate, radiation heat flux and flame
temperature were lower under low pressure than under atmospheric pressure, but the combustion time was
longer. Xin [12] studied the combustion characteristics of n-Heptane pool fire and gasoline pool fire at different
pressures in a simulated low-pressure cargo compartment, and measured the combustion characteristics such as
mass loss rate of the fire source and flame temperature.

Flashover happening in buildings have gain more attention at present. Some flashover researches can be found
on aircraft cabin rather than cargo compartment. At the same time, current fire research under low pressure
started late and haven’t been largely investigated, let alone those on large-size space. In 1985, Sarkos et al[13] of
the FAA carried out a flashover experiment on a C-133 full-size aircraft cabin for the first time. The results showed
that the location of the fire source has a crucial impact on the occurrence of flashover. The closer the fire source
to the cabin door, the lower the possibility of flashover. Wang et al[14] simulated the flashover on C-133 with its
dimension provided by the FAA using a computational fluid dynamics fire-field model to predict the occurrence
time of the flashover. In 2016, Zhang et al[15]analyzed the factors of flashover initiation based on the BFD curve
parameter model, and found that the opening factor, the fuel load and fire development coefficient can directly
affect the occurrence time of flashover. However, due to the large differences in the structure, fuel types and
ventilation conditions between the aircraft cabin and the cargo compartment, the data of the aircraft cabin
flashover cannot be directly applied to the cargo compartment. Therefore, this paper uses 1/4 volume FAA
standard aircraft cargo compartment to establish a flashover experiment platform and tests the effects of different
sizes and types of fire source on flashover, in order to reveal the inherent mechanism of flashover in aircraft cargo
compartment, optimize the aircraft cargo compartment design, improve firefighting capability and reduce the
casualties and property losses caused by flashover.

2 EXPERIMENTAL DESIGN
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2.1 Experimental platform

The experiment's aircraft cargo compartment was a 1⁄4 FAA standard aircraft cargo compartment [16] with a inner
dimension of 4.16 m × 2.03 m × 1.67 m with a front-opening vent A ( 1.2 m × 0.8 m ). Several types of fuel were
added as combustibles to a square steel pan of variable sizes that was positioned in the middle of the cargo
compartment floor. A high-precision electronic balance (kunhong KM-11) was placed under the steel pan to
measure the mass loss of the fuel during combustion. A 3cm thick thermal isolation blanket positioned between
the steel pan and the balance in order to safeguard it. The electronic balance had a range of 60 kg, an accuracy
of 1 g and a frequency of 1 Hz. Two single-wall corrugated cardboard boxes with a size of 45.7 cm × 45.7 cm ×

45.7 cm and a distance of 40 cm between them were positioned 50 cm from the left edge of the steel pan and
comply with FAA guidelines for solid fire experiments in aircraft cargo compartments. Two radiation heat flux
meters, R1 and R2, were placed on two sides of the boxes to measure the radiant heat flux received by the floor,
with an accuracy of ±3 % and a range of 0-200 kW/m2. The existing flashover theory is generally based on two-
region models, that is, the restricted space can be divided into the upper smoke layer area and the lower cold
smoke layer area, among them, the thermal property parameters in the smoke layer are the focus of the
investigation. Therefore, eight sets of thermocouple trees (1-T~8-T) were arranged to measure the temperature of
the smoke layer.The three corners of the cargo compartment were used to position the thermocouple trees 1-T, 3-
T, and 8-T. At the centre of each wall, the thermocouple trees 2-T, 4-T, 6-T, and 7-T were positioned. The centre
of the steel pan was directly above the thermocouple tree 5-T. Ten centimetres separated each thermocouple tree
from the wall. Six thermocouples were mounted from the cargo compartment ceiling downward on each tree. The
temperature of the 50 cm thick layer of smoke in the ceiling of the cargo compartment was measured using
thermocouples spaced 10 cm apart. All of the K-type thermocouples used in the experiment had a diameter of 1
mm, a measurement range of -100°C to 1300°C, and an accuracy of 1°C. The flashover experimental platform,
thermocouples and radiation heat flux metres are arranged as shown in Figure 1.

Figure 1: Platform Layout for the flashover experimental and measurement stations

2.2 Experimental working conditions and procedures

Previous research indicated that factors such as space size, opening vent size, wall material, fuel type, and the
size and position of the fire source all had an impact on flashover. This research focuses on the impacts of
pressure, steel pan size, and fire source type on flashover in order to simulate the flashover situations in confined
space under atmospheric pressure and low pressure. This research focuses on the effects of fuel type and fire
size at two atmospheric pressures, 96 kPa at the Civil Aviation Flight University of China, Guanghan, and 60 kPa
at the Kangding airport. n-Heptane, Aviation Kerosene and Anhydrous Ethanol are selected for the fuel; the oil
pan is selected by a square oil pan that complies with FAA MPS liquid fire standard, the size of the fire source
ranged from 20 to 60 cm, and the thickness of fuel remains 1 cm. The experimental working conditions are shown
in Table 1.

At present, the generally accepted criterions of flashover are: (1) the temperature of the ceiling smoke layer in
confined space reaches 600°C; (2) the radiation heat flux at floor level in confined space reaches 20 kW/m2; (3)
All combustibles in the confined space are ignited.It should be noted that although criterion (1) and (2) have high
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accuracy and primarily target indoor wood decoration materials and furniture components in building fires, their
indicators are unquestionably high when the primary combustibles in an aircraft's cargo compartment are
cardboard, fabric, and other materials. As a result, this paper chooses criterion (3) as the criterion for flashover in
aircraft cargo compartment in accordance with the concept of flashover. The time in the experiments begins when
the fuel in the steel pan ignites, followed by the ignition of a single piece of single-wall corrugated cardboard,
which is considered to represent the occurrence of flashover, and the experiment is complete until the flame is
entirely extinguished. To maintain the uniformity of the experimental settings, the cargo compartment is next
cooled and ventilated while waiting for the temperature to reach room temperature.Each set of tests was
performed at least three times in order to increase the dependability of the data from the studies.

Table 1:Test cases
Working
condition
number

Fuel types Atmospheric pressure
(kPa)

size of fire source
(cm)

1-10 n-Heptane 96/60 20 / 30 / 40 / 50 / 60

11-20 Aviation
Kerosene 96/60 20 / 30 / 40 / 50 / 60

21-30 Anhydrous
Ethanol 96/60 20 / 30 / 40 / 50 / 60

3 EXPERIMENTAL RESULTS

3.1 Flashover process analysis

Figure 2 displays the temperature variations on the smoke layer during a typical flashover operation (60 kPa, 50
cm Aviation Kerosene pool fire). The average temperature of the smoke layer and the radiation heat flux at floor
level started to steadily rise after the Aviation Kerosene in the steel pan was ignited. The two single-wall
corrugated cardboards start to pyrolyze with black smoke while thermal smoke continues to build up on top of the
cargo compartment. In the 295s, the flashover takes place as the cardboard begins to burn beneath the smoke
layer's thermal radiation. The average temperature of the smoke layer is 545°C, and the radiation heat flux
absorbed by the floor is 19.5 kW/m2. After that, both the average temperature and the radiation heat flux climb
significantly, reaching 643°C and 29.4 kW/m2, respectively. Due to the limited amount of combustible material in
the cargo compartment, full combustion following flashover only lasts for a brief period of time. As the combustible
material burns out, the flashover enters the fading stage, and the average temperature of the smoke layer and the
radiation heat flux received by the compartment's floor gradually decrease.

Figure 2: Variation of the average temperature of smoke layer and radiation heat flux at floor level in typical
flashover process (50 cm Aviation Kerosene)

Along with Figure 3, the four stages of flashover in the confined space—incipient, growth, full developed, and
decayed—can be easily identified. Prior to 295 seconds, the flashover is in the incipient stage, during which the
flame scale slowly enlarges, the combustible smoke from combustion builds up at the top of the cargo
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compartment, the temperature of the smoke layer rises, and the cardboard starts to pyrolyze and emit black
smoke under the influence of thermal radiation on the smoke layer, as shown in Figure 3(a) to Figure 3(d). Figure
3(e) illustrates what happened when flashover occurred at 295 seconds when the cardboard was ignited by the
flame and heat radiation of the smoke layer. Immediately following flashover, the temperature of the smoke layer
rises sharply, and the flashover then enters the full developed stage with further expansion of the flame scale,
during which the temperature of the smoke layer, the radiation heat flux at floor level reached the top, as shown in
Figure 3(f). As the combustibles in the compartment burn out, the flashover enters the fading stage, which causes
the temperature in the cargo compartment to decrease, as seen in Figures 3(g) and Figure 3(h).

(a) t=10 s (b) t=60 s (c) t=120 s (d) t=200 s

(e) t=295 s flashover initiation (f) t=320 s (g) t=600 s (h) t=850 s
Figure 3: A typical flashover process's thermal screens (50 cm Aviation Kerosene)

The mass loss rate of the fuel is calculated by using the thermal weight loss data collected by the electronic scale,
and the heat release rate of the fuel in the combustion process can be calculated by using formula (1):

cQ mh  (1)
Q represents the heat release rate of the fire source, m represents the mass loss rate of the fuel, and ch
represents the heat of combustion of the fuel, is taken as 4.797 × 104 kJ/kg [17]. The combustion efficiency in the
restricted space of this paper is 100%. Firstly, considering that the 1/4FAA standard cargo compartment used in
the crash experiment, although it is a confined space, the space volume is large, about 14 m3. A vent with an area
of about 1 m2 is set near the fuel ignition source, which to a certain extent ensures that the air in the cabin is
sufficient and is convenient for the full contact between fuel and oxygen. In addition, when ventilation is not taken
into account, it is assumed that the experiment is carried out in a completely confined space, through the
calculation of oxygen consumption during fuel combustion at 60 kpa, it is found that under the temperature
condition of 100 °C, the oxygen consumption of fuel combustion is only 2.5 %. Therefore, It is almost assumed
that the fuel can be fully burned in this confined space.

The changing oxygen concentration inside the experimental aircraft cargo compartment during the experiment is
obtained through the fuel mass loss. According to the volume distribution and the average temperature of smoke
layer, the estimated temperature of the whole aircraft cargo compartment during the experiment is about 100°C.
Therefore,the gas molar volume under 60kPa condition is calculated using the ideal gas equation.The oxygen
content inside the experimental aircraft cargo compartment during the experiment is the difference between the
21% oxygen content in the air and the oxygen consumed during fuel combustion. The oxygen concentration can
be obtained by the ratio of the oxygen content to the total gas content in the experimental aircraft cargo
compartment formula (2).

1
1

0.21( )wc em i
t

em wc Ak

V V kmC
V V M


   (2)

Where, wcV represents the gas molar volume, emV represents the experimental aircraft cargo compartment
volume (14 3m ), k represents the molar ratio of fuel to oxygen during complete combustion ( k is 12.5 in this
case), and AkM represents the molar mass of Aviation Kerosene. Due to the short time intervals between the
adjacent points of the measured fuel mass loss rate, the oxygen concentration ( 1tC  ) inside the experimental
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chamber during that time period is approximated as the oxygen concentration at time ( 1it  ).The variation of
oxygen concentration during the experiment is shown in Figure 4.

Figure 4: Oxygen concentration under the temperature condition of 100 °C

As shown in Figure 4, it can be observed that under the conditions of 60 kPa and 100°C, when the fuel
combustion reaches the maximum heat release rate, the oxygen concentration is the lowest, accounting for
18.5 % of the air. In this case, the oxygen consumed by fuel combustion is only 2.5 %, while in the actual
experiment, the experimental aircraft cargo compartment has a vent to facilitate the flow of oxygen, indicating that
the oxygen consumed by fuel combustion is less than 2.5%. Therefore, the paper considered that the fuel
combustion completely.

Figure 5 depicts the variation of mass loss rate and heat release rate of the fuel during the combustion process of
a 50 cm Aviation Kerosene pool fire. The combustible gas continues to evaporate after the fuel is ignited under
the influence of heat radiation from the flame and the smoke layer to sustain the combustion. While the
combustion process continues, the temperature of the smoke layer rises gradually, the flame height continually
climbs, and the heat radiation received by the fuel also gradually rises. As a result, the fuel's mass loss rate and
heat release rate both rise steadily over time. The cardboard ignites and radiates heat outward, causing an abrupt
increase in the heat feedback received by the fuel, which causes the mass loss rate and heat release rate of the
fuel to change abruptly and increase quickly. At this point, the mass loss rate and heat release rate of the fuel
have reached the critical point that can trigger a fail-safe. The fuel's mass loss rate and heat release rate reached
their maximums at 8.0 g/s and 348.00 kW, respectively, as the combustion intensified further. Subsequently, as
the effective combustion area shrank, the remaining fuel was gradually consumed and the combustion entered
the extinction stage, and the fuel's mass loss rate and heat release rate also gradually decreased.

Figure 5: Mass loss rate and heat release rate of fuel in typical flashover process (50 cm Aviation Kerosene)
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To express the mass loss rate per unit area, previous studies[18-20] have proposed pressure model
2 3'' ~ ( )m fcn p D and radiation model 2'' ~ ( )m fcn p D based on the ambient pressure p and the diameter of the fire

source D. The equivalent diameter of the oil pool was calculated by 2 /eqD L  ,because a square oil pool with

a side length of L was used in this experiment. To confirm the relationship between thermal convection and

thermal radiation during the pool fire combustion process of this experiment, the experimental data have been

plotted using the corresponding relationship between the two models as shown on Figure 6.

（a）pressure model （b）radiation model
Figure 6: Relationship between mass loss rate per unit area and the pressure model and radiation model

The horizontal axis in the figure represents the mass loss per unit area of pool fires, denoted 2'' '/m m L  , while

the vertical axis represents pressure model 2 3
eqp D and radiation model 2

eqp D for two different types of pool fires at

different ambient pressures. It can be seen that the degree of dispersion of the 96 kPa and 60 kPa data sets is

more pronounced in the pressure model shown in Figure 6 (a). The radiation models shown in Figure 6 (b) give a

clearer representation of the experiments in the different groups, with the discrete data points clustered around

the curves. In summary, under the experimental conditions, the radiation model has been verified to be better at

correlating the unit area mass loss rate of the pool fire than the pressure model. Therefore, the expression for the

radiation model of the mass loss rate per unit area can be given as
1

2 0.58357'' )eqm p D  .

3.2 The effect of different sizes of fire source on flashover

Table 2 displays the flashover ignition time for various fuel source sizes at 96 kPa and 60 kPa. The crucial steel
pan size needed to induce flashover at 96 kPa is 40 cm for n-Heptane and Aviation Kerosene pool fires and 60
cm for 100% ethanol pool fires. For n-Heptane and Aviation Kerosene pool fires, the critical steel pan size needed
to initiate flashover at 60 kPa is 50 cm, while anhydrous ethanol pool fires require no flashover ignition. Due to the
thin oxygen content in low pressure environments, which prevents pool fires from burning completely, the critical
steel pan size needed to trigger flashover is larger. It is crucial to raise the size of the steel pan in order to
increase the area where the fire source and oxygen come into contact, and then to increase the size of the fire
scale in order to cause the confined space fire to develop into flashover.
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Table 2: Flashover time at different sizes of fire sources
Sizes of
fire

source
(cm)

Atmospheric
pressure
(kPa) n-Heptane Aviation Kerosene Anhydrous Ethanol

20 96
60

-
-

-
-

-
-

30 96
60

-
-

-
-

-
-

40 96
60

118、127、132
-

161、154、166
-

-
-

50 96
60

76、86、83
221、232、227

97、108、105
295、281、277

-
-

60 96
60

55、52、50
153、171、165

68、66、74
232、213、214

148、162、156
-

The variation of temperature on the upper smoke layer is one of the most significant elements determining the
development of flashover, according to researchers who conducted comprehensive experimental and theoretical
investigation of thermal balance and thermal instability of fire in confined spaces. The study of each thermocouple
individually is more difficult because there are so many of them. Therefore, based on the idea of regional models,
assuming that the temperature, density, and smoke concentration of the same height of thermal layer is uniform.
Using the state averaging equation to compute the average temperature, the equation as indicated in equation
(3)[21]:

1r

i

r i
av H

H

H HT
dy

T





(3)

Formula (4) is created by discretizing the denominator in formula (3):
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rH iH are the thermocouple height of the top and bottom, respectively, jT are the arithmetic mean of the
temperature measured by the thermocouple at the height jh .

Figures 7 and 8 illustrate how the average temperature of the smoke layer in the upper section of the cargo
compartment varies for various size fire sources at 96 kPa and 60 kPa, respectively, using an Aviation Kerosene
pool fire as an example. The average smoke layer temperature in the confined space grew with the size of the
steel pan at 96 kPa air pressure when the steel pan d 40 cm, although it never went above 200 °C. When d was
raised to 40 cm, flashover happened 161 seconds after ignition. The smoke layer's average temperature rose
quickly, rising from 456 °C to a peak of 631 °C in just 37 seconds. After 68 seconds of ignition, flashover
happened when d reached 60 cm, and in the 44 seconds that followed, the average temperature rose from
449 °C to a peak of 723 °C. The moment of flashover happened earlier and the peak of the average temperature
of the smoke layer also increased as the size of the steel pan was expanded further. The average temperature of
the smoke layer in the confined space steadily rises at 60 kPa when the steel pan size is 50 cm, but it never rises
above 200 °C. When d reaches 50 cm, flashover happens 295 seconds after ignition. The flashover happens after
232 seconds when d reaches 60 cm. When atmospheric pressure dropped, the flashover happened later and the
peak average temperature of the smoke layer also dropped.
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Figure 7 and Figure 8: Average temperature of smoke layer of Aviation Kerosene with different sizes
(at 96 kPa, at 60 kPa)

Figures 9 and 10 show the variation of radiation heat flux at floor level in the Aviation Kerosene pool fire of
different sizes at 96 kPa and 60 kPa atmospheric pressure, respectively. At 96 kPa, when the steel pan size d <
40 cm, the radiation heat flux at floor level in the confined space increased with the increase of the steel pan size,
but never exceeded 3.5 kW/m2. When d increased to 40 cm, the radiation heat flux at floor level increased rapidly
from 14.3 kW/m2 before flashover to the peak of 32.4 kW/m2 after flashover within 16 s. When d reached 60 cm,
the radiation heat flux at floor level increased rapidly from 14.0 kW/m2 to the peak of 43.0 kW/m2 in 47 s. By
continuing to increase the steel pan size, the moment of ignition was advanced and the peak of radiation heat flux
at floor level was increased. At 60 kPa, when the steel pan size d < 50 cm, the radiation heat flux at floor level in
the confined space increased gradually with the increase of the steel pan size, but never exceeded 5 kW/m2.
When d increased to 50 cm, the flashover occurred in 295 s. When d reached 60 cm, the flashover occurred in
232 s. With the decrease of atmospheric pressure, the peak of the radiation heat flux at floor level decreased.

Figure 9 and Figure 10: radiation heat flux at floor level of Aviation Kerosene fires with different sizes
(at 96 kPa, at 60 kPa)

Figures 11 and 12 demonstrate the heat release rates of Aviation Kerosene pool fires of various sizes at 96 kPa
and 60 kPa pressure, respectively. The change trends of the average smoke layer temperature and the radiation
heat flux at floor level are essentially similar with these figures. As the fire source size increased from 20 cm to 60
cm at an air pressure of 96 kPa, the peak heat release rate increased from 26.1 kW to 643.80 kW. At an air
pressure of 60 kPa, the peak heat release rate increased from 17.4 kW to 387.15 kW. The sudden increase in
heat release rate is the result of a combination of the flame, smoke layer, thermal steel pan, and thermal radiation
from the wall facing the fuel.
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Figure 11 and Figure 12: Heat release rate of Aviation Kerosene fires with different sizes(at 96 kPa, at 60 kPa)

In accordance with the aforementioned trends, which are not shown here, are also the average temperature of the
smoke layer, the radiation heat flux at floor level, and the rate at which the various sizes of the fire source
released heat during the combustion process of the n-Heptane and Anhydrous Ethanol pool fires. The average
temperature of the smoke layer, the radiation heat flux at floor level, and the fire source's rate of heat release will
all rise as the fire source's size increases, improving the likelihood and severity of flashover.

3.3 The effect of different types of fuel on flashover

The thermal property factors he (evaporation heat) and hc (combustion heat), which are determined by the types
of fuel, have a significant impact on how a fire develops in a confined space. The thermal property parameters of
the various fuel types are shown in Table 3 with the minimal size needed to generate flashover at atmospheric
pressure[22]. The relationship between the minimal size of fire source Dfmin needed for the flashover and the
thermal property parameters of the fuel will be shown by conducting a comparative investigation of the
evaporation heat and combustion heat of the three types of liquid fuels in formula (5):

min
vap

f
c

h
D

h
 

  
 

(5)

That is, the minimum size of fire source required for flashover is directly proportional to the evaporation heat of
the fuel, and inversely proportional to the combustion heat of the fuel.

Table 3 : Thermophysical parameters of fuel and minimum size of fire source needed for flashover(96 kPa)

Fuel types Evaporation heat
(kJ / kg)

Combustion heat
(kJ / kg)

Minimum size of
fire source

(cm)

Flashover
occurrence time

(s)
n-Heptane 318 47970 40 127

Aviation Kerosene 342 43500 40 161
Anhydrous Ethanol 926 29700 60 156

While studying the impact of fuel type on flashover under atmospheric and low pressure, chose 60 cm to be used
as the minimum fire size due to the need of 60 cm for Anhydrous Ethanol pool fire flashover at atmospheric
pressure.

Figures 13 and 14 depict the changes in the smoke layer's average temperature over the course of combustion
for the three liquid flue at 96 kPa and 60 kPa pressure. It is discovered that the n-Heptane pool fire is the first to
start a flashover at 52 seconds under the identical steel pan size. The floor's radiation heat flux is 14.3 kW/m2,
with a peak of 45.2 kW/m2, and the smoke layer's average temperature is 457 °C, with a peak average
temperature of 727 °C. The second Kerosene pool fire started a flashover at 68 seconds and involved aviation
fuel. The floor receives a radiation heat flux of 14.0 kW/m2 on average from the smoke layer, with a peak flux of
43.0 kW/m2 and an average temperature of 723 °C for the smoke layer. At 156 seconds, the anhydrous ethanol
pool fire was the most recent to experience flashover. At this time, the smoke layer's average temperature was
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454 °C, its highest average temperature was 671 °C, and the floor's radiation heat flux was 14.2 kW/m2 with a
peak of 40.0 kW/m2.

Figure 13 and Figure 14: Average temperature of smoke layer of different fuels (60 cm, at 96 kPa and 60 kPa)

According to Figures 15 and 16, the n-Heptane pool fire was the first to experience flashover at 60 kPa at 153
seconds. At this time, the smoke layer's average temperature was 547 °C, 90 °C higher than the temperature at
96 kPa; the peak average temperature was 52 °C. lower than that at 96 kPa, the peak is 36.8 kW/m2, which is 8.4
kW/m2 lower than that at 96 kPa, and the radiation heat flux at floor level is 19.9 kW/m2, which is 5.6 kW/m2

higher than that at 96 kPa. The second is a Kerosene pool fire in aviation. The floor is receiving a radiation heat
flux of 20.2 kW/m2, 6.2 kW/m2 more than at 96 kPa, and the highest reach of 36.9 kW/m2, 6.1 kW/m2 less than at
96 kPa. The average temperature of the smoke layer is 562 °C, 113 °C higher than at 96 kPa; the peak average
temperature is 43 °C lower than at 96 kPa. The fire in the anhydrous ethanol pool at 60 kPa did not result in a
flashover, and the smoke layer's greatest average temperature was only 371 °C. Moreover, the floor's highest
radiation heat flux was only 6.6 kW/m2.

Figure 15 and Figure 16: radiation heat flux at floor level of different fuels (60 cm, at 96 kPa and 60 kPa )

Figures 17 and 18 show the variation in heat release rates for three liquid fuels during combustion for two different
air pressures. The trend is generally consistent with that in the average smoke layer temperature and the
radiation heat flux at floor level, but anhydrous ethanol's heat release rate and total heat release are significantly
less than those of n-Heptane and Aviation Kerosene because of the evaporation heat of anhydrous ethanol.
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Figure 17 and Figure 18: Heat release rate of different fuels (60 cm, at 96 kPa and 60 kPa )

4 CONCLUSIONS

(1) To induce a flashover under low pressure, a larger critical steel pan size and other essential conditions are
needed. The fire source is ignited and begins to burn under the influence of oxygen fuel, which results in the
production of a significant quantity of heat, which is the inherent mechanism of the process of the flashover in
confined space under 60 kPa atmospheric pressure. The temperature of the upper smoke layer will rise as
thermal smoke from combustion builds up in the upper portion of the enclosed space. At the same time, the
radiation heat flux absorbed by the floor will also rise, which will cause the cardboard to pyrolyze. The cardboard
ignites under the influence of oxygen and flashover occurs when the floor receives radiation heat flux of 19.6
kW/m2 and the average temperature of the smoke layer reaches 551 °C. Moreover, the average temperature of
the smoke layer and the radiation heat flux absorbed by the floor rise more slowly at 60 kPa due to the fire
source's insufficient burning, which lengthens the time needed to commence flashover.

(2) As the size of the fire source grows, so do the average smoke layer temperature, the radiation heat flux at
floor level, and the rate at which the fuel releases heat, which raises the likelihood and severity of flashover. If the
fire is kept growing after it reaches the minimum size necessary to start a flashover in the cargo compartment, the
flashover will start sooner. The minimum ignition size needed to start a flashover is inversely related to the heat of
fuel combustion and directly proportional to the heat of fuel evaporation. The n-Heptane pool fire is the first to
cause a flashover when the size of the fire sources is the same, followed by the Aviation Kerosene pool fire, and
the anhydrous ethanol pool fire is the least likely to do so. In addition, the n-Heptane pool fire had greater average
smoke layer temperatures, radiation heat flux at floor level, and heat release rates than the Aviation Kerosene
and Anhydrous Ethanol pool fires.

(3) The size of the confined space can be increased. Considering that the full-size bombardment experimental
platform is more expensive, more dangerous, more difficult,therefore, only 1/4 FAA standard aircraft cargo
compartment was used in this study, and the size of the confined space can be considered to increase in the
future, even to conduct full-size flashover experiments.Other types of fire sources can be added and the size of
the oil pan can be increased. Due to the limited time, only three liquid fire sources were used in this study, and
other types of liquid or solid fire sources and larger oil pan sizes can be considered in the future to conduct
flashover experiments.
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ABSTRACT 

 

The paper studies the possibility of various substances ignition with an electric ignition source, namely, a short 

circuit, depending on different parameters. The comparative analysis of fires causes depending on the approach of 

their conditional classification is given. Among others, ignition sources of electrical origin are highlighted. 

 

An analysis of the fires causes statistical data collection used by various countries is carried out. It has been 

established that when using different approaches to their collection, the number of electrical ignition sources varies 

from 15 to 27%. And up to 50% of them are short circuits. The main characteristics of a short circuit and its fire 

hazard are considered. It has been established that in the event of a short circuit an intense scattering of sparks 

(drops of molten metal) is observed. 

 

The paper considers the methods for calculating the flight times of a various metals spark in various aggregation 

states and the possibility of igniting combustible materials by them. Found that a drop of molten copper will be a 

ignition source for textiles, rubber and fabric with dimensions larger than 2.9 mm; a drop of molten steel will be the 

ignition source for solid combustible materials with dimensions larger than 2.6 mm. 

 

Keywords: short-cirquit, ignition cource, sparks. 

 

 

1. ANALYSIS OF THE FIRES CAUSES AND FIRES STATISTICS 

 

 

Fires at critical infrastructure facilities usually have serious consequences. As a result, people can be injured, and 

serious damage can be caused to both businesses and the environment. 

 
a,National University of Civil Defence of Ukraine, Address: 94 Chernyshevska Str. Kharkiv 61023 Ukraine, email address: 

armfree0@gmail.com, Corresponding author. 
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At the same time, the causes (ignition sources) of fires at such objects can be divided into 4 groups: open fire, 

thermal features of mechanical energy, thermal features of chemical reactions, thermal features of electrical energy. 

The latter, according to statistics, can reach up to 25% of the total. 

 

1.1 Analysis of typical fires causes 

 

Fires causes of can vary in a fairly wide range. The authors [1] identifies the following classification of the fires 

causes: 

1. Arson. 

2. Production equipment failure, violation of the technological process: defects in the design, manufacture and 

installation of production equipment; violation of technological regulations; electrostatic discharge; destruction of 

moving parts and parts, getting into moving mechanisms of foreign parts; malfunction of the devices cooling system, 

surfaces friction; malfunction, lack of spark-extinguishing equipment; other malfunctions of production equipment. 

3. Violation of fire safety rules during installation and operation of electrical installations: lack of design and 

production of electrical installations, the electrical network short circuit; violation of the design rules of electrical 

installations and electrical networks; violation of the rules of electrical installations technical operation; violation of 

fire safety rules during the operation of electrical household appliances. 

4. Violation of fire safety rules during electric gas welding works. 

5. Explosion. 

6. Self-ignition of substance and materials. 

7. Violation of fire safety rules during the installation and operation of furnaces: improper arrangement and 

malfunction of heating furnaces and chimneys; violation of fire safety rules during the operation of furnaces. 

8. Violation of fire safety rules during installation and operation of heat-generating units and installations: lack of 

design and manufacture of heat-generating units and equipment; violation of the installation rules of heat-generating 

units and equipment; violation of fire safety rules during the operation of heat-generating units and equipment. 

9. Violation of fire safety rules during operating household gas, kerosene, and gasoline appliances. 

10. Careless handling of fire: smoking carelessness; carelessness during fire works (heating pipes, engines and 

other equipment with an open fire); another reason for careless handling of fire. 

11. Mischief of children with fire. 

12. Lightning discharge. 

13. Undetermined cause. 

14. Other reasons. 

 

Thus, identifying the main causes of fires (ignition sources) and determining the degree of their danger is an urgent 

task. 

 

1.2 Statistical data on ignition sources as fires causes 

 

An ignition source is an object that emits thermal energy sufficient for ignition (combustion initiation is an exothermic 

process that includes redox transformations of substances and materials and is characterized by the presence of 

volatile products and light radiation) [2]. 

 

According to the nature of origin, ignition sources are classified as follows: 

– open fire, heated combustion products and surfaces heated by them; 

– thermal features of mechanical energy; 

– thermal features of electrical energy; 

– thermal features of chemical reactions (open fire and combustion products are separated from this group into an 

independent). 

 

If all fires in Ukraine to be taken for 100%, then fires caused by "violation of fire safety rules during installation and 

operation of electrical installations" amount to an average of about 25 % annually from the total number of fires; 

fires due to "electrostatic discharge" and "lightning discharge" account for about 1% of the total number of fires. 

Analysis of various statistics shows that the approach to data collection is quite different. 
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For example, in Canada, during the fires causes data collection, all fires are taken into account, including 

ecosystems, residential, non-residential buildings, etc. [3]. With this approach, the number of electrical ignition 

sources can reach 15%. (figure 1). 

 

 

Figure 1: Statistics on the fires causes during 2005-2014 in Canada [3] 

 

However, the statistics of the causes of fires in Great Britain (Table 1) [4] allow us to assess the sources of ignition 

at industrial enterprises and critical infrastructure facilities. And in this case, the number of electric ignition sources 

increases to 27%. 

 

Table 1. Average year fire statistics 2010-2020 in England (including Critical Infrastructure Facilities) [4] 

Source of ignition 

Year Total Smo-

kers' 

mate-

rials 

Ciga-

retts, 

ligh-

ters 

Mat-

ches 

Coo-

king 

appl-
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Space 

heating 
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and 

water 

heating 

applian-
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g and 

cutting 

equip-

ment 

Electri-

cal 

distri-

bution 

Other 

electrical 

applian-

ces 

Cand-

les 

Other/ 

Unspe-

cified 

2010/11 20755 1079 726 1295 2742 696 120 380 2613 2720 145 8239 

2011/12 20321 1152 737 1321 2491 571 104 401 2432 2585 125 8402 

2012/13 16506 852 653 834 2298 547 125 319 2464 2393 142 5879 

2013/14 16527 878 619 834 2123 464 135 342 2462 2248 123 6299 

2014/15 15562 802 711 762 2136 448 105 334 2288 2177 105 5694 

2015/16 16026 949 853 860 2045 415 101 310 2255 2061 113 6064 

2016/17 15868 851 919 782 1970 434 104 292 2359 1823 106 6228 

2017/18 15616 883 823 703 1943 440 115 267 2186 1820 103 6333 

2018/19 15032 922 519 526 1847 379 90 273 2232 1669 90 6485 

2019/20 14334 853 517 486 1713 431 98 241 2 223 1628 85 6059 

2020/21 11916 735 368 346 1273 376 71 204 1 703 1164 59 5617 

Total 178463 9956 7445 8749 22581 5201 1168 3363 25217 2 288 1196 71299 

Persent 
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The analysis of the given data shows that the number of ignition sources of electrical origin, depending on the 

method of statistical data collection, can vary within 15-27%. Thus, determining the danger of electrical origin 

ignition sources is an urgent task. 

 

 

2. CLASSIFICATION OF THE ELECTRICAL ORIGIN IGNITION SOURCES 

 

Literature analysis shows three groups of electrical origin ignition sources [5, 6, 7]: 

 

1. Electric spark (arc). There are sparks and arcs arising as a result of the thermal action of short-circuit, electric 

sparks (drops of metal) created during electric welding, arising from the destruction of the bulbs of electric 

incandescent lamps or as a result of the static electricity charges. 

2. Heating of substances, nodes and surfaces of technological equipment. 

3. Discharges of atmospheric electricity. There is a difference between a direct lightning strike and secondary 

lightning strikes. 

 

Also, the power lines heating in case of overvoltage and leakage currents should be attributed to the heat features 

of electrical energy. 

 

At the same time, a short circuit, as a cause of fires, reaches up to 50% of the total number of electrical ones. 

 

2.1 Thermal action of short-circuit  

 

The danger of short circuits is explained by the thermal effect of electric current, which is quantitatively expressed 

by the Joule-Lenz law. 

 

According to Ohm's law, as the resistance 𝑅 decreases, the current 𝐼 increases in square, so the amount of heat 

𝑄 released in the conductor when a short-circuit current occurs increases sharply. 

 

A short-circuit, the effect of which is not limited in time, leads to the melting of conductors and the occurrence of 

sparks and arcs, so it can be a cause of fires of nearest combustible materials. 

 

2.2 Electric sparks (drops of metal) 

 

When a short circuit occurs, sparks occur in 100% of cases. Electric sparks and arcs occur when an electric current 

passes through the air. Electric sparks (drops of metal) are formed, in the case of short circuits of electrical 

conductors. The size of the hot particles of metal at short circuit of electric wiring can reach 3 mm. At the same 

time, when they expand, they are in a molten state, which increases their danger. However, when released into the 

environment, they gradually cool down. 

 

With a short circuit, sparks fly in all directions, and their speed does not exceed 10 m/s. The area of particle flight 

in the event of a short-circuit depends on the height of the wire, the initial speed of the particle flight, the angle of 

departure and is probabilistic in nature (Fig. 2).  

 

For the height of the location of the wire 10 m the probability of hitting particles at a distance 9 m is 0.06; 7 m – 

0.45; 5 m – 0.92; for the height of the location 3 m the probability of hitting particles at a distance 8 m is 0.01; 6 m 

– 0.29; 4 m – 0.96; and for the heights 1 m the probability of scattering of particles on6 m - 0.06; 5 m - 0.24; 4 m – 

0.66 and 3 m – 0.99. 

 

It should be noted that during a short-circuit, electric sparks, as a rule, have time to form before the protection 

devices are triggered, and therefore the probability of ignition of flammable substances and materials during a short-

circuit is sufficient. 
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Figure 2. The probability (P) of hitting metal particles depending on the height of their formation and distance to 

the object (R, m) 

 

Thus, if there is a probability of a drop of metal hitting the surface of a combustible substance, its ignition is possible. 

Therefore, there is a need to determine the ignition capacity of such a drop depending on the external conditions 

and physical and chemical properties of the materials of the drop and the combustible substance. 

 

2.3 Calculation of igniting ability of a metal drop  

 

The temperature of the heated particles depends on the type of metal and cannot be lower than its melting 

temperature. Thus, the temperature of aluminum particles during a short circuit reaches +2500 ºС [8, 9]. 

 

The amount of heat that a particle (drop) of metal can give to a combustible environment before reaching its self-

ignition temperature is calculated in the following sequence. 

 

The average flight speed of a drop of metal in free fall is calculated by the formula: 

 

 𝜔𝑑𝑟 = 0,5 ⋅ √2 ⋅ 𝑔 ⋅ 𝐻, [𝑚/𝑠], (1) 

 

where 𝑔=9.81 – Is the acceleration of free fall;  

𝐻 – Is the height of the drop. 

 

The volume of a drop of metal is calculated by the formula: 

 

 𝑉𝑑𝑟 =
𝜋 ⋅ 𝑑𝑑𝑟

3

6
= 0,524 ⋅ 𝑑𝑑𝑟

3 , [𝑚3], (2) 

 

where 𝑑𝑑𝑟 – is the diameter of the drop, [m].  

 

The mass of the drop is calculated according to the formula: 

 

 𝑚кр = 𝑉𝑑𝑟 ⋅ 𝜌𝑑𝑟 , [𝑘𝑔] (3) 

 

where 𝜌𝑑𝑟 – Is densityof metal, [kg/m3]. 

 

Further calculations will be made for three metals used in electrical products (including cable products): steel, 

aluminum and copper [10]. Fig. 3 shows the dependence of the drop mass depending on its diameter and the metal 

of which it is composed. 
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Figure 3. Dependence of the drop mass depending on its diameter and the metal of which it is composed.  

1 – copper, 2 –steel, 3 – aluminum. 

 

Depending on the duration of the drop's flight, three states of its aggregate are possible: liquid, crystallization state, 

and solid. 

 

The flight time of a drop in a liquid state is calculated by the formula: 

 

 𝜏𝑙𝑖𝑞 =
Ср ⋅ 𝑚𝑑𝑟

𝛼 ⋅ 𝑆𝑑𝑟
⋅ 𝑙𝑛

𝑇𝑠𝑡𝑎𝑟𝑡 − 𝑇0

𝑇𝑚𝑒𝑙𝑡 − 𝑇0
, [𝑠] (4) 

 

where Ср –specific heat capacity of the metal melt, [J/(kg·K)]; 𝑆𝑑𝑟 – surface area of the drop, [m2]; 𝑇𝑠𝑡𝑎𝑟𝑡 –

temperature of the drop at the beginning of the flight, [K]; 𝑇𝑚𝑒𝑙𝑡 – metal melting point temperature, [K]; 𝑇0 – ambient 

temperature, [K]; 𝛼 –heat transfer coefficient, [W/(m2·K)].  

 

The drop heat transfer coefficient is calculated in the following sequence: 

a) calculate the Reynolds number (the Reynolds number is a dimensionless quantity, is one of the characteristics 

of the movement of a viscous liquid and determines the ratio of inertial forces to viscous forces) according to the 

formula: 

 

 𝑅е =
𝜔кр ⋅ 𝑑кр

𝑟
, (5) 

 

where 𝑟 = 15.1 ∙ 10−6 𝑚2/𝑠 – coefficient of kinematic viscosity of air at a temperature of +20 ºС; 

b) calculate the Nusselt criterion (the Nusselt criterion characterizes the average intensity of convective heat 

exchange between the surface of the body and the free or forced flow of liquid or gas) according to the formula: 

 

 𝑁𝑢 = 0,62 ⋅ √𝑅𝑒, (6) 

 

c) calculate the heat transfer coefficient according to the formula: 

 

 𝛼 =
𝑁𝑢⋅ 𝜆𝑎𝑖𝑟

𝑑𝑑𝑟
, [𝑊/(𝑚2 ⋅ 𝐾)], (7) 

 

where 𝜆𝑎𝑖𝑟 = 0,022 W/(m ⋅ 𝐾) – air thermal conductivity coefficient. 

 

If 𝜏 ≤ 𝜏𝑙𝑖𝑞 , then the final temperature of the drop is calculated by the formula: 

 

𝑚𝑑𝑟 ∙ 103, kg 

𝑑𝑑𝑟, m 

1 

2 

3 
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 𝑇𝑓𝑖𝑛𝑎𝑙 = Т0 + (Т𝑠𝑡𝑎𝑟𝑡 − Т0) ⋅ ехр (−
𝛼 ⋅ 𝑆𝑑𝑟

𝐶𝑝 ∙ 𝑚𝑑𝑟
) , [𝐾]. (8) 

 

The drop flight time, during which its crystallization occurs, is determined by the formula: 

 

 𝜏𝑐𝑟𝑦𝑠𝑡 =
𝑚𝑑𝑟 ⋅ 𝐶𝑐𝑟𝑦𝑠𝑡

𝛼 ⋅ 𝑆𝑑𝑟⋅ (𝑇𝑙𝑖𝑞 − Т0)
, [s], (9) 

 

where 𝐶𝑐𝑟𝑦𝑠𝑡 – the specific metal crystallization heat, [J/kg]. 

 

With the help of the above formulas, the time of flight of a molten metal drop was calculated depending on external 

conditions. Graphical interpretation of calculations is shown in Figure 4. 

 

If , then the final temperature of the drop is calculated by the formula:𝜏𝑙𝑖𝑞 < 𝜏 ≤ (𝜏𝑙𝑖𝑞 + 𝜏𝑐𝑟𝑦𝑠𝑡) 

 

 𝑇𝑓𝑖𝑛𝑎𝑙 = 𝑇𝑙𝑖𝑞 , [K], (9) 

 

To assess the degree of danger in work, the flight time of a drop of metal in a molten state was calculated (Fig. 5) . 

 

a) 
b) 

c) 

Figure 4. Dependences of the flight time of a metal drop in a molten state on the initial temperature and drop 

diameter: a) Aluminum; b) Copper; c) Steel. 
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Figure 5. Dependences of the flight time of a metal drop in a molten state on the initial temperature, flight 

height, and average flight time. 1 – average flight time; 2 – aluminum; 3 – copper; 4 – steel; 5 – the time of the 

drop falling in the molten state. 

 

Analysis of Fig. 5 shows a comparison of the time the drop remains in the molten state with the flight time of the 

drop from a certain height. In accordance with the received calculation data, it can be concluded that when falling 

from a height of up to 8 m, drops of all metals will be in a molten state. 

 

If , then the final temperature of the drop in the solid state is calculated by the formula:𝜏 > (𝜏𝑙𝑖𝑞 + 𝜏𝑐𝑟𝑦𝑠𝑡) 

 

 Т𝑓𝑖𝑛𝑎𝑙 = Т0 + (Т𝑓𝑢𝑠𝑒 − Т0) ⋅ ехр {−
𝛼 ⋅ 𝑆𝑑𝑟

𝐶𝑑𝑟 ⋅ 𝑚𝑑𝑟
⋅ [𝜏 − (𝜏𝑙𝑖𝑞 + 𝜏𝑐𝑟𝑦𝑠𝑡)]} , [𝐾], (9) 

 

where 𝐶𝑑𝑟 – the specific heat capacity of the metal, [J/(kgK)]. 

 

The next stage of the work was to analyze the possibility of ignition from a metal drop in a molten state of various 

solid combustible materials, such as plastic, wood, textiles and rubber. 

 

The amount of heat that a drop of metal gives off to the solid material on which it fell is calculated by the simplified 

formula [11, 12, 13]: 

 

 𝑊 = 𝑉𝑑𝑟 ⋅ 𝜌𝑑𝑟 ⋅ 𝐶𝑑𝑟 ⋅ (𝑇𝑓𝑖𝑛𝑎𝑙 − Т𝑆𝐼) ⋅ K, [𝐽], (10) 

 

where Т𝑆𝐼 – the self-ignition temperature of the combustible material, [K]; K – coefficient equal to the ratio of the 

heat given off to the combustible material to the energy stored in the drop. It is allowed to take K=1. 

 

Some characteristics of the fire hazard of solid combustible materials are given in the table 3. 

 

Table 3. Some fire hazard characteristics of solid combustible materials [14, 15, 16] 

Name of the 

material 

Self-ignition temperature 

of the substance (Т𝑺𝑰), [K] 

Minimum ignition 

energy (𝑾𝑰𝒈𝒏), [mJ] 

Polyethylene 690 70 

Rubber 613 30 

Textile 633 25 

Wood 603 40-60 

 

Calculations of the energy transferred by metal drops to combustible materials were carried out according to the 

above formulas (Fig. 6). 
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a) b) 

c) 

Figure 6. Calculated energies of a metal drop in the molten state depending on the diameter of the drop for: a) 

aluminum, b) copper, c) steel. Transmitted energy: 1 – polyethylene; 2 – rubber; 3 – textiles; 4 - tree. Minimal 

ignition energy: I – textile; II – rubber; III – wood; IV – polyethylene. 

 

Analysis of the data shown in Fig. 6 allows us to conclude that when drops of molten aluminum fall on combustible 

materials, ignition will not occur. 

 

At the same time, a drop of molten copper will be a source of ignition for textiles, rubber and fabric with dimensions 

greater than 2.9 mm. 

 

And a drop of molten steel will be the source of ignition for all listed solid combustible materials with dimensions 

greater than 2.6 mm. 

 

 

3. CONCLUSIONS 

 

1. The work examines the statistics of fires in several countries, highlights the peculiarities of statistical data 

collection. It has been established that the share of electrical ignition sources can be up to 27% at industrial facilities 

and critical infrastructure facilities. 

 

2. The nature of a short circuit as a source of ignition has been studied. It was established that in the case of a short 

circuit, drops of molten metal are splashed, which can cause ignition of various materials. 

 

3. The method of calculating the parameters of metal drops when they occur during a short circuit is considered. It 

has been established that when drops of molten aluminum fall on combustible materials, ignition will not occur. At 

the same time, a drop of molten copper will be a source of ignition for textiles, rubber and fabric with dimensions 

larger than 2.9 mm. A drop of molten steel will be the source of ignition for all listed solid combustible materials with 

dimensions larger than 2.6 mm. 
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ABSTRACT 

 

A series of clay minerals was added to a polymeric matrix of poly (ethylene-co-butyl acrylate), EBA-30, containing 

an intumescent formulation of ammonium polyphosphate (APP) and pentaerythritol (PER), in order to investigate 

the effect of the crystalline structure on the flame retardancy of the polymer composites. The clay minerals mica, 

kaolinite (Kaol), palygorskite (Pal) and K-feldspar (K-Fsp) were tested in this work with and without the intumescent 

formulation. The results from limiting oxygen index (LOI) and cone calorimeter analyses showed that while Pal with 

the intumescent formulation led to the highest LOI values and a heat release rate (HRR) close to zero, indicating a 

synergistic effect with the intumescent formulation and the polymer matrix, K-Fsp showed the lowest impact on the 

synergism performance with a higher value for the HRR peak. The heating microscopy showed a higher stability of 

the intumescent layer with the addition of Pal then with the addition of K-Fsp, showing that that the crystalline 

structure of Pal led to a better interaction with the polymer matrix and to a greater synergism in the composites. 

 

 

Keywords: Clay minerals; Crystalline structure; Flame retardant; Intumescent formulation. 
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1. INTRODUCTION 

 

Considering the vast applicability of polymers in the daily life, their high flammability is a huge disadvantage for 

these materials. Therefore, different approaches to increase flame retardancy of polymeric materials has been 

studied [1]. Flame retardant additives, such as intumescent formulations, have been presented as eco-friendly and 

less toxic compared to other flame retardants such as organohalogen counterparts, which are carcinogenic and 

bioaccumulative [2]. In general, intumescent formulations are composed of an acid source, a carbonaceous 

compound and a blowing agent that in the presence of a heat source forms an expanded carbonaceous layer, 

named char. This intumescent layer is responsible for preventing the transfer of heat, of oxygen and combustible 

gases during the burning of the material ceasing the flame [3]. However, the intumescent formulations do not 

achieve the desired flame retardancy properties, thus, a strategy to increase the intumescent formulation efficiency 

is the use of synergistic agents [4]. Montmorillonite is a well-established clay mineral synergistic agent in the 

literature mainly due to its advantages such as low cost and easy access. Some authors have shown that structural 

characteristics of the montmorillonite, such as the increase of its interlamellar spacings can affect its synergistic 

action in the intumescent formulations [5]. Montmorillonite, due to its structure can catalyze the Diels-Alder and 

esterification reactions that contribute to the formation of the char, as a consequence, increasing the thermal 

properties and reducing the hear release rate of the material [6]. Nonetheless the sole use of montmorillonite on 

the polymer matrix does not lead to any improvement of the flame retardant properties of the composites [7]. 

 

Despite of their structure, the evaluation of the effect of other clay materials on the flame retardancy of polymers is 

not common in the literature. Due to this fact, this study aims to investigate, through structural analysis, if there is a 

synergistic action of other clay minerals, when added to the intumescent formulation, on the flame retardancy of 

polymer materials. Therefore, this study intends to investigate the effect of the crystalline structure of different clay 

minerals such as mica, kaolinite (Kaol), palygorskite (Pal) and also K-Felspar (K-Fps) on the flame retardancy 

performance of polyethylene-co-butyl acrylate (EBA-30) on intumescent formulation composed by ammonium 

polyphosphate (APP) as an acid source and blowing agent and pentaerythritol (PER) as a carbonaceous compound 

was employed. 

 

Those clay minerals, K-Fsp and the polymeric materials were characterized using thermogravimetric analysis 

(TGA). The textural analysis of the clay minerals was evaluated using B.E.T isothermals. X-ray fluorescence (XRF) 

analysis were performed to determine the composition of the minerals present in the clay minerals and K-Fsp 

samples. The material’s flammability was evaluated by limit index oxygen (LOI) and cone calorimeter technique. 

The LOI measures were performed to measure the minimum oxygen content necessary to sustain the burning 

process and the cone calorimeter measured the heat release rate of the material. With the heating microscopy was 

possible to verify the thermal stability of the char.  

 

 

2. EXPERIMENTAL 

 

2.1 Materials and processing 

 

The polymer matrix used was a poly (ethylene-co-butyl acrylate), supplied by Arkema, under the commercial name 

of Lotryl 30BA02, hereafter referred to as EBA-30. The intumescent formulation was composed by ammonium 

polyphosphate (APP), supplied by Clariant with the commercial name of Exolit 422 and pentaerythritol (PER) 

supplied by Sigma – Aldrich. In the polymeric sample production, the intumescent formulation was used in a 30 

wt.% of APP: PER in a ratio of 3:1 respectively where according to the literature, a maximum of the flame retardant 

properties is observed for polyethylene materials in this proportions [8]. The minerals mica, Kaol, Pal and K-Fps 

were supplied by União Brasileira de Mineração (UBM). These minerals were supplied as powders, except for mica, 

that was supplied in the laminar form. The mica had to be milled with a mortar and pestle, and then introduced in a 

Puverisette 14 mill model with the rotation of 10,000 RPM. All clay minerals and K-Fsp materials were dried in a 

temperature of 70 °C for 14 hours before being processed. In the composites production, the clay minerals were 

used in a 3 % of the total mass of the composite. Better flame retardant properties are observed in this concentration 

according to the literature [9]. 
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The polymers and additives were mixed in a Haake Rheochord 900 rheometer equipped with a Romix chamber 

600 roller blared rotor, at 140 °C under 50 RPM. The mixture was then pressed in a Carver press at 150 °C with a 

load of 9000 kgf to obtain 100 mm X 100 mm X 3 mm specimens for flammability tests. 

 

2.2 Characterization 

 

The clay minerals and K-Fsp were analyzed utilizing a PerkinElmer 7 high temperature thermogravimetric analyzer 

(TGA). The analysis was performed under the following conditions: 10 mg sample in platinum capsules submitted 

to a temperature ramp from 30 °C to 850 °C under a heating rate of 10 °C/min. As the purge gas it was used a 

synthetic one with a 20 mL/min flux. 

 

For textural analysis a Micromeritics, model ASAP 2010 (Accelerated Surface Area and Porosimetry), was used. 

This analysis measures the samples specific area using the B.E.T. (Brunauer – Emmet – Teller) method, through 

N2 adsorption and desorption isothermals at 77 K.  

 

For the determination of the chemical composition of the minerals present in the mica, Kaol, Pal, and K-Fsp samples 

it was used a Rigaku RIX 3100 X-ray fluorescence (XRF) with a rhodium source and X-ray spectroscopy for 

detection. The samples were analyzed in the form of pellets with a mass of approximately 500 mg. Before analysis, 

the samples were dried and calcinated in a muffle at 450 °C for 150 minutes. 

 

2.3 Flammability evaluation 

 

The LOI test is normalized according to ISO 4589-2 standard method which determines the minimum oxygen 

content necessary to sustain a burning process in an oxygen and nitrogen gas mixture atmosphere. A fire testing 

technology (FTT) apparatus was employed using 100 mm × 6.7 mm × 3 mm specimens of the polymers and 

composites produced. The measurements are accurate to ± 1 LOI unit. 

 

The cone calorimetry is standardized by the ISO 5660-1 (2002) and allows the determination of a quantitative 

measurement of heat release rate (HRR), expressed in kW/m2. This technique best reproduces fire conditions in a 

laboratory bench scale experiment [10]. The analyses were performed using a mass loss cone calorimeter MLCC, 

model FTT-0014/2012. Samples measuring 100 mm X 100 mm X 3 mm were exposed horizontally to a 50 kW heat 

flux which corresponds to the heat released during well-developed fires [11]. 

 

The heating microscopy can be used to monitor the intumescent layer of the material [12]. The heating microscopy 

analyses were executed with a Leitz heating microscope, model 1A, and the images were captured by a Samsung 

SDC 415 ND camera which provides the visualization of the sample behavior under heating. The samples used 

were 3 mm sided cubes.  

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Characterization 

 

The data of mass loss obtained from the TGA curves for the clay minerals and K-Fsp are shown in Table 1.  

 

Table 1: Percentages of mass loss of mica, Kaol, Pal and K-Fsp obtained by thermogravimetric analysis in a 

temperature range variating from 100 °C to 800 °C. 

 

 Sample 

Temperature (°C) 

100 200 300 400 500 600 700 800 

Mica 0% 0% 1% 1% 1% 1% 1% 2% 

Kaol 0% 0% 1% 1% 4% 10% 11% 11% 

Pal 7% 9% 10% 11% 14% 15% 20% 20% 

K-Fps 0% 0% 0% 0% 0% 0% 0% 0% 

 

The palygorskite clay mineral presented a 7% mass loss at 100 °C which indicates the presence of humidity in the 

material. Another mass loss at 200 °C can be associated with the presence of water in their structural channels 
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[13]. Except for Pal, around of 200 °C, none of the other samples showed mass losses, and this suggests that the 

other samples did not have humidity in their structures. In the range from 200 °C to 400 °C, a mass loss is observed 

for Pal which can be attributed to the presence of water at the edges of the material and the possible presence of 

organic matter inside the structure [13]. A loss of material structure can occur after 400 °C. Between 400 °C and 

700 °C Kaol and Pal presented a mass loss which can be attributed to a dihydroxylation process of the material 

that occurs in this range temperature. For Kaol, meta kaolinite can be formed. [14] After 700 °C mica showed a brief 

mass loss due to the dihydroxylation process. K-Fsp showed high thermal stability up to 800 °C, which may indicate 

that there is no presence of organic matter in the material [13,14]. 

 

The determination of the chemical composition of clay minerals and K-Fsp was performed by X-ray fluorescence 

(XRF) analysis. The results are shown in Figure 1. 

 

 
Figure 1: Chemical compositions of Mica, Kaol, Pal and K-Fsp 

 

K-Fsp has the higher silicon content in the structure, and also aluminium by the reason of the formation of an 

aluminosilicate tetrahedral. The potassium content present in the structure is due to the fact that it is the 

compensation cation. The presence of sodium is possibly other minerals on the sample [13]. Pal has a high 

percentage of silicon, aluminium and magnesium content, it has a tetrahedral units of silicon and octahedral sheets 

of aluminium and magnesium in its structure. The presence of iron indicates an isomorphic substitution in the 

octahedral sheets [15]. The presence of potassium is generalized because it substituted an exchangeable cation 

inside the formed pores and the channels. The presence of calcium and titanium is not expected in the Pal crystalline 

structure. The presence of a considerable percentage calcium indicates another mineral content in the sample and 

the presence of titanium indicates an impurity in the material [13]. Kaol presented high percentages of only silicon 

and aluminum due to its crystalline structure form without interlayer compensation cations. The lower concentration 

of potassium could be related to the presence of other minerals in the sample [13]. Mica presented a rich content 

of silicon and aluminium in its structure. The potassium content present in the structure is due to the compensation 

cation in its interlayer. The presence of iron is usually due to very few isomorphic substitutions that do not change 

the structure of the clay mineral. A small percentage of magnesium can indicate that the mineral is a muscovite 

type [13]. 

 

B.E.T isotherms were used to determine the specific surface areas of mica, Kaol, Pal and K-Fsp which are 

presented in Table 2. Pal differed greatly from others that present small areas, presenting a high specific area, due 

to its highly porous structure formed by channels [14].  

 

Table 2: Mica, Kaol, Pal and K-Fsp specific areas 

Sample Specific area - B.E.T.  

(m2 /g) 

Mica 1.5 

Kaol 6.5 
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Pal 98.8 

K-Fsp 0.8 

 

3.2 Flammability evaluation 

 

Figure 2 exhibits the LOI values obtained for the clay minerals and K-Fsp materials. 

 

 
Figure 2: Limiting oxygen index (LOI) values obtained for the EBA-30 and minerals samples, with and without 

intumescent formulation. 

 

It is possible to observe that the sole addition of clay minerals or of K-Fsp to the polymeric matrix did not increase 

the fire retardant properties since the values remained at 19%. The same behavior was observed with the sole use 

of montmorillonite without an intumescent formulation in EBA-30 matrix. [16] With the intumescent formulation, 

without the clay minerals, the LOI value extended to 21%. Nonetheless, the addition of the clay minerals mica, Kaol 

and Pal with APP/PER in EBA-30 matrix the values obtained for LOI were 28%, 26% and 29 % respectively. 

Therefore, a synergistic effect is observed for the materials tested. On the other hand, K-Fsp did not demonstrate 

a synergistic effect in the intumescent formulation. As the experimental LOI error is ± 1, the value of K-Fsp LOI is 

the same for the EBA-30 with intumescent formulation. Feldspar is a tectosilicate and has a three dimensional 

structures composed by aluminum silicates with a partial substitution of silicon by aluminium [13]. The K-Fsp 

structures added to EBA30 + APP/PER did not increase the LOI value of the polymeric materials. The LOI value 

obtained for the EBA-30 + APP/PER + mica sample was 28%, and considering the experimental error, it is a similar 

value to the obtained in the previous work, of a LOI of 29%, which was obtained for sodic montmorillonite, Cloisite 

Na [17]. This occurred due to the fact that mica has a similar structure to the one of montmorillonite, composed of 

a 2:1 structure consisting of an octahedral sheet of Al2(OH)6 bonded between two tetrahedral sheets of SiO4. The 

large difference between mica and montmorillonite is the potassium as a compensation cation in the intermediate 

layer and the non-expansiveness of the lamellae, limiting their interlamellar space to 10.1 Å. [13]  

 

The EBA-30 + APP/PER + Kaol sample generated an LOI result of 26%. Kaolinite has a 1:1 structure with a 

tetrahedral sheet of SiO4 and an octahedral sheet of Al2(OH)6 bonded together. Kaol does not have compensation 

cations and its interlayer space is 7.15 Å, therefore, the penetration and interaction of organic compounds is more 

difficult [13]. In addition, while mica and montmorillonite can use the two tetrahedral sheets of SiO4, both on the 

external and internal faces of the material, the reactions between Kaol and the intumescent formulations would 

occur primarily on the external faces of the clay minerals. On the internal faces the interaction is only with a SiO4 

sheet, still conferring some degree of improvement to the system. [13] The best LOI result value obtained for the 

EBA-30 + APP/PER + Pal sample was 29%, the same value obtained in a previous work for sodic montmorillonite, 

Cloisite Na [17]. Pal is a phyllosilicate of aluminum and magnesium, with fibrous morphology consisting of parallel 

ribbons in 2:1 layer containing two octahedral sheets of magnesium with partial replacement by aluminum and iron 

pressed between a tetrahedral sheet of SiO4 [18]. The same results obtained for Pal and montmorillonite suggests 

that the spatial arrangement of SiO4 tetrahedral sheets and Al2(OH)6 octahedral sheets does not have an influence 

on the synergy effect measured by the LOI, but the interaction of the organic material with the clay mineral can 
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influence the synergism. As seen in Table 2, Pal has a large specific surface area due to its channels and pores 

[15]. Consequently, this channels and pores can be used for the catalysis of the reactions. Pal can act as a catalyst 

in petroleum polymerization [19]. Then, considering the highly porous structure, Pal could possibly be catalyzing 

char-forming reactions such as the APP and PER esterification reactions in a similar way to the ones with 

montmorillonite [16]. As seen in Figure 1, Pal has other elements such as Fe, Mg and Ca in its chemical composition, 

which do not seem to have an influence on the synergistic action, since mica does not have high concentrations of 

these metals in its composition and has similar LOI results. These results lead to the conclusion that the crystalline 

structure have an influence on the synergistic action of the material. 

 

The peak of the heat release rate (pHRR) and the ignition time of the polymeric materials without intumescent 

formulation, containing only clay minerals and K-Fsp, are shown in Table 3. 

 

Table 3: pHRR and time ignition values of the samples without the intumescent formulation. 

Sample pHRR  

(kW/m2) 

Time ignition  

(s) 

EBA-30 830 180 

EBA-30 + mica 620 350 

EBA-30 + kaol 840 180 

EBA-30 + Pal 660 250 

EBA-30 + K-Fsp 660 310 

 

Except for Kaol, the addition of clay minerals and K-Fsp increased the ignition time of the polymeric material 

compared to the result for the raw polymer. The decrease in pHRR of mica and Pal clay minerals and K-Fsp is also 

observed when compared to the raw polymer. This effect was not observed for Kaol sample. Due to the thermal 

stability of clay minerals and their composition, some authors mention that clay minerals, such as montmorillonite 

can form a protective layer that works as a physical barrier that prevents the transfer of heat, oxygen and 

combustible gases in the material, resulting in the reduction of the pHRR [20]. However, LOI tests with clay minerals 

and K-Fsp showed no change in their results, which indicates that despite the formation of a barrier, it was not very 

protective, since the material was still highly flammable. 

 

The peak heat release rate (pHRR) and ignition time of the polymeric materials containing the intumescent 

formulation and clay minerals or K-Fsp are shown in Table 3. 

 

Table 3: pHRR and ignition time values of the samples with the intumescent formulation. 

Sample pHRR 

(kW/m2) 

Ignition time 

(s) 

EBA-30 830 180 

EBA-30 + APP/PER 450 80 

EBA-30 + APP/PER + mica 230 150 

EBA-30 + APP/PER + Kaol 280 115 

EBA-30 + APP/PER + Pal 0 0 

EBA-30 + APP/PER + K-Fsp 290 125 

 

Table 3 shows that the addition of the intumescent formulation reduced the ignition time of the material, however, 

it generated a rate of about half of the one of pure polymer. With the addition of all clay minerals tested and of K-

Fsp, there was a considerable reduction in the peak of heat release rate as compared to the material containing 

only the intumescent formulation. The highest value among the clay minerals reached about half of the pHRR value 

for the EBA-30 + APP/PER. This suggests that mica, Kaol, Pal and K-Fsp had a good performance reducing the 

inflammability of the composite. This effect was also detected by the LOI, except for K-Fsp, as shown in Figure 2. 

Among the other samples tested, K-Fsp presented the highest peak of heat release rate and despite generating an 

increase in the reported ignition time, among the clay minerals, K-Fsp obtained the lowest ignition time. Kaol had 

the second highest peak of heat release rate and mica had the third highest value, which was about 25% of the 

value of the pHRR obtained for the pure polymer.  

 

The composite with the clay mineral Pal, as shown in Table 3, oscillated close to zero for the values of pHRR and 

consequently the ignition time, for all three specimens of the triplicate. Pal when exposed to a heat flux of 50 kW/m2, 
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which corresponds to the heat released during developed fires [21], did not ignite. Palygorskite, was also 

responsible for the highest LOI value shown in Figure 2, and, considering the experimental error, a value of 30% 

LOI is commercially desired. The results suggest the occurrence of a strong synergistic action between the mineral 

clay and the APP/PER intumescent formulation in the EBA-30 matrix, which can be related to the fact that, due to 

its larger surface area, Pal would be strongly catalyzing the esterification and Diels-Alder reactions between APP 

and PER that generate char precursors and therefore avoiding the collapse of the char structure at higher 

temperatures [16,22]. 

 

Heating microscopy images obtained for the EBA-30 + APP/PER samples containing the best and worst results 

from LOI and cone calorimetry clay minerals Pal and K-Fsp in three different temperatures from 35 °C, 300 °C and 

790 °C are shown in Figure 3. 

 

 30 °C 300 °C 790 °C 

 
 
EBA-30 + APP/PER 

   
 
 
EBA-30 + APP/PER  
+ pal 

   
 
 
EBA-30 + APP/PER  
+ K-Fsp 

   
Figure 3: Images of the EBA-30 + APP/PER+ mineral specimens obtained through heating microscopy. 

 

The evidence that the intumescent process occurred in the material is observed by a volumetric expansion at 350 

°C. It is possible to observe that Pal produced a larger and more structured residue than K-Fsp at 790 °C. This fact 

can explain the higher LOI value recorded for the sample containing Pal and the lower for the one containing K-

Fsp. It was reported in a previous work that the addition of montmorillonite maintained the P–O–C bond and the 

crystalline cells of polyaromatic structures connected by polymeric chain fragments at temperatures above 430 °C, 

and that the clay mineral in the polymeric structure gave flexibility and thermal stability to the structural layers at 

high temperatures [16]. Other authors suggest that the intumescent char generates an increase in thermal stability 

with the formation of an organic aluminosilicophosphate from clay minerals and intumescent formulation structures 

during the burning process. [8] The same mechanism may be occurring with the addition of the Pal and K-Fsp, thus 

increasing the thermal stability of the materials. 

 

 

4. CONCLUSIONS 

 

The flammability test showed that the addition of mica, Pal, K-Fsp and Kaol without the intumescent formulation to 

the EBA-30 copolymer did not increase the polymeric matrix flame retardant properties. However, when added in 

a small amount with an intumescent APP/PER mixture, a synergistic effect was detected through TGA, heating 

microscopy, LOI and cone calorimeter analysis. All the clay minerals presented better synergistic action than the 

K-Fsp, indicating that the clay mineral structure plays an important role in the measured flame-retardant properties. 

Among the clay minerals studied, Pal presented the greatest synergistic action with the intumescent formulation in 

the EBA-30 matrix showing that it could possibly be catalyzing the char formation reactions. On the other hand, the 

material containing APP-PER and K-Fsp presented the poorest flame-retardant properties. In conclusion, the 

crystalline structure of the clay minerals appears to affect the synergy with APP/PER in EBA-30. 
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ABSTRACT 

 

Fire, while being one of humanity’s great discoveries and improving human life in many ways, also poses dangers 

when it gets out of control and becomes a fire. To combat these incidents, firefighting departments have been 

created, constantly evolving their knowledge and techniques to deal more effectively with fires. Therefore, this work 

aims to present a possible solution for studying fire behavior and developing knowledge about this complex 

phenomenon to improve prevention and firefighting techniques. The proposed solution is to simulate fires using 

computational models with specialized software, based on data obtained from full-scale compartmentalized fire 

experiments. 

 

Keywords: Fire; compartmentalized fire; full-scale test; computational simulation. 

 

 

1. INTRODUCTION 

 

Since the beginning of humanity, the human being has been trying to understand natural phenomena and one of 

the greatest discoveries was fire. Even in prehistory, humans were already attempting to control it and throughout 

human history, fire has been used for various purposes such as protection against animals, cooking, heating, 

industrial production, lighting, among other uses. 

 

Unfortunately, despite the many advantages that fire brought to human life, it also brought danger. Throughout 

history, there have been various disasters caused by large fires that have consumed buildings and even entire 

cities. Recognizing the danger that uncontrolled fire could cause, fire departments were created to combat it. 

 

The fire departments have been constantly evolving, using techniques and tools more suitable and more efficient 

protective equipment. However, this is only possible through observation and research. Observation, whether in 

case of firefighting or in post-fire investigation, where the origin and cause of fire are investigated. 

 

As firefighting has evolved, standards have been established for prevention and combat to fires. Research is 

needed to support these standards and improve firefighting practices, alongside the experience gained from cases 

of fires. 
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In fire research, one way to study is through experiments simulating a real fire in a controlled compartment. These 

studies allow researchers to observe fire behavior and gather information related to compartmentalized fires, such 

as temperature, duration and intensity. 

 

However, to carry out a full-scale experiment, it is necessary to have specific knowledge, time for planning and 

execution, financial and human resources for preparing the scenario to be tested. In addition, specific measurement 

equipment is also required, such as thermocouples, heat flux meters and thermal cameras. In light of this, it is 

crucial to make the most of every experiment conducted by gathering as much information as possible. 

 

The Military Fire Brigade of the Federal District in Brazil has been constantly developing research in the field of 

firefighting, focusing on the performance of firefighting during fire combat, as well as the equipment used by them. 

Furthermore, they conduct fire simulations to improve their understanding of the phenomenon. 

 

Fires are complex physical-chemical phenomena, and when it comes to compartmentalized fires, certain 

environmental factors are highly relevant, such as volume, floor area, ceiling height, fire load, distribution of the fire 

load and ventilation. These factors can significantly impact the behavior and intensity of a compartmentalized fire. 

 

Another way to study fires is by using computational models with the support of software that has been developed 

for this purpose. This type of model enables to change the variables present in a fire, simulate various scenarios 

and analyze its behavior in a cheaper and faster way compared to a full-scale experiment. 

 

On the other hand, this way also brings some challenges. To carry out a fire simulation using a computational 

model, it is necessary to have a good understanding of the software, including its limitations, provide input data 

correctly and finally know how to interpret the results. Thus, computational models currently emerge as a tool to 

assist in the study of fire behavior, rather than to replace full-scale experiment. 

 

In 2019, a research opportunity arose when a glass manufacturer contacted the Military Fire Brigade of the Federal 

District, through fire officer, George Cajaty, to test the efficiency of a fire-resistant glass. The main objective of the 

experiment was to verify the viability of using this glass in glass curtain wall facades, complying with current 

regulations regarding vertical compartmentalization. As a result, the Military Fire Brigade planned and conducted a 

full-scale experiment, which was funded by the manufacturer.  

 

2. METHODOLOGY 

 

2.1 Full-scale experiment 

 

To carry out the experiment, it was first necessary to design the building that would be subjected to the fire. The 

fire officer, Bruno Matos, developed a building project seeking economy, fast construction, fire resistance and 

structural reuse. Based on this project, two modular buildings were constructed, each with two floors and almost 

identical, except for the use of fire-resistant glass instead of drywall for the windowsill on the first floor. 

 

The building structure was made of carbon steel with protection provided by a sacrificial layer of fire-resistant 

gypsum board. The walls of these buildings were made of drywall. The construction process of the buildings can 

be seen in the photos below (Figure 1). 
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Figure 1: The construction process of the buildings (author) 

 

The fire load used in the experiment was 700MJ/m², based on the Brazilian standard NBR 14432:2001, which 

considers the building’s use as an office. Buildings in Brazil with this type of occupancy often utilize this type of 

façade, which is also seen in residential buildings. However, since the fire load is higher in offices according to this 

standard, the worst-case scenario was used. Figure 2 shows the fire load used, represented by wood cribs as fuel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2: The fire load, wood cribs. (author) 
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In terms of compartment ventilation, the structures had two opposing openings, a door and a window. They were 

strategically positioned to optimize the prevailing wind direction in the area, enabling air to flow in through the door 

while smoke and flames escape through the window. After all, the goal of the experiment was to study the effect of 

fire on the glass façade. 

 

Regarding the instrumentation of the experiment, a project was developed with the location of each measurement 

instrument, thermocouples and heat flux meters, as show in Figure 3. In addition, the best position for cameras, 

both thermal and common, like GoPro, were also planned. The common camera had to placed in a container with 

water to withstand the high temperatures it would be subjected. The thermal cameras were positioned to register 

from the front and side the entire experiment, allowing to observe fire behavior throughout the experiment. 

 

With this instrumentation, the goal was to measure the ambient temperatures in the middle of the compartment and 

along the layers every 30 cm. The heat release rate was also measured by installing heat flux meters on the wall 

at a height of one meter. Thermocouples were also installed on the beams and columns next to the window, as well 

as on the glass and windowsill, on both ground floor and first floor, because would be where the fire was expected 

to escape. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
a) Floor plan b) Section view 

Figure 3: Buildings instrumentation. (author) 

 

2.2 Computational model 

 

The computational model was essential in determining the ventilation strategy and structural design based on the 

temperatures reached in the simulation. 

 

To use software effectively, it is important to be aware of its possible limitations. For example, when using FDS/ 

NIST or PyroSim, it is crucial define an appropriate mesh and position obstruction and vents within the cell 

boundaries. 

 

The FDS/NIST software guide recommends an expression to determine an appropriate mesh size based on the 

diameter of fire and the heat release rate. However, in this simulation, a refined mesh was necessary due to the 

use of wood cribs as the fire load. The cribs consisted of wooden bars with a cross-section of 5x5 cm. Therefore, a 

mesh size of at least 5x5 cm was used in the region of the cribs to ensure an accurate representation of the burning 

behavior of the wood. 

 

The tables below show the input data used in the computational model, all based on bibliographic references. 
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Table 1: Building dimensions 

Description Dimensions (m) 

Compartment (length x width x height) 3,6 x 3,6 x 2,5 

Door (length x width x height) 0,8 x 2,1 

Window (length x width x height) 1,4 x 3,6 x 0,7 

 

Table 2: Building construction features 

Location Building material 

Walls (thickness = 90 mm) Drywall (2 x 12,5mm) 

Ceiling (thickness = 50 mm) Composite panel + Gypsum plaster 

 

Table 3: Input parameters of the computational model  

Description Values and references 

Reaction Wood_pine (SFPE handbook, 3rd Ed) 

• Specify heat of combustion 1,79E4 kJ/kg 

Material Yellow Pine (Quintiere, Fire Behavior - NIST NRC Validation) 

• Density 600 kg/m³ 

• Specific heat 2,85 kJ/(kg.K) 

• Conductivity 0,14 W/(m.K) 

• Emissivity 0,9 

Material Gypsum Plaster (Quintiere, Fire Behavior - NIST NRC 

Validation) 

• Density 1440 kg/m³ 

• Specific heat 0,84 kJ/(kg.K) 

• Conductivity 0,48 W/(m.K) 

• Emissivity 0,9 

Pool Fire (diameter = 20 cm) Experimental 

• HRRPUA 200 kW/m² 

Wood crib (1,0 x 1,0 x 0,4) m SFPE calculation for Kodur Method  

• HRRPUA 600kW/m² (superficial area of stick) 

• Ignite temperature 384 °C 

 

After running the model, it is necessary to analyze the results carefully. Therefore, the main analyzed data were: 

the correct fire ignition, ignition and wood consumption, smoke and flame behavior, fire spread through the cribs, 

temperatures reached in the environment and heat release rate. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

a) Before running model 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) During the fire 

Figure 4: Computational model of fire. (author/Smokeview) 
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3. RESULTS 

 

Considering the main focus of this study is to use computational models based on full-scale experiments, only the 

relevant data within the scope of this paper will be presented among all the data obtained from the experiments. 

 

Therefore, the results presented below refers to both experiments and relates to the ground floor compartment, 

where the fire load was located. The obtained results include temperature-time curves, which were measured by 

thermocouples located in the center of the compartment and distributed at 30 cm intervals along its height. In 

addition, the fire intensity was measured using a heat flux meter installed on the wall at 1m of height and 

photographic records of the building during and after the fire. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

a) Experiment 1 - flashover phase of fire. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

b) Experiment 2 – The initial phase of fire 

Figure 5: Full-scale experiments of fire. (author) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6: Experiment 1 – Temperatures along the height in the center of the compartment. (author) 
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Figure 7: Experiment 1 – Intensity of fire. (author) 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 8: Experiment 2 – Temperatures along the height in the center of the compartment. (author) 
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Figure 9: Experiment 2 – Intensity of fire. (author) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

a) Experiment 1 - Walls 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

b) Experiment 1 - Ceiling 

 
 
 
 
 
 
 
 
 
 
 
 

 

c) Experiment 2 - Walls 

 
 
 
 
 
 
 
 
 
 
 
 

 

d) Experiment 2 - Ceiling 

Figure 10: Damage to buildings post-fire. (author) 
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4. RESULTS ANALYSIS 

 

After the presentation of the relevant data regarding the two experiments, some analyses will be presented that 

may be useful for the computational modeling of compartmentalized fires. 

 

Firstly, it should be noted that on the day of the experiment, the wind changed direction, which is unusual for the 

region at that time. As a result, during the experiment, the wind was blowing towards the window instead of the 

door, Figure 3, as had been predict in planning phase. In light of this, the behavior of the fire was analyzed and it 

was necessary to close the compartment door after 15 minutes in order to increase the fire intensity.  

 

From the temperature-time curves presented for both experiments, Figures 6 and 8, some fire behavior can be 

observed. 

 

In Experiment 1, where the wind entered through the window, it was observed that during the growth phase, the 

temperatures reached in the different layers had significant variation, but followed the same increasing trend. This 

can be explained by the turbulent regime that occurred due to the pressure exerted by the fire from inside out, 

against the pressure of the wind from outside in. As a result, the environment as a whole was heated uniformly. 

 

As the fuel was consumed and the fire intensity increased, aided by closed door, a flashover occurred. This caused 

the pressure of the fire to surpass the wind pressure, leading to the fire starting to come out through the window. 

Consequently, the compartment reached its maximum temperature and remained on this plateau for around 15 

minutes. After this plateau, the temperature in the layers of the compartment began to decrease differently but 

followed the same trend. 

 

Regarding Experiment 2, during the fire growth phase, the temperature in the layers increased at different rates 

until they reached the maximum temperature plateau, which lasted less than in Experiment 1, around 10 minutes. 

After this phase, the temperature in the layers began to decrease at the same rate, but at the end of the 60 minutes, 

the temperatures in the layers were higher than the temperatures in Experiment 1. 

 

After the experiment concluded, a photographic record was taken to document the damage caused to the 

compartment containing the fire load. Figure 10 shows the difference in damage sustained by the compartments in 

two experiments, including both on the walls and ceiling. The second experiment resulted in slightly more damage 

than the first, particularly to the ceiling. This may have been due to influence of the wind during the experiments. 

 

Figure 11 presents a comparative graph of the temperature-curves of experiments 1 and 2, along with the curve 

obtained from the computational model used before the experiment, as well as curves already established and 

described in the European and Brazilian standards, namely ISO 834 and Natural Fire Curve. 

 

To represent the temperature-time curves of the fire, the most severe conditions were selected, which were the 

temperatures recorded by thermocouples in the uppermost layers, near the ceiling.  

 

It is possible to observe on the graph of the Figure 11 the maximum temperatures reached in each curve. Below is 

a summary table of these results. 

 

 

Table 4: Maximum temperatures of curves  

Curves Maximum Temperatures (°C) 

Real Fire - Experimental 1 967,96 

Real Fire - Experimental 2 980,34 

ISO 834 945,34 

Natural fire 941,47 

Computational Model Fire 1082,09 

 

 

 

80



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 11: Comparative temperature-time curves. (author) 

 

The graph shows that the experiment curves behaved similarly, with only a slight time lag between them due to 

wind variation. Specifically, the wind was stronger during the first experiment than during the second, causing the 

maximum temperature of the fire to occur earlier in the second experiment. 

 

Another observation regarding the two experiments is that the maximum temperature reached in the second 

experiment was higher than that in the first experiment. This difference can also be attributed to the change in 

external factor, the wind, as the other variables were identical. 

 

And why does this factor impact the two experiments in this way, considering that the two buildings are identical in 

terms of the ground floor and fire load? The wind caused a greater air exchange between the external environment, 

which was at ambient temperature of around 24°C, and the interior of the compartment, influencing both the 

magnitude and the time required to reach the maximum temperature. Despite the circumstances that can affect an 

experiment of this type, it is possible to consider that the compartmentalized fire was essentially the same in both 

cases. 

 

Regarding Figure 11, it can be observed that the maximum temperature reached by the computational model was 

higher and occurred earlier compared to the maximum temperatures in the experiments. 

 

It’s important to note that this model was created prior to the experiments with the purpose of better planning the 

experiment and designing the building structure to withstand the impact of the fire while still being reusable. The 

input data used to characterize the model were obtained from international sources, as shown in Table 3. Therefore, 

it’s evident that these data do not exactly correspond to the features of the materials present in Brazil for the 

experiments. 

 

Take this into account, it was necessary to conduct a separate experiment to further study these materials, with the 

aim of achieving a closer match between the computational model and the full-scale model of compartmentalized 

fire. However, this particular study is part of a future work to be published, where the ignition temperature of the 

wood used in the experiment, as well as the heat release rate of both the ignition source and the wood crib, were 

determined. The results from this experiment allowed us to provide feedback and improve the previous model. 
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Regarding the temperature-time curves that are already well-stablished and widely used in Brazil and Europe, it 

can be observed that the natural fire curve closely approximated the curves obtained in the experiments. However, 

a significant difference was observed during fire growth phase, where the natural fire curve had faster temperature 

increases, following a logarithmic pattern, whereas the curves from experiments exhibited slower temperature 

increases, closer to an exponential pattern. 

 

The curves of the experiments showed a higher maximum temperature than the natural fire curve. Additionally, 

while the natural fire curve had a peak to represent the maximum temperature, the curves from the real fire 

experiments had a plateau shape. 

 

Concerning the cooling phase, it can be observed that the natural fire curve well describes the behavior of the 

curves obtained from the experiments, with this phase well represented by a linear decrease. 

 

When it comes to the ISO 834 curve, it was observed that the maximum temperature reached in 60 minutes was 

lower than the temperatures obtained in the experiments and higher than the temperature predicted in the natural 

fire curve. Additionally, this curve only obtained the maximum temperature and did not represent the fire behavior 

as well as the natural fire curve did. 

 

Given the previous analyses, it is understood that the natural fire curve is the best to describe a compartmentalized 

fire. However, this curve can still be improved both in the fire growth phase and in the phase where the maximum 

temperature occurs. It is also the scope of another work to be presented in the future, using these data as 

parameters. 

 

Figure 12 presents a comparison of fire intensities in the presented models. The computational model predicted a 

more intense fire with its peak occurring earlier than the peaks in the experiments. One factor that contributed to 

this was the lack of wind in the model, in addition to the material characteristics. This further proves that the 

computational model needs improvement, by including wind and better defining material characteristics. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 12: Comparative of intensity of models. (author) 
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4. CONCLUSIONS 

 

Based on the data and analyses previously conducted, it can be concluded that the experiment complied its purpose 

by simulating a real fire during one hour using specified fire load, resulting in high temperatures and intensity as 

required by standard. 

 

From this experiment, it was possible to study the behavior of a compartmentalized fire, verifying that external 

factors, such as wind, can influence a fire. It was possible to compare the behavior of temperature-time curves of 

experiments, curves established and widely used in Brazil and Europe, and the computational model curve. 

 

It was noticed that the computational model used to plan the experiments overestimated the expected results. This 

proves that the data used, although obtained from relevant bibliographies, do not represent the characteristics of 

the materials used in the experiments and found in Brazil. 

 

On the other hand, this model was useful for the success of the experiment. Therefore, it was the computational 

model that allowed for the planning of a high-cost experiment. Through this experiment, it was possible to use its 

data as reference to calibrate the computational model. This enable the model to be used in other computer 

simulations.  

 

However, this computational model presented needs adjustments in some parameters, such as density and ignition 

temperature of wood, heat release rate of the wood crib and consideration of wind, so that it can be used in other 

simulations. 

 

As a suggestion for future works, it is recommended to better characterize the materials to be used in the model, 

simplify de wood crib, so that the model mesh can have fewer elements and thus reduce the computational cost. 

Additionally, proposed studies should be carried out to improve the natural fire curve, making it even closer to real 

fire curves. 
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ABSTRACT 

 

All expertise must follow the principle of cooperation, as described in the CPC (2015) [1], of 

Article 6: “all the subjects of the process must cooperate with each other in order to obtain, in a 

reasonable time, a fair and effective decision on the merits.” The investigation requires 

enforcement with essential requirements and methodology, starting with collection data, 

consolidation of information, record of notes, photographs, drawings, audio and video 

recordings, critical and reasoned analysis of data and records, to then reach the conclusions, 

which will be presented in a document called an expert report or technical report. The 

methodology recommended by NFPA 921 [2] for fire investigation has seven steps, which the 

data collection step is the basis of the entire investigation. Given the importance of collect data 

for the development of an expert engineering works, as well as fire and explosion investigations, 

the article proposes a method based on the application of the 5W1H tool, as proposed by 

CARDOSO (2017) [3], which is composed of six questions: What – Who – Why – When – 

Where – How. Some authors, in a complementary way, use the 5W2H, as How much. The 

method used here is subdivided into eight steps, that is a mixture of the issues raised in the 

criminal investigations, NFPA [2] and SCABBIA; MOREIRA & ALMEIDA (2022) [4]. The initial 

step consists of an exploratory study aimed at identifying typical Risk Scenarios that cause fires 

or explosions, as established by LEES (2005) [5] and in the ABNT NBR ISO 31000: 2018 [6], 

considering: (i) context establishment, (ii) risk identification and (iii) risk analysis. In the activity 

of establishing the context, compare the definitions of how and why to carry out investigations, 

also using the concepts from Engineering and those expressed in Civil Law, based on different 

authors (BRANDIMILLER, 1996 [7]; DEL-CAMPO [8], 2008; PRESOTTO et al 2017 [9]. 

Regarding the place of the accident happened, the publication of SILVA (1992, 1997 and 2001) 

[10 to 12], RODRIGUES (2000) [13] and the UNIVERSITY OF SHEFFIELD (2007) [14] present 

a theoretical framework on the dynamic behavior of structures, even after the action of fire, 

which facilitates the expert or investigator to have a notion of the fire epicenter, and allows to 
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identify, even in the initial phase, Accidental Hypotheses. The paper of SHIELDS & SILCOCK 

(1987) [15] present case studies that describe how to do a fire investigation. The model 

developed by REASON (1990) [16] and adapted by ORTIZ (2018) [17] and ORTIZ & SCABBIA 

(2022) [18] for questions of investigations allows understanding how risks can materialize in 

accidents, such as fire and explosions, revealing the faults that can arise in defenses. To 

conduct a fire and explosion investigation, you can use the principles proposed by DEL-CAMPO 

(2008) [8], which is based on criminal proceedings, and follow the doctrine of BRANDIMILLER 

(1996) [7]. It was relevant that the professional (Expert Engineers, Consultants or Investigators) 

has full knowledge of the subject in which he is evaluating, regardless of his engineering 

background, in addition to understanding the investigative methodology that always seeks to 

determine the root cause of the claim. Regardless of the questions that must be answered in 

the investigation process, the root cause must be sought, even if it takes months to collect data 

and analyze the information, because you cannot generate a wrong, erroneous and superficial 

report. All expertise must be based on technical standards and legislation related to the subject 

of the claim, highlighting that such activity is of paramount importance for clarifying the facts and 

supporting the principle of full defense in accordance with the Brazilian Federal Constitution. 

 

1. INTRODUCTION 

The first step in carrying out an investigation is to apply the 5W1H tool, as proposed by Cardoso 

(2017), which consists of six questions: What - Who - Why - When - Where - How. Some 

authors, in a complementary way, adopt the 5W2H, with the use of How much. The adoption of 

this tool is presented below. 

All expertise must follow the Principle of Cooperation, as described in CPC (2015) [1], of Art. 6 

All the subjects of the process must cooperate with each other so that a fair and effective 

decision on the merits is obtained within a reasonable time. 

All conclusions must be based on evidence, obtained through data collection, tests carried out 

in situations similar to those found at the location of the expertise, or available in bibliographical 

references, which allow generating information and proposing Accidental Hypotheses (HA). 

According to ABNT NBR 13752 – Engineering Expertise in Civil Construction, ABNT (1996) [6], 

“activity that involves investigating the causes that motivated a certain event or the assertion of 

rights”. 

Jurisdictional provision via technical expertise, engineering, must necessarily have as a starting 

point the verification of compliance with technical standards and legal obligations of those 

involved. In the case of fires, verifying compliance with the Technical Instructions of the Fire 

Department and the existence of AVCB, is a path that leads to satisfactory results. 

A general understanding of the process is also necessary, not limited to the questions 

presented in the judicial process, that is, seeking to meet the objective of the work, which is to 

determine the root cause of the accident. 

These concerns permeate the analysis of Art. 402 of the Civil Code, the notions of guilt and 

intent or responsibility without these elements, not forgetting the connection of damages with 

losses, initial and future, by analyzing the effects of the one with a direct result of this or the 

possibility of using the damages probable damage or what in law has come to be called 

probable damage or loss of a chance. In addition to Art. 464 of the CPC, the expert evidence 

consists of an examination, inspection or evaluation. Paragraph 1. The judge will reject the 
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expertise when: the proof of the fact does not depend on the technician's special knowledge; is 

unnecessary in view of other evidence produced; verification is impracticable. 

2. OBJECTIVE 

Proposal of legal evidence and proof collection method for fire investigations. 

3. METHOD 

Preparation of expertise, the risk analysis tools described in the ABNT NBR ISO 31000 

standard were adopted. 

4. RISK ANALYSIS 

When the tasks are distributed according to the 5W1H tool, we have: 

4.1. Who 

According to IBAPE/SP – Instituto Brasileiro de Avaliações e Perícias de São Paulo “Such 

activities must be carried out under the responsibility and exclusive competence of engineers 

and architects legally qualified by the Regional Councils of Engineering and Agronomy – CREA, 

and of Architecture and Urbanism – CAU, in accordance with Federal Law 5194 of 21/12/1966 

and CONFEA resolutions, and Federal Law 12.378, of 12/31/2010”. In multidisciplinary 

expertise and in cases where there is involvement of areas of various specializations or 

modalities, the expert in charge must make use of the assistance of qualified and trained 

auxiliary professionals in the matters involved, always with the focus that "Expert - Professional 

legally qualified, suitable and qualified to perform an expertise". 

Expert work is of interest to individuals or legal entities, public and private, and may be 

contracted by any of them, including in the administrative or judicial spheres. Its purpose is to 

clarify facts and protect rights – known as Technical Evidence – and are normally related to 

Real Estate and Improvements, Machinery and Equipment, Motor Vehicles, Installations, 

Projects, Technical Documents, as indicated in the NBR ABNT 13752:1996 standard, and 

accidents involving all these areas, the so-called “claims”, regulated by Insurance Companies. 

4.2. Where  

The accident location. 

4.3. How 

The first step is to have the release of the site of the accident for the work to be carried out, this 

may come from a government agency or from interested (authorized) persons. 

It should be noted that data obtained before the official release may not have legal validity, and 

the expert may even be accused of changing the location of the accident, which may lead to 

legal complications. 

When the technical expert goes to work in civil processes involving fires and explosions, he is 

faced with a place in ruins, altered after the intervention of the Fire Department, Civil Defense 

and Technical Police, often without access to minimal information (documents, filming, projects), 

as it may have been destroyed by the accident. 

The existence of guidelines, even basic ones, can facilitate meeting the expert's demands, with 

regard to the dynamics of the process: (i) see and report all details of the claim, (ii) involve all 

technical assistants, (iii) respond related party questions, all to indicate the root cause of the 

fire. Currently, there is no standard procedure in Brazil that specifies how to perform the 

interface between technical expertise and the dispute in which it is inserted. 

The expertise can also be carried out years after the accident, but for that it is necessary to 

have access to the entire process and carry out the analysis of Accidental Hypotheses with the 
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use of specialists, bibliographical review, tests on paradigm materials or equipment, in the 

related areas, in order to verify its validity and have sufficient data for root cause determination. 

Expert work requires compliance with essential requirements and methodology, starting with 

data collection, consolidation of information, preparation of records through notes, photographs, 

drawings, audio and video recordings, critical and substantiated analysis of information and 

records, to then reach the conclusions, which will be presented in a document called Report or 

Technical Report. 

4.4. Why  

Due to the principle of broad defense (Article 5 of the Federal Constitution of Brazil of 1988), the 

right to react against allegations formulated contrary to its interests is assured to the party, 

producing evidence, bringing arguments and presenting a defense, with the purpose of 

influence the conviction and, consequently, the decision to be taken by the judge. 

4.5. When  

Defining the amount of time to carry out an investigation is not an easy task, either because of 

the professional's experience or because of the understanding of the information on the object 

examined. 

As a general rule, it can be established that the expertise will require the time necessary to 

collect all the data, consolidate the information, analyze, evaluate and draw conclusions and, 

finally, prepare the expert report. 

Taking as an example an investigation to determine the origin and cause of fires in commercial 

buildings in Brazil, a research was carried out on the subject, as part of the master's thesis 

project at the Institute of Technological Research of the State of São Paulo - IPT , conducted 

and guided by the Authors, with the participation of 19 professionals, including investigators 

from criminal institutes (5), investigators from other public bodies (1) and investigators from the 

private sector (8), which resulted in the following conclusions. See Figure 1. 

 

Figure 1:  working time (Source: IPT)  

4.6. What  

Basically the activities are: 

(i) Survey and description of all elements that allow the expert to carry out his study and 

substantiate his conviction and conclusion, including, when applicable, the anamnesis of the 

case, presented chronologically, identifying the dates of occurrence of the events, photographic 

report and drawings elucidative. 
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(ii) Analysis and reasoning, set out in a clear, objective, intelligible manner, covering everything 

necessary for a perfect understanding of the matter, supported by relevant technical references, 

standards, bibliography, projects, specifications, memorials, regulations, manuals, legislation, 

contracts, schedules, budgets, expert opinions, essays, etc. 

(iii) When applicable, depending on the objective, nature and type of the investigation, the 

following should be done: verifying non-compliance with technical standards, using specific 

methods, with all the necessary and sufficient information to allow the identification of cause 

and effect, as well as estimating the costs of repairing the problems. 

The method adopted will be divided into eight stages. The first step consists of an exploratory 

study aimed at identifying Risk Scenarios - typical RS that cause fires or explosions, as 

established by Lees (2005) and in ABNT NBR ISO 31000:2018-Guidelines for risk 

management, considering: (i) setting the context, (ii) risk identification and (iii) risk analysis. For 

this purpose, processes will be analyzed, seeking to identify typical Risk Scenarios, as shown in 

Figure 2. 

 

 

 

 

 

Figure 2:  ABNT NBR ISO 31000 
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In the activity of establishing the context, compare the definitions of how and why to carry out 

inspections, equally adopting concepts from Engineering and those expressed in Civil Law, 

based on different authors (BRANDIMILLER, 1996; DEL-CAMPO, 2008; PRESOTTO et al 

2017; MIRANDA & SOUZA, 2019). 

With regard to the location of the accident, the works by Silva (1992, 1997 and 2001), 

Rodrigues (2000) and studies by the UNIVERSITY OF SHEFFIELD (2007) present a theoretical 

framework on the dynamic behavior of structures, including after the action of fire , which makes 

it easier for the Expert to have an idea of the epicenter of the fire, and allows identifying, even in 

the initial phase, Accidental Hypotheses of the fire. It is noteworthy that Shields & Silcock (1987) 

present case studies that describe how to perform a fire analysis. 

In matters related to explosion, one has to differentiate its origin, whether it is a physical 

explosion, that is, rupture of a structure due to overpressure or degradation in its structure; from 

a chemical explosion, arising from the ignition of an explosive cloud, such as combustibles. For 

that, one should adopt the works of Goharrokhi (2005), Abbasi & Abbasi (2005), Gholami 

(2008), Dunjo et al (2011) and Ashok et al (2014), the latter describing risks in sewers, which in 

situations specifications can generate explosive clouds, liable to ignition. 

The model developed by Reason (1990) and adapted by Ortiz (2018) and Ortiz & Scabbia 

(2022) for expertise issues, allows us to understand how risks can materialize in accidents, such 

as fire and explosions, revealing the flaws that can arise in the defenses. It is noteworthy that 

although the defenses work well, failures can always arise, which represent the dynamics of the 

process. In the Model, the surfaces correspond to the defenses and the holes to the flaws that 

can appear in the defenses. In the real world, these holes are continually opening and closing at 

different times and positions. The alignment of faults, on the different defense surfaces, may 

allow a certain risk to result in the occurrence of a claim, as shown in Figure 3. 

Defenses (surfaces) can be divided into four groups: Defense 1 - replacement or reduction; 

Defense 2 - engineering controls, consisting of operational measures such as the 

implementation of systems that make the accident more difficult; Defense 3 - administrative 

measures, defined by operational procedures; and Defense 4 - physical protection measures, 

basically composed of barriers that make the accident more difficult. See Figure 3. 

 

Figure 3 – James Reason method (Source: Adapted for Reason (1990)) 
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Failures in defenses arise for two main reasons: 

• Latent conditions, which are failures arising from: (i) inadequate design of operating, 

inspection or maintenance procedures, (ii) non-compliance with technical standards in the 

development of projects or (iii) change in the way participants act; 

• Active failures, which are represented by unsafe acts committed by people included in the 

system, for example: counting or exposing cash in public. 

The expertise must identify the probable failures that may be related to the root cause of the 

claims. 

To carry out technical expertise of fire and explosion, one can adopt the principles proposed by 

Del-Campo (2008), which is based on criminal proceedings. See Figure 4, and follow 

Brandimiller's (1996) doctrine. It should be noted that fires and explosions may be related to 

accidents at work, an aspect not addressed in the present work. See Figure 4. 

 

5. FINAL CONSIDERATIONS 

The guidelines proposed here do not have the format of a model or even a pre-defined pattern 

to be followed, it is essential to analyze the reality of each case, ensuring answers to all the 

5W1H or 5W2H questions, the requirements regarding: habitability, structural safety, fire safety, 

safety in use and operation. 

All expertise must be based on technical standards and legislation related to the subject of the 

claim, emphasizing that such activity is of paramount importance for clarifying the facts and 

supporting the principle of ample defense in accordance with the federal constitution. 

It proved to be relevant that the professional (Expert) has full knowledge of the matter in which 

he is evaluating, regardless of his engineering background, in addition to understanding the 

investigative methodology that always seeks to determine the root cause of the accident. 

Regardless of the questions to be answered in the expert process, the root cause must be 

sought, even if it takes months to collect data and analyze the information, as a wrong, 

erroneous and superficial piece cannot be generated. 
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ABSTRACT 

 

This paper aims to study the fire that occurred at Kiss nightclub, in Brazil in 2013. In addition, the paper aims to 

apply and test fire investigation methodologies proposed by the authors in previous works. Initially, as much building 

data as possible was gathered, including historical documents and an on-site visit. With the data in hand, 

hypotheses for the Area of Origin and Point of Origin were elaborated. The study also focused on developing 

hypotheses for the following causes:  fire outbreak, spread, itinerary, data, damage, injured people, and deaths 

from the fire. Laboratory tests and full-scale tests were performed to help on the investigation and select 

hypotheses. Finally, based on the evidence, the causes of the fire were organized and classified. 

 

Keywords: fire, investigation, causes, spread, evacuation, injured, nightclub. 

 

 

1. INTRODUCTION 

 

Unfortunately, several fires in nightclubs have become notorious in the last two decades. One of the most 

catastrophic fires in US was the Station Nightclub fire (February 2001), which caused around 100 deaths [1]. Other 

terrible fires occurred in other nightclubs: Canecão Mineiro (Brazil, 2003, seven deaths), Republica Cromañón 

(Argentina, 2004, 194 deaths), and Lame Horse (2009, Russia, 156 deaths)[1]. All these fires were related to the 

acoustic covering materials, fireworks, overcrowding, license issues, and systematic violation of local fire safety 

regulations.  

 

Lamentably, this same pattern repeated itself in Brazil in 2013. Considered the second-most deadly fire in Brazil, 

the fire incident at the Kiss nightclub had 242 deaths and more than 600 direct victims. This fire has shocked the 

city of Santa Maria, in the state of Rio Grande do Sul, in Brazil, as well as the fire safety community. This work is a 
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part of a comprehensive fire investigation carried out in Kiss nightclub and aims to describe and present the main 

characteristics of Kiss nightclub that contributed to this devastating fire. 

 

So, it is possible to recognize a consistent tendency in this pattern of fire incidents in nightclubs with live music. 

Fires in nightclubs deserve a detailed investigation, in a technical and scientific manner, of the threats and 

vulnerabilities involved in this type of incident. Besides, the lessons that could have been learned to mitigate fires 

in nightclubs appear not to have been efficiently exposed, parameterized, or implemented. It is questioned in 

Brazil[1][2][3], to what extent the fire safety standards were actually revised and improved after two similar domestic 

fires with deaths. 

 

This work aims to carry out a fire investigation at Kiss nightclub. Specifically, it aims to: 

1. Identify the causes of the fire at Kiss nightclub, addressing the fire outbreak, its development, propagation, 

damages, losses, injuries, and deaths. 

2. Provide as many facts, circumstances, factors, actions, omissions, and contributions as possible related 

to the fire incident at Kiss nightclub. 

3. Reinforce the multifactorial and multicausal character of the fire incident. 

 

This work was supported by the methodologies briefly illustrated in Figure 2, proposed in 2022 by this author[4]. It 

is not the purpose of this work to criticize or review the official criminal report or previous studies. It is not the 

objective of this work to determine culpability, responsibility, or even to establish itself as casual evidence to 

compose administrative or judicial proceedings. 

 

 

3. RESULTS 

 

A comprehensive fire investigation must collect and gather as much building data as possible, including those that 

are not preliminary related to the fire incident. This section presents the main characteristics of the building, 

including: the architecture, HVAC systems, fire extinguisher protection, emergency signs, emergency lighting, 

covering materials, and others. It also includes a summary of the documentation and licenses of Kiss nightclub. 

 

3.1 Historical data of the building 

 

Based on city hall documents, the CREA-RS report[5] and testimonials[6], it was possible to gather a history of the 

construction and operation of the Kiss nightclub, here summarized and illustrated in Figure 1. 

 

 

 

Figure 1: Historical data of the building from 2009 to 2013 
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Figure 2: Fire investigation methodologies [4]
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3.2 Building systems 

 

The Kiss nightclub was built in masonry, with two floors connected by two open stairs: a ground floor for customers 

and a mezzanine with restricted access for the employees and music bands. The total area of the club was 640.32 

m2 [6]. Briefly, there were two stages and, as a result, two dance floors, besides two DJ booths. There were two 

escape routes; the main one was a corridor in the central area of the club, as shown by Figure 3a. Despite the 

internal vertical walls, the nightclub had several openings among the rooms, making the whole building a single 

span, with no compartmentation. 

 

a) b) 

Figure 3: Kiss architecture – a) Ground floor b) HVAC system [7] 

 

There were two windows on the façade of Kiss nightclub that were bricked up on the day of the fire. There were no 

more openings in the building, except the entrance doors and HVAC duct outlets. The HVAC system was consisted 

of air conditioners, fans, and exhausting ducts (that were closed), as illustrated by Figure 4b. Kiss's finishing 

materials varied, with the main ones being fabrics (curtains), plastics (televisions, speakers, and some seats), and 

polyurethane foam (on some walls and ceilings). The ground floor ceiling was formed by gypsum board, and the 

mezzanine ceiling was formed by a timber roof truss. There were several materials that formed the floor of the club, 

with emphasis on a raised wooden floor (false floor) on the main dance floor. 

 

There are several Kiss reconstructions available that demonstrate the nightclub compartments. Among these, one 

carried out by the University of Santa Maria (UFSM)[8] stands out, which was validated by photos of the 

environments after the fire, as shown by Figure 4 and Figure 5. A YouTube video named “Kiss: Dispositivo Interativo 

Digital - Palco e Saída” [7] illustrate this reconstruction. Such reconstructions are shown here, aiming to present 

and illustrate the environments and constructive characteristics of Kiss. 

 

a) b) 

96



Figure 4: Main corridor – a) reconstruction [8] b) after the fire 

 

a) b) 

Figure 5: Second dance floor [8] – a) reconstruction [8] b) after the fire 

 

3.3 Fire safety systems 

 

Kiss nightclub had only the basic fire safety measures: fire extinguisher protection, emergency signs, emergency 

lightening, and emergency exits. The following ones were not installed in the building: a standpipe system, fire 

detection, a fire alarm, sprinklers, and a smoke control. There was no fire brigade at the nightclub. There were 

several obstacles at the exits. Before reaching the final doors, the occupant had to pass a guard set in front of the 

doors, where there was a retractable horizontal bar. This obstacle was damaged by the weight of the victims' bodies, 

and it was removed during fire operations, but one can still observe its point of anchoring. This was just one of the 

existing obstacles, as there were still several queue organizers, steel barriers, guardrails, railings, that partially 

obstructed the final exit. All these guardrails, the only two emergency signs, and the emergency lights are shown in 

Figure 6. 

 

The fire extinguisher protection had several violations: some units were stored in a service room, and the unit 

adjacent to the stage did not work on the day of the incident. There were two types of foam on the stage, one gray 

and the other yellow; both were pyramidal foam boards (Figure 7a). It is mentioned [6][7] that the foams were 

purchased at a mattress store. It is observed that the installation of the plates was not uniform (as seen below) but 

arranged separately, with a space between each installed plate (Figure 7). It was previously assessed that these 

foams had no fire-retardant properties. The next sections show a set of exams and tests that assessed the foam 

had a low ability to resist ignition, besides propagating fire and smoke production. 

 

a) b) 

Figure 6: Kiss architecture – a) emergency signs and lightening b) possible victims’ allocations [7] 
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a) b) 

Figure 7: Kiss main stage – a) reconstruction [8] b) on the day of the incident  

 

The state of preservation of the Kiss nightclub, even after 10 years of the incident, allowed us to collect details of 

emergency exits. With these data on hands, it is possible to draw a comparison between the regulation prescriptions 

and the characteristics of Kiss's emergency exits. Table 1 briefly exposes the violations of Kiss's emergency exits. 

 

Table 1: Emergency exit violations 

 Kiss nightclub conditions NBR 9077 prescription [9] 

Guardrails 
Various in the walkways, even one 

across the discharge. 

Walkways must be permanently 

unobstructed and free. 

Doorways Blocked by other door leaves. Completely free. 

Stairs Wooden made, without fire resistance. It must have fire resistance. 

Steps design 
Step height above 18 cm and step 

going below 28 cm. 

It must be balanced by the formula of 

Blondel. 

Egress width 3.05 meters. 4.40 meters. 

Quantity of exit 

discharge. 
Only one discharge. 

A minimum of two discharges, as far 

apart as possible from each other. 

Distance to reach an 

exit 
31.76 meters. 

10 meters (w/o sprinklers & w/ 1 exit). 

20 meters (w/o sprinklers & w/ 2 exits). 

 

 

 

3.4 Full-scale testing and laboratory exams 

 

Some full-scale tests and laboratory exams were performed to test hypotheses. To test the flammability and burning 

of the foam, scenarios were set up inside a container balcony to simulate the fire outbreak. Three samples of 

different foams available in the Brazilian market were mounted above a dummy holding different pyrotechnic 

devices. Different scenarios were tested, assessing different fuels and different heat sources. 

 

A foam, purchased at a mattress store and labelled as “generic” sample, notably without fire-retardant properties, 

similar to the one used at Kiss, was tested as a scenario. To have a comparison scenarios, it was acquired two 

other foams labeled as official acoustic protection, in which the manufacturer claimed to have fire-retardant 

properties, including laboratory exams. They were labelled as “A” and “B” samples. Besides, a curtain was also 

installed next to the foam to check if the fabric could ignite before the foam. Two pyrotechnic devices acquired by 

the band on the day of the incident were also tested: “silver rain” and Sputnik. To have a comparison scenario, a 

pyrotechnic device considered potentially safe (because it is classified as indoor) was purchased, called Gerb. 

Table 2 contains the results of the tests and Figure 8 shows this full-scale test. 

 

Table 2: Scenarios tested 

Scenarios Combustive considered 
Source of heat 

considered 

Fire outbreak before 

the source of heat 

1 Generic foam Outdoor device “silver rain” yes 
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2 Generic foam Indoor device “Gerb” no 

3 Generic foam Outdoor device “Sputnik” yes 

4 Tested acoustic foam A Outdoor device “silver rain” no 

5 Tested acoustic foam A Indoor device “Gerb” no 

6 Tested acoustic foam A Outdoor device “Sputnik” no 

7 Tested acoustic foam B Outdoor device “silver rain” no 

8 Tested acoustic foam B Indoor device “Gerb” no 

9 Tested acoustic foam B Outdoor device “Sputnik” yes 

10 Fabric curtains Outdoor device “silver rain” no 

11 Fabric curtains Indoor device “Gerb” no 

12 Fabric curtains Outdoor device “Sputnik” no 

 

 

It is observed that in none of the scenarios did the curtain fabric ignite. Then, it was focused on a more detailed 

study of the foams considered. To present a consistent comparison, post-test information is summarized in Table 

3. It is important to note that the Sputnik device presents the worst threat in the fire outbreak. The generic foam, 

similar to that used at the Kiss nightclub, represents the most vulnerable fuel, and creates the unhealthiest 

environment for the nightclub's occupants. It is still possible to observe that one of the acoustic foams, which had 

laboratory reports to attest to fire protection, ended up being ignited when exposed to the device “Sputnik”, which 

demonstrates a potential nonconformity of the fire resistance alleged. 

 

Table 3: Data from Kiss similar foam and acoustic foams 

 Generic foam 
Tested acoustic 

foam A 

Tested acoustic 

foam B 

Ignition before the indoor 

pyrotechnic device “Gerb” 
Not observed Not observed Not observed 

Ignition before the outdoor 

pyrotechnic device “Silver Rain” 
Observed Not observed Not observed 

Ignition before the outdoor 

pyrotechnic device “Sputnik” 
Observed (+++) Not observed Observed (+) 

Propagation on foam, after 

ignition 
Observed (+++) Not observed Observed (+) 

Dripping, after ignition Observed (+++) Not observed Observed (+) 

Degradation / mass loss Generalized (+++) 
Punctual, with 

Sputnik 
Generalized (+) 

Smoke production, after ignition 

(OPEN) 

Smoke from the 

foam (+++), with 

Silver Rain and 

Sputnik  

Just the smoke 

from the device  

Smoke from the 

foam (+), with 

Sputnik only 

Table subtitle:  Comparative scale, by visual observation: 

(REAL): observations obtained by full-scale testing. 

(OPEN): test performed on a balcony of a container, with 

an open wall, to avoid the accumulation of gases. 

(Silver Rain): after being exposed to the Silver Rain device. 

(+++): greater amount, greater frequency, 

or greater speed.  

(+): smaller amount, lower frequency, or 

slower speed. 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 8: full-scale tests a) dummy with a Gerb, b) After test: acoustic foam A with an outdoor device 

“Sputnik”, c) and d) During the test: generic foam with an outdoor device “Sputnik” 
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(Sputnik): after being exposed to the Sputnik device. 

 

With a real sample of the foam used in the Kiss nightclub and the foam in which ignition was not observed (acoustic 

foam A), it was possible to carry out laboratory tests. The objective was to study the rate of mass loss as a function 

of temperature. Figure 9a illustrates the mass loss of the foam from the Kiss nightclub, which loses approximately 

90% of its mass after exposure to 400°C. It is possible to observe the abrupt thermal degradation of the Kiss 

nightclub foam after 200°C. On the other hand, acoustic foam (Figure 9b), which has fire-retardant properties, loses 

90% of its mass only after being exposed to over 600°C of temperature. 

 

 
Figure 9: Mass loss exam – Kiss nightclub foam 

 

Figure 10: Mass loss exam – certified foam 
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Relevant dripping fire was observed in the burning of the generic foam and in the burning of the acoustic foam B. It 

was observed that the dripping in the generic foam, similar to that used in the Kiss nightclub, was intense and had 

a severe impact on the clothing and on the skin of the dummy used, burning both the fabric of the clothing and the 

rubber cover of the dummy (Figure 11a and b). It is estimated that such dripping was also observed in the 

FDS/Pyrosim fire simulation (Figure 11c). This dripping fire demands a deeper study, especially because it 

demonstrates a high potential to cause injuries in humans. Using thermocouples positioned on the dummy's hand 

and chest, it was possible to measure the temperature of samples of these drippings, which eventually fell on the 

dummy's hand and chest. Temperature levels are shown in Figure 12 and Figure 13. It was possible to observe 

temperature values above 400°C on the dummy's hand and above 900°C on the dummy's chest. 

 

 
a) 

 
b) 

 
c) 

Figure 11: Dripping fire – a) shirt of the dummy after the fire b) skin of the dummy after the fire c) 
dripping observed in the fire simulation 

 

 

Figure 12: Temperature levels observed in scenario 1 

 

 

Figure 13: Temperature levels observed in scenario 2 
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3.4 Computer simulations 

 

After carrying out examinations and tests related to the outbreak of the fire, examinations of the fire propagation 

within the building were carried out. Thus, a computer simulation of fire was carried out using the FDS/Pyrosim 

software. The Kiss nightclub model in the FDS is shown in Figure 14a. It is necessary to register that the fire load 

in the model is represented by the foam that covered the ceiling, side walls, and back walls of the stage. The 

characteristics of the foam used in the model were based on laboratory tests that sought to identify the physical 

and chemical characteristics of the real foam at the Kiss nightclub. However, it is not possible to gather all the 

necessary data with the existing equipment in the laboratories available in Brasilia, Brazil. So, some data from the 

study of the foam from the fire at The Station nightclub [11][12][13] were used in the model. The finished fire 

simulation is illustrated in Figure 14b. 

 

 
a) 

 
b) 

Figure 14: Kiss nightclub – a) architecture on the FDS/Pyrosim simulation b) fire simulation 
 

The simulation results demonstrate the production of smoke in the nightclub until 70 seconds after the fire. Figure 

15 and Figure 16 demonstrate the architecture of the nightclub with the overlapping of the mezzanine above the 

ground floor (i.e., top view); so, the emergency exits on the ground floor do not appear in figures below. In addition 

to the smoke, it is possible to observe the visible manifestation of flames. After the outbreak of the fire, the smoke 

fills the stage and later directs itself to the main dance floor. With 50 seconds of fire simulation (Figure 16d), smoke 

fills the main dance floor, and the flames also direct towards the center of the main dance floor. 

 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 15: Fire simulation ranging from 20 seconds to 50 seconds 
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a) 

 
b) 

 
c) 

 
d) 

Figure 16: Fire simulation at 60 seconds, 63 seconds, 66 seconds, and 69 seconds 

 

In the computer simulation, the first sign of smoke outside the main dance floor is exactly in the central corridor of 

the club, in front of the first exit doors. With 63 seconds of simulation (Figure 16b), the flames begin to direct towards 

the main corridor. 63 seconds later, the smoke seeks the only existing opening of the nightclub, directing itself 

naturally to where there is more oxygen supply. From that moment on, it is also possible to visualize smoke on the 

mezzanine. After 66 seconds of simulation, the fire progresses to the bathroom hall and mezzanine. From then on, 

the fire takes over the secondary dance floor, bathrooms, kitchen, and mezzanine completely. 

 

Considering the existence of a real video of the fire outbreak, the real time of the occurrence of the fire was 

compared with the simulation time, obtaining reasonable validation for the initial moments of the fire, as shown in 

Figure 17. 

 

 
a) 

 
b) 

Figure 17: Real fire origin and modelled fire origin – a) at 04 seconds b) at 16 seconds 

 

The simulation was a reconstruction of what happened at the Kiss nightclub during the fire. The relevance of the 

simulation is to predict the movement of the smoke. Considering that the architecture of the Kiss nightclub was 

modeled very closely to reality, it is believed that the smoke moved along the same path illustrated in the simulation 

as in the real fire. Thus, with the simulation, it is possible to gather more evidence that the fire spread from the stage 

to the main dance floor, from there to the corridor of the main hall, and to the corridor next to the stairs. From there, 

to the only escape route, to the mezzanine, and, finally, to the entrance hall of the nightclub. 

 

Either the smoke and the fire (high temperatures and heat flux) moved in the same direction in search of 

oxygenation. In this way, different indicators and evidence were gathered in order to demonstrate that the fire 

develops from the stage to the main dance floor (Figure 15c). Subsequently, the fire spreads to the escape routes, 

i.e., to the central corridor and to the corridor next to the stairs leading to the mezzanine (Figure 16b). Finally, the 

fire spreads to the other compartments, especially the secondary dance floor, the bathroom hall, and the entrance 

hall (Figure 16d). Other possibilities for the fire's itinerary weren’t achieved in this work. 

 

After studying the outbreak and development of the fire, a study of the causes of injuries and deaths was developed. 

Thus, evacuation models were carried out in order to visualize and understand the movements and flows of the 

occupants. The first simulation was performed by setting up scenarios with different number of occupants. Kiss 

nightclub documents and previous studies suggest that the occupancy would be 691[5], 700[5], 769[14][7] or 

771[14] people. With conflicting official numbers, an occupancy scenario formed by the simple average of these 

numbers was adopted, taking this scenario as the compliance occupancy of the building (scenario C). After that, 
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additional scenarios were established according to the occupancy cited by the witnesses. For each scenario, the 

evacuation time was measured, and later, the results obtained were compared with the scenario of compliance 

occupancy. The results are shown in Table 4. Scenario F is established by the total number of injured people and 

deaths, considered the real scenario on the day of the fire.  

 

Table 4: Pathfinder simulations based on occupancy 

Scenarios based on 
the quantity of 

occupants 

Comparison w/ 
adequate occupancy 

(%) 

1) Actual conditions 
(seconds) 

Comparison w/ 
adequate time of 
evacuation (%) 

A 691 93% 401,8 100% 
B 700 94% 396,5 99% 
C 741 compliance occupancy 400,5 --------------- 
D 769 104% 433,8 108% 
E 771 104% 424,5 106% 
F 878 118% 480,3 120% 
G 1000 135% 555,0 139% 
H 1300 175% 680,0 175% 
I 1500 202% non-viable non-viable 

 

With the simulations in Table 4, it was possible to estimate the impact of the number of occupants in the evacuation. 

A second simulation was performed to estimate the impact of the violations on the Kiss evacuation. For these 

simulations, only two scenarios were initially adopted: the scenario with the occupancy in compliance and the 

scenario with the actual occupancy on the day of the Kiss nightclub fire. In order to assess the corrections of the 

violations, hypothetical scenarios were evaluated, correcting, at a time, only one violation and, in the end, as many 

violations as possible. The results are shown in Table 5. 

 

Table 5: Pathfinder simulations based on hypothetical scenarios 

Scenarios 
based on 

the 
quantity 

of 
occupants 

Total time of the complete evacuation (seconds)  
Relation between the evacuation time of the scenarios considered and the actual 

scenario (%) 

1) Actual 
conditions 

Changing only one condition and keeping the other 
violations 

6) No 
guardrails, 
adequate 

egress width, 
and three 

discharges 

2) With no 
guardrails 

3) Adequate 
egress 
width 

4) Two 
discharge

s 

5) Three 
discharge

s 

C 741 
400,5 
100% 

300,0 
74,91% 

295,8 
73,85% 

325,0 
81,15% 

259,5 
64,74% 

172,5 
43,07% 

F 878 
480,3 
100% 

417,30 
86,88% 

353,8 
73,66% 

386,0 
80,37% 

315,8 
65,75% 

252,30 
52,53% 

 

Finally, the work of gathering data and information from the fire incident is concluded. Only a summary of the results 

was presented in this section. It is important to note that more data was gathered, and more tests were performed 

in addition to those exposed here. The information and results of exams and tests aimed to support the process of 

elaborating, testing, discarding, and selecting hypotheses for the causes of fire outbreak, spread, and for the causes 

of injuries and deaths, which will be discussed in the next section. 

 

5. DISCUSSION OF RESULTS 

 

An accident has many explanations. The occurrence of an accident should not be attributed to a single cause or 

factor. The aim of this section is to point out, in a clear, reasoned, and evidence-based process, the most relevant 

causes of the Kiss nightclub fire. Hypotheses were formulated, tested, discarded, and selected based on the data 

collected in the building, on the information from documents, and on the results of exams and tests. Not all results 

could be exposed in this work.  

 

The methodology applied here is based on the Scientific Method, hypothesis testing, and evidence presentation, 

according to Figure 2. Besides the evidence considered, the “what if” technique was also applied to support the 

classification of causes, especially by considering whether removing or modifying one factor would mitigate or 

eliminate a given cause. According to the selected hypotheses, a set of causes was proposed, as seen below.  
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5.1 Causes for the fire outbreak 

 

It was possible to determine the following causes of the fire outbreak at Kiss nightclub: 

 

• Absence of fire-protective coating and covering materials. 

• Absence of technical responsibility (engineer or architect) in Fire Protection. 

• Omissions and inappropriate actions by the nightclub management. 

• Inadequacy of the government inspection.  

• Inappropriate use of pyrotechnic devices. 

• Inadequacy of the fire extinguishers’ protection. 

• Inadequacy of the fire safety regulation. 

• Insufficient performance of the existing fire-protective coating and covering materials. 

 

5.2 Causes for fire propagation/itinerary and for fire damage/losses 

 

It was possible to reach the following causes of the fire propagation/itinerary and for fire damage/losses 

 

• Incomplete active fire protection. 

• Omissions and inappropriate actions by the nightclub management. 

• Inadequacy of the government inspection.  

• Absence of fire-protective coating and covering materials. 

• Absence of technical responsibility (engineer or architect). 

• Absence of smoke control. 

• Inadequacy of the fire extinguishers’ protection. 

• Absence of fire detection and alarm. 

• Inadequacy of the fire safety regulation. 

• Inadequacy of the firefighting operations. 

• Absence of compartmentation. 

• Insufficient performance of the existing fire-protective coating and covering materials. 

 

5.3 Causes for injuries and deaths 

 

It was possible to reach the following causes of the injured people and deaths: 

 

• Inadequacy and insufficiency of emergency exits. 

• Omissions and inappropriate actions by the nightclub management. 

• Absence of fire-protective coating and covering materials. 

• Overcrowding. 

• Inadequacy of the government inspection.  

• Absence of smoke control. 

• Absence of fire detection and alarm. 

• Inadequacy of the fire safety regulation. 

• Inadequacy of the rescue operations. 

• Absence of technical responsibility (engineer or architect). 

• Absence, inadequacy, or lack of adherence to a Protocol of Integrated Operations or Plan of Mutual 

Assistance. 

• Inadequacy of the exit signs. 

• Inadequacy of the emergency lighting. 

• Absence of compartmentation. 

• Insufficient performance of the existing fire-protective coating and covering materials. 

 

 

6. CONCLUSIONS 

 

The final goal of a fire investigation is to reveal the facts, circumstances, factors, conditions, actions, omissions, 

vulnerabilities, and threats related to a fire incident, besides identifying the causes of the fire. Thus, this work 
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presented such demands, pointing out eight causes for the fire outbreak, twelve causes for the development, 

spread, damage, and losses, and fourteen causes of injuries and deaths. It is observed that there were multiple 

situations that escalated this fire incident. This work supported the idea that a fire event does not result from a single 

cause and, consequently, reinforced the multifactorial and multicausal character of fire disasters.  

 

The importance of using consistent fire investigation methodologies was highlighted in this work. Through the 

methodologies used, the Scientific Method and the elaboration and testing of hypotheses were valued. In addition, 

the methodologies promoted statements based on a harmonious set of evidence. 

 

 It is critical to reduce the repetition of fire disasters through the fire investigation. In this sense, with the use of 

methodologies, this work reveals deficiencies in regulation, performance, and inspection of the fire safety system. 

It brings opportunities to improve Fire Safety Science and Engineering, in addition to implementing and maintaining 

knowledge management for building fire investigations. 
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ABSTRACT 

 

When two or more fires are located close enough to interact with each other then those are termed multiple pool 

fires (MPF). Generally, fire accidents with unequal pool diameters are as common and responsible as equal pool 

diameters. Moreover, the flame morphological characteristics of unequal pool fires are asymmetric compared to 

equal pool sizes. Therefore, to explore the asymmetric characteristics of MPF with unequal pool sizes, large eddy 

fire simulations are performed using a fire dynamic simulator. In the simulations, the diameters of large (𝐷𝑙) and 

small (𝐷𝑠) are 0.3 m and 0.2 m are considered respectively and the distance between the pools (S = 0, 0.1, 0.2, 

0.3, 0.4, 0.5, 0.6 m) and their burning rates were varied. The results showed that, with the increase in burning rate 

from S = 0.6 to 0.2 m, the flame heights of 𝐷𝑠 and 𝐷𝑙 increased to 39% and 24.5% respectively which can be 

confirmed that the flame height of 𝐷𝑠 has greater influence than 𝐷𝑙. Meanwhile, it is noticed that, a maximum of 7°of 

flame tilt of 𝐷𝑠 which is greater than 𝐷𝑙 of all studied cases. It is also observed that the rate of air entrainment of 𝐷𝑙 

was higher than 𝐷𝑠. 

 

Keywords: multiple pool fires; unequal pool sizes; Large-eddy simulations; flame height; air entrainment. 

 

 

1. INTRODUCTION 

 

Hydrocarbon fuels, such as crude oil, LNG, and kerosene, require a lot of storage and transportation to be 

processed and produced in the energy and chemical industries [1,2]. These fuels, on the other hand, are flammable 

and explosive that is easily ignited and create explosions disaster, such as pool fires [3,4], vapour cloud explosions 

(VCE) [5,6], boiling liquid expanding vapour explosions (BLEVE) [6], and so on. Once any of the above-mentioned 

events turn out of control, the entire plant will experience a domino effect, resulting in massive economic loss and 
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causalities [7,8]. Among the various forms of fire accidents, pool fire is the most common form of accident in storage 

and process industries [3,9] and is defined as the pool of liquid burning on a horizontal surface (liquid/water) where 

fuel and air get mixed by buoyancy control resulting in combustion [10]. When these discrete pool fires burn at close 

enough distance to interact with each other, such a phenomenon is called the formation of multiple pool fires (MPF) 

[11]. The formation of MPF is common in the material, mining, and transportation industries. Several fire accidents 

caused by MPFs have been reported globally since the 1950s, attracting increasing attention from the fire 

community [12]. In the petrochemical sector, for example, the unintentional ignition of a fuel tank can readily ignite 

nearby fuel tanks, resulting in a large-scale multiple pool fire. The interaction among fires usually results in a 

significant increase in burning rate and flame height when compared to a single fire. As a result, MPF may cause 

flames to merge, resulting in disastrous results by altering heat feedback and air entrainment. For an instance, on 

October 29, 2009, a fuel leak at Indian Oil Corporation caused 11 pool fires with flames visible from a distance of 

30 kilometres, taking the lives of 12 people [3]. The understanding of the formation and progression of pool fire 

accidents has a significant impact on fire rescue, safety evacuation, and extinguishing [13]. Meanwhile, it is a crucial 

fundamental problem in the area of combustion and flame that has been researched for decades [13–17]. As a 

result, understanding fire interaction mechanisms is both fundamental and practical for assessing potential fire 

hazards. 

In the early 1960s, Huffman et al. [11] performed multiple open pool fire experiments and observed that the distance 

between the fire sources decreases beyond a certain limit, and the individual fires start burning more intensively 

with the increase in flame height. Following that, various experimental studies revealed the various interacting 

effects that distinguish the MPF from standalone pool fire (SPF) [18–25]. However, most of these MPF studies were 

performed with equal pool sizes. But, MPF accidents comprised of unequal pool sizes as common as pools with 

identical sizes. Recently, Wan et al. [23] set up a pair of various unequal circular pool fire configurations to study 

the effect of pan diameters in the configuration and their inter-spacings on burning rate and heat feedback 

components. They observed that for a given fire group mass burning rate of the small pool increases monotonically 

with the decrease in distance between the fires whereas in the case of the large pool, the burning rate first increases 

and then decreases with a decrease in distance between the fires. To the best of authors’ knowledge, the flame 

morphological studies and the air entrainment of unequal pool fires are remained as knowledge gap. 

In this work, numerical study of a pair of unequal n-heptane circular pool fires was carried out. The pan diameters 

for the pair of unequal pool sizes are 0.3 and 0.2 m are considered. This work aimed at the flame interactions, flame 

height, and air entrainments caused by unequal pair of pool fires with various separation distances in an open 

space. The details of the numerical studies are described in the subsequent section. 

 

 

2. NUMERICAL MODELLING 

 

Of the different strategies available for modelling MPFs, Computational Fluid Dynamics (CFD) has arisen as a 

ground-breaking one with the possibility to deal with their complexities. In the present work, numerical simulations 

are performed using Fire Dynamic Simulator (FDS) V 6.7.5. FDS is intendedly developed to calculate the smoke 

flow and heat transfer from and to the fire [26]. It consists of large-eddy simulations (LES) and direct numerical 

simulation (DNS) models. The present work is simulated using a LES model which offers less time demand than 

DNS. FDS solves the various models like hydrodynamic, pyrolysis and gas-phase combustion, species transport, 

and radiation transport to obtain flame properties like the evaporation of liquid fuel, temperature, gas velocities, 

species concentration, and other pertinent variables within each grid cell. The hydrodynamic model solves the 

Navier-Stokes equation with an emphasis on smoke and heat transfer from the flame[27]. Turbulence and turbulent 

viscosity are treated by employing large-eddy simulation and Deardorff’s models respectively. Combustion is 

assumed as mixing controlled and an infinite fast reaction of lumped species i.e., diffusion of air and fuel species is 

controlled by mixing time, and the chemical reaction between the air and fuel species occurs infinitely fast. In FDS, 

three lumped species are considered and those are air, fuel, and products. Fuel, products are solved explicitly and 

the air is considered a background species. 

FDS studies are successfully applied in MPFs scenarios to study the flame merging and effect of fire array size, 

separation distances, and heat release rates [28]. Yu et al. [29] performed numerical studies using large eddy 

simulation (LES) and studied the flame merging based on the Iso-surface at 99% of HRR and air entrainment 

restriction ignoring the radiation heat feedback (by maintaining the constant HRR irrespective of the distance 

between the pans in a fire array) effect for different fire arrays. Recently, Wang et al. [30] performed LES of flame 

interactions of unequal heat release rate (HRR) of two identical propane pool fires in an open space 
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2.1 Simulation setup 

 

A computational domain is considered with a dimension of 2.4 m (W) × 2.4 m (L) × 3.2 m (H) in a Cartesian 

coordinate system. A uniform structured grid (𝛿𝑥 =  𝛿𝑦 =  𝛿𝑧) is considered for all the cases. The width, length, and 

height of the computational domain are chosen so that they do not influence the air entrainment into the 

computational domain. Except for ground, all other boundaries are set to an ‘OPEN’ atmosphere. The ground is set 

to ‘INERT’ as shown in Figure 1. The initial temperature is set to 20°C. The simulations are run until the flame 

properties converged to a steady-state. All simulations are run for a period of 30 s. The necessary thermochemical 

properties of n-heptane fuel for the simulation are mentioned in Table 1. 

 

Figure 1 Geometrical model and boundary conditions 

Table 1 Thermochemical properties of n-heptane used in the present work 

S. No Property Symbol Value [31] 

1 Heat of combustion (kJ/kg) ∆𝐻𝑐 44600 

2 Heat of vaporization (kJ/kg) ∆𝐻𝑣 320 

3 Boiling Point (°C) 𝑇𝑏 98.5 

4 Emissivity (-) 휀𝑙
 0.9 

5 Density (kg/m3) 𝜌𝑙 675 

6 Specific heat (kJ/kg K) 𝐶𝑝𝑙 2.24 

7 Conductivity (W/m K) 𝑘𝑙 0.14 

 

In this work, a pair of n-heptane unequal circular pools were considered with the diameters of 𝐷𝑙 = 0.3 m and 𝐷𝑠 = 

0.2 m, where 𝐷𝑙 and 𝐷𝑠 are large and small pool diameters respectively. According to the Blinov and Khudyakov 

[32] experimental data, the pool diameter in the present study comes under the radiative-dominated regime 

(conduction dominated 𝐷 < 10 cm, convection dominated 10  ≤ 𝐷 < 20 cm, and radiation dominated 𝐷 ≥ 20).  

The separation distance from edge to edge (S) between the two unequal pool fires were S = 0, 10, 20, 30, 40, 50, 

and 60 cm considered. Noted that the chosen pan diameters, separation distances and their burning rates were 

considered based on the previously reported experimental data [30].  The details of the simulated cases are shown 

in Table 2. 

Table 2 List of simulation cases 

Case Mass burning rate 

 (kg/m2 s) of 𝑫𝒔 [23] 

Mass burning rate 

 (kg/m2 s) of 𝑫𝒍  [23] 

S (cm) [23] 

1 0.0477 0.0380 0 

2 0.0464 0.0445 10 

3 0.0419 0.0416 20 

4 0.0338 0.0378 30 

5 0.0316 0.0364 40 

6 0.0279 0.0357 50 

7 0.0222 0.0356 60 

 

 

2.2 Grid independency analysis 

 

To accomplish reliable results from a CFD analysis, one needs to give more emphasis on the size of the grid cell. 

The resolution of the flow field of the fire depends on the number of the grid (δx) cells that span the characteristic 
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diameter (𝐷∗). It is expressed as a non-dimensional form as shown in Eq. 1. Eq. 1 represents not only the impact 

of the grid size but also the fire size. 

 

 

𝐷∗ = (
�̇�

𝜌∞𝐶𝑝𝑇∞√𝑔
)

2
5⁄

 

(1) 

 

 

where Cp is the specific heat, �̇� is the heat release rate (HRR), 𝜌∞ is the density of ambient air, 𝑇∞ is the ambient 

temperature, and g is the acceleration due to gravity. The more the number of grid cells occupies the characteristic 

diameter, the better resolution of the flow field is obtained. If the 𝐷∗is relatively smaller than the physical diameter 

(D) of the fire, then it represents the relatively coarse grid and vice-versa. The grid resolution i.e., the ratio of 

characteristic diameter to the grid size (𝐷∗ 𝛿𝑥⁄ ) should be in the range of 4 to 16. Therefore, six grid sizes of 0.015, 

0.02, 0.025, 0.03, 0.04, and 0.05 m were considered. A test case (

 = 0) of two unequal fires with 0 separation distance between the 

fires was considered and applied to all the above-mentioned grid sizes. Using the six grid sizes, the flame properties 

like centerline temperature and velocity distributions of the test case were studied. The results of the grid 

independency analysis are shown in Figure 3. 

 

 

Figure 2 Test case: two unequal pools with 0 separation distance 

 

Figure 3 Grid independence analysis of centerline temperature and velocity distributions 

It is noticed from Figure 3 that with the relatively large grid size, a large deviation can be noticed in the temperature 

and velocity distributions. As the grid size decreases, the trends of the temperature and velocity distributions reach 

uniform. Moreover, beyond the grid size of 0.025 m, the variation in the temperature and velocity distribution of 

various grid sizes tends minimal. Therefore, 0.025 m was chosen as the grid size for further numerical studies. 
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3. RESULTS AND DISCUSSIONS 

 

3.1 Flame height 

 

In this work, flame height is computed based on the Iso-surface temperature at 330 ℃ [33]. To calculate the flame 

height, Iso-surface data for the last 10 s of the steady-state data is averaged. Moreover, the averaged Iso-surface 

data is used to reconstruct the Iso-surface at 330 ℃ using the MATLAB® programme. The generated Iso-surfaces 

for different separation distances with 𝐷𝑙 = 0.3 m and 𝐷𝑠 = 0.2 m are shown in Figure 4. If the S is 0, then the two 

unequal pool flames merge completely together just above the burner and form as single fire whose height is termed 

as merging flame height. 

 

 

S = 0 S = 0.1 

S = 0.2 m S = 0.3 m 

S = 0.4 m S = 0.5 m 
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S = 0.6 m 

 

Figure 4 Flame height of Iso-surface at 330 ℃  

 

With the increase in S, the flame height of two unequal pools decreases and reaches to form two single standalone 

flames. Table 3 shows the variation in the flame height of  𝐷𝑠 and 𝐷𝑙 with S. It is evident from the Figure 4, at S = 0 

m, two flames are completely merged and form a single fire. As the S increases to 0.1 m, the flames are still in 

partial contact and interacting with each other at the flame axial height of 0.625 m from the pool base. At S = 0.1 

m, the flame height is termed as interacting flame height. Beyond S = 0.1 m, the flame heights of two unequal pools 

reduce monotonically. 

 

Table 3 Flame heights of 𝐷𝑠 and 𝐷𝑙 

S.No S (m) 
Mass burning rate  

(kg/m2 s) of 𝑫𝒔  [23] 

Mass burning rate  

(kg/m2 s) of 𝑫𝒍  [23] 

Flame height of 𝑫𝒔 

(m) 

Flame height of  𝑫𝒍 

(m) 

1 0 0.0477 0.0380 1.425 (merging flame height) 

2 0.1 0.0464 0.0445 1.625 (interacting flame height) 

3 0.2 0.0419 0.0416 1 1.65 

4 0.3 0.0338 0.0378 0.95 1.425 

5 0.4 0.0316 0.0364 0.975 1.275 

6 0.5 0.0279 0.0357 0.825 1.225 

7 0.6 0.0222 0.0356 0.725 1.325 

 

This is due to flame height being directly related to the HRR. When the HRR is increased concerning S, the flame 

height of the 𝐷𝑙 and 𝐷𝑠 also increases. However, the flame height of the 𝐷𝑠 has the greater influence on the burning 

rate rather than the flame height of 𝐷𝑙. It is observed from Table 3 that with the increase in burning rate from S = 

0.6 to 0.2 m, the flame heights of 𝐷𝑠 and 𝐷𝑙 increased to 39% and 24.5% respectively which can be confirmed that 

the flame height of 𝐷𝑠 has greater influence than 𝐷𝑙. 

 

3.2 Flame interactions 

 

The burning rates of pool fires with equal pool sizes are identical with respect to pool spacing [21,34,35]. However, 

pool fires of unequal pool sizes having different burning rates with respect to S led to asymmetrical flame 

interactions. This can be attributed to the asymmetrical behaviour of air entrainment and heat feedback of unequal 

pools. In the literature, the flame interactions due to variation in the pressure field that existed between the pools 

are divided into three stages [34]: I) standalone flames, II) interacting flames, and III) completely merged flames. 

The interactions of flames from the standalone stage to the completely merged stage are shown in Figure 4. When 

the distance between the two pools is smaller than the threshold value than those two flames form as a single flame. 

The pressure field that existed between and around the two unequal pool fires with various S is shown in Figure 5. 

 

113



S = 0 S = 0.1 

S = 0.2 m S = 0.3 m 

S = 0.4 m S = 0.5 m 
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S = 0.6 m 

 

Figure 5 Pressure distribution for various separation distances 

 

It is observed from Figure 5 that a relatively low-pressure field was generated between the two pools and a relatively 

high-pressure field was generated at the outer field of the two flames until S = 0.2 m. Due to this, the two flames 

start deflecting inward and interact with each other. Beyond S = 0.2 m, a positive pressure field was set up between 

the two pools and grows in the flame axial direction. This upward-growing positive pressure field between the pools 

leads to flames behaving as single flames without interacting with each other. 

 

3.3 Flame tilt 

 

The behaviour of flame tilt of two unequal pool fires is different from the two pool fires having equal pool sizes. In 

this work, the flame tilt is defined as the angle between the flame centre to the vertical direction that is drawn from 

the pool centre. The centerline of the flame is obtained by connecting the line passing through the peaks of each 

temperature contour. The temperature contour profiles with various S are shown in Figure 6. Moreover, as an 

example, the measurement of flame tilt angle with temperature contours was demonstrated in Figure 4 for the case 

of S = 0.1 m. It is observed from the Figure 6Figure 4 that, the tilt angle of the 𝜃𝐷𝑠
 is greater than the 𝜃𝐷𝑙

, where 𝜃𝐷𝑠
 

and 𝜃𝐷𝑙
 are the flame tilt angles of the small and large pool diameters respectively. The reason for this phenomenon 

can be attributed to variations in pressure fields developed at the outer sides of the two flames. As was shown in 

 that the 𝐷𝑠 and 𝐷𝑙 were located at right and left sides of the 

computational domain. Furthermore, the burning rate of 𝐷𝑙 is greater than 𝐷𝑠 from S = 0.6 to 0.3 as shown in Table 

2. Having 𝐷𝑙 higher burning rates, a relatively high-pressure field was generated at the outer side of the 𝐷𝑙 compared 

to 𝐷𝑠 as shown in Figure 5. This relatively high-pressure field at the 𝐷𝑙 side supports the flame to be not deflected 

to the higher extends. At the same time, having smaller flame heights and relative low pressure field of the 𝐷𝑠 leads 

to flame to be deflected to greater extends compared to tilt of 𝐷𝑙. While for the cases of S = 0.2 and 0.1 m, the given 

burning rates of both pools are almost identical for the corresponding case, hence the pressure field developed at 

the outsides of the two pools is almost uniform which leads to a symmetric flow field. As a result, identical flame tilt 

angles from both pools can be observed as shown in Figure 6 for S = 0.2 and 0.1 m.  
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S = 0 S = 0.1 

S = 0.2 m S = 0.3 m 

S = 0.4 m S = 0.5 m 
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S = 0.6 m 

 

Figure 6 Temperature contour profiles of two unequal pool fires at various separation distances 

 

3.4 Air entrainment 

The size and shape of a pool fire, as well as the amount of soot produced and the composition of combustion 

products, are all influenced by air entrainment [36]. It is reported that the air entrainment in the entire burning region 

of the pool fire is independent of HRR and is mainly controlled by fluid dynamic interactions of flames [37]. At any 

height, the integrated air entrainment rate into the fire plume is obtained by placing the device QUANTITY='MASS 

FLOW' [26]. In this study, this device is placed and oriented in a positive ‘Z’ direction and it measures the net 

integrated mass flux (�̇� = ∫ 𝜌𝒖 ∙ 𝑑𝑠, where 𝜌 is the air density, 𝒖 is the velocity vector, 𝑑𝑠 is the planner surface 

area) through the given planar area. The rate of air entrainment of 𝐷𝑙 and 𝐷𝑠 with various separation distances are 

depicted in Figure 7. It is noticed from the Figure 7 that the rate of air entrainment of the 𝐷𝑙 is greater than the 𝐷𝑠 

and rate of air entrainment of 𝐷𝑙 for all S is almost uniform until their individual flame heights. While in the case of 

𝐷𝑠, except for S = 0, the air entrainment rate is almost uniform until their individual flame heights. A significant air 

entrainment restriction can be noticed with 0 separation distance. The reason is that being a small pool diameter 

(𝐷𝑠), air entrainment was restricted by large pool diameter (𝐷𝑙).    

 

 

𝑫𝒍 = 0.3 m 

 

 

𝑫𝒔 = 0.2 m 

 

Figure 7 Rate of air entrainment of 𝐷𝑙 and 𝐷𝑠 with various separation distances 

 

It is also observed from Figure 7 that beyond the individual flame heights of 𝐷𝑙 and 𝐷𝑠, the variation in air entrainment 

rate can be seen with various S. A strong entrainment restriction is observed in the plume (beyond flame height) 

zone similar to the flame zone with 0 separation distance and the restriction becomes weaker with the increase in 

separation distance for both the pool diameters. 
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4. CONCLUSIONS 

 

In this work numerical investigations are performed on the asymmetric flow characteristics of two unequal n-heptane 

circular fires of unequal heat release rates in open space. The MBR combination and burner separation distance 

are varied. The major conclusions are summarized as follows: 

The flame height of two unequal fires is as follows: At S = 0 m, two flames are completely merged and form a single 

fire. As the S increases to 0.1 m, the flames are still in partial contact and interact with each other at the flame axial 

height of 0.625 m from the pool base. At S = 0.1 m, the flame height is termed as interacting flame height. Beyond 

S = 0.1 m, the flame heights of two unequal pools reduce monotonically. The flame heights of 𝐷𝑠 and 𝐷𝑙 increased 

to 39% and 24.5% respectively as the spacing between the pools is decreased from 0.6 m to 0.2m. A maximum of 

7°of flame tilt of 𝐷𝑠 which is greater than 𝐷𝑙 of all studied cases. It is also observed that the rate of air entrainment 

of 𝐷𝑙 was higher than 𝐷𝑠. 
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ABSTRACT 

 

This paper aims to compare the influence of different fire scenarios, namely standard and simulated fire conditions, 

on the fire performance of a load-bearing column assembly from a steel industrial warehouse protected with 

gypsum-based fire protection mortars during a fire event. The steel column fire performance was evaluated using 

the heat transfer and thermo-mechanical analysis implemented in FE software. To conduct the thermal analysis on 

the steel column, three distinct fire design models were defined: the ISO 834 standard temperature-time curve, a 

zone model, and a computational fluid dynamics model. Afterwards, an optimization was performed in terms of the 

fire protection thickness to compare the minimum required thickness for each specified fire model, i.e., simulated 

fire curves and the standard fire curve. The findings indicated that the use of the simulated fire models in the design 

process might have the potential to reduce the costs of fire protection materials, as they may provide more realistic 

fire curves in appropriate fire safety measurements. Finally, a parametric study was carried out to assess the impact 

of other variable factors, such as load ratio and column cross-section, on the behaviour of protected steel column 

assemblies at elevated temperatures. 

 

Keywords: computational fluid dynamics, finite element method, fire safety, steel columns, fire protection mortars. 

 

 

1. INTRODUCTION 

 

Fire safety engineering is a multi-disciplinary field aiming to evaluate building designs according to a specified fire 

model. Due to the current trend towards a performance-based fire design, correctly identifying fire models becomes 

a must to ensure a safe and optimal solution to risk mitigation. Therefore, the fire model has an essential role in 

assessing the behaviour of steel structures exposed to fire. The fire design can be obtained from different methods, 

including the standard fire curve and the natural fire models. The standard fire curve is typically based on ISO 834 

standard temperature-time curve [1], prescribed by the European International Standards, or parametric fire curves 

(EN 1991-1-2) [2], following a uniform temperature-time relationship representing the temperature evolution of the 

gases surrounding the element as a function of time. In contrast, the natural fire model presents the effective heat 

flow transferred through the fire spread into the element. In this method, the fire-driven fluid flow can be simulated 
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with some fire dynamic simulator programs such as the zone model code CFAST (Consolidated Model of Fire 

Growth and Smoke Transport) [3] and the computational fluid dynamics (CFD) model using Fire Dynamics Simulator 

(FDS) code [4]. There are various studies which have evaluated these two methods and compared their differences 

in the temperature distribution of the structural steel members [5], [6]. The comparison of the results showed that 

the natural fire scenario is more realistic than the standard fire curves prescribed by the European International 

Standards, and in the majority of the cases, it targets more economical and safe solutions [5].  

 

Steel warehouses are widely used in various industries such as manufacturing, construction, chemical, commercial, 

etc. However, fires in steel warehouses can be dangerous due to the high temperature rise, intensifying the risk of 

structural collapse. Therefore, the application of appropriate protective measures and fire-resistant design is 

essential to minimize damage to the building, ensuring the safety of its occupants, and maintain the structure’s 

integrity during a fire. Among various fire protection methods available for protecting steel warehouses from fire, 

gypsum-based mortars with silica micro and nano-particles (SMNP) were selected in this study due to their proven 

effectiveness in improving the fire resistance rating of structural steel members in some previous research 

conducted by the authors [7], [8].  

 

It is worth mentioning that fire dynamics in large enclosures, such as industrial warehouses, have different 

behaviours than fires in small and medium-sized enclosures (fire compartments). Whereas homogeneous 

temperatures of the gas are assumed in the fire compartments, significant non-uniform temperature distribution in 

both the vertical and horizontal direction may be observed in large enclosures [9]. The measurement of the non-

uniform temperature distributions resulting from localized fire has been the topic of many studies over the past 

decades [10]–[13]. Therefore, simple time-temperature fire curves are usually used in the fire design of 

compartments, and CFD models would be better to be used in large enclosures (Figure 1). Few investigations have 

been recently taken on fire damage and the impact of fire conditions on the large-space enclosures when subjected 

to non-uniform elevated temperatures caused by fire. For example, Woźniczka presented a performance-based 

analysis of a steel warehouse hall storing recyclable materials under an advanced fire scenario developed by a 

CFD model, and the measured fire resistance was 30 minutes for the steel hall roof without fire protection [14]. 

Eremina et al. evaluated the fire resistance limit of a modern warehouse building with or without fire-retardant 

coating for both standard temperature mode and possible real fire mode using the simulation of real fire 

development in FDS software [15]. They have also shown that the effectiveness of fire-retardant intumescent 

coating characteristics was dependent on the actual fire condition [16].  

 

When a fire outbreaks in a large compartment such as an industrial warehouse, the load-bearing members are 

usually exposed to localized fire. Given that steel columns are the main load-carrying elements of warehouse 

buildings governing the collapse of these structures, assessing their fire performance under a fire scenario 

representing the real fire behaviour in a large compartment is of great importance. Therefore, some investigations 

started to focus on the thermo-mechanical behaviour analysis of load-bearing columns under localized fires to 

assess the fire performance of large space buildings [17]. An experimental study was also carried out by Piroglu et 

al. [18] on unprotected structural steel members of an industrial factory exposed to fire to make an appropriate 

assessment of their mechanical properties after exposure to the fire. Moreover, Ambroziak et al. [19] performed 

some experimental and numerical calculations to assess the fire impact on the strength and durability of real 

structural elements of a warehouse building after a fire. Despite all the investigations currently done in this field, 

research concerning the specifics of the design and performance of steel warehouse buildings, especially when 

protective measures are adopted under fire-driven fluid flow, is still a critical concern for structural engineers and 

fire safety experts.  

 

To deal with this concern, firstly, the thermal performance of enhanced gypsum-based mortars protecting steel 

column assemblies taken from a realistic prototype warehouse building in a fire situation is assessed based on 

experimental and thermo-mechanical numerical analyses [20] developed in ABAQUS software. Secondly, the 

impact of different thermal actions is also numerically investigated, including ISO 834 standard temperature-time 

curve [1] and advanced temperature-time curves [2]. The last one is estimated by the CFAST code [4] and a CFD 

model using the Fire Dynamics Simulator (FDS) code, where fire-driven fluid flows are simulated. Finally, a 

parametric study is conducted to assess the influence of other parameters, such as load ratio and the cross-section 

of the column. 
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Figure 1: Computational fluid dynamic simulation of a fire scenario in large enclosures 

 

 

2. 2. DEVELOPMENT OF FE ANALYSIS MODELS  

 

FE models were developed in the commercial software Abaqus to examine the influence of different fire models on 

the structural behaviour of steel columns in warehouse buildings. The process firstly involved subjecting each FE 

model to three different analyses: heat transfer analysis, linear buckling analysis, and thermo-mechanical analysis. 

The heat transfer analysis, as the first step, was set to determine the temperature distribution along the length of 

the member when exposed to a fire. The calculated temperature distribution was then utilized as an input in the 

nonlinear stress analysis model to explore the structural behaviour of the element under the same condition. From 

the linear analysis, the initial geometric imperfections were applied to the specimen with the magnitude of L/1000 

and b/200 for global and local imperfection, respectively. While in the nonlinear quasi-static analysis, thermo-

mechanical actions were applied to the imperfect column to obtain the failure mode and critical temperature of the 

specimen.  

 

2.1 Model Description 

  

An industrial one-story steel warehouse, shown in Figure 2 (a), was considered as a case study. The floor area of 

this large compartment was set to be 30m x 20m with two doorways of 3m x 3m (on the same longest facade). One 

column of this warehouse was selected to study its thermo-mechanical behaviour when placed in this large-space 

compartment under different fire actions using CFD-FEM couplings for instance. The columns were square hollow 

sections (SHS) 150mm x 150mm x 8mm with 6 m height. They were insulated with one layer of gypsum-based fire 

protection mortars with SMNP. A schematic of the column with its cross-sectional geometry is presented in Figure 

2 (b). Considering that the column assemblies are entirely inside the compartment, the fire curves were applied on 

all four sides of the column.  

 

The standard temperature-time curve, which is used in standard fire tests for rating structure elements, is 

characteristic of a fully developed fire in a compartment. It is often referred to as the ISO 834 temperature-time 

curve and is given by Equation (1), where 𝑇𝑔 is the gas (compartment) temperature and t is the time [in minutes] 

from the beginning of the fire. 

 

𝑇𝑔 = 20 + 345 lg (8𝑡 + 1) (1) 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 
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(b) 

Figure 2: Prototype warehouse building model to be analyzed (a) with a schematic of the column cross-section 
with fire protection (b) 

 

2.2 FE Model  

 

The FE models of the column with the fire protection mortars were created using 3D finite elements with SHELL 

elements (S4R and DS4 in Abaqus). The columns were, in practice, simply supported at one end and fully restrained 

at the other end. They were subjected to axial compression of 442.82 KN, which is 50% of the design buckling load 

value at an ambient temperature according to EN 1993-1-1 [21]). As observed in the FE model (Figure 3), a 

reference point is defined at the centroid of the cross-section to be tied to the cross-section at each end through 

coupling constraints. The concentrated force is applied to the reference point where defined at the top end of the 

column. At the base end, all translational and rotational degrees of freedom were restrained, i.e. 

U1=U2=U3=UR1=UR2=UR3=0. But at the loading end, three degrees of freedom were restrained; i.e., lateral and 

transverse translational and longitudinal-axis rotational (U1=U2=UR3=0).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Numerical FE model, Boundary conditions and loading position 

 

Moreover, based on a sensitivity analysis conducted earlier [22], a mesh size of 10 mm on the cross-section of the 

column was employed in this study for all the above-mentioned analyses.  

 

2.3 Material properties 

 

The steel columns were composed of S355 structural steel. The thermal and mechanical behaviour of both the steel 

tube and fire protection mortars were varied with respect to the temperature. Therefore, in order to achieve a more 

accurate prediction of the structural fire behaviour of the protected steel column, this variation in temperature should 

be employed in the FE analysis. For the steel properties, Eurocode 1993-1-2:2005 [23] was used as a reference to 
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specify temperature-dependent material properties of the steel at varying temperatures in this case study. The true 

stress-strain curves were included in the material definition to consider the large-deformation effect of steel. A 

nonlinear isotropic material model based on Von Mises yield criterion with Young’s modulus E = 210 GPa and yield 

stress 𝜎𝑦 = 355 MPa was assumed at the ambient temperature. Figure 4 depicts the effective thermal properties of 

the gypsum-based fire protection mortars used in FE analysis, which were determined based on the previous 

experiments developed by the authors [8]. The steel density is 7850 𝐾𝑔/𝑚3, and the Poisson’s ratios are 0.3 and 

0.2 for the steel and the fire protection mortar, respectively.  
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(c) Thermal conductivity 

Figure 4: Thermal properties of enhanced gypsum-based mortars with SMNP 

 

 

3. DEVELOPED NATURAL FIRE MODELS IN INDUSTRIAL WAREHOUSE BUILDING 

 

For a natural fire-based design, various factors, including the fire load type and size, the fire-zone size, the number 

of vents, the room construction, the combustion model, the radiation model, and ventilation conditions, are 

considered for instance. In this study, an appropriate design fire was carefully selected to be used as an input in 

computing the temperature distribution inside the studied enclosure. Two fire models from the same fire scenario 

were selected, the two-zone model and the FDS model version 6 were used to simulate the impact of the fire on 

the building. This study focused on analyzing the effect of a localized fire rather than a generalized fire, as it is 

typically the case in industrial warehouses. The following hypotheses were considered for the fire scenario: a fast 

fire growth rate, fire load density of 1755 MJ/m2, fire area of 36 m2 (at the compartment corner), heat combustion 

17500 kJ/kg, wood as burning material, and a maximum heat release rate of 37 MW (EN 1991-1-2 [2]). A 20cm 

concrete slab was assumed for floor and 0.04 m coverings with high thermal resistance were selected for the ceiling 

and walls. 
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3.1 2-zone model 

 

To predict the development of the gas temperature in the warehouse, a two-zone model simulation was conducted 

using the fire modelling software CFAST [24] version 7.7.0. 

 

The obtained results for the gas temperature-time curves from the simulation were plotted in Figure 5. According to 

this figure, the CFAST fires heat up slower compared to the ISO 834 temperature-time curve; instead, it peaks at 

higher temperatures for hot-air zones. The different thermal actions were compared based on the Ingberg Method 

(areas under the time-temperature curves). From CFAST simulation the following maximum temperatures were 

reached: 597ºC for the cold air layer, 899ºC for the hot air layer and 1500ºC for the plume temperature at the ceiling 

level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

Figure 5: A comparison of the gas temperature around the corner obtained through the fire simulation of a steel 
warehouse in CFAST software environment (b) with the ISO 834 temperature-time curve 

 

3.2 FDS model 

 

Fire Dynamic Simulator (FDS) [25] is a common tool for describing fluid behaviour during a fire event. It allows the 

users to do the fire simulation with more detail. As a result, much more information needs to be specified to describe 

the fire and system boundaries making it a time-consuming procedure [26]. Figure 6 displays the gas temperature-

time curves obtained from the simulation in the FDS software environment. Although the ISO 834 temperature-time 

curve heats up faster within the first minutes of fire, the FDS fire stays mostly at higher temperatures when oxygen 

concentrations are high (see Figure 6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

Figure 6: A comparison of the gas temperature around the corner obtained through the fire simulation of a steel 

warehouse in FDS software environment (b) with the ISO 834 temperature-time curve 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 10 20 30 40 50 60

T
e

m
p
e
ra

tu
re

 (
ºC

)

time (min)

CFAST - hot air

CFAST - cold air

ISO 834

CFAST- plume air

0

200

400

600

800

1000

1200

0 10 20 30 40 50 60 70 80 90

T
e

m
p
e
ra

tu
re

 (
ºC

)

time (min)

TEMP_colmn_h_6_35

TEMP_colmn_h_1_4

TEMP_colmn_h_1_0

TEMP_colmn_h_0_6

TEMP_colmn_h_0_2

ISO 834

126



4. COMPARISON OF THE RESULTS FOR DIFFERENT FIRE CONDITIONS 

 

Based on the developed FE models described in section 2.2, a comparison was made between the analysis results 

obtained using an ISO 834 temperature-time curve and those obtained by fire simulation models developed in 

previous sections (3.1 and 3.2). In the following, an optimization is implemented to identify and compare the optimal 

thickness of the fire protection mortar in terms of failure time and fire resistance rating during exposure to different 

fire scenarios. The findings were aimed at ensuring the optimum fire safety level by evaluating the influence of fire 

conditions on fire protection measures. It is worth mentioning that the accuracy of the FE model has been assessed 

earlier using the experimental data obtained from fire resistance test as described in reference [20], [22] 

 

Figure 7 and Figure 8 show the axial displacement-maximum temperature curve and vertical displacement of the 

steel tube column with the fire protection mortar for the 50% axial load level and over one-hour exposure to the 

natural fire curve obtained using the two-zone model software CFAST. Note that the maximum thickness required 

for the failure of the column is highlighted in red in all the figures except in Figure 8, as it is not reached for the 

assumed thicknesses. A huge difference is observed for the optimal thickness and the critical temperature of the 

steel column between two CFAST fire curves evaluated in this study; one with the hot air temperature exposed to 

the column at the hot air zone (𝐶𝐹𝐴𝑆𝑇 Ι) and the other for the plume air temperature (𝐶𝐹𝐴𝑆𝑇 ΙΙ). This huge difference 

is due to the high temperature (in the range of 1400-1500ºC) of the plume layer at minute 30 of fire exposure, 

implying the significant influence the plume can have on the fire safety design measurement of the large-space 

compartment with a localized fire. The optimal thickness is taken using the iterative process for each specified fire 

protection thickness in the Abaqus, which is around 1-5-2 mm when 𝐶𝐹𝐴𝑆𝑇 Ι fire curve is applied, while this value 

is 24-25 mm for 𝐶𝐹𝐴𝑆𝑇 ΙΙ time-temperature curve. For this case study, it can be concluded that the optimal thickness 

required for the steel assemblies from the warehouse is overestimated when using the ISO 834 temperature-time 

curve, provided that the increased temperature arising from the plume air in the hot zone layer is disregarded. 

 

The results from the analyses for the maximum thickness the failure happens are summarized in Table 1, which 

include the maximum temperature at the column surface (𝜃𝐶𝑟), the critical time at the failure point (𝑡𝐶𝑟), and fire 

protection thickness (𝑡𝐹𝑃). It should be noted that 𝐼𝑆𝑂Ι , 𝐼𝑆𝑂ΙΙ, and 𝐼𝑆𝑂ΙΙΙ are ISO 834 temperature-time curves 

corresponding to fire duration of 60 min, 43.5 min, and 30.6 min, respectively. As it is clear from Figure 7 to Figure 

12, the optimal thickness is achieved through an iterative process. Accordingly, the optimal thickness for natural 

fire curve FDS is not reached as the column has been over a short fire period, but the maximum temperature 

measured on the steel column is significantly smaller than the maximum temperature predicted by the standard ISO 

temperature-time curve. The analysis results clearly indicate that considering the standard fire curve in the fire 

safety design of the large space compartment may lead to the underestimation of the actual fire resistance limit of 

the metal structures, depending on the existing fire scenario.  

 

Table 1:The analysis results on the fire protection optimization of steel the columns under different fire conditions 

Fire condition 𝒕𝑭𝑷 (mm) 𝜽𝒄𝒓 (ºC) 𝒕𝒄𝒓(min) 

 

𝑪𝑭𝑨𝑺𝑻 𝚰 1.5 662.928 39.437 

𝑪𝑭𝑨𝑺𝑻 𝚰𝚰 24 625.163 54.892 

𝐈𝐒𝐎 𝚰 10.5 585.952 58.461 

𝐈𝐒𝐎 𝚰𝚰 5.5 583.593 42.62 

𝐈𝐒𝐎 𝚰𝚰𝚰 2 582.728 30.109 
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(a) (b) 

Figure 7: Temperature evolution and (a) and axial displacement-temperature curve (b) of the steel column for 

different fire protection thickness (𝐹𝑃) subjected to one-hour 𝐶𝐹𝐴𝑆𝑇 Ι fire. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

(a) (b) 

Figure 8: Temperature evolution and (a) and axial displacement-temperature curve (b) of the steel column for 

different fire protection thickness (𝐹𝑃) subjected to one-hour 𝐶𝐹𝐴𝑆𝑇 ΙΙ  fire. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

Figure 9: Temperature evolution and (a) and axial displacement-temperature curve (b) of the steel column for 

different fire protection thickness (𝐹𝑃) subjected to one-hour 𝐼𝑆𝑂  fire. 
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(a) (b) 

Figure 10: Temperature evolution and (a) and axial displacement-temperature curve (b) of the steel column for 

different fire protection thickness (𝐹𝑃) subjected to 43.5 min 𝐼𝑆𝑂  fire (equivalent time of fire exposure for 

CFAST). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

Figure 11: Temperature evolution and (a) and axial displacement-temperature curve (b) of the steel column for 

different fire protection thickness (𝐹𝑃) subjected to 30.6 min 𝐼𝑆𝑂  fire (equivalent time of fire exposure for 

CFAST). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

Figure 12: Temperature evolution and (a) and axial displacement-temperature curve (b) of the steel column for 

different fire protection thickness (𝐹𝑃) subjected to FDS fire. 
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Figure 13 shows the deformed shape of the protected column at the ultimate load and elevated temperature with 

the corresponding failure mode, i.e., local-global failure mode. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Deformed configuration of the steel column assemblies at failure point 

 

 

5. PARAMETRIC STUDIES 

 

Figure 14 shows the effect of the cross-section on the displacement-temperature response of the column for 50% 

load level. The columns had 6 m length and were protected with 10.5 mm fire protection mortar; the thickness was 

slightly higher than the optimal fire protection calculated for a one-hour ISO 834 temperature-time curve. It is 

observed that the I-sections HE260B have a higher fire resistance rating than the Square hollow sections (SHS) for 

all the load levels evaluated in this parametric study, i.e., 50LL, 30LL or 15LL. The differences between the critical 

temperature and the fire resistance rating for either different cross-sections or load levels are detailed in Table 2: 

both the fire resistance and the critical temperature are increased up to around 10 % for the I-section column and 

at different load levels compared to the column with the SHS section 150mm x 150mm x 8mm. This may be 

consequence of using a load level as a function of the design load bearing capacity of the columns, instead of the 

respective actual ultimate load.  

 

Error! Reference source not found. shows the failure time-dependence to the load ratio applied on the SHS 

column during the nonlinear analysis. As the load increased, the failure happened earlier. Therefore, increasing the 

load level would decrease the critical time and the temperature on the column surface, but this decrease in the 

critical temperature is recorded higher for I-section HE260B.  

 

Table 2: Main design parameters for parametric studies of the FE model 

 50 LL 30 LL 15 LL 

𝜽𝑪𝒓 𝑻𝑪𝒓 𝜽𝑪𝒓 𝑻𝑪𝒓 𝜽𝑪𝒓 𝑻𝑪𝒓 

HE260B 711.879 73.981 743.552 80.154 849.389 96.336 

SHS 662.91 67.717 698.996 72.4595 777.387 88.7 

DIFF (%) 7.38 9.25 6.37 10.62 9.26 8.6 
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Figure 14: Axial displacement-temperature curve for different cross-sectional configuration of protected steel 

column. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Axial displacement-temperature curve of the protected SHS steel columns for different loading 

rates. 

 

 

6. CONCLUSIONS 

 

This paper uses numerical simulations to investigate the behaviour of axially compressive protected column 

assemblies of an industrial metal warehouse under different fire actions. Some significant conclusions drawn from 

the present numerical results are summarized as follows:  

 

- Fire models can have a great influence on the fire safety design of industrial metal warehouses. The 

optimal fire protection thickness computed using a natural fire scenario was much thinner than that 

predicted by a standard fire scenario.  

- The choice of a different cross-sections such as I-sections may end in different critical temperatures, and 

as a result improving the fire resistance rating of the protected column assemblies from the warehouse 

buildings, at least up to 10%.   

- An increase from 15% to 50% in load ratio speeds the failure of the column at lower temperatures leading 

to decreasing the fire resistance of the columns until 30%. 
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ABSTRACT  

 

Fires in industrial buildings have been increasing in recent years and, with great destructive potential due to the 

high fire loads inside, can endanger occupants and property. In this sense, regulations stand out, such as the 

French standard, which prescribes that an eventual collapse of this type of structure must occur towards its interior, 

considered a safe failure mode. Hence, it becomes relevant to study the fire behavior of these structures. Therefore, 

this work aims to review the literature that addresses the fire behavior of industrial buildings in steel structures with 

aspects related to experimental tests, numerical analysis, fire modeling, as well as structural behavior. In this sense, 

discuss studies analyzing the structure’s failure mode and the influence of fire load and protection in this type of 

building. Also, as a crucial factor in the structure’s collapse, the formation of plastic hinges and their position, 

depending on the fire extent, will be discussed. 

 

Keywords: fire behavior; industrial; steel structure; research; fire. 

 

 

1. INTRODUCTION 

 

Industrial fires are a reality that is present in a representative manner in several countries, causing a high loss of 

human life and patrimony. According to a report elaborated by National Fire Protection Association (NFPA) [1], in 

the US, between 2011 and 2015, an average of 37,910 fires in industrial and manufacturing buildings was reported 

annually.  

 

Within this context, building design considering fire becomes relevant since fire causes substantial changes in the 

material’s properties and induces thermal elongation. In a structure, due to the restraining imposed by the 

surrounding elements, such as elongation, generates an increase in stresses that can lead to the occurrence of 

instabilities [2]. 
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Regarding fire dynamics, industrial buildings differ from other types of buildings, an aspect that must be considered 

in fire safety design. According to Cosgrove [3], the development of fire in industrial halls has, in general, its 

evolution as represented in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Three phases are verified: fire growth, steady-state condition, and decay. In the first one, growth occurs until 

flashover or fuel burning. Then, in the second phase, the fire can be governed by the effect of ventilation or the fuel 

available for burning. In this phase, the skylights and roofs begin to burn, which will feed the fire through the entry 

of oxygen. Once all the fuel has been consumed, the fire enters a third phase, the decay phase. 

 

Bong [4] argues that in a larger industrial building, there are changes in the dynamics and behavior of fire. Due to 

the higher compartment volume and higher ceilings, in the initial stages, the fire plume will enter a large volume of 

the cold air layer. With the fire development, the cold air will continue to enter the ceiling jet and will not have the 

conditions required to cause flashover. 

 

Therefore, as seen in Figure 1, the fire is initially controlled by fuel availability. Because of that, it has a non-uniform 

temperature distribution, being more severe in the ignition region. Thus, the structure within this area will be more 

affected and more likely to suffer from instabilities in compressed elements [4]. 

 

Steel undergoes changes in its microstructure at high temperatures, reducing its strength and stiffness. Thus, it will 

be more susceptible to fire action and subject to instabilities and even the collapse of the structure. Industrial 

buildings, due to regulatory requirements, must have inward collapse mode. And therefore, numerical and 

experimental studies have been conducted to evaluate the behavior of these structures and to guarantee safe 

failure mode. This point is relevant for the safety of neighboring buildings, firefighters, and people around the 

building. 

 

In this sense, this research will provide an overview of the fire behavior of steel structures in industrial buildings, 

aspects related to fire modeling, numerical analysis, and experimental tests conducted in this field. 

 

2. STUDIES ON OVERALL STRUCTURAL BEHAVIOR 

 

2.1. Fire Modeling 

To predict physical properties within a compartment in a fire situation, such as temperature, gas concentration, or 

internal pressure, experimental tests and numerical simulations for fire modeling can be carried out. As tools to 

numerically predict those properties, mathematical formulations can be used through stochastic or deterministic 

methods. 

Stochastic models, for instance, are based on probabilistic models to predict fire evolution. Deterministic models, 

however, obtain the solution from mathematical formulations governing the physical and chemical behavior of fire 

[5]. This approach is more frequently implemented in software and, has as an example, the two-zone models and 

the field models. 

Figure 1  Fire Development Profile for Single Story Building [3] 
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The field model is based on the computational fluid dynamics (CFD) model and describes fire dynamics with higher 

precision. In this model, the geometry is discretized in volume elements. The theoretical basis consists in solving 

transport equations, considering the conservation of mass, momentum, and energy, combined with physical models 

of turbulence, combustion, and radiation [6,7] (Figure 2). 

 

 

 

 

 

 

 

 

 

Figure 2 CFD analysis parameters [6] 

 

 

A numerical and experimental study conducted by Vigne et al. [8] aimed to study the smoke dynamics in a cubic 

atrium measuring 20 meters, using experimental tests and numerical simulation in FDS (Fire Dynamics Simulator), 

software developed by NIST for analysis of fire dynamics in CFD (Figure 3). 

 

 

 

 

 

 

 

            

 

 

 
 
 
 
 

The authors aimed to evaluate how the existence of four heat sources, ignited at different times, collaborate to fire 

development. Four pans with a diameter of 0.92 m filled with n-heptane and a combined heat release rate of 5.2 

MW were used (Figure 4). The temperature was measured inside the compartment with the installation of 59 

thermocouples. 

 

 

 

 

 

 

Figure 3 (a) Geometrical sketch (b) Built structure (c) Numerical model on FDS [8] 
 

(a) (b) (c) 

Figure 4 (a) Pan positions (b) Pan ignition during experiment [8] 

(b) (a) 
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Initially, regarding the analysis to numerically simulate fire spread, the experiment performed by Vigne et al. [8] was 

compared to other experiments with a single heat source, with the result data presented in Table 1. 

Table 1 Comparison of single and multiple heat sources experimental results [8] 

 Single Heat Source 
Multiple Heat Sources 

 Experiment 1 Experiment 2 

t (sec) 
HRR 

(MW) 

Smoke Layer 

Interface Height 

(m) 

HRR 

(MW) 

Smoke Layer 

Interface 

Height (m) 

HRR 

(MW) 

Smoke Layer 

Interface  

Height (m) 

270 5.20 4.30 5.30 4.80 3.40 3.90 

The authors concluded that multiple heat sources resulted in a more severe environment inside the compartment. 

Experimental data analysis detected a drastic drop in the smoke layer interface height, reaching 3.90 meters in 270 

seconds, a thicker layer than compared with a single heat source experiment, as seen in Table 1. 

Furthermore, because the heat sources had different ignition times, at 270 seconds, the measured HRR was up to 

55.88% lower than the single heat source cases, and yet the smoke layer interface height was 23.08% thicker. This 

fact demonstrates a higher capacity for smoke production, explained by the higher turbulence and airflow in this 

situation. In addition, a layer of smoke with lower temperatures (about 50°C difference) and less uniformity was 

observed. 

And therefore, it highlights the importance of evaluating more complex fire conditions and the assessment of fire 

spread, which directly impacts the subsequent structural behavior. 

Similarly, Chao et al. [2] compared the results of experimental tests and numerical simulations for fire modeling. In 

this case, the authors aimed to analyze the beam fire-thermal-structural behavior. And therefore, initially determining 

the fire spread, experimentally and numerically. Based on the results obtained, perform a thermomechanical 

analysis to study the structural behavior.  

The apparatus used for the experimental tests and the FDS model is seen in Figure 5. Illustratively, the flame was 

obtained numerically and experimentally, as seen in Figure 5c. And therefore, it is possible to observe the influence 

of mesh refinement on the results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 5 (a) Test apparatus numerical modeling (b) Test structure c) Comparison of flame 
results in numerical simulation on FDS with different mesh sizes and during test [2] 

(a) (b) 

(c) 
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The performed experiments, according to Chao et al. [2], have measuring uncertainties, with an estimated error of 

approximately ±12%. The FDS, software used, predicts good results and, according to [9], percentage differences 

within the uncertainty of the test. Therefore, a valid tool for fire modeling. 

 

 

2.2. Fire Resistance of the structure 

 

The increase in temperatures significantly impacts the physical properties of steel, such as strength and stiffness. 

And therefore, fire is a critical situation for the structure's integrity [10]. 

 

In this sense, as required by the Arrêté du 17 août 2016 [11], in industrial buildings, aiming for the safety of people 

around, firefighters and to contain the fire spread to neighboring buildings, an eventual collapse of the structure 

must be inward. 

Newman et al. [12] explained the behavior of symmetrical pitched portal frames. In the initial moments of the fire, 

there is the heating and consequent elongation of the rafters, causing a small deflection of the eaves towards the 

outside, combined with an upward deflection of the apex. As the fire progresses, an increase in bending moments 

in the elements and the formation of plastic hinges can be observed, with the probable positions shown in Figure 

6a. 

Proceeding the rafter’s collapse, the condition shown in Figure 6b will resemble a catenary. This behavior induces 

inward movement of the tops of the columns and an overall collapse of the structure. 

 

 

The behavior observed by Newman et al. [12] is described by the subsequent authors based on numerical analyzes 

and experimental tests. 

2.2.1. Numerical analysis on the prediction of fire behavior of steel frames 

 

To evaluate the failure mode of the structure in a fire situation, Vassart [13] analyzed 2D frames. During heating, 

are mainly two phases. Within the first was observed elongation of the heated elements, causing a progressive 

increase in internal forces due to the restraining provided by the colder elements. As the structure continues to heat, 

it reaches the second phase with excessive deformations and consequent collapse (Figure 7). 

 

  
 

 

 

Similar behavior was obtained by Ali et al. [14]. Parametric analyzes carried out evaluated the behavior of a 2D 

steel frame. For this purpose, static structural analysis was initially performed at an ambient temperature. Then, 

Figure 6 a) Fire induced plastic hinges probable positions b) Rafter collapses to eaves 
level [12] 

Figure 7 Fire induced horizontal displacements [13] 
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based on the deformed structure, inserted the temperature variation. The effect of geometric and material non-

linearity and fluency were also considered. 

The analyzes were validated with previous experimental tests, presenting a 10% error. In Figure 8, it is possible to 

observe the failure modes of a 2D steel frame, with emphasis on Types I and II. Type I collapse mode occurs due 

to the initial heating of the girders, causing elongation of the element and lateral displacement at the ends of the 

columns towards the outside. As the heating continues, formed plastic hinges. From that point on, there is a 

substantial increase in the beam’s deflections, generating a catenary and favoring the collapse of the structure 

towards the interior. 

Type II occurs when the fire is closer to one of the end columns. Due to the fire location, the girders do not heat 

enough for the catenary to form. With an increasing temperature, there is a loss of stiffness in the columns until 

their buckling. In this type of failure, there is a prevalence of lateral displacement of the structure and, consequently, 

the collapse towards the outside. 

 

Through parametric analysis of the frame shown in Figure 8, the authors evaluated the influence of the fire load 

position, loading, and column cross-section. As the extent of the fire changes, there is a modification in the 

structure’s failure mode (Type I or Type II) and, in addition, results in a greater lateral displacement when the whole 

structure is exposed to fire. 

The authors concluded that the load increase collaborated to reduce the time until collapse. 102 minutes with a 

load of 1.5 kN/m, 49 minutes for 12.5 kN/m, and 26 minutes for 25 kN/m. In addition, this alteration also caused a 

reduction in the maximum lateral displacement, and the collapse occurred at lower temperatures. Overall, the 

authors explained the earlier formation of plastic hinges as a consequence of greater stress on the structural 

elements. 

In addition, the authors concluded that the height of the building also influences the collapse time and maximum 

lateral displacement. The higher the frame, the shorter the time until beam or girder failure and the smaller the 

horizontal displacements. Fluency is also relevant, particularly when increasing the building’s height. Considering 

a 6 meters high frame, the lateral displacements were up to 4% higher with the creep considered. As for 9 to 12 

meters, up to 12%. 

Figure 8 Types of failure on single-story steel frames [14] 
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 Analyzing the behavior of 3D frames, Bong [4] studied a steel structure with a floor plan of 30 x 40 meters and 

cross sections of the elements shown in Figure 9. 

 

The structure was analyzed in the Finite Element Method to evaluate the influence of different column support 

conditions and axial and out-of-plane constraints. 

  

 

The author highlights the results from the analysis carried out with the contained fire (Figure 10a) and fully 

developed fire (Figure 10b). With the fire located in only a portion of the building, the load is transferred, so the 

members with lower temperatures act, supporting the warmer and less resistant members, allowing the structure 

to endure more time. 

 

Another conclusion of the analysis is that the columns' support condition also influences the collapse mode of the 

structure, as pinned supports tend to collapse towards the outside. In addition, as seen in Figure 10b, representing 

analysis 7, with pinned supports, there is greater verticality of the columns, and the collapse occurs mainly on the 

roof. 

 

To assess the influence of plastic hinges on the structure's collapse mode, O'Meagher et al. [15] carried out a series 

of numerical analyzes, considering several structural heating conditions and how they influence the collapse. The 

situations considered comprise the entirely heated structure (Situation G) and partially heated due, for example, to 

the presence of protection (Situations A – F) in Figure 11. 

Figure 9 Steel Structure Design [4] 

Table 2 Analysis parameters [4] 

Figure 10 Simulation Results – Structure collapse (a) 
Analysis 3, t = 60 min (b) Analysis 7, t = 14.92 min [4] 

(a) (b) 

Figure 11 Heating situations analyzed [15] 
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The situations described in Figure 11 were analyzed, varying the span, wind force, and restrained stiffness. As a 

result, when the rafter is partially heated, plastic hinges form close to or in the division between the cold and heated 

parts.  

 

For comparative purposes, the results are shown in Figure 12, and data are summarized in Table 3. 

 

 

 

 

 

 

 

 

 

 

 

The authors considered the outward collapse mode to be unacceptable. Among the 20 analyses, cases 17 and 19 

showed an unsafe failure mode and, in a real situation, they should be evaluated. In both cases, this analysis refers 

to situation G, in which the entire structure is heated. In this sense, it is concluded that the protection, even if 

partially, prevents the collapse in an unsafe way. 

 

In addition, it is also possible to observe that the presence of a resistant moment at the base also contributes to the 

collapse occurring inwards. In cases 17 and 18, shown in Table 4, this consideration allows a safe failure mode. 

 

Table 4 Influence of Base Restraint in Failure Mode 

Case Situation Span (m) 
Wind Force 

(kN) 

Base restraint 

(kN/rad) x𝟏𝟎−𝟑 

 

Formation of plastic hinges and 

failure mode acceptance 

17 G        17 - - 

 

Unacceptable 

18 G       17 - 1500 

 

Acceptable 

 

In a 3D frame, the failure mode analysis, in addition to the variables already mentioned, also includes the fire extent 

within the building. In this sense, different structural behaviors are expected if the fire is concentrated in a region or 

taking over the entire area. In the case shown in Figure 13, the fire is contained in the right portion of the building. 

Due to the higher temperatures present in the region, the structure begins to fail. After its collapse, this portion will 

function as an “anchor” for the rest of the structure. Additionally, it dictates that an eventual global collapse of the 

structure occurs safely, toward the interior. 

Table 3 Analysis Parameters 

Figure 12 Analysis Results - Plastic Hinges [15] 
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2.2.2. Experimental and numerical evaluation 

 

In a study carried out by Lou et al. [16], experimental tests and numerical analysis were carried out on a 3D frame 

of 12 x 6 meters and 5.4 meters high, and a fire compartment with 4 x 6 meters, located on the left portion of the 

building (Figure 14a). 

 

 

 

 

 

 

 

 

 

In the experiment, was measured the temperatures and deformations in the structure and coating. The test lasted 

33 minutes. At 5 minutes, the fire was already severe, with visible deformation in the facade and roof. At 10 minutes, 

flames were coming out the windows, and significant deformation of the coating was already visible. At 20 minutes, 

the structure began to collapse due to the buckling of the columns. At this time, the surrounding gas was at 900°C. 

(a) 

(b) 

Figure 14 (a) Structural frame layout  (b) Elements cross sections [16] 

 

Figure 13 Building behavior to fire [15] 

141



The tested structure did not effectively collapse as it was supported by the firewall. In numerical analysis, the 

structure was taken to collapse, observing by the lateral displacement a tendency to collapse towards the outside 

(Figure 15b). 

As observed in the test, the structural elements exposed to the fire were seriously compromised and perceived 

instabilities, but it was proven that there was no failure in the connections. 

In addition, due to the fire load position, a non-uniform distribution of temperatures was observed in the 

thermocouple readings. That contributed to the behavior obtained in the numerical analysis of the prevalence of 

horizontal displacements in structural collapse. In addition, through measurements, it was verified that the 

temperature rises in the upper layer differed from that predicted by ISO 834 [17], being up to 300°C higher. On the 

other hand, the parametric curve of EN1993-1-2 [18] was 200°C below test measurements. 

Such outward collapse behavior was explained by Ali et al. [14]. There are two structural collapse modes, the 

interior, and exterior. The first occurs when the heating of the beams causes a catenary and consequent 

displacement of the top of the columns, resulting in a collapse towards the interior. The second situation is more 

likely to occur when the fire is closer to a column or a corner. Thus, with heating and lateral displacement, without 

an excessive increase in beam deflection, there is a tendency for lateral displacements to prevail, causing collapse 

towards the outside. 

The structural failure mode was studied by Roy et. al [19]. The authors conducted experimental tests in a cold-

formed steel structure shed (Figure 16). Through numerical analysis in Abaqus, it was concluded that the software 

predicted the failure mode and the collapse temperature of the structure with accuracy, with a difference lower than 

1%. 

 

Figure 16 Structural design (a) 3D view (b) Front view elevation [19] 

(a) (b) 

Figure 15 (a) Structure post-fire (b) Numerical simulation displacement results [16] 
 

(b) (a) 
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Due to the non-uniform fire load distribution in the building and the protection of only one wall with Gypsum boards, 

the structure collapsed asymmetrically but towards the interior (Figure 17). 

 

 

 

 

 

 

 

 

The structure collapsed at 21:30 minutes of testing, with a temperature and 622.5 ºC due to buckling. Plastic hinges 

were formed on the steel studs, represented schematically in Figure 18. It is also possible to observe the asymmetric 

collapse due to the protection in only one of the walls. 

 

The structure was also analyzed with Abaqus, considering non-linearity and elastoplastic behavior. The authors 

partially modeled the original structure, containing two trusses and their respective supporting walls to represent its 

central portion. 

The numerical analysis predicted the collapse of the structure at 22 minutes (2.33% above that observed in the 

experimental test) and at 628.2 ºC (0.92% higher), as shown in Figure 19a. The deformation of the structure was 

also compared, and the behavior observed in the experimental test was satisfactorily predicted by numerical 

analysis (Figure 19b). 

 

 

 

 

 

 

(a) 

(b) 

Figure 17 Structure during experiment (a) non-symmetrical collapse (b) Inward structural collapse  
(t = 38 min) [19] 

Figure 18 Structural deformation as a time function [19] 

(a) 

Figure 19 (a) Structure deformation obtained by numerical analysis (b) Experimental and 
numerical structural deformation comparison [19] 

(b) 

143



As conclusions of the study, the steel structure with cold-formed profiles behaved as expected. Despite the non-

uniform fire load distribution, the collapse occurred towards the interior due to the south wall, protected with Gypsum 

panels. Additionally, the collapse of roof trusses, formation of plastic hinges, and instabilities in the structure also 

occurred. The numerical analysis conducted satisfactorily predicted the structural behavior, as well as the failure 

mode and collapse temperature. Thus, a valid tool for studying the behavior of this type of structure in a fire situation. 

 

Chao et al. [2] also performed numerical and experimental studies. After analyzing the fire spread experimentally 

and in CFD, using FDS (Figure 5), the authors evaluated the failure behavior upon loading. To this end, was 

measured the beam’s mid-section vertical displacement in both static and transient analysis (Figure 20). Lateral 

torsional buckling was responsible for failure in both analyses.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Table 5, it is possible to verify the difference between the measured and predicted for both analyses. Errors lower 

than 10% were obtained, a satisfactory result according to the authors and within the uncertainties of experimental 

tests. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3. Effect of protection on fire behavior 

 

Protective materials can be utilized in structural steel elements to limit the structure loss of resistance and stiffness. 

Their principle is to delay the increase in steel temperatures, prevent the structure from collapsing, and also have 

an impact on its failure mode. 

 

To assess the effect of protection on the structural integrity, Roy et. al [19], in their experimental test, previously 

mentioned in Section 2.2.2, used 15mm Gypsum panels on the south wall of the compartment (Figure 16a). The 

post-test condition for both protected and unprotected walls can be seen in Figure 21. 

 

 

 

 

 

 Numerical Experimental Difference 

Static analysis 

Failure Time (s) 30.80 30.60 0.7% 

Failure Temperature (ºC) 635 654 -2.9% 

Failure Load (kN) 102 100 2% 

Steady-state analysis 

Failure Time (s) 16.50 17.7 -6.8% 

Failure Temperature (ºC) 640 706 9.3% 

(a) 
(b) 

Figure 20 Vertical displacement predicted and measured (a) Static analysis (b) Transient analysis [19] 

Table 5 Time, temperature and failure load comparison for static and steady-state analysis 

regarding experimental and numerical analysis [19] 
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As concluded by the author, the protection delayed the measured temperature by 45% and collapse time by 46%. 

And, in the protected wall, the elements remained vertical. Therefore, adding protection to even just one wall allowed 

the structure to collapse inwards. In its absence, [19] states that the collapse would occur in an unsafe mode to the 

exterior of the building. 

 

 

3. FINAL CONSIDERATIONS 

 

A literature review on the fire behavior of industrial steel buildings was conducted. Among the most relevant aspects 

dealt with, the failure mode of the structure stands out, which, prescribed in countries like France, states that the 

collapse must occur towards the interior to protect people around and the fire crew working to put out the flames. 

As a relevant contribution, the study by O'Meagher et al. [15], through a series of numerical analyses, studied the 

formation of plastic hinges in the structure. The results helped to understand their prevailing position, linked to a 

safe failure mode. Therefore, as reviewed, the protection can be used as a mechanism not only to delay the 

structural heating and resistance loss but also to guarantee an inward collapse. That statement was verified by 

studies in both rolled and cold-formed steel. That is a pertinent design aspect and is required by several countries. 

In Brazil, however, a regulation in this field is still lacking, and the study of failure modes and structural collapse is 

relevant to support a future standard. 
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ABSTRACT 

Facades are essential components of buildings that contribute to their aesthetic and functional appearance, but 

they can also play a significant role in spreading fires, as evidenced by the Grenfell Tower tragedy. To enhance 

building fire resilience, predicting fire behaviour on facade cladding systems is a critical role. Several studies have 

used computational fluid dynamics software to investigate the effects of fires on external cladding systems, with a 

focus on tall and very tall buildings for offices or housing. However, few studies have explored the impacts of forest 

fires in industrial buildings, which can have direct consequences for industrial activity and result in direct and indirect 

economic losses. The 2017 Great Forest Fires in Portugal caused extensive damage and revenue losses for over 

500 companies. In some industrial sites affected by these fire, sandwich panels with polyurethane (PUR), 

polyisocyanurate (PIR), and mineral wool cores were used to rebuild the building’s external cladding after that. 

Experimental tests in InduForestFire project were conducted to compare the performance of these sandwich panels 

in two fire exposure scenarios and fire tests were based on BS-8414-2 test procedure. The results and discussion 

highlight the importance of fire risk assessment of external cladding systems in industrial sites. 

 

Keywords: wildland industrial interface, facade, industrial building, fire reaction, fire spread 

 

 

1. INTRODUCTION 

Facades are essential parts of the buildings and contribute to their general aesthetic and functional appearance. 

From a fire safety perspective, they can contribute to fires of significant impact. Between 2007 and 2011, about 423 

fires attacked industrial building’ external walls in US, with economic losses of 19.4 million dollars. Unfortunately, 

the Grenfell Tower [1], a renewed building in UK, is an example of a recent tragedy. In 2017, the Grenfell building 

facade cladding system significantly contributed to the fire spread and their development, causing 72 deaths [1]. 

Therefore, predicting the fire behaviour of facade cladding systems is fundamental to improve buildings’ fire risk 

resilience. Several numerical-experimental works have used computational fluid dynamics software to study fire 

dynamics and their effects on external cladding systems [2,3,4,5,6]. However, the parameters for evaluating the fire 

behaviour of facades are not equivalent between methods, and the test results are not comparable, limiting their 

application and extension [7]. Additionally, research to assess different facade cladding systems’ fire behaviour has 

increased to harmonise their evaluation through standardised test methods.  

 

Notably, studying fire behaviour on the facades of tall and very tall buildings, whether for offices or housing, is 

crucial. Forest fires in industrial building interface areas have also revealed severe consequences, emphasising the 

importance of acceptable facade behaviour towards the fire to reduce the onset of fire in the building system and 

avoid fire spread. The external cladding of industrial buildings can also be affected by fires with other exposure 

conditions, such as a fire adjacent to the facade. The 2017 Great Forest Fires in Portugal affected wildland industrial 

interface areas, with more than 500 affected companies and estimated damage and loss of revenue value of 275 
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M€ [8]. These affected industrial zones were assessed in 2020 and sandwich panels with polyurethane, 

polyisocyanurate and mineral wool cores were some of the materials used to rebuild the building’s external cladding 

[9]. Few studies report damages in industrial buildings affected by external fires [9,10]. However, some fires have 

revealed severe consequences to industrial facilities, such as direct and indirect economic losses and a significant 

impact on manufacturing activity. 

 

After the Greatest Forest Fires of 2017 in Portugal, 77.1 % of the outdoor stored raw materials and finished products 

burned in all industrial sites. These are usually flammable and are held next to the facades [9]. Nearly 80.6 % of 

these materials were ignited by embers or direct contact with flames from the forest fires, contributing negatively to 

the extent of the fire damage to the facades and roofing [9]. The building envelope structures are the first parts 

affected by external fires (See Figures 1a and 1b).  

 

  
 

a b 

Fig.1 – Damages in external cladding in industrial buildings affected by 2017’ Greatest 

Forest Fires  

 

A preventative fire safety approach requires an exact knowledge of fire spread on external walls, and different 

studies have been carried out in the last three decades on this topic [11]. The fire outside a building and immediately 

next to the external wall cladding can severely impact the façade and depends almost entirely on the quantity of 

fire load present. In these cases, oxygen from the air is, in excess, sufficiently supplied for the combustion process.  

 

In MFPA [11], Leipzig’s studies on different fire sources were determined the Heat Release Rate (HRR) values. 

These were from 0.4 MW to 2.3 MW (maximum) and were from 0.3 MW to 2.0 MW (average); duration of fire 

between 25 and 45 min, whereby the time of the exposure to a fully developed fire were between 10 and 25 minutes, 

and the maximum height of flames were from 2.1 m to 3.8 m. Regarding the flame heights on these fires, the 

external wall cladding systems, even made from non-combustible materials, cannot prevent the fire from entering 

the building if these openings are exposed to the fire for 10 to 20 minutes. Moreover, the probability of a fire entering 

the building increases significantly if the external wall cladding contains flammable material, and the first floor is 

often affected, too [11]. In this context, the facades’ behaviour towards the fire must be adequate to minimise, as 

much as possible, the primary fire foci, reducing their fire spread probability and avoiding horizontal 

compartmentation breakage. 

 

Aiming to understand the fire development in external cladding walls in industrial buildings, the experimental tests 

were conducted in real-scale and outdoor conditions in two different fire exposure scenarios. In scenario A, the fire 

load was placed inside the building. In scenario B, the fire load was outside and near the facade wall, an equivalent 

scenario observed in Portugal’s industrial buildings affected by external fires. Scenario B was proposed considering 

Kotthoff and Riemesch-Speerb’s [11] research findings about the fire load position outside the building and their 

relationship with the building’ damages by an external fire attack.  

 

This article compares the results of experimental tests with sandwich panels used as external cladding facade 

systems in industrial facilities. These tests were based on the BS-8414-2 [12] standard, and the references for 

exposed and internal temperatures were based on BRE 135 [13] Annex B. The observations in the external cladding 

system’ behavior during the tests, including continuous flaming and burning through the wall joints were reported. 

Furthermore, the numerical model for one sandwich panel type and their deviation between the experimental results 

for both fire exposure scenarios are discussed in this work. 
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2. MATERIALS AND METHODS 

2.1 Experimental System 

 

2.1.1 Test Apparatus 

 

The test apparatus comprises a structure assembled with steel profiles and a combustion chamber based on BS 

8414-2:2015 Annex B [12]. This apparatus was mounted to conduct the tests outdoors in Vila Nova de Poiares, 

Portugal. Each specimen, i.e. the facade wall system, was installed on this test frame, composed of two vertical 

faces (main and wing walls), perpendicular to each other, simulating a building corner. Figures 4.a and 4.b present 

the test specimen dimensions on the test frame, including the thermocouples positions on the fire-exposed side at 

levels 1 and 2, based on BS-8414-2 [12]. The constructive details of test frame with the combustion chamber and 

the entire test apparatus are presented in Figures 4.c and 4.d, respectively. 

 

    

a b c d 

Fig.4 – Experimental system: a. Specimen dimensions; b. Instrumentation position;  

c. Corner perspective; d. Test apparatus;   

 

2.1.2 Fire Exposure Scenarios and Fire Load 

 

The fire scenarios on these experimental tests were: 

 

a) Scenario A: internal fire in the building – is considered to be fully developed (post-flashover) in a room, in which 

the flames escape through a room venting and promote the projection of flames on parts of the façade, 

exposing the façade wall cladding system to the effects of the fire. Figure 3.b shows the wood crib centred to 

the combustion chamber and 100 mm away from the floor. These are the conditions established in BS-8414-2 

[12]; 

 

b) Scenario B: fire external to the building – the proposed scenario simulates an external fire, with its development 

outdoors, without openings in the wall, reproducing the typical situation of materials (or equipment) stored 

outside the building and immediately next to the external cladding wall. Some examples of these fire situations 

in industrial facilities are a fire in a garbage container, a fire in a vehicle, and a fire in stored combustible 

material. In this scenario, the main wall does not have the combustion chamber opening, and the wood crib is 

positioned close to the facade walls, 100 mm away from the main wall and 500 mm from the side wall (Fig. 

3.c). This fire scenario could also happen in other kinds of occupancies. 

 

Each wood crib was mounted with 250 softwood sticks of Pinus Pinaster (wood pine), an available wood species in 

Portugal with similar heat of combustion of Pinus Silvestris. The wood sticks have a square section of side (50 ± 2) 

mm and lengths of (1500 ± 5) mm and (1000 ± 5) mm, 100 and 150 units of each length, respectively. The wood 

crib was assembled in alternate layers of long and short sticks, as presented in Figure 4.a. Before starting each 

test, the wood crib was weighed with an industrial crane scale model Kern HTS 600K200IP. The average wood 

moisture was determined with the ten softwood sticks randomly measured with a Hydromette HT 65 wood moisture 

meter, according the following sampling and test frequencies criteria in EN 13183-2 [14].  

 

The wood density in each wood crib was within BS-8414-2 [12] range values (400 to 600 kg/m3). The moisture 

content measured at the test moment was a mean value of 12.5 % in all tests. To ignite the heat source, 16 low-

density fibreboard strips, with nominal dimensions of (25 x 12 x 1000) mm, soaked in white spirit for 5 minutes 

before being inserted into the gaps between the wood sticks of the second layer, were used in each test. According 
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to BS-8414 [12], this heat source releases a total heat output of 4500 MJ over 30 min, reaching a peak heat release 

rate of (3 ± 0.5) MW.  

   

a. b. c. 

Figure 3 –Fire load and fire exposure scenarios: a. wood crib; b. Scenario A; c. 

Scenario B 

 

2.1.3 Instrumentation 

 

The temperature profiles on the exposed side were measured with Class 1 K-type probe thermocouples 

(Chromel/Alumel alloy) according to EN 60584-1 [15], with the hot joints positioned 50 mm from the external face 

of the test specimen, distributed as presented in Figure 2.b. Sixteen exposed thermocouples were installed, eight 

per level, with a vertical distance of 4500 mm and 7000 mm, respectively. In addition, eight internal K-type probe 

thermocouples, the same model as the external, were installed on Level 2 with their hot joints at the midpoint of the 

insulation core (away 50 mm from the exposed side), spaced 10 mm from the external thermocouples horizontally. 

Table 1 presents the thermocouple positioning details used in the experimental tests. The data acquisition system 

was set to record the temperature values every 5 s. The temperature test range for thermocouples is from -40º C 

to 1000ºC. 

Table 1 – Instrumentation identification and position in the experimental tests 

TC ID Level Height (mm) Position Wall 

T1 to T5 Level 1 4500 Exposed Main 

T6 to T8 Level 1 4500 Exposed Wing 

T9 to T13 Level 2 7000 Exposed Main 

T14 to T16 Level 2 7000 Exposed Wing 

T9_I to T13_I Level 2 7000 Internal Main 

T14_I to T16_I Level 2 7000 Internal Wing 

 

2.2 Test Specimens and Test Program  

 

In Portugal, industrial buildings usually have a structure with steel elements covered by simple profiled steel sheets. 

However, sandwich-type panels with different thermal insulation materials are used as cladding when the building 

has thermal and acoustic comfort requirements. The external façade cladding can also be assembled on-site made 

of profiled steel sheets and insulation material. These types of external cladding are usually attached to a horizontal 

substructure composed of omega-type profiles, which are fixed to the main structure of the building. 

 

The test specimens were made of sandwich panels with metallic sheets of cold-profiled S220GD structural hot-

galvanised steel sheet according to EN 10346 and EN 10169, with 0.5 mm thickness. The vertical joints of all 

sandwich panels have the same design, and they have a double tongue and groove, but have different materials to 

cover the exposed insulation core, with exception of mineral wool panels. In Polyisocyanurate panels, this covering 

was made of flexible polyethylene tape that also acts as water tightness barrier in the joint.  

 

All sandwich panels tested have a total thickness of 100 mm, 1150 mm width, and height of 9300 mm. Despite of 

this height based on BS 8414-2 test rig, this height corresponds to the height usually seen in industrial buildings in 

Portugal. Each tested sandwich panel’s insulation core material properties were collected in the manufacturer’s 

datasheet and described in Table 2. 
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Table 2 – Insulation core material properties of sandwich panels  

Sandwich panel 

insulation core 

material 

Weight 

(kg.m-2) 

Thermal 

Conductibility  

(W.m-1.K-1) 

Insulated 

core 

density  

(kg.m-3) 

Thermal 

Transmitance 

(W.m-2.K-1) 

Thermal 

Resistance 

(m2.K.W-1) 

Mineral Wool 19.60 0.0420 100 0.33 3.03 

Polyisocyanurate 12.53 0.0217 38 to 45 0.22 4.56 

Polyurethane 12.53 0.0230 40 0.23 4.35 
 † NPD - No Performance Declared 

 

Table 3 summarises the test program comprising six real-scale experimental tests, three conducted in fire exposure 

scenario A and another three in scenario B. 

 

Table 3 – Experimental test program 

Test ID Test Specimen Description Fire Scenario 

E1-MW-A Sandwich Panel with Mineral Wool insulation core  A 

E2-MW-B Sandwich Panel with Mineral Wool insulation core  B 

E3-PIR-A Sandwich Panel with Polyisocyanurate insulation core  A 

E4-PIR-B Sandwich Panel with Polyisocyanurate insulation core B 

E5-PUR-A Sandwich Panel with Polyurethane insulation core  A 

E6-PUR-B Sandwich Panel with Polyurethane insulation core  B 

 

2.3 Test Procedures 

 

The experimental tests were carried out based on procedures prescribed in the BS-8414-2 [12] and the reference 

temperature parameters for levels 1 and 2 were based on Annex B of BRE 135 [13]. The measured temperatures 

in level 1 were used to determine Start Temperature (Ts) and Start Time (ts). Ts is the level 1 thermocouples’ average 

temperature 600 s (5 min) before ignition, and ts is when the temperature by any external thermocouple equals or 

exceeds 200 °C above Ts and remains above for, at least, 30 s. Each experimental test duration was 3600 s (60 

min). The fire load was ignited at t=0 s and extinguished after 1800 s (30 min), according to the BS-8414-2 [12]. 

The measured level 2’ temperatures, in each tested specimen, were compared with the following: 

 

• External Fire Spread (temperature): when the temperature rises 600 °C above Ts for any external 

thermocouples at level 2 for a period of at least 30 s, within 15 min of the start time, ts. 

• Internal Fire Spread (temperature): when the temperature rises 600 °C above Ts for any internal 

thermocouples at level 2 for a period of at least 30 s within 15 min of the start time, ts. 

Observations were recorded during and after the fire exposure period, when one or more of them occurred, 

according the following situations: 

 

• Internal Fire Spread (Burn-through): when continuous flaming with duration over  

60 s on the internal surface of the test specimen at or above a height of 0.5 m above the combustion 

chamber opening occurs, within 15 min of the start time, ts. 

• Fire spread above test specimen: when the fire propagation above the edges of the specimen occurs 

anytime during the test, for a period of at least 60 s, after the fire source ignition. 

• Ongoing system combustion: if this event occurs after extinguishing the fire source (after the first 30 

min of the test) and/or during the test period.   

• Detachment of system parts: If occurs any system collapse, spalling, delamination or flaming debris 

during the total test period (3600 s).  

3. RESULTS AND DISCUSSION 

3.1 Experimental Analysis 

 

3.1.1 Environmental Conditions 

 

During the experimental tests, the Kestrel 5500 weather meter was used to measure environmental conditions, 

including ambient temperature, relative air humidity, wind speed, and wind direction. The weather meter was 

installed at the height of 1.2 m from the floor, 10 m away from the main wing of the system apparatus, and aligned 

with the wing wall to minimise the influence of the experiments and obtain accurate outdoor weather data. 
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Throughout all tests, the measured temperature and humidity values were within the range specified in BS-8414-2 

[12]. Table 4 summarises the environmental conditions. The tests were conducted without any fog or precipitation. 

 

Table 4 – Environmental Conditions during experimental tests 

Test 

ID 

Ambient 

Temperature 

(ºC) 

Relativity Air 

Humidity (%) 

Wind Speed and Direction 

Start End 

Start End Start End 
Speed 

(m/s) 
Direction 

Speed 

(m/s) 
Direction 

E1-MW-A 21.3 22.8 47.0 44.0 1.2 133º SE 0.8 136º SE 

E2-MW-B 27.6 28.6 57.1 52.2 1.3 236º SW 1.3 214º SW 

E3-PIR-A 26.0 30.0 40.5 36.2 1.1 333º NW 1.3 33º NE 

E4-PIR-B 18.7 21.3 83.4 71.9 1.3 36º NNE 0.7 32º NNE 

E5-PUR-A 22.0 23.5 67.1 55.7 0.3 186º SSW 1.4 236ºSW 

E6-PUR-B 14.1 15.7 84.2 73.1 0.5 25º NNE 1.6 17º NNE 

 

3.1.2 Temperature Profiles and Test Observations 

 

This section presents the average temperature profiles recorded over time in all experimental tests, in front of the 

facade walls and inside the insulated core. Table 5 presents the Start Temperature (Ts), Start Time (ts) and the 

reference values for external and internal fire spread verification in each experimental test, according procedures 

described in 2.1.4. The observations were collected with recorded videos using audiovisual resources (digital HD 

video camera recorder) and a thermal detector camera. These observations combined with temperature 

measurements taken from external and internal thermocouples to characterise the event when applicable. In 

addition, the situations described in section 2.4 and any other that could be relevant (e.g. flaming inside the joints, 

wood crib disassembling, etc.) were reported when they occurred in each experimental test. In some tests is 

indicated the thermocouple ID to clarify the temperature measurement and the event during test (i.e. flaming or fire 

spread above specimen’s top boundary). 

 

Table 5 –Start Temperature (Ts), Start Time (ts) and external/internal fire spread reference values 

Test 

ID 

Start 

Temperature 

Ts 

(ºC) 

Start Time ts External/internal fire spread 

reference values 

Started 

at  

(s) 

TC 

ID 

Ending at 

(900 s + ts) 

(s) 

Temperature 

(600 ºC + Ts) 

(ºC) 

E1-MW-A 26.5 125 T3 1025 626.5 

E2-MW-B 29.0 145 T5 1045 629.0 

E3-PIR-A 28.9 130 T3 1030 628.9 

E4-PIR-B 20.3 275 T3 1175 620.3 

E5-PUR-A 20.2 145 T3 1045 620.2 

E6-PUR-B 14.8 255 T3 1025 626.5 

 

3.1.2.1 Tests E1-MW-A and E2-MW-B 

 

In both tests, level 2 external and internal thermocouples measured values that do not exceed the reference 

temperature value (Ts + 600 ºC) from Start Time (ts) to the next following ts=900 s.  

In the E2-MW-B test, the average temperature at level 2 in exposed thermocouples rose and decreased earlier than 

the E1-MW-A. These reached a higher value in the first 600 s (10 min) after Start Time (ts) and almost 180 ºC above 

the E1-MW-A average temperature for the same level.  

In the E2-MW-B test, the average temperature of internal thermocouples rose earlier than the E1-MW-A test and 

stayed slightly higher for the same test period after the fire source extinguishment. Figure 7 presents level 2 average 

temperatures in exposed and internal thermocouples from Start Time (ts) until 3000 s.  

 

During the E1-MW-A and E2-MW-B experimental tests, from the start time to the next 15 min, they were not 

observed continuous flaming in any parts of the specimen and the fire did not spread above the top boundary of 

the specimen. Regarding the detachment of system parts after extinguishing the heat source, there was no system 

collapse, spalling, delamination or flaming debris on the floor around the test area in both tested specimens. In the 

E2-MW-B test, the wood crib was disassembled at 1455 s; in the E1-MW-A test, this occurred at 1332 s.  
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3.1.2.2 Tests E3-PIR-A and E4-PIR-B 

 

In the E3-PIR-A test, level 2 external and internal thermocouples measured values that do not exceed the reference 

temperature value (Ts + 600 ºC) from Start Time (ts) to the next following ts=900 s.  

Continuous flaming at vertical joints was observed in this test, starting at 480 s on the main wall (centred with the 

combustion chamber) and 584 s on the adjacent wall (joint nearest to the corner of the test specimen). Smoke 

production was observed at the vertical panel joint centred with the wood crib at 1030 s (17 min 10 s) without 

continuous flaming.  

During the E4-PIR-B test, continuous flaming started at 480 s on the main wall and 540 s on the adjacent wall (Fig. 

18.a). The temperature in the exposed T9 thermocouple exceeds 620.3 ºC at 690 s (11 min 30 s) and reaches the 

peak value of 955.1 ºC at 805 s (13 min 25 s). The temperatures in exposed T14 increased in the same way of T9 

thermocouple over time and reached the peak of 914 ºC at 805 s (13 min 25 s).  

 

   

a. b. c. 

Figure 8 – E4-PIR-B observations 

These two exposed thermocouples were positioned near the corner of the test specimen. Level 2 internal 

thermocouples, in both tests, do not exceed the reference temperature (Ts+600 ºC). After 831 s, the fire spread 

above the top boundary E4-PIR-B specimen Fig. 8.b) for more than 60 s. At 1515 s (25 min 15 s) the fire penetrated 

through the panel joint with visible smoke and flames on the unexposed side, and the T9_I temperature was 208 

ºC inside the insulation core. Damages on the unexposed side of the E4-PIR-B specimen caused by the flames are 

presented in Fig. 8.c). Flaming was observed in the panel joints at the corner of the test specimen. In this case, the 

fire did not penetrate the unexposed side of the side wall. However, smoke production from the insulated core 

remains after fire load extinguishing, nearest the test specimen corner.  

 

Regarding the detachment of system parts after extinguishing the heat source, there was no system collapse, 

spalling, delamination or flaming debris on the floor around the test area, in both tested specimens. It was observed 

in the E4-PIR-B test that the average temperature at level 2 in exposed thermocouples rose and decreased earlier 

than in the E3-PIR-A test. Still, it reached a higher value in the first 600 s (10 min), almost 250 ºC above the E3-

PIR-A average level 2 temperature and still higher until 1200 s, after Start Time (ts). In the E4-PIR-B test, the 

average temperature of internal thermocouples after 600 s (10 min) increased earlier than the E3-PIR-A test and 

  

a. b. 

Figure 7 – Average Temperatures at level 2: a. Exposed; b. Internal 
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stay higher for the same test period after the fire source extinguishing. Figure 9 presents level 2 average 

temperatures in exposed and internal thermocouples from Start Time (ts) until 3000 s.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.2.3 Tests E5-PUR-A and E6-PUR-B 

 

In the E5-PUR-A test, the temperature at 435 s (7 min 15 s) in T10 and T11 exceeds 620.2 ºC. In the E5-PUR-A 

test, continuous flaming started at 338 s in the vertical joints of the main wall (Fig. 10.a) and 413 s in the vertical 

joint of the adjacent wall (Fig. 10.b). After that, the flame spread above the test specimen’s top boundary occurred 

at 592 s meeting the early test termination criteria (Fig. 10.c).  

 

For this reason, the fire source was extinguished at 622 s (10 min 22 s). Flaming at vertical joints was observed in 

the E6-PUR-B test too, starting at 440 s on the main wall and at 520 s at the corner of the test specimen (Fig. 10.d). 

The temperatures in exposed thermocouples T9, T11, and T14 exceeded 614.8 ºC at 620 s (10 min 20 s), and at 

640 s, the flame spread above the test specimen top boundary, met the early test termination criteria (Fig. 10.e). 

 

In the same way that the E5-PUR-A test, the test was interrupted and the fire source was extinguished at 652 s (10 

min 32 s). After extinguishing the fire source, in E5-PUR-A and E6-PUR-B tests, smoke production and persistent 

flaming at panel joints were observed in the vertical joints of the main and wing walls. The water was used to 

extinguish the flames on tested specimens for safety reasons. 

     

a. b. c. d. e. 

Figure 10 – E5-PUR-A and E6-PUR-B test observations 

 

It was observed in the E6-PUR-B test that the average temperature at level 2 in exposed thermocouples reached 

a higher value the first 500 s (8 min 20 s), 125 ºC above the E7-PUR-B average level 2 temperature, from Start 

Time (ts). In the E6-PUR-B test, the average temperature of internal thermocouples rose earlier than the  

E5-PUR-A test, 360 s from Start Time (ts), but not exceeding 40 ºC. After 360 s from the Start Time (ts), the E5-

PUR-A average temperatures of internal thermocouples reached the peak value (50 ºC). Figure 11 presents level 

2 average temperatures in exposed and internal thermocouples from Start Time (ts) until 3000 s.  

  

a. b. 

Figure 9 – Average Temperatures at level 2: a. Exposed; b. Internal 
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3.1.3 Final Considerations 

 

After evaluating temperature profiles and observations in video data recordings in each experimental test, Table 7 

summarises the results according to the parameters and conditions described in section 2.4. It was observed that 

the temperature profiles during the 900 s after ts are different between fire exposure scenarios. The level 2 average 

temperature values were higher in scenario B. They increased earlier than scenario A tests, compared to the first 

600 s (10 min) after Start Time (ts). The exposed thermocouple that influenced ts determination in all tests was those 

vertically aligned with the combustion chamber centre (in case, T3), except E2-MW-B, which was positioned far 

from the corner of the main wall (T5).  

 

 Table 7 - Experimental tests summary 

Note 1: E5-PUR-A and E6-PUR-B tests met the early termination condition. 

Note 2: If the time event is appointed, the value is from the ignition of fire load (t=0). 

Note 3: After fire extinguishment. 

 

3.2 Numerical Analysis  

 

3.2.1 Numerical Model 

 

The numerical analysis was carried out for the sandwich panel with mineral wool core to verify the average 

temperature profiles on the facade walls in both scenarios. The Fire Dynamics Simulator [16] software, version 

6.7.9, was used to conduct the simulations. The temperatures on the facade’s surface were obtained from devices 

configured in the numerical models considering the shape and dimensions of the specimens presented in the 

experimental setup, according to the 2.1.1 section. The sandwich panels were simplified as a homogeneous plate 

with thermal properties in Table 2 for both models.  

 

The heat release rate in the numerical model was adjusted using the HRR evolution curve presented by Anderson 

et al.[4]. The dimensions of the computational calculation grid are 16,000 mm × 20,000 mm × 12,000 mm, sufficient 

for the test system and the development of the hot gas plume resulting from combustion, with open boundaries for 

pressure on the sides and top of the computational domain. Each cell in this mesh has dimensions of 125 mm × 

125 mm × 125 mm in the fire development area (wood crib and external face of the facade wall) and 250 mm × 250 

mm × 250 mm for the rest of the numerical model, resulting in 326,400 cells. These conditions are equivalent to the 

ones used in Dréan et al. [6,7] numerical models. The mesh resolution for practical cost-time simulations with 

  

a. b. 

Figure 11 – Average Temperatures at level 2: a. Exposed ; b. Internal 

Test ID External Fire 
Propagation 

(temperature) 

Internal Fire 
Propagation 

(temperature) 

Internal Fire 
Propagation 

(Burn-through) 

Fire Spread 
above test 
specimen 

Ongoing  
system  

combustion 

E1-MW-A Not Occurred Not Occurred Not Occurred Not Occurred Not Occurred 

E2-MW-B Not Occurred Not Occurred Not Occurred Not Occurred Not Occurred 

E3-PIR-A Not Occurred Not Occurred Not Occurred Not Occurred Yes (Note 3) 

E4-PIR-B At 690 s Not Occurred At 825 s At 830s Yes (Note 3) 

E5-PUR-A At 405 s See Note 1 See Note 1 At 550 s See Note 1 

E6-PUR-B At 620 s See Note 1 See Note 1 At 630 s See Note 1 
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plumes of hot gases was assessed with the dimensionless ratio D*/Δx criteria proposed in the Technical Reference 

Guide [17] and was compared with FDS Validation Guide [18] values for similar models.   

 

For the maximum energy released during the test (Q = 3 ± 0.5 MW), the smallest size for the Δx to obtain reliable 

radiative heat flux results should be near to 150 mm. Thus, the mesh size of 125 mm is adequate to accurately 

capture the phenomena of combustion and turbulent flow from ignition until the fire is fully developed in simulation. 

The environmental parameters for numerical modelling were established with atmospheric pressure patm = 1.013 

atm, relative humidity of 40% and wind speed of 0.5 m/s. The ambient temperature was set with 20 ºC, the same 

value defined for Start Time (Ts). The fire load was ignited at t = 0 s in the simulations. 

 

3.2.2. Comparison between numerical and experimental results 

 

In the numerical modelling, the temperature values from 50 mm from the facade surface were recorded every 5 s. 

As presented in section 2.3, the level 1 thermocouples were used to determine the Start Time (ts) and level 2 

thermocouples were used to verify the external fire spread parameter. The average temperatures recorded in the 

experimental tests (red lines) and numerical models (blue lines) at levels 1 and 2 are presented in Figures 12 and 

13. 

 

3.2.2.1 Average temperature profiles – E1-MW-A 

 

The values between the numerical model and the experimental test in the levels 1 and 2 average temperature 

profiles had a different pattern from 150 s to the next 900 s. Until 150 s, the temperatures in level 1 are practically 

equivalent, but after that, the experimental values increase and stay higher, at least at 100 ºC. The Start Time (Ts) 

occurred at 120 s in the numerical model and the experimental test. This occurs in experimental test because 

ambient temperature are higher than numerical model (6 ºC) and wind conditions are slightly different than 

numerical model for this period. The fire load that was setted up in numerical model could be less severe and less 

energy were release than the real fire load used in experimental test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The temperatures at level 2 in the numerical model were between 120 s and 1020 s and not higher than 620 ºC (Ts 

+ 600 ºC). The maximum and average values were 400 ºC and 250 ºC, respectively. In the experimental test, the 

temperatures at level 2 were not higher than 626.5 ºC (Ts + 600 ºC), and their maximum and average values were 

500 ºC and 350 ºC, respectively. At 1020 s, the fire load reaches an HRR of 2.6 MW in FDS simulation, and these 

values are within the range BS-8414-2 [12] reference values for fire development during the tests. 

 

3.2.2.2 Average temperature profiles – E2-MW-B  

 

The values between the numerical model and the experimental test in the levels 1 and 2 average temperature 

profiles differed from 0 s to the next 750 s. Since the ignition of the fire load, the temperatures in level 1 are higher 

in the experimental test and kept above the numerical ones until 800 s. As a result, the numerical model’s Start 

Time (Ts) occurred at 155 s and the experimental test at 145 s.  

The temperatures at level 2 in the numerical model between 120 s and 1020 s were not higher than 620 ºC (Ts + 

600 ºC), and the maximum and average values were 450 ºC and 200 ºC, respectively. Therefore, at 1055 s, the 

HRR obtained in FDS [16] simulation was 3.1 MW and is within the reference values proposed in BS-8414-2 [13]. 

In the experimental test, the temperatures at level 2 were not higher than 626.5 ºC (Ts + 600 ºC), but the maximum 

and average values were 500 ºC and 400ºC, respectively, from 150 s to 800 s. After this moment, due to the loss 

of mass and consequent collapse of the burning wood crib during the test, the average temperature decreased to 

200 ºC.  

  

a. b. 

Figure 12 – Average Temperatures at levels 1 and 2 in E1-MW-A test 
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4. CONCLUSIONS 

This research presents fire testing results in three external cladding systems typically applied in industrial buildings 

in Portugal and compared two possible fire scenarios with the same cladding assembly using a technical basis of 

a recognised large-scale fire test method [12]. It was observed in this work that the fire development and their 

effects in tested specimens in scenario A were not the same when comparing scenario B, a real possibility and 

representative external fire source verified and initially discussed. Scenario A reproduces a frequent condition used 

in residential and commercial buildings and is the primary fire exposure scenario in the full-scale fire tests [12], also 

considered in industrial sites. Otherwise, scenario B reproduces a common situation in day-by-day industrial sites 

in Portugal, which is a realistic approach for this occupation. Therefore, in BS-8414-2 [12] there is no 

recommendation to adopt an external fire load adjacent and close to the specimen in the test setup rig to conduct 

the tests.  

According to the test summary (Table 7), half of tested specimens met the external fire propagation condition, and 

67 % of that was in scenario B. The burn-through occurred in 16.7 % of specimens when the fire penetrated the 

unexposed side of the wall. The fire spread above the top boundary of specimens occurred in 50% of tests, and 

67% of that was in PUR sandwich panels. In the E3-PIR-A and E4-PIR-B tests, the insulation tape added to the 

edges of the panel and joint promotes ignition and vertical fire propagation through the joint. This situation influenced 

insulation core material ignition, and fire spread inside from the joint to the panel core. The Kothoff experiment 

considerations [11] were observed in these tests, when the exposure of external cladding to a fully developed fire 

between 10 and 25 minutes, the fire entering in external wall cladding. 

On the other hand, E2-MW-B and E1-MW-A test specimens with a rock wool core did not have insulation tape at 

the vertical joints, a non-combustible barrier between panels, and their behaviour against the buoyancy flames from 

the fire load are better than the other insulated cores. Visible flaming in scenario B occurred between 165 to 205 s 

after ts, while in scenario A it only occurred between 185 to 445 s after ts, in PIR and PUR cores. From 600 s (10 

min) to 1200 s (20 min) of fire exposure in scenario B tests (E4-PIR-B and E6-PUR-B) a vertical fire spread on the 

facade occurred with flame heights higher than 9.3 m, and the fire spreads beyond the top boundary of the tested 

specimens.  

A slight deviation in the Start Time (ts) between the numerical model and the experimental test in E2-MW-B. This 

was expected because the heat release rate curve (HRR) considers fire development inside the combustion 

chamber. This HRR curve was used for both numerical models (E1-MW-A and E2-MW-B) and used the same in 

previous FDS simulation studies [5]. With the wood crib in E2-MW-B outside and adjacent to the wall, the fire 

develops with an oxygen-rich air supply. Otherwise, in E1-MW-A, the fire development was governed by the 

combustion chamber opening, a ventilation-controlled fire. The environment variables (wind speed and ambient 

temperature) were used in simulations presented here to give an initial data set to compare temperature profiles 

between the numerical model and experimental test. In future work, a full calibration of the influence of 

environmental variables in heat release rate and, as a consequence, in temperature profiles, will be discussed 

further. 

Given the results presented here in the experimental tests, an external fire scenario (scenario B) could be more 

severe than an internal fire scenario (scenario A) and affect the building envelope with higher temperatures in a 

shorter period. The facades’ behaviour towards the fire must be adequate to minimise, as much as possible, the 

primary fire foci, reducing their fire spread probability and avoiding horizontal compartmentation breakage. For this 

reason, storage of combustible raw materials outdoors and close to the facades must be avoided in industrial sites 

and their risk assessment should be part of the fire safety project.  

  

a. b. 

Figure 13 – Average Temperatures at levels 1 and 2 in E2-MW-B test 
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A standard adoption for fire testing of external cladding systems by a public regulation must be carefully studied. If 

a country intends to define its regulations, the external cladding systems evaluation requirements, severity level 

and performance acceptance criteria must be defined. Furthermore, this must be done according to the fire safety 

regulations approach and the objectives that need to be achieved systemically (e.g. the occupant egress time 

versus external cladding performance).       
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ABSTRACT 

 

The paper deals with the experimental testing of load-bearing sandwich structures in terms of fire resistance. For 

the experimental study, we created six variants of constructions in which we changed not only the thickness of the 

mineral wool but also the material composition of the construction itself. The monitored component during testing 

was mineral wool and the effect of the change in thickness on the resulting fire resistance. Among the composition 

of the tested load-bearing sandwich constructions are the listed materials. Namely plasterboard construction board, 

thermal insulation from expanded polyurethane with different surface treatment, mineral wool, new fireproof boards 

and wooden posts. To determine the behavior of the given materials during fire, we used the EN 1365-1:2013 test 

method. The temperature of the materials during the fire was monitored by inserted thermocouples. The main goal 

of our research was to find out whether the thickness of mineral wool has an effect on fire resistance and whether 

it is possible to achieve higher fire resistance by changing the thickness of mineral wool. We used several scientific 

and statistical methods to evaluate the obtained data. 
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1. INTRODUCTION  

 

Mineral wool ranks among the most frequently used materials for additional insulation of buildings. Mineral wool 

has excellent fire resistance properties, which are proof that the fire does not spread if exposed to flames. However, 

we are interested in the question of how this material behaves during fire in combination with other building 

materials. In the contribution, we are devoted to experimental studies according to EN 1363-1: 2021 and EN 1365 

– 1: 2013. In the research, we created six variants of load-bearing sandwich structures, while we changed the 

thickness of the mineral wool from 80 mm to 40 mm. We did not use mineral wool in the reference sample. In 

addition to investigating the effect of the thickness of the mineral wool on the fire resistance of the structure, we 

also monitored the behavior of the load-bearing wall structure itself when thermal insulation from expanded 

polyurethane was changed. We used two types of thermal insulation when assembling the investigated load-bearing 

sandwich structures. Namely thermal insulation from expanded polyurethane with an aluminium layer on the surface 

and thermal insulation from expanded polyurethane with mineral felt on the surface. We used wooden columns as 

a supporting element in the construction. To close the entire structure, we used a universal plasterboard fireproof 

board on the side exposed to the fire, and on the opposite side we used new types of fireproof boards. We then 

subjected the samples to a fire resistance test that lasted 125 minutes. The main goal of our research was to find 

out whether the thickness of mineral wool has an effect on fire resistance and whether it is possible to achieve 

higher fire resistance by changing the thickness of mineral wool. 

 

Sandwich panels are also investigated by the authors Haffke, et. al. [1] about their contribution, they point to the 

lack of knowledge of the fire resistance of assembled sandwich structures. The authors conducted an experimental 

investigation of the structural and thermal behavior of precast concrete sandwich panels. In which they applied 

mineral wool as thermal insulation. In total, they tested three sandwich assemblies, where they found the resulting 

fire resistance REI – 120, M. All tested structures retained their structural and fire-protective functionality due to 

increased bending stiffness and high thermal insulation ability [1]. The authors Perera, et. al. [2] are engaged in 

numerical research of constructions composed of different types of plasterboard linings and thermal insulation. In 

the post, they discuss the fire resistance of modular wall panels with thermal insulation from rockwool, glass-fibre 

and mineral-wool. The authors claim that the analysis pointed to an insignificant influence of the choice of insulation 

material between rockwool, glass-fibre and mineral-wool on structural fire resistance [2]. The authors Kontogeorgos, 

et. al. [3] are engaged in the research of sandwich constructions composed not only of conventional materials but 

also of phase-changing materials and vacuum insulating materials. In an experimental study, the authors 

assembled four different sandwich structures, which they exposed to temperatures of up to 900 °C on one side. 

While the other side was observed under ambient conditions. Different types of plasterboard, thermal insulation and 

thermal-insulating plaster alternated in the assembled constructions. In the conclusion, the authors state that the 

use of mineral wool in the construction will ensure the slowing down of the temperature increase [3]. The authors 

Freitas and Rodrigues [4] also write about the need for awareness about the materials from which buildings are 

built in their contribution. In the contribution, they analyse the fire from the point of view of the fire investigator [4]. 

 

 

2. MATERIALS AND METHOD 

 

2.1 Materials 

 

In experimental studies, we worked with several variants of load-bearing wall constructions. At the same time, we 

changed the internal composition of the walls in the examined variants. A permanent element of each variant is the 

universal plasterboard. The plasterboard used in the research is one of the universal plasterboards with a solid core 

reinforced with glass fibers. It has increased strength and surface hardness. According to the EN 13501-1 standard, 

it belongs to the reaction to fire class A2-s1, d0. The coefficient of thermal conductivity λ is 0.142 and the diffusion 

resistance factor µ is 12.7. Plasterboard has a compressive strength of 6.65 MPa [5]. The next layer in the variants 

is made of mineral wool. As part of the examined variants, we changed its thickness, which is also analysed problem 

in our paper. Mineral wool is used as heat, sound, and fire insulation. It is non-flammable, in the event of a fire, 

there is no development and spread of flame on the surface or the formation of toxic fumes. The reaction to fire 

class of mineral wool is A1. The coefficient of thermal conductivity λ is 0.035 and the diffusion resistance factor µ is 

2.15 [6]. The following are two types of thermal insulation, which abound with different properties. The common 

feature of the types of thermal insulation used is a polyurethane core. We can observe the difference in the surface 

treatment of the heat-insulating material. And in the first case, it is an aluminium finish. Such material is chemically 
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resistant to gasoline, mineral oil, microorganisms, and mold. It does not decompose. In this case, the reaction to 

fire class is C – s1, d0 and the coefficient of thermal conductivity λ is 0.025 [7]. In the second case, it is a surface 

treatment composed of mineral felt. Such material is resistant to gasoline, mineral oil, microorganisms, and mold. 

It does not decompose. In this case, the reaction to fire class is E and the coefficient of thermal conductivity λ is 

0.023 [8]. From the side exposed to the flame, the construction of the examined variants is completed by new board 

fireproof materials. These are boards that replace cement chipboards, plasterboards, OSB boards, fire protection 

boards and other boards. They abound in properties such as high strength, mechanical resistance, resistance to 

frost, mold, and pests. They are hydrophobic and belong to fire reaction class A1. The coefficient of thermal 

conductivity λ is 0.14 and the diffusion resistance factor µ is 8.8 [9]. The load-bearing capacity of the structure is 

ensured by wooden columns. It is a selected type of glued wood, which is high-performance precisely because of 

the layering and gluing of individual layers, which ensures a significantly high load-bearing capacity as well as shape 

stability and rigidity. The reaction to fire class is D – s1, d0 and the compressive strength value is 20 MPa [10]. In 

the following table 1, we can see the thickness, height and width of the materials used in the tested constructions 

S1-S6. In figure 1 we can see variants S1, S3 and S5 before the test and placement of 8 thermocouples from the 

outer side on fireproof board. 

 

Table 1: Thickness, height and width of the materials used in the tested constructions (authors) 

Material 

Marking 

Plasterboard 

SDK 

Thermal insulation 

PUR 

Wooden post 

H 

Mineral wool 

MW 

Fireproof board 

FB 

Version S1, S2      

Thickness [mm] 15 160 45 - 12 

Height [mm] 1 000 1 000 1 000 - 1000 

Width [mm] 600 545 160 - 600 

Version S3, S4      

Thickness [mm] 15 160 45 80 12 

Height [mm] 1 000 1 000 1 000 1 000 1000 

Width [mm] 600 545 160 600 600 

Version S5, S6      

Thickness [mm] 15 160 45 40 12 

Height [mm] 1 000 1 000 1 000 1 000 1000 

Width [mm] 600 545 160 600 600 

 

 

As we can see in table 1, the change between the assembled constructions occurs in the case of mineral wool 

thickness S3, S4 and in S5, S6. The location of the mineral wool is chosen from the exposed side behind the 

plasterboard. The thickness of the mineral wool changes from 80 mm (S3, S4) to 40 mm (S5, S6). As we can see, 

variant S1, S2 do not contain mineral wool in their composition, so it is a reference sample. Mineral wool was also 

used in the reference samples, but only in the side parts with a thickness of 20 mm. The variants S3, S4 and S5, 

S6 are supplemented by a change in the type of thermal insulation. In Figure 2, we can see examples of the material 

composition of the test structure S3 and its real design. Two thermocouples were placed behind each layer in the 

centre of the layer equidistant from the top and bottom edges. The specific location of the thermocouples can be 

seen in Figure 3.  

Figure 1: View of the tested specimens: variants S1, S3 and S5 in the 

test frame before test (authors) 
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The thermocouples used in the studies were placed according to the standards EN 1363 - 1: 2021 and EN 1365 – 

1: 2013. The thermocouples in the furnace space are placed so that they are not in contact with the flames from 

the burners and that a distance of at least 450 mm from the wall surface is maintained floor or ceiling of the furnace. 

One of the conditions is that one thermocouple should be placed every 1.5 m2. It is also necessary to ensure a 

permanent location of the thermocouples on the test sample, i.e., they must not fall or move during the test. In the 

case of tested walls with a variable composition, which are assumed to have different insulating capabilities, the 

increase in average temperature must be monitored separately for individual surfaces. Again, one thermocouple 

must be placed for every 1.5 m2, but at least two thermocouples for each separate area [11,12]. The location of the 

thermocouples and their setup can be seen in the Figure 3. Two thermocouples were used behind each layer. Four 

thermocouples were used only on the outside of the structure. 

 

 

2.2 Test method 

 

Each sample in size 1,000 mm height, 600 mm width and 187 mm (S1, S2) or 267 mm (S3-S6) thickness was 

placed in a frame that serves as an input structure for the test sample. The frame, by its placement in the furnace, 

ensures heating, pressure, and other conditions. Four gas burners act on the test samples, whose temperature 

increase in the furnace was calculated according to the standard temperature-time curve [11,12]. The thermal load 

acted on the test samples from the side where the universal plasterboard fireproof board was located. The 

observation was carried out during testing, following the criteria specified in the standards. At the same time, smoke 

development and thermal behavior were monitored. The internal temperature of the test samples behind the mineral 

wool was observed with two thermocouples. In the figure 4, we can see the progress of the test from the side of 

Figure 3: Placement of a thermocouple behind a layer of mineral wool (authors) 

Figure 2: Material composition of the test structure S3 and its real design (authors) 
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fire. In the left part of the figure 4 is the test sample with added mineral wool of 80 mm thickness (S3) and on the 

right side we see the reference test sample (S1). Figure 4 left side was captured at 72 minutes of testing, while on 

sample S1 we noted the formation of cracks from the inside on the plasterboard. Figure 4 right side was captured 

at 90 minutes, when the decomposition of sample S1 can be seen. In both cases, it is possible to notice that the 

test structure with added mineral wool of 80 mm thickness (S3) is not damaged by thermal stress on the surface. 

 

 

 

In Figure 5 below, we can see the outer side of the test structures, while on the left is the reference sample (S1), in 

the middle is the test sample with added mineral wool of 80 mm thickness (S3) and on the right side of the picture 

is the test sample with added mineral wool of 40 mm thickness mm (S5). As we can see, the surface temperature 

of the reference sample varied up to 150 ºC. In the case of the test construction with 80 mm thick mineral wool (S3) 

added, the surface temperature was lower. And in the case of the test structure with added mineral wool with a 

thickness of 40 mm (S5), the surface temperature ranged from low to medium high temperatures according to the 

attached scale. The temperature of the surface of the samples was measured by a thermal camera during the whole 

125 minutes of fire resistance testing. 

 

   

Figure 4: Behavior of the samples S1, S3 during the test from the exposed side, left 

side was captured at 72 minutes of testing and right side at 90 minutes of the 

testing (authors) 

Figure 5: Temperature behavior of the samples S1, S3 and S5 during the test from the non-exposed 

side (authors) 
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3. EQUATION AND SYMBOLS 

 

Figure 6 shows the development of temperatures for samples S5 and S6 using mineral wool with a thickness of 40 

mm in the construction of the load-bearing wall. Figure 6 shows the temperature values measured by thermocouples 

located between the mineral wool and the insulation material. An average temperature value was created from the 

thermocouples, which is used in Figure 6. The constructions of the load-bearing walls S5 and S6 differ in the used 

thermal-insulating material with different surface treatment. Which was located behind the mineral wool. For the 

test structure marked S6, heat-insulating material with an aluminium surface treatment and for the test structure 

marked S5, heat-insulating material with a mineral felt surface treatment. We noticed an increase in temperature in 

both cases of test constructions from 4 minutes. The temperature in the case of test sample S5 rose by almost 30 

ºC/min for 7 minutes, then the temperature rise slowed down to 2 minutes. There was a downward trend from 9 

minutes and the temperature decreased by 4 ºC in 14 minutes to 91 ºC. This phenomenon could have been caused 

by the properties of the universal fire protection board with the combination of a 40 mm mineral wool layer. Over 

the next 10 minutes, the temperature increased by almost 300 ºC to 419 ºC. During the next 78 minutes, the 

temperature continuously increased by 1 to 4 ºC/min and in the 113th minute of the test it had a value of 828 ºC. 

The temperature continued to rise for another 5 minutes to a value of 853 ºC. In the last 7 minutes of the test, a 

downward temperature trend appeared again, and it decreased to a final value of 839 ºC. The temperature recorded 

in the final minute of the test behind the previous material, i.e., the universal fireproof board, was 869 ºC. Which 

means a temperature reduction of 30 ºC behind the added mineral wool. In the case of sample S6, the temperature 

rises by 58 ºC to 100 ºC after 8 minutes. Again, from minute 9, we observe a decreasing temperature trend of 13 

ºC in 14 minutes to a value of 87 ºC. The temperature began to rise more slowly, but from the 27th minute it was 

already rising rapidly by more than 60 ºC/min. This lasted only a few minutes and from the 38th minute it rises again 

continuously by 1 to 8 ºC/min. At the test time of 113 minutes, the sample had a temperature of 816 ºC. Compared 

to the previous sample, it is a temperature decrease of 10 ºC. Subsequently, a downward trend occurred again after 

118 minutes to a value of 807 ºC. In the last 7 minutes, the temperature of the test sample started to rise again to 

the final value of 830 ºC. The temperature recorded in the final minute of the test behind the previous material, i.e., 

the universal fireproof board, was 822 ºC. The final temperature behind the layer of mineral wool therefore rises by 

8 ºC. We can therefore discuss the possible influence of the thermal insulation material from the back side of the 

mineral wool, since the temperature difference between the S5 and S6 variants is 8 ºC. Furthermore, we note that 

the test sample with thermal insulation with surface treatment made of aluminium reached higher temperature 

values during the test for up to 112 minutes compared to the test sample with thermal insulation with surface 

treatment made of mineral felt. In the last 13 minutes of the test, we observed both a decrease and a slight increase 

in temperature in both test samples. We rate sample S6 better, composed of layers with mineral wool 40 mm thick 

and with a heat-insulating layer of expanded polyurethane with aluminium surface treatment. Both test samples did 

not exceed the desired temperature values from the standard. 

Figure 6: Development of temperatures during the test of samples S5, S6 

(authors) 
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Figure 7 shows the course of development temperatures for samples S3 and S4 using mineral wool with a thickness 

of 80 mm in the construction of the load-bearing wall. Figure 7 shows the temperature values measured by 

thermocouples located between the mineral wool and the insulation material. An average temperature value was 

created from the thermocouples, which is used in Figure 7. The constructions of the load-bearing walls S3 and S4 

differ in the used thermal-insulating material with different surface treatment, which was located behind the mineral 

wool. For the test construction marked S4, thermal-insulating material with an aluminium surface treatment and for 

the test construction marked S3, thermal-insulating material with a mineral felt surface treatment. We noticed the 

first increase in temperature in the case of sample S3 from the 6th minute of the test. The temperature increased 

by 60 ºC to 88 ºC within two minutes. From the 9th minute, as in the previous test samples S5 and S6, we observed 

a decreasing temperature trend that lasted 19 minutes. During this time, the temperature decreased by 21 ºC to a 

value of 67 ºC. From the 29th minute of the test, we observed a rise in temperature again. This increase was 

continuous for a few minutes and subsequently the temperature increased by almost 40 ºC/min. In this way, the 

temperature rises to 304 ºC within 7 minutes. In the next 78 minutes of the test, the temperature rises by 1 to 10 

ºC/min. During the 118-minute test, the temperature was 820 ºC. In the last 7 minutes of the test, the temperature 

started to decrease. It dropped by 6 ºC to a final value of 814 ºC. The temperature recorded in the final minute of 

the test behind the previous material, i.e., the universal fireproof board, was 859 ºC. Which means a temperature 

reduction of 45 ºC. Compared to sample S5 with a layer of mineral wool 40 mm thick, which reached a temperature 

value of 839 ºC at the end of the test, this is a reduction of the resulting temperature by 15 ºC. In the case of sample 

S4, we recorded an increase in temperature 2 minutes earlier than in sample S3. The temperature rises in the next 

6 minutes by almost 15 ºC to a value of 102 ºC. From the 10th minute of the test, we noticed a drop in temperature. 

As with sample S3, this decrease lasted until the 28th minute of the test. The temperature value was 80 ºC, which 

means a reduction of 20 ºC. Which is almost the same course of temperature development as for sample S3. During 

the next 19 minutes, the temperature continuously increased by almost 20 ºC/min. During the 47 minutes of the 

test, it had a value of 552 ºC and continued to rise by almost 10 ºC/min. Only after the 107th minute of the test, 

when it started to gradually decrease from the value of 822 ºC. During the remaining 18 minutes of the test, the 

temperature decreased to 803 ºC. The temperature recorded in the final minute of the test behind the previous 

material, i.e., the universal fireproof board, was 885 ºC. Here we see the largest drop in temperature by 82 ºC. 

Compared to the previous sample S3, the difference in the resulting temperatures is 11 ºC. However, compared to 

the S6 sample with the same thermal insulation with a surface treatment of aluminium and 40 mm thick mineral 

wool, it is a temperature difference of 27 ºC. As we can notice in Figure 7, at the 113th minute of the test, the 

temperatures of the samples leveled off, and while the temperature decreased for the S4 sample, it increased for 

the S3 sample and subsequently decreased from the 118th minute. However, as a result, the thermally insulated 

sample S4 with aluminium surface treatment reached a lower temperature than the sample S3. Again, we can 

discuss not only the positive influence of the thickness of the mineral layer, but also the positive influence of the 

thermal insulation layer with better fire resistance. Therefore, we better evaluate sample S4, composed of layers 

with mineral wool with a thickness of 80 mm and with a thermal-insulating layer of expanded polyurethane with a 

surface treatment of aluminium. Both test samples did not exceed the desired temperature values from the standard. 

 

Figure 7: Development of temperatures during the test of samples S3, S4 (authors) 
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To compare the obtained results, we present Figure 8. As we can see from the figure, all the created sandwich 

constructions of the load-bearing walls did not exceed the required temperature from the standard. The measured 

results show that the sample marked S4 has the best fire resistance of the assembled load-bearing sandwich 

structures. In its composition there is a universal fireproof board, mineral wool with a thickness of 80 mm, behind it 

a layer of thermal insulation with a polyurethane core with an aluminium surface treatment continues and it is closed 

by a new type of fireproof boards. The load-bearing capacity of the structure is ensured by wooden columns. At the 

end of the test, in 125 minutes, this sample reached a temperature of 803 ºC behind the layer of mineral wool. What 

is the lowest temperature measured in all tested constructions by thermocouples placed behind the mineral wool. 

An average temperature value was created from the thermocouples, which is used in Figure 8. Sample S3, which 

had the same thick layer of mineral wool but different thermal insulation, reached a temperature behind the mineral 

wool layer of 814 ºC at the end of the test. Although, according to the above graph, the sample marked S6 reached 

the highest temperature during the entire measurement period, at the end a downward trend appeared, which 

caused the final temperature behind the mineral wool layer to reach 830 ºC. The composition of the S6 sample is a 

universal fireproof board, mineral wool with a thickness of 40 mm, behind it is a layer of thermal insulation with a 

polyurethane core with an aluminium surface finish, and it is closed by a new type of fireproof boards. The difference 

in the composition with the S5 sample is in the thermal insulation with a mineral felt surface finish. In the last 20 

minutes, the sample S5 first recorded a decreasing temperature trend and then an increasing one. Which ultimately 

means that it reached the highest temperature behind the mineral wool layer of all the tested constructions, namely 

839 ºC. 

 

 

 

4. CONCLUSIONS 

 

By concluding temperature changes during testing and their subsequent comparison, we came to conclusions. 

Testing alone took 125 minutes. The average starting temperature from the thermocouples was 14.1 °C. During 

testing, we monitored the course of the temperature change in different parts of the composition of the variants in 

comparison with the desired temperature according to the EN 1365-1 standard. Subsequently, we compared 

temperature changes not only between the variants themselves but also between the materials. The influence of 

the application of mineral wool as well as its thickness on the increase of fire resistance was manifested, which is 

also documented in Figure 8. For structure S1 (without mineral wool) the highest temperature was measured on 

the far side of the structure from the fire at 125 min 182 °C, by adding mineral wool 40 mm thick (S5) the annotated 

temperature dropped to 62 °C, and at 80 mm thick (S3) at 33 °C. By comparing the temperatures measured behind 

a layer of mineral wool with a thickness of 80 mm and 40 mm between samples S3 and S5, whose structural 

composition further included thermal insulation with a surface treatment of mineral felt, we found the following. The 

Figure 8: Comparison of temperature development (authors) 
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test structure marked S3 (mineral wool 80 mm) reached a temperature of 814 °C in 125 minutes of the test. While 

the temperature recorded in the final minute of the test behind the previous material, i.e., the universal fireproof 

board, was 859 ºC. Which means a temperature reduction of 45 ºC. The test structure marked S5 (mineral wool 40 

mm) reached a temperature of 839 °C in 125 minutes of the test. While the temperature recorded in the final minute 

of the test behind the previous material, i.e., the universal fireproof board, was 869 ºC. Which means a temperature 

drop of 30 ºC. As we can see, the difference between the final temperature measured on the reverse side of the 

reference sample S1 and the final temperature measured on the reverse side of the test sample S3 is 149 ºC. The 

difference between the final temperature measured on the reverse side of the reference sample S1 and the final 

temperature measured on the reverse side of the test sample S5 is 122 ºC. From which it follows that the addition 

of mineral wool with a thickness of 80 mm ensured a higher fire resistance compared to a layer of mineral wool with 

a thickness of 40 mm. For structure S2 (without mineral wool) the highest temperature was measured on the far 

side of the structure from the fire at 125 min 153 °C, by adding mineral wool 40 mm thick (S6) the annotated 

temperature dropped to 123 °C, and at 80 mm thick (S4) at 32 °C. By comparing the temperatures measured behind 

a layer of mineral wool with a thickness of 80 mm and 40 mm between samples S4 and S6, whose structural 

composition further included thermal insulation with an aluminum surface treatment, we found the following. The 

test structure marked S4 (mineral wool 80 mm) reached a temperature of 803 °C in 125 minutes of the test. While 

the temperature recorded in the final minute of the test behind the previous material, i.e., the universal fireproof 

board, was 885 ºC. Which means a temperature reduction of 82 ºC. The test structure marked S6 (mineral wool 40 

mm) reached a temperature of 830 °C in 125 minutes of the test. While the temperature recorded in the final minute 

of the test behind the previous material, i.e., the universal fireproof board, was 822 ºC. Which surprisingly means 

an increase in temperature of 8 ºC. The difference between the final temperature measured on the reverse side of 

the reference sample S2 and the final temperature measured on the reverse side of the test sample S4 is 121 ºC. 

The difference between the final temperature measured on the reverse side of the reference sample S2 and the 

final temperature measured on the reverse side of the test sample S6 is 30 ºC. As we can see from the obtained 

results, by adding mineral wool with a thickness of 80 mm, we ensured higher fire resistance compared to adding 

mineral wool with a thickness of 40 mm. We can state that by applying mineral wool, we can significantly increase 

the fire resistance of the described structure. 
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ABSTRACT 
 
Environmental issues have led to the use of biomass wastes in making cement-bonded construction materials to improve 
their thermal insulation, and thus build energy-efficient performance. However, the use of biomass in bio-concrete is a 
cause of concern from the point of view of an accidental fire. Therefore, the present study aims to provide an overview of 
the flammability of the wood bio-aggregates and bio-concretes using a Mass Loss Cone Calorimeter, and the residual 
strength of bio-concretes after the cone calorimeter tests. For the production of bio-concretes, volumetric fractions of 
40%, 45%, and 50% of wood shavings were used with a cementitious matrix composed of Portland cement and 
rice husk ash, and fly ash. Cone Calorimeter tests were performed at a heat flux of 50 kW/m2. In addition, 
compressive strength tests were carried out in burnt samples. The main results indicate that the incorporation of an 
inorganic binder involving wood bio-aggregates inhibits ignition and the variation of volumetric fraction of wood 
shavings in the bio-concrete mixtures did not change the contribution of Heat Release Rate (HRR). After cone 
calorimeter tests, a reduction of 29% and 15% in the mechanical capacity was observed for WBC40 and WBC45, 
respectively. 
 
Keywords: Reaction to fire; residual compressive strength; wood bio-aggregates; wood bio-concretes. 
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1. INTRODUCTION 
 
The technologies and building works developed by Civil Engineering bring positive impacts on the quality of life by 
constructing buildings and infrastructure for the population, which attend to the socioeconomic needs of humanity 
[1]. However, for this, the industry consumes a large portion of natural resources and thus contributes to 
environmental degradation through pollution and high rates of greenhouse gases (GHGs) release [2]. Globally, this 
sector is responsible for the consumption of 60% of raw materials [3], 40% of energy, 12% of water [4], and up to 
40% of GHG emissions [5]. 
 
In this context, researchers and industries have joined efforts to make the construction field less harmful to the 
environment through integrated techniques that address waste and sustainability, ensuring that social and 
economic spheres are also contemplated [6]. On the other hand, the construction industry uses a large amount of 
non-renewable natural resources that cause environmental degradation through their extraction and pollution [7,8]. 
One of the solutions to this problem is to reuse plant and agricultural residues that previously did not have an 
adequate destination and incorporate them into composite materials. These composites are capable of storing the 
CO2 sequestered during plant growth [9–13]. 
 

Bio-concretes are composite materials whose final characteristics are, in general, linked to the properties of their 
constituent materials. Generally, those cement composites contain bio-aggregates bound by a cementitious matrix, 
water, and additives. Cementitious materials act as binders, providing resistance and durability, while bio-aggregate 
provides lower density, energy absorption capacity, and thermal acoustic insulation [14]. In Brazil, it is estimated 
that the civil construction industry is responsible for using about 70% of the wood extracted in the country, 54% of 
which is used raw as rafters and slats, 45% in agglomerates, and 1% in doors, and windows [15]. Thus, due to the 
high amount of products that need processing, a large amount of wood shavings is generated by carpentry without 
proper disposal, which makes it possible to use them as bio-aggregates in cementitious composites. 
 

Some chemical components present in wood can negatively affect the performance of bio-concrete, which can 
reflect on hydration, hardening, and mechanical properties [16]. Vaickelionis and Vaickelioniene [17] state that 
extractives (resins, fatty acids, terpenes, simple sugars, phenolic compounds) and hemicellulose are mainly 
responsible for the negative effect on the hydration of bio-concrete, as they can be degraded by the high alkalinity 
of the cement and release by-products that delay the hydration of the cement. Beraldo et al. [18] also state that the 
presence of sugars and extractives soluble in water or alkali slows down the setting time of the cement. Quiroga et 
al. [19] explain that the presence of inhibitory substances promotes the formation of a membrane around the 
anhydrous cement grains, which prevents the access of water to them and causes a reduction in the cohesion of 
the material. Therefore, the bio-aggregates must be submitted to a previous treatment to inhibit these effects and 
be applied to bio-concretes. One of the solutions found is the treatment in an alkaline solution of calcium hydroxide, 
which proved to be a more efficient method than the thermal treatment when analyzing the compressive strength 
of bio-concrete produced with treated wood [20]. 
 
Since bio-concrete is a composite that can contain large fractions of plant material in its composition, its chemical 
composition content affects combustion properties [21]. Thus, it is necessary to know the fire reaction properties of 
these materials and classify them based on fire safety standards. In the Euroclass system, building materials are 
divided into seven classes based on their fire reaction properties [9]. The performance and fire scenarios for each 
class are presented by this manuscript. The highest class, the one with the greatest safety for fire retardant wood 
products, classified as A2, while low-density fiberboard is assigned to class E. Meanwhile, most products containing 
natural wood get European class D with known and stable fire performance [22]. In this regard, developing a 
composite that does not ignite and maintains its level of mechanical performance is one of the challenges faced by 
bio-based materials [13]. Therefore, this study aims to provide an overview of the flammability of bio-aggregates 
and wood bio-concretes using a Mass Loss Cone Calorimeter, as well as the residual compressive strength of bio-
concretes after cone calorimeter tests. 
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2. MATERIALS AND METHODS 
 
2.1 Raw materials 
 
In this work, wood shavings (WS) were collected from the state of Rio de Janeiro (Brazil) as residues, which contain 
a mix of four species: 1. Manilkara salzmanni, 2. Erisma uncinatum warm, 3. Cedrela fissilis and 4. Hymenolobium 
petraeum. This material went through processing to obtain the required characteristics for the production of bio-
concrete. First, the WS particles were separated through mechanical sieving, and only the fraction of nominal 
diameter superior to 1.18 mm was used. After that, this material was treated in calcium hydroxide solution at a 
concentration of 1.85 g/l [23]. Finally, the treated material was air-dried and homogenized using the method of the 
elongated pile. The bulk density, moisture content, and water absorption of the treated WS were 530 kg/m3, 19%, 
and 70%, respectively. In Figure 1-a it is possible to observe the visual appearance of the wood shavings, while in 
Figure 1-b it is possible to see the micrography of the bio-aggregates without any treatment, and in Figure 1-c the 
deposition of calcium hydroxide in the particles of wood shavings after alkaline treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Wood shavings used for the production of bio-concrete: a) Aspect of the bio-aggregate, b) SEM of wood 

shavings in natural state, and c) SEM of wood shavings after alkaline treatment 
 
In addition to Portland cement Brazilian type CPIIF-40, fly ash and rice husk ash were used as SCMs to reduce 
cement consumption and CO2. The chemical composition, determined by X-ray Fluorescence Spectrometry, and 
the specific density, obtained by a helium gas pycnometer, of these materials are presented in Table 1.  
   

Table 1: Chemical composition and specific mass of cementitious materials 
Oxides Cement Fly ash Rice husk ash 

SiO2 12.715% 54.434% 94.305% 
Al203 3.496% 31.133% 0.000% 
Fe2O3 4.451% 5.350% 0.072% 
K2O 0.596% 3.512% 2.470% 
CaO 73.927% 1.815% 1.092% 
SO3 4.013% 1.715% 1.483% 
TiO2 0.000% 1.104% 0.000% 
BaO 0.000% 0.553% 0.000% 

Tm2O3 0.000% 0.135% 0.000% 
ZrO2 0.000% 0.087% 0.000% 
MnO 0.094% 0.056% 0.545% 
ZnO 0.029% 0.040% 0.000% 
SrO 0.348% 0.024% 0.000% 
Y2O3 0.000% 0.014% 0.000% 
CuO 0.028% 0.000% 0.017% 
LOI* 9.78% 1.66% 5.19% 

Specific Mass 3053 kg/m³ 1885 kg/m³ 2510 kg/m³ 

*Loss on ignition 

a) b) c) 
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2.2 Wood bio-concrete 
 
Three volumetric fractions of WS (40%, 45%, and 50%) was adopted for the production of wood bio-concretes 
(WBC). The cement matrix was composed, in mass, of 45% of cement (CEM), 25% of rice husk ash (RHA) and 
30% of fly ash (FA). As a setting accelerator, calcium chloride (CC) was used in the content of 2% in relation to the 
mass of cementitious materials of each mixture. The water-to-binder ratio was set at 0.30 for all blends. In addition 
to cement hydration water (Wh), a compensation water (Wc), referring to the water absorbed by the wood bio-
aggregates, was considered to ensure good workability of the bio-concretes. Therefore, total water (Wt) is the sum 
of hydration water and compensation water. These percentages of materials were based on previous works [24–
27]. Table 2 presents the consumption of materials of all blends studied, in kg/m3.  
 

Table 2: Wood bio-concretes composition, in kg/m3 
WBC WS CEM FA RHA CC Wh Wc 

WBC40 212.00 375.82 250.55 208.79 16.70 250.55 148.40 
WBC45 238.50 344.50 229.67 191.39 15.31 229.67 166.95 
WBC50 265.00 313.18 208.79 173.99 13.92 208.79 185.50 

 
Production process of bio-concretes followed adaptations of the Brazilian Standard ABNT NBR 16697 [28]. The 
procedure began with mixing the wood shavings and cementitious materials for 1 minute. After that, total water, 
previously mixed with calcium chloride, was added progressively over 1 minute. A total mixing time of 4 minutes 
was necessary to obtain a homogenous bio-concrete. The samples were cast in two layers in prismatic molds of 
100 x 100 x 25 mm (length x width x thickness) and each layer was mechanically vibrated on a vibration table (68 
Hz) for 10 seconds. After 24 hours, the samples were demolded and stored in a room at a temperature of 22 ± 3 
°C and relative humidity of 55 ± 5% until reaching 28 days of age. Figure 2 shows the wood bio-concrete samples 
before the fire reaction tests. 
 
 
 
 
 
 
 
 
 

 
Figure 2: Samples of WBCs before heat flux: a) WBC40, b) WBC45, and c) WBC50 

 
2.3 Cone Calorimeter tests 
 
A Mass Loss Cone Calorimeter (MLCC), model FTT-0014/2012 (Figure 3), was used to perform reaction to fire 
tests on wood bio-aggregates and wood bio-concretes. The wood bio-aggregates were tested in natural conditions 
(NW) and treated in (Ca(OH)2) conditions (TW) and the bio-concretes with the volumetric fractions of biomass 
previously indicated: 40% (WBC40), 45% (WBC45), and 50% (WBC50). A heat flux of 50 kW/m2 was chosen 
because it represents a heat flux of a developed fire. Nowadays, this equipment operates the most advanced 
method to evaluate the reaction to fire properties of a material on a reduced scale. Six samples of each type were 
tested. All faces of the samples, except for the top face, were wrapped with aluminum foil. The specimens were 
exposed to the heat flux under the cone located at 25 mm from the sample surface to begin the test. 
 

a) c) b) 
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Figure 3: General scheme of the Mass Loss Cone Calorimeter 
 
The test procedure was performed according to the standards ISO 17554 [29] and ISO 13927 [30]. In all tests, the 
samples were examined in horizontal position up to 2 minutes after the flame ceases, or up to 10 minutes if the 
sample does not ignite. During the test, the following reaction to fire properties were determined: heat release rate 
(HRR), peak of HRR (PHRR), medium value of HRR (MHRR), total heat released (THR), total mass loss (TML), 
effective heat of combustion (EHC), maximum temperature reached (MTR), time to ignition (TTI), and time to flame 
out (TTF). 
 
2.4 Compressive strength 
 
The bio-concrete compression tests were performed on 6 specimens of each mix. In order to evaluate the residual 
strength of wood bio-concrete, samples were tested before and after cone calorimeter tests. For this, a Bionix– 
25 kN (Figure 4-a) was used with a displacement speed of 0.3 mm/min. The samples, after being subjected to the 
fire reaction tests, were cut in smaller samples with dimensions of 25 x 25 x 50 mm (length x width x height) as 
shown in Figure 4-b. The mass and dimensions were measured to verify variation in their density after cone 
calorimeter tests. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4: Uniaxial compression test: a) setup, and b) sample 

 
 
 

Mass Loss Cone Calorimeter 

Conical heater 

Sample holder 

Weight Balance 
 

a) b) 
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3. RESULTS AND DISCUSSION 
 
ANOVA analysis of all data indicated that all reported in this study, where found to fall within the 95% confidence 
interval band for having a normal distribution and one analyzed by the Tukey Test method to identify significant 
difference between the variables. 
 
3.1 Reaction to fire 
 
The main results of the reaction to fire properties are presented in Table 3. In addition, data of thickness and density 
of the samples were provided.  
 

Table 3: Combustion properties of wood bio-aggregates and wood bio-concretes 
 NW TW WBC40 WBC45 WBC50 

1   Thickness (mm) 25 25 25.5 (3.83) 25.1 (0.56) 24.5 (1.86) 
2   Density (kg/m3) - - 1353.5 (1.20) 1322.5 (3.22) 1090.6 (2.11) 
3   PHRR (kW/m2) 93.99 (7.01) 83.74 (11.19) 13.25 (15.97) 13.07 (9.74) 14.32 (5.54) 
4   MHRR (kW/m2) 65.34 (7.51) 57.07 (13.10) 9.64 (18.66) 9.51 (11.46) 11.41 (6.21) 
5   THR (MJ/m2) 22.3 (7.37) 18.6 (13.56) 6.3 (15.08) 5.8 (11.29) 6.9 (5.89) 
6   TML (%) 84.14 (4.14) 77.48 (3.71) 11.72 (7.85) 11.73 (5.91) 13.42 (3.89) 
7   EHC (MJ/kg) 7.88 (2.98) 7.49 (13.79) 1.57 (18.87) 1.48 (10.65) 1.93 (6.05) 
8   MTR (°C) 777 (1.10) 765 (0.28) 477 (2.69) 475 (1.75) 483 (0.77) 
9   TTI (s) 21 (14.20) 15 (31.10) - - - 
10 TTF (s) 362 (4.04) 348 (9.92) - - - 

The coefficient of variation is shown in parentheses. 
 
The heat release rate (HRR) was defined as the heat release per unit area evaluated under a constant heat flux, 
using Eq. (1). 

�̇�𝑞’’ (𝑡𝑡) =  𝑞𝑞(𝑡𝑡)
𝐴𝐴

 =  1.1𝑐𝑐
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 ∆𝐻𝐻𝑐𝑐 
𝑟𝑟0

 �∆𝑃𝑃
𝑇𝑇𝑒𝑒

 . �  𝑋𝑋𝑜𝑜2
𝑜𝑜 −𝑋𝑋𝑜𝑜2 (𝑡𝑡)

1,105−1.5 𝑋𝑋02(𝑡𝑡)
�                                          (1) 

 

Where is the HRR (kW/m2);
 
q(t) is the heat released (kW); A is the area initially exposed in horizontal orientation 

(m2) before the test, and is the net heat of combustion (kJ/kg). In fire reaction studies, the heat release rate is 
the most important parameter considered, required in zone and field models, as it concerns the fire control 
characteristics and indicates the contribution to the fire development. Figure 5 shows the heat release rate curves 
measured in samples of wood shavings in their natural state (Figure 5-a) and after alkaline treatment (Figure 5-b). 
Because of concerns about incorporating plant residues in the production of concrete due to the incompatibility 
between bio-aggregates and the cementitious matrix [31], the use of methods that reduce the percentage of 
extractives present in the biomass, which are mainly responsible for delaying cement hydration [18,32], has become 
an interesting and widely technique for the viability of bio-concrete production [31–34]. In wood bio-concrete, 
extractives can affect mechanical properties, density and moisture content [35]. In the fire reaction properties, a 
reduction of approximately 11% on the heat release rate was observed between natural and treated bio-aggregates. 
It occurs because the alkaline treatment removes the extractives from wood shavings, which are the components 
that release the most heat during burning [36], with their content reduced the biomass will release less heat. 
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Figure 5: Variation of heat release rate over time: a) NW, and b) TW 

 
In all curves presented in Figure 5, it was observed that the rate of heat release increased suddenly when the 
specimen was ignited and then dropped after the material was degraded by heat. For studies carried out in wood 
using Cone Calorimeter, the presence of two peaks in the curves is commonly reported in the literature [37–40]. 
However, when it comes to particulate material, oxygen levels are higher inside the sample than solid materials. 
Therefore, the heat can spread faster and maximize the damage caused by fire, reducing the ignition time. The 
initial peak is mainly caused by ignition followed by the formation of the carbonization layer that occurs in the first 
seconds of tests. After the occurrence of the first peak, the rate of heat release tends to decrease. When the fire 
reaction behavior of wood samples in their natural state is evaluated, the samples are not completely burned since 
a charred layer that forms on the surface of the sample contributes to increasing the residual capacity of the member 
protecting the interior of the section [41]. As the wood shavings are in particulate format, this protection is minimized 
and the material is easily degraded, having a lower fire resistance than if evaluated in a solid format. 
 
Figure 6 shows, respectively, the HRR curves over time for the bio-concretes produced with 40, 45, and 50% of 
bio-aggregates (Figure 6-a, 6-b, 6-c). However, even with different fractions of plant biomass, the variables did not 
show different statistical behavior among themselves. Two phases are observed in the presented curves. The first 
release of heat occurs in a more accentuated way, which is caused by the burning of the wood shavings that are 
on the surface of the sample. The second phase occurs around 300 seconds after starting the test, where there 
was a stabilization in the heat release rates of the samples that remain practically constant until the end of the test. 
Table 3, line 3 presents the PHRR values for all variables. The NW samples presented a value of 93.99 kW/m², 
while the TW samples presented a value of 83.74 kW/m², i.e. about 11% lower than the natural samples. Thus, the 
removal of extractives from biomasses caused by the alkaline treatment resulted in a reduction in the PHRR values 
of bio-concretes. When comparing the different bio-concretes, data are not discrepant. For the average values of 
MHRR (Table 3, line 4), comparing WBC40 with WBC50 it is possible to notice that there was an increase in this 
property of 18% with the increase of the biomass content. However, all bio-concretes maintain low heat release 
and no ignition. 

Figure 6: Variation of heat release rate over time: a) WBC40, b) WBC45, and c) WBC50 
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THR refers to the total heat of combustion released by the material during the test. The higher the value of THR, 
the greater the potential of thermal energy available for the combustion of the material to occur. In Table 3, line 5 
the THR values are presented. When comparing bio-concrete with wood particles, it is possible to verify that the 
cementitious matrix acts on the bio-aggregates as an insulator for the propagation of heat. It provides for the 
material, in addition to becoming incombustible, decreasing the heat released under the fire conditions. 
 
The total mass loss (Table 3, line 6) corresponds to the variation in mass of the sample during the entire firing 
process, which is calculated using five-point numerical differentiation equations in cone calorimeter tests [29]. It 
changes depending on material properties such as the level of pyrolysis, volatilization, and burning under constant 
heat flux. In addition to being directly related to the HRR, TML is also associated with specific extinguishing area 
and CO2 produced during burning. A material that has a lower mass loss rate is indicative of a lower susceptibility 
for flame propagation. Figure 7-a shows the evolution of the mass loss rate over time for all variables studied and 
it was highlighted in the final 40 seconds of the evaluated bio-concrete samples. 

 
Figure 7: Reaction to fire properties: a) total mass loss over time, and b) total heat release and effective heat of 

combustion 
 
The cementitious matrix behaved as a thermal insulator for the wood bio-aggregates, making the heat transfer more 
difficult and turning the composite into an incombustible material. In Figure 7-a, it is possible to observe that the 
bio-concretes had a small mass loss and the average values presented in Table 3, line 6 did not show discrepancy 
for the bio-concretes produced with volumetric fractions of 40% and 45%. For WBC50, there was an increase of 
14% in TML compare to WBC40 and WBC45 due to the higher content of wood shavings and higher porosity in the 
matrix. Thus, despite the difference of 10% in the biomass content, the results for these properties did not vary 
significantly. 
 
Average chemical heat of combustion, determined in the MLCC, is defined as the effective heat of combustion 
(EHC) [42]. This parameter corresponds to what would be expected in a fire where incomplete combustion occurs, 
when a material is not completely burned. EHC is a parameter that depends directly on the level of irradiance and 
time that corresponds to the heat released from the volatile portion during the combustion of the material, which 
can be calculated using Eq. (2) [43]. Where MLR is the mass loss rate. 

EHC =  𝐻𝐻𝐻𝐻𝐻𝐻
𝑀𝑀𝑀𝑀𝐻𝐻

                                                                  (2) 

Table 3, line 7 presents the mean EHC values found in this study for pilotless ignition conditions. It is possible to 
notice that the EHC values did not show significant differences for the three studied bio-concretes (See Figure 7-
b). Lyon and Janssens [43] state that one of the factors that most contribute to the EHC of materials is fuel chemistry, 
ventilation rate, and combustion efficiency in the flame. Hull et al. [44] also mentioned that the EHC is influenced 
by fire dynamics and combustion efficiency. For the NW and TW samples, which presented ignition, there was a 
variation in the EHC values up to 80% when compared to the bio-concretes. 
 
WBC40, WBC45 and WBC50 did not present significant variation in EHC values (1.48 – 1.93 MJ/kg) due to the fact 
that they did not present ignition and released low heat, the peak value is very close to the average value. On the 

a) b) 
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other hand, the samples of wood shavings, presented a very pronounced HRR peak, and, therefore, higher values 
of EHC (7.88 MJ/kg for NW and 7.49 MJ/kg for TW). Ignition time is the time required to establish a sustained flame 
on the sample surface. This is an important parameter to evaluate the combustion behaviour of materials, since the 
shorter the ignition time, the more flammable the material. In Table 3, line 9, the ignition time of the NW was 21 
seconds and TW samples was 15 seconds (28% lower than NW). For the bio-concretes, there was no ignition. 
 
3.2 Residual compressive strength 
 
Figure 8 shows the average values of residual compressive strength of the studied bio-concretes. Since 
conventional concrete is a non-combustible material, little attention is paid to its reaction to fire properties. On the 
other hand, when exposed to heat, the material suffers a degradation and loss of its mechanical properties that 
affect its compressive and tensile strength, as well as its modulus of elasticity. This occurs because of chemical-
physical processes that the material undergoes due to the high temperatures that induce widespread cracking and 
damage to the matrix and aggregates [45,46]. 
 
Fire spalling phenomenon, occurs when there is a sudden detachment of layers or pieces of concrete from the 
surface of the element when exposed to extreme temperatures in fire situations. When this phenomenon occurs, 
depending on its magnitude, a significant decrease in the geometry of the cross-section can occur, exposing the 
reinforcement directly to flames, compromising the structural load capacity [45]. The literature reports two physical 
mechanisms that are associated with fire spalling: (i) the increase in pore pressure due to water vaporization (a 
thermo-hygro mechanism) and (ii) the introduction of thermal stresses due to high-temperature gradients ( a thermo-
mechanical mechanism) [47–49]. For bio-concrete, as it may have a high content of bio-aggregates, thermal 
degradation of the biomass occurs, decreasing the pore pressure inside the composite. Therefore, the spalling 
phenomenon does not occur for these materials. 
 
The shrinkage suffered by the cementitious matrix and the carbonization of the vegetal biomass caused the 
decrease in bio-concrete density, which damaged its microstructure and, therefore, decreased its mechanical 
performance. As a composite material, when exposed to fire conditions and high temperatures, the bio-aggregate 
loses mass faster than the cementitious matrix, causing damage in the interface between them. Another point 
concerns the porosity present in the particles and their internal moisture content. When heated, water is easily 
eliminated in the form of vapor, which causes damage to the matrix. From Figure 8-a, a decrease of around 29% 
and 15% for WBC40 and WBC45, respectively after the cone calorimeter test, indicate a weakening of the bio-
aggregate/cementitious matrix interface. For WBC50, which has a less resistant matrix, even without the action of 
the heat flux, the surface burning effect did not affect this mechanical property due to the high porosity that enable 
the release of heat from the sample, reducing damage caused at the interface due to heat buildup. Aguiar et al. [50]  
showed that increasing the biomass content improves the thermal stability of wood bio-concrete.  

Figure 8: Post MLCC analysis of wood bio-concretes: a) residual compression, and b) density variation 
 
According to the Analysis of Variance statistical tool (ANOVA) and the Tukey test performed, there is a significant 
difference for the residual compression test when comparing the WBC40 results before and after exposure to fire 
conditions. The WBC45 and WBC50 samples showed no significant difference. When analyzing the density of the 
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materials, the shrinkage caused by the heat flux was proportional to the mass loss and therefore the samples did 
not present statistically significant differences. 
4. CONCLUSIONS 
 
This paper investigated the fire behaviour of bio-concrete produced with volumetric fractions of 40, 45, and 50% of 
wood shavings in a Mass Loss Cone Calorimeter and its post-fire residual compressive strength. Parameters such 
as time to ignition (TTI), Heat Release Rate (HRR), peak of HRR (PHRR), medium value of HRR (MHRR), total 
heat released (THR), total mass loss (TML), and effective heat of combustion (EHC) were studied and the following 
conclusions can be addressed:  
 

• Alkaline treatment, contributed positively to the reduction of PHRR, MHRR, THR, and TML, despite not 
being indicated as a technique to improve fire reaction parameters. However, due to the high variability 
found in materials of plant origin and the non-applicability separately of wood shavings, effects of treatment 
in the reaction to fire properties becomes secondary; 

• All analyzed bio-concretes presented a firing process in two stages. The first results from an increased 
release of heat by burning the bio-aggregate located in the samples surface, and the second by a smaller 
release of heat from the matrix cement; 

• The paste of cementitious materials behaved as an insulating material promoting incombustibility to the 
composite since no bio-concrete ignited; 

• The difference of 10% of bio-aggregate (WBC40 – WBC50) was not enough to bring significant differences 
in the fire reaction properties of the bio-concretes;  

• The conditions similar to a fire caused a reduction of the mechanical capacity of the bio-concretes and a 
decrease in density for the WBC40 while statistically this behaviour was not significant for the WBC45 and 
WBC50. 
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ABSTRACT 

 

The fire prevention in the cultural heritage of protected cities, which can be handled by Fire Engineering, receives 

as support for a better confrontation of accidents, the complementary use of the Geographic Information System - 

GIS, with the Multicriteria Analysis Method - MCA, using variables from traditional fire risk analysis methods: 

Gretener, Chichorro, EbraFire and Arica. These are selected, quantified and weighted according to their greatest 

contribution to the site’s vulnerability. 

Knowing deeply the variables that interfere in a process becomes fundamental for decision making. Hence the 

importance of the form prepared for the technical visits, and later the creation of the attributes table, designed to 

organize the data of the chosen location. 

The advantage of this unique and integrated proposal is the ease of obtaining visual answers, through maps, 

facilitating the interpretation and understanding of the data collected and judged as more or less vulnerable to a 

fire. 

In this investigation, the analyzes were carried out in the blocks around Praça Tiradentes in Ouro Preto and focused 

on Portuguese colonial architecture, characterized by the contiguity of the buildings, the use of wood for structure 

and for clad the floors and roofs of the buildings, indicating the types of buildings that, in most cases, are vulnerable 

to fire. 
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1. INTRODUCTION 

 

It is commonly known that fires in protected sites cause irreparable losses and that the main actions to combat this 

type of accident must be aimed at preventing them. 

 

Based on the Fire Engineering vision, according to Claret (2017) [1], a building can be designed so that the action 

of fire is minimized and controlled. This author considers that specific safety objectives, demonstrated through 

projects, contribute to minimize and control the fire action. 

 

This article contributes for the Fire Engineering as a possibility of preventing fires in cultural heritage sites, 

expanding the forms of risk assessment, taking the technological advance of software as an aid. These will support 

studies in search of greater efficiency in dealing with claims. 

The integrated use of the Geographic Information System – GIS, with the Multicriteria Analysis Method – MCA, 

applied as models for assessing fire risks in sites protected as cultural heritage, constitute a technical improvement 

in the control of claims. 

 

For the application of the GIS and MCA method, assumptions were created aiming at the elaboration of decision 

making processes for preventing firefighting, from multiple points of view, based on already known methods, such 

as Gretener, Chichorro, EbraFire and Arica. 

 

Ouro Preto, in Minas Gerais state, the object of this study, requires the implementation of Fire Engineering to enrich 

a type of historic urban landscape, recognized as an important cultural asset of contemporaneity. 

 

 

2. DEVELOPMENT 

 

2.1 Ouro Preto 

 

The relevance of Ouro Preto for the proposed study lies in understanding of the formation of its historical urban 

landscape, in which each period of its transformation produced an accumulation of forms, leaving the mark of its 

own time, and can be recognized as a morphological period. 

 

The studies by Pereira Costa and Gimmler Netto (2015) [2] refer to the understanding of the morphogenesis and 

structure of historical urban landscapes applied in the city of Ouro Preto, Minas Gerais state, and described in this 

item. 

 

According to the authors, the urban landscape presents historicity insofar as it reveals a greater number of 

morphological periods in its composition. They understand the concept of historicity as the accumulation of forms 

produced over time. There are dispersed types of historical urban landscapes, but the most significant examples 

are in the historic center because it has a higher incidence of occurred facts. 

 

There is great interest in maintaining historical urban landscapes, as this integrates with the concept of 

contemporaneity and the preservation of urban heritage. 

 

According to Pereira Costa and Gimmler Netto (2015) [2], from 1698, the initial historical landmark was the 

discovery of gold in the region. This led to the opening of paths and the process of occupation of the territory. 

 

The urban plan is configured by the formation of settlements around temporary chapels, interconnected by the main 

path (Caminho Tronco) and secondary ones, to support the mining activity. 

 

The urban tissue is organized through residential occupations around the chapels, construction of ranches, small 

sales for the mine workers subsistence. 

 

Despite the wealth that the region boasted, in the beginning the dwellings were built in a provisional and quite simple 

way, with local materials, since what featured the period was the inconstancy situation in which the explorers lived, 

whose permanence in the place would be in accordance with the results of gold exploration. 
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The vernacular typology prevailed, with wood widely used due to its abundance for the proximity to the dense 

Atlantic Forest. It was used in the basic types of housing, in structures, doors, windows, floors and roofs. Filling the 

walls with wattle and daub contributed to the thermal control of the dwellings. Clay was also considered as a closing 

material for the constructions. According to Vasconcelos (1951) [3], the use of stones provided much more 

protection against the cold climate. 

 

Also according to authors Pereira Costa and Gimmler Netto (2015) [2], in 1711, the settlements of Pilar and Antônio 

Dias were agglutinated and elevated to the status of village. In 1720, with the creation of the Captaincy of Minas 

Gerais, Vila Rica becomes its headquarters, constituting the cultural and political center for the colony. 

 

The economic development resulting from the gold exploration is reflected in urban improvements, construction of 

palaces and public buildings and squares; in artistic expressions, whether in the fine arts, literature, music, 

especially the religious architecture from Minas Gerais, which was an example of Baroque in Brazil, according to 

Mello (1985) [4]. 

 

At Santa Quitéria Hill, Vila Rica’s main square is built, unifying the centrality of the Pilar and Antônio Dias camps 

for this space, where administrative buildings are implemented: Chamber and Jail Building, Foundry House and 

Dispatches, Palace of the Governors. 

 

The construction of the square consolidated the continuity of the occupation along the Caminho Tronco, transferred 

to this space the centrality of the villages and transformed the urban form by the densification of the population 

around it. 

 

The urban plan is expanded by the creation of new streets and alleys, configuring extensive blocks that adapt to 

the rugged site, both in the Pilar and Antônio Dias regions. 

 

The studies by Pereira Costa and Gimmler Netto (2015) [2], state that in the Imperial Period, 19th century (1822-

1889), Vila Rica is elevated to the category of city, as capital of the province. To keep it as a political center and 

modify the morphology then current, in order to modernize it, there were investments in health, water supply, 

transport with the creation of new roads and public lighting with street lamps, implementation of university schools 

(Pharmacy, Normal and Mining). 

 

The urban form is reflected in the subdivision of a few blocks to the west and north of what was then Independency 

Square (only in 1894 did it become Tiradentes Square). 

 

For the mentioned authors, from 1889 to 2014, the urban tissue is little modified and the uses are formed by single-

family residences. 

 

The urban plan is the most persistent morphological element of Ouro Preto. The original plan structured along the 

Caminho Tronco maintains the cultural value of the urban landscape in the present times. 

 

The urban tissue tends to be persistent but is susceptible to accidental destruction by fire or gradual replacements 

from changing ownership or other functional alterations. 

 

The protection of the cultural value of heritage proposes the study of the situation and the possibilities arising from 

an accident or incident. The fact is that disasters – or, in this case, fires in cultural heritage sites, always have a 

conditioning factor, which is the correct maintenance and prevention that precede these episodes. In the case of 

Ouro Preto, the factors go beyound. They are also found in the urban morphology of the city. 

 

Thus, when analyzing the city of Ouro Preto and establishing prevention and fires fighting plans, one must take into 

account: the potential risk of a fire by the difficulty to be faced due to the relief, geological formation of the city and 

by the anthropic processes that have shaped its forms over time; the difficulties of fighting fires in a city with of 

narrow and steep streets that, in general, slow down the passage of firefighters' vehicles, when they don't 

completely stop them over; the absence of a more distributed network of fire hydrants; the state of conservation of 

the buildings and the quantification of the fire load contained therein; expansions or irregular occupations; the risks, 
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both in the single building and in the community, since the proximity of the buildings can lead to the generalization 

of the fire. 

 

The analysis debate on the challenges of the historic center of Ouro Preto in relation to fire prevention and combat 

has conditions that are the correct maintenance and prevention that anticipate these episodes. 

 

Kruger et al (2020) [5] state that, “Ensuring fire safety in historic sites goes beyond the issue of safeguarding the 

property, reaching the aid in preserving of cultural memory: the intangible property, this being an inseparable part 

of human life, which is the main object of fire protection.” 

 

The spatial cut selected for this article covers the area that remained preserved in the historic center of the city, but 

it was the one that underwent major modifications to meet the new tourist demands. 

 

2.2 GIS and MCA 

 

For Eastman et al (1995) [6], the technological evolution of GIS has involved three domains of applications: the first, 

is the use of GIS as an informational database, as a coordination and access to geographic data; the second, is 

the use of GIS as an analytical tool, which means establishing a logical and mathematical relationship between the 

map layers and their derivative maps; and the third stage, which is the use of GIS as a tool to support decision 

making by providing means for actions on the analyzes produced. In our opinion, the third stage is intrinsically 

related to the second, as it generates the analytical product that indicates spatial potentialities and vulnerabilities. 

 

The spatial analysis of the studied areas, a condition given by the GIS, allows the identification of the vulnerable 

spaces observed in the duality and in the ability of GIS to “(...) store the geometry of the geographic objects and 

their attributes (...)”, as mentioned by Câmara and Monteiro (2002). [7] 

 

Among the spatial analysis models, the Multicriteria Analysis – MCA stands out. In this juncture, the use of maps 

to support decision making goes beyond the visualization of geographic space and information, both spatial and 

non-spatial, and provides a greater understanding of the analyzed location, representing reality and creating 

scenarios that can assist in decision making. 

 

Moura (2020) [8] explains that, in the systemic approach, the identification of the main variables is to decompose 

reality by listing its characteristics. Once the process of decomposing (in subjects, in space and in time) is done, 

comes the process of composing, that is, separating the main variables by models that highlight aspects of this 

reality to finally recompose, that is, applying methods of combining them with a view to a judgment. 

 

Figure 1 illustrates the author's idea. 

 

 

Figure 1: Systemic approach in the processes of analysis and interpretation of territorial reality. Source: Moura, 

2020 

 

Given the spatial data analysis capability of GIS, which also allows for data storage and manipulation, one can work 

in conjunction with MCA. This selects variables/attributes, i.e. alphanumeric codes stored in tables, for example, to 

form the characterization of a space. It combines the main attributes, usually conflicting information, and relates to 

the geographic space. In this way, it is possible to verify the existing reality and perform simulations with the aim of 

testing possibilities for improvements in the results. 

 

186



In Moura, 2007, [9] it reads the multicriteria analysis procedure “is based on mapping variables by information plan 

and defining the degree of pertinence of each plan and each of its legend components for the construction of the 

final result, using weighting factors whenever necessary.” 

 

This investigation used the complementary use of GIS and MCA to evaluate the fire risks of a part of the historic 

center of Ouro Preto, Minas Gerais. The variables were taken from traditional fire risk analysis methods: Gretener, 

Chichorro, EbraFire and Arica. These were selected, quantified and weighted according to their relative importance 

in relation to the others. 

 

2.3 Source of variables 

 

The investigative principles contained in the methods of fire risk analysis chosen, show that they treat it in a similar 

way some issues, but differ in some details. The choice of these methods is justified by the points in which they 

differ, which leads to a complement between them, and the possibility of obtaining greater assertiveness in the 

answers obtained in the survey. 

 

1) Gretener's Method: It was the basis for the IT-35 in Minas Gerais state. It was created by engineer Max Gretener, 

in 1960. Its objective is to quantify fire risk as well as fire safety, according to pre-established evaluation criteria. 

 

The method uses mathematical formulas and statistically based data table analysis at the same time. It mainly 

analyzes the fire process determining the factors that propagate the fire, evaluates the activation as a function of 

the occupancy of the unit, and the contribution of safety measures to reducing the risks. 

 

2) Chichorro Method - Holistic Calculation of Fire Risk of Construction and Enabled Optimization of its 

Reduction in Constructions Works: is a fire risk assessment model, developed at the University of Porto, arising 

from the concern of analysis of heritage buildings in urban sites due to the increasing occurrence of fires, some of 

high severity, and the quantification of the impact that a fire outbreaks in a building may have. The risk of fire in this 

case is calculated by the product of its probability and its severity. The severity takes into account the total 

consequences, the capacity of the fire to develop and spread, and the effectiveness of rescue and fire fighting. 

 

3) EBRAFire Method - Existing Building's Risk Assessment for Fire: also developed in Portugal, it is a method 

still under development that locates, in detail, where to intervene in a given building in order to raise its fire safety 

rating. The methodology takes into account that one can act in a way that contributes to the fire safety by correcting 

the parameters in detail, after detailed analysis. The method also evaluates fire risks in spaces dedicated to events, 

such as parties, concerts, and others. 

 

4) Simplified Arica Method - Fire Risk Analysis in Old Urban Centers: This is an updated version of the Arica 

Method developed in Portugal in 2004. The Simplified Arica Method is a reorientation of the original method, aiming 

of facilitate the application of the form and to guide design interventions for existing buildings. 

 

Based on the wording of the updated Decree-Law nº 95/2019, it started using alternative fire safety and non-

prescriptive verification methods. 

 

It is up to the designer to determine the fire safety measures to be implemented in the 

building, with appropriate justification in the descriptive memory of the fire safety 

project, using methods of analysis of fire safety conditions or methods of risk analysis, 

recognized by ANEPC or by method to be published by LNEC. (COELHO et al, 2019) 

[10] 

 

The 2019 Arica Simplified method, has the goal of assessing fire risk in protected urban centers. 

For each Unit of Analysis - UA, the fire safety index is calculated by an equation, in which are considered: 

- Global factor related to the start of the UA fire; 

- Global factor relating to the development and spread of the AU fire; 

- Global factor regarding to the evacuation of the UA; 

- Global factor relating to UA firefighting. 

 

187



For Muculo (2013) [11], these global factors cover all aspects relevant to fire safety, from the safety of occupants, 

property and the building itself, and are made up of several partial factors. 

 

These methods above are in the form of questionnaires that are answered during technical visits. The results are 

modified with each improvement intervention installed, according to the guidelines that are given to the owners of 

the buildings. 

 

The main variables were extracted from these questionnaires and was selected those that could best be answered 

within the reality of Ouro Preto. Based on them, a new form was created especially for application in this case. 

 

The form was prepared with the objective of also meeting Fapemig's Universal Edital Project, prepared by its 

coordinator Paulo Gustavo von Kruger. 

 

The second step in this process, better explained in the next item, was to apply the form in the geographic space 

defined in Ouro Preto. The answers will compound the attribute table used in MCA process.  

 

 

3. MCA FOR FIRE RISK ASSESSMENT 

 

3.1 Alphanumeric Data 

 

The form is one of the products created with the variables taken from the different methods of fire risk analysis. The 

goal is to clearly answer questions about the variables. Such answers will feed the attribute table, which 

corresponds to a second product. The attribute table associates the polygons of the lots with their characteristics, 

so that an analysis of their current state can be performed. The MCA is the intersection of these information and 

will be applied in the GIS. 

 

In a macro way, the form created investigates the following information: 

 

1. Development and spread of fire: deals with the type of fire load existing in the building; 

2. Effectiveness of rescue and firefighting: this is information about the existence of fire extinguishers, distance to 

hydrants and Fire Company, accessibility of the building; 

3. Evacuation and Safety: are the evacuation routes. Number of passage units, slope of the route, emergency 

lighting; 

4. Fire scene: description of the building in terms of area, ceiling height, and floor scene; 

5. Conditions of electrical installations. 

6. Characteristics of the buildings: age, facade height, use, number of floors, number of occupants. 

7. Construction characteristics: types of materials in masonry, types of floors, information about vertical circulation, 

state of conservation, ventilation, number of spans with spacing wider than 1.10m, and existence of fire detection 

and alarm equipment; 

8. Types of automatic detection and passive protection required by regulation. 

9. Latitude and longitude. 

10. Food facilities (kitchen); 

11. Gas installations. 

 

The application of the form was carried out in the blocks surrounding Tiradentes Square in Ouro Preto, Minas Gerais 

state. The figure 2 illustrates the selected geographical space and the corresponding buildings. They are in brown. 
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Figure 2: Historic center of Ouro Preto. Source [12]: IPHAN / Programa Monumenta, UFMG, 2001/2002. 

 

The application of the form was carried out in the blocks surrounding Tiradentes Square in Ouro Preto, Minas Gerais 

 

3.2 MCA Roadmap 

 

The logic behind the MCA requires a clear definition of the objectives to be achieved. To do this, the variables that 

account for the characteristics of the area are selected, according to their vulnerability to fire. 

 

Once selected, the integration model is applied to the variables, transforming their behavior into numerical data in 

an attributes table, to enable comparison of results, defining grades and weights. Grades are    assigned by technical 

knowledge of experts, who rank the legend components of each variable according to the degree of pertinence to 

the risk. They are defined according to a normalization of 1 and 10, 1 being for a condition of greater vulnerability 

to fire, recorded as negative, and 10 for a less vulnerable situation, recorded as positive. The cases whose scores 

were 0 (zero), means the non pertinence of the variable in the building. 

 

The weights have a meaning related to the degree of relevance of each variable to the set of variables. 

 

Moura (2020) explains the normalization of variables and their legend components as follows: 

 
The next step consists of normalizing the variables and their legend 
components in two processes: bringing all information into 
quantitative representation in order to favor map algebra, and 
specifying minimum and maximum values common to all to allow 
data of different natures to be combined. (MOURA, 2020) [8] 

The weight of evidence is also explained by Moura (2020) as one: 

 
(...) ranking for a reason for investigation, from the   judgment   
by different weights arbitrated by the researcher according to some 
decision method. This process is interesting to classify vulnerabilities, 
potentialities, interests and probabilities, that is, everything that 
requires a classificatory ranking. (MOURA, 2020) [8] 
 

After the clarifications about the model for evaluating the variables, we started to fill in the attributes table. 

This was filled in with the data collected in the field and by research conducted among experts in the fire 

area in relation to the selected variables. 

To explain the scores considered for each of the variables, we used technical standards, Fire Department 

Technical Instructions, previous technical knowledge, and field research: 
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AFAST (Offset) - viewing the defined space on the map; 

ACCESS_V_CB (Fire Department Car Access) - viewing the space defined on the map; 

T_RES_DESC_CB (Displacement Response Time) - viewing the space defined on the map; 

CONCENTRA_CI (Concentration of fire load) - determined by IT-09 of CBMMG and inspected on site; 

DIST_HIDRANT (Hydrant Distance) - viewing the space defined on the map; 

EQUIP_EFIC_EXT (Equipment for Effectiveness of the Fire Fighting System - extinguishers) - inspected on 

site;  

EQUIP_EFIC_DET (Equipment for Effectiveness of the Fire Fighting System - fire detection) - inspected on 

site;  

ACESS_EDIF (Building Accessibility) - surveyed on site;  

ILUM_EM (Emergency Lighting) - inspected on site;  

EST_CONSER (Conservation status) - inspected on site;  

CIRC_VERT (Vertical circulation) - inspected on site; 

IE_NORMAS (Adequacy of electrical installation standards) - determined by ABNT NBR 5410 and inspected 

on  site;  

IG_NORMAS (Adequacy of gas installation standards) - determined by ABNT NBR 15526:2016 and 

inspected on site; 

POP_QUANT (Public frequenting the building) - inspected on site;  

EVENTS_PROX (Events near) - inspected on site; 

PUB_EVENTO (Public attending the space during events) - information provided by the Municipal 

Secretariat of Tourism, Industry and Commerce and the Research and Study Sector of Ouro Preto/MG. 

 

To explain the weights considered for each of the aforementioned variables, experts in the fire area were 

invited to make a comparison between the selected variables, through a script of questions, in order to define 

a ranking of greater vulnerability to fire. Thomas Saaty's method, called AHP – Analytic Hierarchical Process, 

was used. It proposes a comparison between paired variables and at the same time defines a criterion of 

importance among them. 

In Thomas Saaty's (1988) [13] definition, "With the AHP we have a means of identifying the relevant facts 

and the interrelationships that exist". And also explains, "It is a three part process which includes identifying 

and organizing decision objectives, criteria, constraints and alternatives into a hierarchy; evaluating pairwise 

comparisons between the relevant elements at each level of the hierarchy;" 

The figure 3 shows the ranking weights of the selected variables.  

 

Figure 3: Result of variables by Weights of Evidence (presents a classification ranking of the most 

vulnerable condition, according to the investigation. AHP Method). Source: The authors. 
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Figure 4 presents, by maps, the results of the studies of each variable applied to the selected blocks of Ouro 

Preto in relation to vulnerability to fire risk. They are represented by the grades 1 and 10, being 1 for a 

condition of greater vulnerability to fire (red color) and 10 for a less vulnerable situation (green color). The 

cases whose scores were 0 (zero) (yellow color), means the non pertinence of the variable to the building. 

 

Figure 4: Presents the pertinence of the variables in each block of Ouro Preto. Source: The 

authors. 

 

Figure 5 represents the combination of the variables from the figure 4 in just one map. In the situation presented, 

each variable received a score and a weight in relation to its importance to the other. This information, grades and 

weights, were introduced into the attribute table within the GIS. The result allows a more complete analysis of the 

situation of vulnerability to fire in the historic center of Ouro Preto. 

 

Figure 5: Summary map integrating the variables into the table of attributes entered the GIS. Source:The 

authors. 
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The gradation of colors on the map corresponds from situations of greater vulnerability to fires to minors, that is, 

from the strongest to the weakest colors, respectively. 

 

 

4. CONCLUSIONS 

 

This article is justified by the use of technological advances of the Geographic Information System software - GIS, 

with the aid of the Multicriteria Analysis Method - MCA, for fire risk analysis in culturally heritage sites. The 

advantage of its use in relation to the already known methods is the ease of obtaining visual answers, by means of 

maps, facilitating the interpretation of the data collected in the field.  

 

Despite having used variables from the traditional Gretener, Chichorro, EbraFire and Arica, the elaboration of the 

GIS + MCA analysis method, intends to constitute a unique proposal for fire risk analysis, in order to facilitate the 

understanding of the spaces most vulnerable to fire.  

 

The GIS plus MCA analysis method intends to support Fire Engineering, concentrating relevant variables to this 

process in a single solution, which allows an idea of the reality of the whole studied geographic space, as well as 

obtaining changes in scenarios according to interferences and improvements that may occur there. 

 

An attributes table was prepared with the variables of the fire risk analysis methods crossing address, lot and block 

information, with each variable evaluated with a grade and a weight.  

 

The analysis of the scores was obtained by field studies. The weights were obtained by means of evaluations by 

experts in the fire area on a questionnaire containing the 16 variables. The objective was to create a ranking of 

importance among them. This whole process is dynamic because the number of variables can increase or decrease 

depending on the geographic space chosen and the desired context. 

 

The analyses on fires were carried out in the blocks surrounding Praça Tiradentes in Ouro Preto and focused on 

Portuguese colonial urbanism and architecture, characterized by the street layouts of the old Vila Rica. The 

contiguity of the buildings, the intense use of wood to structure and clad floors and roofs, demarcated their 

construction types, which, in most cases, are vulnerable environments to fire. 

 

As a result, a map representing the greater or lesser vulnerability to fire risks of the block to be studied was 

elaborated.  

 

Must be recognize the possibilities that are opening of computational technologies for fire risk analysis. This 

proposal is a clear method, with a defensible structure and perfectly reproducible, once explained to other 

professionals. Moreover, it has a character of adaptability and flexibility, whose variables and weights can be 

revised. Another important characteristic is its replicability for the rest of Ouro Preto or for other locations, which 

gives it a character of scalability. 

 

The future developments of the research will be the expansion of the area of application due to adjustments and 

calibration of the methodological script. 
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ABSTRACT

This work aims to present South Korea’s fire prevention method at historic sites making a comparison of four
analysis methodologies of the fire risks in historical sites. These analysis methodologies are the following:
Ebrafire, Chichorro, Gretener and Multicriteria.

After doing a research of fire risk analysis in some brazilian historical sites in order to find a better way to
preserve heritage, it has become interesting to cross brazilian architecture information with asian information,
more specifically, south korean. Even though fire risks and disasters happen all over the world, it is interesting to
look at it from the perspective of a developed country, which has such modern technology and AI, being one of
the most technological countries nowadays.

From that, this work tries to go further in the preservation theme, having the study of fire done in the Brazilian
historical places as a base. Bringing the same look, but now, for the South Korean patrimony and heritage,
analyzing the methods used to measure the risk of fire and comparing with some methods already known.

Therefore, although the results here are not conclusive, since this research is in the initial phase, it is already
possible to verify the similarities and differences between the methods, as well as the prognoses to be given from
the analysis carried out by them.
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1. CONTEXT

In 2008 a fire was started in an important historical place in South Korea: Namdaemun gate, in Seoul, causing
severe damage to the 550-year-old structure and, at the time, there were a lot of international comments about
the ability of Korea to preserve and take care of their heritage places [13]. Thinking about their historical villages
and constructions, made, most of them, of wood (since wood is easily burned and their villages have
constructions very close to one another) it has become interesting to know how they manage the fire risk
assessment. Another point of interest in South Korea was about the continuing aging citizens, the high rise
buildings, the barracks, the shanty towns, the outdoor markets and a lot of concentrated places having so many
wooden houses. If there were arson or fire accidents in these areas the damage would be significant. Otherwise,
fire prevention in Korea was a small thing in Korea at the end of the 90’s, so it has become an interest to
understand the prevention of the fire in such a technological country.

On the other hand, in Brazil, in September of 2018 the National Museum in Rio de Janeiro had been almost
completely damaged by a fire, destructing almost all the historical collection, built in more than 200 years. Also
destroyed the building itself, that was one of the official residence of the king and emperors. It was the most
important museum of Brazilian natural history, with more than 20 millions of items in their collection. In another
part of the world an historical damage caused by fire happened in 2019 at the famous Notre Dame Cathedral, in
Paris. As it can be seen, the fire in the last years caused terrible and irreversible damage to the patrimony around
the globe. The technicals and the ways of preventing those fires, especially in historical places, inspired this
article, as a way to understand the methods used in South Korea and make a parallel to what is done in the
West, especially in Brazil.

Both brazilian normative instruction number one [1] and Korean Framework Act On The Management of
Disasters And Safety third article [14] of chapter one defines disaster as a result of an adverse event, natural
or man-made, using human material of environmental damage in addition to economic and social
damage, which can be classified as natural - arising from natural process or natural phenomena - or
technological - arising from accidents, dangerous procedures, infrastructure failures or specific human actions -
with a small difference that the korean law classifies the last one as social accidents.

In order to base the article, it is necessary to know the main fire risk analysis methods used for the research:
Ebrafire, Chichorro, Gretener and Multicriteria which, for summary purposes, will be referred to here as base
methods. It is important to remember that these are not universal methods, but widely known resources in the
Luso-Brazilian field of fire science that were chosen to make the connection with South Korea based on what was
already known.

2. THE BASIS METHODS

Starting from EBRAFire: Existing Building's Risk Assessment for Fire is considered a simple method for
calculating Fire Safety[5]. It was created by Universidade Beira Interior, and consists an analysis method where
you can interpose to correct the parameters of a given building individually, in order to raise the fire safety rating.

This method assigns a rating to the buildings analyzed, based on fundamental parameters, observed in technical
and regulatory standards, and also in empirical events resulting from experience in preventing and fighting
fires.[8] The model provides a detailed analysis of the parameters attached to the building's fire safety, with
results that are easy to understand.

In addition, it allows an automatic procedure, facilitated by using an Excel© spreadsheet, which the simplified
assessment of an existing building regarding its fire safety. This procedure deals with a set of data that can be
taken from the observation of one or more existing buildings in a given location[5].

The data used in this method are taken from the building itself under analysis, observing its characteristics and
entering the information in a checklist of field thus allowing the assessment of the level of comfort and safety in
the face of possible structural fires. Some factors analyzed to get the results are: Duration and speed of Fire
Propagation, resulting in the severity of the fire, the susceptible compartments, the means of combat available,
the efficiency of fire fighting, the efficiency-severity combination factor, the probability of occurrence of ignitions ,
the escape conditioning factor, the surrounding environment and security, the risk of exception, the characteristic
protection class of the building, the characteristic protection class of the society and the characteristic protection
class of the activity/exception.

The Chichorro is a holistic calculation of construction fire risk and enabling optimization of its reduction with
shell-work [4]. For the method, the concept of fire risk is the result of the product of the probability of a fire
occurring by the severity of its consequences, taking Fire Development and Propagation and Rescue and Fire
Fighting Effectiveness factors with equal weight, charting the preservation of built heritage in an equivalent way to
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the safeguarding of human life. In this research it was chosen to use version 2.0 of the method, which presents
four global Fire Risk factors: the Probability of Fire Occurrence, the Total Fire Consequences, - which may be
related to the fire scenario and the horizontal and vertical evacuation routes -, the Development and Propagation
of the Fire and the Effectiveness of Rescue and Fire Fighting.

In this method, the acceptable risk depends on several factors and can change over time and based on the age
of the building, preparing reference values   based on local legislation at the time of creation of the method. Fire
Risk is acceptable if its value is less than or equal to unity. As a general rule, in cases where the Fire Risk value
is greater than unity, measures must be implemented to mitigate this risk.

Gretener's method is probably the most widespread, adapted and used Fire Risk analysis method, which is
based on the analysis of the fire process, determining the factors that promote its development, measuring the
activation risks according to the type of occupation and even assessing the contribution of security measures to
reducing the risk of fire[8].

It is used to evaluate and compare the Fire Risk level , based on alternative concepts between different types of
buildings. The various parameters and respective burdens used to calculate the Fire Risk in this method were
obtained based on statistical data and measured by its wide practical application being confirmed by the technical
and scientific environment [4]. Gretener considers the existence of three types of buildings, in terms of fire
propagation respect: Construction in cells: hinders and limits the horizontal and vertical spread of fire(cells up to
200m2), construction of large surfaces: allows and facilitates the horizontal spread of fire, except the vertical
(areas greater than 200 m2, on a single floor) and large volume construction: favors and accelerates horizontal
and vertical propagation of the fire (several floors not compartmentalized among themselves).

The effective Fire Risk results from the product between the activation hazard factor and the exposure to hazard.
The activation danger quantifies the probability of fire occurrence, depending on two factors, the type of operation
of the building and the dangers created by human factors, being found table for different types of buildings. The
hazard exposure factor is defined by the quotient between the product of all potential danger factors and the
product of all protective factors.

The calculation of the Fire Risk is done for the largest or most dangerous fire compartment. The verification of fire
safety is done by comparing the effective Fire Risk with the Permissible Fire Risk, which varies depending on the
activities carried out in the building. Finally, the building or compartment that obtains a Fire Risk value lower than
the Admissible Fire Risk value is considered safe against fire.

Last but not list, the Multicriteria method was developed at the Federal University of Minas Gerais using the
previously mentioned methodologies (Gretener, Chichorro and EBRAFire) and introducing BIM and GIS,
constituting a new way of analyzing fire risk management and of a fire prevention and firefighting project in
protected buildings and sites, using computational simulations that foresee the risks of the real situation. [9]

The Geographic Information System - GIS is a geographic database of analyzes complex, by integrating data
from diverse sources and by creating databases georeferenced, having been used as an auxiliary tool in fire risk
prevention methods. [9]

While the Building Modeling Information - BIM is a work methodology that proposes a change of culture and
challenges traditional ways of designing projects, building and contracting services in the sectors of Architecture,
Engineering, Construction and Operations.

The model produced by BIM facilitates the exchange of information and allows sharing in real time, in addition to
integrating work teams in a single software language. It works with parameterized information of materials and
equipment of the works, allows simulations of project solutions, contributes to the planning of works, of purchases
and for the maintenance of the system, since it has the capacity to store the attributes of the materials used in the
work, quantify them by disciplines and still carry out the visualization in 3D.

In short, the method uses computer simulation to emulate a real situation, based on a model that owns a huge
database, which in turn corresponds to a simplified representation of reality. Making the Multicriteria an important
tool to help research and documentation management, fundamental for the preservation of the heritage.

3.COMPARISONS

3.1 SURROUNDINGS

In [10] there can be seen the attempt to reduce the damages caused by fire, more specifically in Yang Dong
village area. The attempts to protect the historic village is basically on the surroundings: preventing forest fires
from occurring so it stands for future generations. To protect the current forest environment and residential
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arrangement, they evaluate the effect on the flow rate and build a risk map with the results, just as what is done
at the upper mentioned methods.

To enhance the importance of considering the surroundings, Kim and Lee did a research study to predict fire
behaviors in historical village buildings and structures using a database on the combustion of rice straw and silver
grass. The results pointed that if a thatched roof house were to combust completely, then thatched roof houses
within a 5.68 m radius of the burnt house are in danger of fire spread, maximizing the fire’s damage.[6] A
similarity can be seen here: in Ebrafire when a building is considered high risk or when the risk is unknown, the
risk is increased, so the neighboring buildings are considered high risk, mainly considering the speed of fire
propagation and the difficulty of protecting that area in case of fire nearby.

In comparison with the basis methods, there can be noticed another similarity: they do a mapping of the type of
material used in the places, (most of them by wood), measuring how much damage it could bring. One difference
that can be noticed is the attention they give while doing the research of the scenario: they do pay attention to
wildfires, destructive fire that spreads quickly over woodland or brush and how it can spread to the villages. The
basis methods mentioned do count the surroundings, but not specifically the forests. The Ebrafire was created
with huge possibilities of forest fires thinking specially on Portugal’s cases, where this situation is quite common,
to use the same method in Brazil, frequently this situation can be erased, cause most of its historical sites are
located in the middle of the city.

In [6], there can be seen the parameters and the questions used to analyze the impact of the fire. Those
questions are very similar to the ones used in the methods explained before, such as what kind of fire can
happen, what are the chances of that fire happening and if the fire breaks out, how much damage will it do.

As used in the CHICHORRO method, they also have the same basis to calculate the risk: The factors that affect
the damage caused by that fire. Fire risk assessment (FRA) is a factor that tries to predict the damage caused by
the fire. [4] In terms of assessment, fire risk analysis derives from risk factors for fire and analysis to present the
damage caused by accidents and their consequences. The performance of the fire risk assessments goes
through various stages, as the programs mentioned, as a way to predict the risks related to the scenario where
the fire might happen.

This can be seen also in [12], when the method takes in count several possible scenarios and the measure is
based on checking the risk reduction or even re-analyzing.
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Figure 1: Fire risk assessment process

Source: Adapted from [12]

3.2 ACTIVITIES

The study [11] proposes that the preventive level is more important than the response level among village
residents, and the response level should be prioritized over the preventive level in village organization in order to
prevent and reduce fire risk and damage in Korean historic villages. It is important to remember that both
Chichorro and Gretener has an specific topic related to human activities, asking questions like there are smokers
in the building, do people cook, is this a restaurant or does it have a use with high potential fire risk, taking in
count the fire load of the equipment and materials.

In Brazil, the Technical Instructions of the Fire Department of each state are responsible for tabulating the
possibilities of occupations and assigning a “fire load” to each one of them, that is, the amount of those to
measure the heat energies possible to be released by the fire, complete combustion of all combustible materials
in a space, including wall coverings, partitions, floors and ceilings.

The method focuses on community‐based activities, categorized by “residents” and “organizations,” and is based
upon an expert survey and an analytic hierarchy process (AHP) to clarify the weighting of attributes. [11] Such
efforts by the Korean government suggest that many fires were caused by human error, and that it has begun to
direct its attention to human‐related measures. Furthermore, the government changed the main paradigms of
cultural heritage safety systems from protective measures to human‐related proactive measures against fire.
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3.3 ESCAPE ROUTES

The distance between the safety center is also something important to evaluate when a risk of fire is being
calculated. In the methods used in the west it also has a space to count this criteria, but inserted in different
equations. The is also a following steps to be done, such as geocoding the space after identifying the distribution
of fire occurrence, use the ArcGis 9.3 space program after estab-lishing the basic space data to perform the
nearest proximity analysis and then identify the positional relation of the hot spots after identifying 119 safety
center location. [16]

In the bases method, the presence and distance of fire hydrants and the width of roads, the number of accesses
to the building and the distance from the Fire Department count as aspects to quantify the fire response, which
can lead to a greater risk of fire as the distance between the surveyed points increases.

3.4 BUILDING MATERIALS

Since most Korean historic villages were constructed from materials readily available from the surrounding
natural environment, such as trees, mud, stone, and straw, they are highly prone to damage by storms, floods,
termites, and fires.

Its important to remember that both Chichorro and Gretener has specific topic called “furniture fire load” - which
takes into account the dangers inherent in the content and program of uses of the site, the combustibility, the
production of fumes and the danger of corrosion and toxicity - and “real state fire load” - inherent building
hazards: floor levels, dimensions of the compartments and the building materials.

In Korea it can been seen a huge effort to analyze the wood and the materials that compose the buildings. They
have a description list of wood and their facility to spread fire. It is more specific and judicious, being able to
calculate the time more specifically depending on the wood used. [10]

3.5 SPATIALIZATION OF INFORMATION

In the case of the Multicritéria and the reformulated Chichorro and Ebrafire, geographic information systems (GIS
or GIS - Geographic Information System) are used to digitally record geographic and topographic characteristics
and store this geospatial data in indexed and overlapping layers. [9] This digital information is then converted into
specific data formats and stored on computers to create a database of geospatial information.This is combined
with data analyzed by Excel© spreadsheet that generate a color legend based on the classification of the
building, spatializing the classification and making the surrounding information given in visual elements. [8]

In Korea, the Cheongju City has been transformed into a new urban structure in 2014 when Cheongju City and
Cheongwon-gun were integrated. Before a lot of disasters happened in that area, most of them a huge loss of life
and property caused by a large-scale fire, studies and safety programs were created to minimize the risks and
consequences. A fire distribution map for the years 2011 to 2013 was made, when the fire occurred in Cheongju,
in order to analyze the pattern of occurrence. [15]

As seen in the other methods already cited, this program [15] also had a following step to be done. First, using a
distance-declining function, points and coordinates were created in order to extract fire hot spots in the city.
Second, fire occurrence by substituting the fire frequency (number) and damage distribution Find out the
frequency (number) and spatial distribution type of damage amount. Through the correlation between the
frequency of fire occurrence and the amount of damage, the regional correlation is explained as a covariate ratio
through the correlation coefficient and the coefficient of determination. Third, It’s done an autocorrelation analysis
on the space to determine the global Moran index (Moran's I) of fire occurrence throughout the space.

In conclusion, this program was done after the fire occurred. Their occurrences helped the research to point to
different areas of risk. Usually, in the methods used in the West and listed here, the calculation is done before the
incidents. Even though, the programs used are basically the same: Excel data, spatial statistics techniques,
density analysis, correlation between fire frequency and damage amount, and spatial autocorrelation by using a
geographic information system (ArcGis 9.3) and a spatial statistics program (GeoDa1.6.1).
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Figure 02: Squeme of the method utilized in Cheongju city area.

Source: [15]

Even though directly approaching and observing is the best and most reliable way to find out about the
characteristics of an area or object, it is not a very easy and cheap idea considering big areas and places. A way
to solve this problem is combining ways of collecting information: aerial photography, especially using the QGIS
software, and making field visits just as is done in other methods.

4.DELIBERATION ABOUT FIRE ROBUSTNESS INDEX (FRI)

It is important to know that there can be some points of limitation in the researches, especially when we try to
compare the methods, taking into account its initial phase and the huge distance of the researchers and the
analysis site. Koutsomarkos[7] brings some important appointments when it comes to the creation of FRI and, in
this case, how to evaluate the methods chosen for the research.

As explained above, every method requires a series of judgments to be made – not just about the method
design, but also about the burdens that are allocated to specific attributes and how correlations between them
are quantified. Since a risk index is defined by a multi-attribute evaluation to reach a result that aggregates
several aspects into a single number, the scoring process is typically undertaken by allocation of points to each
attribute. Therefore the foundation of any fire risk index is a points system. In most of the cases, if not all of them,
this process includes a group of ‘experts’ in the field which is responsible to define the weighting based on their
collective professional judgment and experience.[7] So, as much as the process is based on scientific methods,
the criteria for defining weights can be subjective.

5.CONCLUSIONS

Before the analysis of different ways and studies done in Korea about fire and the proportion of the damage it
could have, it can be seen that the methods used in Brazil and western countries are not used in Korea. At least,
not properly named. However, the topics used to make the analysis are pretty similar - even sharing common
aspects with distinct nomination - , just like the examination of the outside area - the surroundings -, the fire
propagation speed, the buildings materials, the escape routes, the amount of damage a fire could bring, the alert
signs, etc. It shows that the ways of doing it are compatible, even though, different.

The methods like EBRAFire, Chichorro, Gretener's and Multicriteria combine these specificities and give us a
result that is more complete and involves more topics, being able to create a better idea of the entire reality, while
the Korean way of doing it is more fragmented. There are studies showing the surroundings, how the fire can
spread depending on the material used, all the signs that must have to help the people in case of a fire, and all
the other topics. But, with that, it has many solo results that may not be easy to compare and join to have a fuller
view of the place condition.
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There are both goods and bads in both ways of doing it, but thinking about effective solutions to the problems
and the creation of proposals to decrease the damages, having a result that has more topics combined is more
useful, cause making a proposals taking in count all the topics combined and related to each other is more
effective than to propose different and multiple plans. Cause, just as sad at [11], a fire scenario is a qualitative
and chronological description that identifies the important events for the occurrence of fire.

It would be ideal to have in Korea a method that could join all their statistics together, in order to make it easier to
propose plans to decrease or even prevent their cities and historical villages, since having a standardized and
multidisciplined procedure may be an advantage to assess a large number of similar properties, which is the
exactly occupancy pattern in these locations[7]. They consist of very important places and some of them are a
UNESCO World Heritage Site. Also Brazil and the western countries could do the same detailed analysis just as
South Korea, to know their cities and historical places even better. All of the countries can benefit from a sharing
method of prevention of fire.
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ABSTRACT 

Belt conveyors are essential equipment found in several types of industrial and logistical processes, including 

combustible materials such as cereals, sugar, biomass, coal, etc. They are subject to fire hazards due to the 

operational features of their components and any fire on the conveyors is generally characterized by the flames 

spread. Despite the lack of statistical data about fires on conveyor belts in Brazil, a substantial number of events 

was found in the news. This paper also presents the results of a search involving Brazilian and international 

standards that cover the fire protection for this equipment and they are restricted to some fire precautions. This 

paper is focused on the problem related to the fire risk in belt conveyors. Its aim is the employment of Bowtie 

diagram, in such a way that it is possible to understand the failures that can generate a fire event and which 

barriers can prevent or mitigate the risks. Therefore, it is an approach that should help to visualize the risks and to 

define the necessary fire prevention and fire protection measures. The method used in the research is the 

deductive hypothetical. 

 

Keywords: Fire Engineering; Risk assessment; Conveyors. 

1. INTRODUCTION 

Belt conveyors are related to a vast range of goods transportation in many industry and storage premises, since 

light to heavy goods and short to long distances. Due to the continuous movement of a belt and other 

components there are many different hazards including the fire risks. They represent one of the worst 

consequences and, in addition to the risk to people, they can lead to significant losses and the interruption of a 

process. 
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For developing this paper, it was necessary to research some fires and to understand the fire risks in all 

conveyor’s components. 

The aim of this paper is to research a risk assessment tool and its employment for determining preventive and 

protective measures against a fire event. 

The prescriptive codes and standards are not always a guarantee for a good decision and those who are 

responsible for a fire design should consider a risk assessment, in such a way that a plan is not restricted to a few 

numbers of precautions. This paper includes a research about the Brazilian prescriptive laws and national and 

international standards related to the fire protection for conveyors. 

Thus, Bowtie diagram is used to list the likely causes of fire on conveyors and to understand the barriers that 

should avoid a fire event and the barriers that represent the measures to control a fire. 

2. FIRES IN BELT CONVEYORS IN BRAZIL 

Although it is difficult to find any statistical data about fires in buildings in Brazil [1], this a survey was conducted to 

find the most recent fires that occurred in Brazil and that were released by the media. 

In Brazil, there is no data available on fires in industrial, goods storage and mining areas, which are the places 

where belt conveyors are most easily found. 

In the search for data, a survey of the fires that occurred in the country in the last decade was carried out, 

according to table 1. 

Table 1: List of fires on belt conveyors 

Date Location Type of commodity 

Oct.18, 2013 Santos – SP sugar [2] 

Aug. 03, 2014 Santos – SP sugar [3] 

Jan. 05, 2017 Cubatão – SP ammonium nitrate [4] 

Mar. 03, 2019 Nova Lima - MG iron ore [5] 

Nov. 27, 2019 Santos -SP soybeans [6] 

Jul. 22, 2020 Paranaguá- PR grains (harbor) [7] 

Sep. 21, 2020 Itabira – MG gravel [8] 

Feb. 19, 2021 Jari – AP wood biomass [9] 

Apr. 25, 2021 
Canaã dos Carajás – 

PA 
maintenance work [10] 

Oct. 06, 2021 Marabá – PA copper ore [11] 

Jul. 04, 2022 Canaã dos Carajás iron ore [12] 

Sep. 10, 2022 Cubatão – SP bulk sulfur [13] 

 

Data in table 1 indicate this type of fire is usual and due to the belt material and the transported goods a fire 

spread is quite common. Besides that, a fire may spread to other structures and premises. Although there is no 

history of casualties among the employees, there are signs of damage and losses, especially those related to the 

continuity of business and environmental damages. 
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Figure 1: Fire in a conveyor in Santos Harbor (Portal G1, 2019) [6] 

The list of conveyors fires demonstrates that a minimum level of fire protection hasn’t been enough to avoid and 

to control a fire hazard properly. Any smart owners and managers should look forward to avoiding belt conveyor 

fires by the best engineering practices which include more than the standards requirements. 

3. LEGAL AND REGULATORY ASPECTS 

In Brazil, there are state laws and decrees for fire safety regulations, but only five states have provisions on the 

measures to be adopted on belt conveyors, as follows: 

a) Alagoas - Technical Instruction 27 [14], articles 5.3.8 and 6.1.4; 

b) Amazonas - Technical Instruction 27 [15], articles 5.3.8 and 5.3.11 e 5.9.4; 

c) Minas Gerais - Technical Instruction 43 [16], articles 5.1.9 and 5.2.7; 

d) Paraná - Technical Procedure Standard 27 [17], articles 6.7.3, 6.10.1 and 8.2; 

e) Rio Grande do Norte - Technical Instruction 27 [18], articles 5.3.8 to 5.3.11 and 5.9.4; 

f) São Paulo - Technical Instruction 27 [15], articles 5.3.8 a 5.3.11, 5.9.1, 5.9.4 and 5.9.5. 

In short, these documents require an automatic sprinkler system for belt conveyors over 12 m - application rate of 

12 l/min/m², heat detection along the entire length of the conveyors, motion sensors and they recommend a 

cleaning program. 

There are two states regulations that stand out with a smaller number of requirements, limited to the requirement 

of a metallic canopy - for screw conveyors - and to the motion sensors and a cleaning program for belt conveyors 

in general: 

a) Bahia - Technical Instruction 27 [19], articles 5.9.1, 5.9.4 and 5.9.5; 

b) Piauí - Technical Instruction 27 [20], articles 5.9.1, 5.9.4 and 5.9.5. 

 

All the mentioned technical instructions have a basic approach for the requirements and the detailed criteria about 

fire protection for conveyors should to be searched in other standards. There’s no provision about a risk 

assessment for the establishment of fire safety measures, according to the most diverse scenarios that may 

involve belt conveyors - horizontal, inclined or vertical - regardless of the height and inclination of the equipment. 

It was also possible to verify that there isn’t any indication for the adoption of the current Brazilian standard, and 

this is relevant in such an extended country. 
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Among all the Brazilian standards for fire protection, there is only one that deals with the aspect of fire safety for 

conveyors - ABNT NBR 16913:2020 – Fire protection of belt conveyors with automatic sprinklers – Requirements 
[21]. 

In summary, it establishes as a requirement the installation of automatic sprinkler systems for outdoor and indoor 

belt conveyors. According to the Brazilian standard, that system is required for outdoor conveyors when their 

height is greater than 12 m and without access for manual firefighting with fire extinguishers and hoses, or below 

12 m height in the following conditions: 

a) fully enclosed conveyor, or 

b) conveyor with combustible coverage, or 

c) multi-level conveyor. 

In addition, that standard specifies the type of sprinkler system - wet pipe or pre-action - for installations with an 

inclination of less than 30° and deluge system for those installations with an inclination greater than 30°. 

It also presents the sprinklers flow rate - 95 l/min per sprinkler - wet pipe or previous action - or a rate of 12 

l/min/m² - along the conveyor, in the case of a deluge system. 

In case of a pre-action or deluge system, a pre-action valve or a deluge valve must be activated after a cable-type 

linear temperature detector detects a fire. 

ABNT NBR 16913 [23] has the predictions about manual firefighting – hoses - for an outdoor and enclosed 

conveyor, either by means of a fire engine - minimum of 30,000 liters of water - or by means of a standpipe 

system along the conveyor. 

Although ABNT NBR 16913 is a good reference, it is restricted to the protection criteria by an automatic sprinkler 

system. It also doesn’t contain aspects of risk assessment for different fire scenarios, as well as other fire safety 

measures. 

During the research, it was verified that the NFPA 15 - Standard of Water Spray Fixed Systems for Fire Protection 
[22] – stands out the conditions for protecting conveyors. It contains the criteria on the type of sprinkler (open 

projector), placed on the surfaces, in order to extinguish fires in the belts, hydraulic oil, over contents of the belts 

or the engine. 

According to NFPA (2017) [22], it is necessary to provide an interlocking system between the fire detection system 

and engine shutdown. 

The water supply must be sufficient to provide both the design flow rate and 946 l/min for hose streams, for a 

minimum duration of 60 minutes. 

The sprinkler system must be sufficient to protect the upper belt, its contents and the lower belt (return), having an 

application rate of 10.2 l/min/m². The fire sprinkler system must extend over conveyor surfaces where combustible 

materials are likely to accumulate, the structural parts, and the idler rolls supporting the belt. 

NFPA 15 is a world recognized standard, but it doesn't cover other aspects involving fire protection for conveyors. 

Another NFPA standard that is related to belt conveyors is the NFPA 650 - Standard for Pneumatic Conveyor 

Systems for Handling Combustible Particulate Solids [23], but it only deals with the pneumatic conveyors and solid 

combustible goods. Thus, it has a very restricted application. 

Therefore, there is not a NFPA standard dedicated to fire protection for several types of belt conveyors, based on 

a risk assessment approach and related to other fire protection systems. 
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There is another international reference – FM Data Sheet 7-11 – from Factory Mutual Insurance Company [24], a 

well-recognized industrial insurance company and that document is dedicated to the fire protection aspects for 

conveyors. 

According to FM Global, that standard provides criteria about automatic sprinkler systems, which are similar to 

NFPA 15, but the types of sprinkler system and the flow rates may vary depending on the conveyor orientation, 

according to Table 2.  

Table 2: Sprinkler protection options for outdoor conveyors [24] 

Belt  

orientation 

Sprinkler 
system 

type 

Sprinkler demand 

Water 
duration 

Hose 
demand 

Number of 
Sprinklers 
Operating 

Flow per 
Sprinkler, 
Sprinkler 
density 

< 10° wet, dry, 
pre-

action 

5 95 l/min per 
sprinkler 

60 min 246 l/min 

10° - 30° wet, dry, 
pre-

action 

7 95 l/min per 
sprinkler 

60 min 246 l/min 

> 30° deluge All sprinklers 
on a single 

system 

12 l/min/m² 
along the 
length of 
conveyor 

60 min 246 l/min 

Besides, the FM DS -7-11 deals with the distribution of portable fire extinguishers - every 15.2 m along the length 

of the conveyor - and indicates a standpipe system with a minimum flow rate of 380 l/min. 

It also has recommendations on protection against explosions, in the case of conveyors transporting combustible 

solid like grains, coal, wood chips, among others. According to FM DS 7-11, attention should be adopted 

regarding: 

a) Operations and maintenance; 

b) Control of ignition sources, and 

c) Contingency plan. 

FM DS-7-11 is the most comprehensive standard about fire safety on belt conveyors. Despite that, it was noticed 

a lack of recommendations about a previous risk analysis, which means a search of possible failures that could 

lead to a fire and ways to prevent it in this type of equipment. 

4 RISK ASSESSMENT 

Risk is an event that may be calculated as a function of probability and consequence, according to the definition 

in the ABNT NBR ISO 31000 standard – Risk Management [25]. The following formula is presented by Huang and 

Xin [26], based on the definition of fire risk as the product of a fire probability and the consequences or damage 

extension resulting from a fire: 

 

where: 

FR is the fire risk (casualties per year or losses per year); 

Pfi is the probability of fire occurrence (losses per year); 

Cfi is the consequence of the fire (casualties or financial losses); and 

FR= ∑ Pfi  x Cfi

n

i=0
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n represents the total number of occurrences. 

According to Duarte, Leite and Pontes [27], a fire hazard or an explosion hazard is associated with any possible 

sources of ignition and available fuel. Risk represents the probability of ignition occurring or the probability that a 

certain amount of fuel is available, considering it is in a flammability range, or the probability of heat and 

combustion products to compromise the structure. 

Risk management is understood as the set of “[...] coordinated activities to direct and to control an organization, 

regarding to the risks.” [25] 

Ponte Junior [28] defines a risk management process as follows: 

“... the providing process for technical engineering solutions, considering the 

involvement of uncertainty, imponderability and subjectivism related to 

accidents, whether due to the influence of natural forces, design failures, 

equipment failures, operation failures, management failures or any kind of 

human error.”. 

The recognition of any hazard and prospective scenarios involving a fire or an explosion event is necessary so 

that accidents can be avoided. 

Fire risk management applies the same concepts already described, but with a focus on events related to fire, gas 

leaks and flammable hazardous products, explosions, overheating of machinery and electrical installations, 

among other risks. 

According to Luo and Sun, fire risk management is “essential to decreasing the probability of a fire occurring and 

mitigating its consequence, once it happened.” [29]. Therefore, the fire risk assessment must identify the hazards, 

quantify the risks and propose measures, in such a way it is possible to achieve the risks decreasing or under 

control. 

Also, according to Luo and Sun, the objectives of fire risk management are: 

a) Identify fire hazards; 

b) Reduce the risk as far as is feasible, and 

c) Decide on fire protections and management plan. 

In this context, Duarte, Leite and Pontes [27] say that it is necessary to consider these questions: 

- what is at risk? 

- what may be protected in the process? 

- what is an acceptable risk? 

Looking to identify and to measure the risk, there are several techniques (qualitative, semi-quantitative and 

quantitative) and tools. The Bowtie is a graphic tool, which consists of a method of visualization of a top event, the 

probable causes, the preventive barriers, the reactive barriers and the consequences of the event. 

According to Bortnowski et al [30] fire in conveyors may have the following causes: 

- blocked idler: the asymmetrical wear of conveyor may result in edges abrasion, which can lead to the 

blockage idlers. It may be caused by a jamming a rock or a large size grain, or due to the seizure of bearings; 

- belt slippage: it is one of the most critical damages to a conveyor and it may be caused by (1) the insufficient 

belt tension, (2) the wear of the drive pulley lagging or (3) an excessive load on the conveyor. 
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Tripller and Czylwik [31] say that fires on belt conveyors may be caused by bearing failures. In that case the rollers 

will heat up and they will become an ignition source to the belt. So, they recommend the provision of a heat 

detector system under a belt conveyor and on the bearings. 

According to Trávníček et al [32] explain that the most frequent technical failures are the following: 

- drum breakage or displacement – a damage or a displacement may exist because of poor tightening during 

repairs. Consequently, there’s friction against the frame structure and the generation of an ignition source; 

- belt displacement or belt slippage – it happens due to the insufficient belt operating conditions, and it may 

result in the belt friction and the conveyed material ignition; 

- pulley breakage or pulley shift – it leads to the friction against the frame structure and the generation of an 

ignition source; 

- bearing damage – any damage to this component may cause increased friction, temperature rise or rupture of 

the bearing cage and dropping of bearing balls on the combustible material; 

- overheated electric motors – that happens due to electrical faults, such as faulty connections at the motor 

terminal or arcing, and hot weather conditions too. 

Once the fire risks are known, it is necessary point out a question: “Are just the laws and standards enough to 

ensure an effective fire safety for a conveyor?” The answer for this question is implied in table 1. 

5 USING A BOWTIE DIAGRAM FOR THE FIRE RISK ASSESSMENT 

The Bowtie diagram is a “graphic tool to illustrate an accident scenario, starting from accident causes and ending 

with its consequences” [33]. According to Mulcahy et al, “the first appearance of bowtie diagrams has been 

attributed to lectures on Hazard Analysis given at The University of Queensland, Australia in 1979” [34], although 

the exact origin of this technique is not clear.  

At the center there is a critical event and on the left-hand side the possible events are listed. On the right-hand 

side there are all possible consequences to the event. 

Between the hazards - possible causes - and the event there is a set of control measures or control barriers. Each 

cause may correspond to one or more barrier. And between the event and the consequences a set of recover 

controls or recover barriers are listed, as stated by Alizadeh and Moshasheai [35] and Li [36]. 

In order to establish the likely causes, it is important to gather information events that have already occurred on 

this type of equipment or to have the support of one’s expertise. Comparing to other risk assessment methods, 

the Bowtie diagram has the advantage of being a dynamic tool because it can take a new information into 

account, according to a dynamic environment which is dominant in process safety risk and safety analysis. 

Another favorable aspect of the Bowtie method is the visualization of the probable causes and the corresponding 

mitigation layers, as well as the consequences and the related protection layers. 

On the other hand, the Bowtie diagram doesn’t show the event in a timeline, as it is possible using the Events 

Tree analysis. Anyway, Bowtie diagram has proven to be a reliable and efficient tool to analyze accident 

scenarios and to be used in a process safety analysis and risk management. 

This type of approach allows Fire Safety specialists to adopt a holistic view of the problem and not be restricted to 

legal and regulatory parameters, which in many cases may be insufficient. The analysis of the barriers also favors 
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the adoption of precautions related to the inspection and maintenance of equipment, which are often forgotten 

after the implementation of a system. 

 

 

 

 

 

 

Figure 2: Bowtie model (Li, 2019) [36] 

Applying the Bowtie method for a “fire event in belt conveyors”, the first step was to identify the hazard – fire – 

and the event – fire in a belt conveyor. A hazard may be understood as part of the business, but it potentially 

responsible for damage and losses, and the event occurs when there is not control over the hazard. 

Then, it is necessary to list the threats, which represent the potential to cause the event, i.e., a fire in a belt 

conveyor, in a delivered material or other components. Based on the research, the following causes were listed - 

damage to the bearings, belt displacement, drum breakage or displacement, pulley displacement, overheated 

electric engine, hot work and clogged conveyor. 

Afterwards it was possible to list the consequences like the belt and other component damage, business 

interruption or damage in other buildings due to the fire spread. 

Once the causes and consequences related to fire in conveyors are known, a brainstorm process may help to 

correlate the preventive barriers and the causes. It is important to highlight that some of the preventive barriers 

are found in the prescriptive standards - Brazilian state regulations or in the national or international standards - 

but many of them depend on the decision over the fire plans and design, as follows: 

- hot work permit; 

- training for operational procedures; 

- regular inspections and maintenance; 

- process monitoring cameras; 

- indoor and outdoor television circuit; 

- monitoring the belt tension, and 

- installation of frequency converters for electric motors. 

Using the same process, it is not difficult to find the mitigation barriers and the corresponding consequences. So, 

the question is: “After a fire started in a conveyor what barriers may control or mitigate the event?”. Once again, 

it’s possible to verify that some of the barriers are not provided by state regulations or technical standards for all 

conveyors installed in Brazil, such as: 

- sprinkler system; 

- linear temperature detection system; 

- hose stream system; 
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Figure 2: Bowtie diagram for the fire risk involving conveyors 
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- catwalk parallel to the conveyor; 

- emergency stop device, and  

- Contingence planning.  

There are mitigation barriers that may be found in existing conveyors, but many of them depend on an 

assessment evaluation. For example, an automatic system is required just for newer equipment and only in 5 

Brazilian states, among the 26 states and Federal District. This requirement should be followed just when a 

conveyor has more than 12 m height, which means that in case of many fires the reactive barrier is represented 

by portable fire extinguishers and fire hoses. 

Figures 3 to 6 show some mitigation barriers for fire in conveyors. 

 

 

 

 

 

 

      Figure 3: Catwalk to access the conveyor (Componente, 2021) [37]     Figure 4: Sprinklers system (Fabiano, B. et al, 2013) [38] 

  

 

 

 

 

              Figure 5: Linear temperature detectors (Eurofire, 2015) [39]     Figure 6: Standpipe system (Equipamento, 2019) [40] 

Another relevant issue has to do with the access to the place that there is a fire because in some circumstances 

the application of extinguishing agent may be very difficult. There are factories in Brazil in which the conveyors 

system has a parallel catwalk, where portable fire extinguishers and hydrant valves are displaced to the industrial 

Fire Brigade. Probably this protection is required by the insurance companies as some of them follows the FM 

Global Ds 7-11. 

A contingency planning has an immense value for a company, where the business interruption causes many 

losses, and it should include the emergency planning, trained personnel, standard procedures and spares 

components. 

3. CONCLUSIONS 
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Belt conveyor is an equipment of significant importance in the transport of bulk products, and it is present in 

several processes with an uninterrupted operation. A fire in that equipment may represent thousands or millions 

of dollars in losses, besides the risk of serious damage to the environment, such as the contamination of soil, air 

and water. 

According to this research, there are different criteria for fire protection in conveyors, comparing the different State 

legislations and the Brazilian standard. So, similar conveyors installed in different plants in the country may have 

different levels of fire protection. The Brazilian standard does not include all necessary measures and it is also 

important to remind that a standard establishes the minimum fire safety requirements, and a good design 

depends on a broader approach, which includes a risk assessment. 

The adoption of FM DS 7-11 is strongly recommended, but it is not required by local laws. Thus, that document is 

followed by some companies, according to the insurance companies’ requirements. Nevertheless, there are some 

preventive or mitigation barriers, which are not foreseen in FM-DS 7-11. 

The present research also demonstrates that in a period of ten years there were at least twelve events in different 

companies, not including those fires that were not publicized by the press. 

Therefore, the prescriptive codes and standards are not always adequate to ensure the best levels of fire 

protection for a building or equipment and, throughout this research, it became clear that a risk assessment 

method may lead to better design solutions for new or existing conveyors. 

The Bowtie diagram was chosen as a fire assessment tool, and it proved to be a very comprehensive method 

once the threats and consequences were easily established. 

It is very useful for a qualitative analysis, and it permits to identify many risks, considering the different types of 

conveyors, types of materials to be delivered, conveyors extension and height, among some different scenarios.  

Using the Bowtie diagram helped to conclude and to visualize the preventive and the mitigation barriers, in such a 

way that it may complement the fire safety laws and standards in Brazil. 
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1. ABSTRACT 

 

Protection layers are of great importance for risk reduction in any industry occupancy, both to prevent the 

occurrence of a hazardous event and to mitigate its consequences. 

 

As an example, a fixed automatic fire protection system can considerably reduce the consequences of a fire hazard 

scenario for people, property damage and business interruption, acting as a strong mitigating layer of protection at 

most cases. However, it is not always clear how to maintain a minimum reliability of this system so it can be 

considered as a reliable layer of protection against a fire hazard scenario. 

 

In this work, a typical automatic deluge protection system covering an outdoor unit operation processing ignitable 

liquids will be considered as a potential mitigative layer of protection against a fire scenario. The study addresses 

the calculation of the probability of failure on demand (PFD) of the system and its reliability as a function of different 

inspection, testing and maintenance (ITM) intervals for the fire pump and the isolating valves. 

 

The study clearly shows that the deluge system can only be effectively credited as a reliable mitigative protection 

layer if the ITM intervals for the fire pump set and isolating valves are performed weekly. In addition, the PFD of the 

system reaches roughly 72% when the ITM intervals of the fire pump set and the isolating valves are performed at 

a annually frequency. 

 

Lastly, the study shows that adding redundant and independent subsystems increases the overall system reliability, 

and the maximum reliability to be achieved in an industry will also depend on the risk improvement appetite of the 

plant. 

 

Keywords: inspection, testing, maintenance, reliability, fire protection. 

 

 

1. INTRODUCTION 

 

1.1 Protection layers 

 

It is already well known by the process safety community what are the ways to reduce the risk of a hazardous event 

that may generate losses, both in terms of people, as well as property and the environment. By the very definition 

of risk of a certain hazardous event occurring, its reduction can be considered through reducing the probability of 
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occurrence of this event or mitigation of its consequences, and the agents responsible for this risk reduction related 

to this specific event are called protection layers.  

In addition, according to the CCPS (Center for Chemical Process Safety) and the LOPA theory [3] (Layers of 

Protection Analysis), one of the core attributes for a protection layer to be considered in a serious process hazard 

analysis is that it must be reliable. In a quantitative way, and based on the same sources presented above, a reliable 

protection layer must present a reliability greater than or equal to 90%, or, in other words, it should present a PFD 

less than or equal to 10%. 

 

1.2 Mitigative protection layers 

 

Mitigative protection layers are those that tend to decrease the risk by acting to reduce its consequences. Usually, 

these layers will be demanded if any failure occurred in the preventive protection layers that would act in the same 

risk scenario. 

 

This paper will focus on a specific type of mitigative protection layer, which is the fixed automatic fire protection 

system, such as a deluge or a wet sprinkler system. Such systems are historically known to be very effective 

protection layers for reducing the consequences of a fire event, both for people and property. 

 

As an example, reference [1] shows that the death rate per 1,000 reported fires (between 2015 and 2019) in the 

USA was 89 % lower in properties with sprinklers than in properties with no sprinkler protection. 

In addition, in terms of property damage and considering the Latin American region, FM Global loss statistics 

consistently shows that, a fire in a sprinklered location is about 15 times less severe than in an unsprinklered 

location. The figure below [2] shows the average loss for non-adequately sprinkler properties in north America and 

in other parts of the world. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 – Effectiveness of Automatic Sprinklers 

 

This effectiveness of automatic sprinkler protection is nothing new for the process safety and loss prevention 

community, as these mitigative protection layers are already commonly considered in process hazard analyses, 

such as HazOps and even LOPA. 

 

However, like any other protection layer, automatic fire protection systems have a probability of failure on demand 

and obviously need adequate ITM to keep their reliability at acceptable levels. ITM tasks for preventive layers of 

protection such as Basic Process Control Systems (BPCS), Alarm management Safety Instrumented Systems (SIS) 

seem to be well understood and well applied by the process safety community, especially considering the chemical 

and petrochemical industry sectors.  

 

However, for an active mitigative protection layer, such as an automatic sprinkler system, field experience says that 

there seems to be a discrepancy between the ITM frequencies needed to maintain the system with an adequate 

level of reliability, although there are good references that well discretize the ITM subject for automatic fire protection 

systems, such as NFPA standards and the FM Global Property Loss Prevention Data Sheets [8].  

Therefore, the next section will deal with the fundamental concepts of system reliability, to delve deeper into the 

issue of minimum reliability (or maximum PFD) suggested for an automatic fire protection system to be credited as 

a reliable mitigative protection layer. 
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2. SYSTEM RELIABILITY CONCENPTS 

 

2.1 Reliability 

 

Reliability R is the probability that a component or system will perform the function for which it was designed, during 

a predefined period, given that it was working or able to operate at the initial instant. Therefore, the reliability 

equation can be written as follows [4]: 

 

 𝑅(𝑡) = Pr (𝑇 ≥ 𝑡|𝑐1, 𝑐2 … ), 0 ≤ 𝑅(𝑡) ≤ 1 (1)  

Where: 

𝑇: failure time (random variable) 

𝑡: Predefined period of time 

𝑐1, 𝑐2 …: Operational conditions 

 

Therefore, the probability of failure 𝐹(𝑡) of this component as a function of time can be defined by: 

 

𝐹(𝑡) = Pr(𝑇 ≤ 𝑡) , 0 ≤ 𝐹(𝑡) ≤ 1 (2) 

 

𝐹(𝑡) can also be called unreliability and, for this paper, will also be synonymous with Probability of Failure on 

Demand, or PFD (considering that the automatic fire protection system will work in a low demand mode and would 

actuate once per year or rarer). Finally, from Equations (1) and (2), it is possible to conclude that: 

 

𝑅(𝑡) = 1 − 𝐹(𝑡) (3) 

 

2.2 Failure rate 

 

Failure rate 𝜆 is the frequency with which a system or component fails, expressed in failures per unit of time. The 

failure rate is an important function in reliability analysis since it shows changes in the probability of failure over the 

lifetime of a component. In practice, for most electrical and mechanical components, 𝜆 often exhibits a bathtub 

shape and is referred to as a bathtub curve, as shown in the figure below: 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 – Example of a bathtub curve 

 

The bathtub curve usually has three different time periods, being them: 

 

• Infant mortality: This is an interval characterized by a decreasing failure rate, and it starts from a high 

failure occurrence. Failures that occur within this time are usually known as systematic failures and are 

driven by issues in design, manufacturing, or construction. 

 

Knowing that the higher the failure rate, the greater the probability of failure of a component or system at 

a given time, the infant mortality curve represents a major problem for the reliability calculations. To 

minimize the infant mortality curve of a component, this device undergoes a series of tests under extreme 

conditions before being put on sale, to identify and retain the components most likely to present systematic 

failures. 
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• Useful lifetime: This region represents the normal operating life of most assets, and it exhibits a 

reasonably constant failure rate, mainly characterized by random failures of the component. This period 

of time will be considered when calculating the PFD of a component or system, as will be shown throughout 

this paper. 

 

• Wear out: In this region, there is a gradual increase in failure rate of assets with increasing time, where 

failures usually occur due to fatigue, wear, gradual deterioration, corrosion, etc. This period basically 

represents end of life cycle of assets. 

 

 

2.3 Exponential distribution 

 

The exponential distribution is one of the most used distributions in system reliability analysis. This can be attributed 

primarily to its simplicity and the fact that it gives a simple, constant failure rate model corresponding to a situation 

that is often realistic [4]. Therefore, considering the Useful lifetime region of a component represented in a bathtub 

curve (which is normally the longer period compared to the other two ones), this distribution may be adequate for 

calculating its probability of failure.  

 

In short, for an exponential distribution, the reliability of a component (assuming its constant failure rate) can be 

calculated by [4]: 

 

𝑅(𝑡) = 𝑒−𝜆𝑡  (4) 

 

Therefore, the probability of failure on demand of this component can be calculated by: 

 

𝑃𝐹𝐷 = 𝐹(𝑡) = 1 − 𝑒−𝜆𝑡  (5) 

 

These concepts and equations will be foundational for the following sections of this paper. 

 

 

3. CASE STUDY 

 

3.1 Automatic deluge system of a process plant unit operation 

 

Automatic deluge systems are typically recommended for outdoor unit operations that handle significant amounts 

of ignitable liquids (liquids that may burn when in contact with an ignition source [5]).  

 

As previously mentioned, these systems are considered effective mitigative protection layers against fire scenarios, 

which may occur in the event of loss of containment of the ignitable liquid in conjunction with some source of ignition 

nearby. An example of a unit operation provided with an automatic deluge system is shown in the figure below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 - Example of an automatic deluge system in a chemical plant handling ignitable liquids 
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In addition, an automatic deluge system is usually composed of many mechanical and electrical components and 

subsystems, connected mainly in series. Among these subsystems, the most important ones are the water tank, 

fire pump set (including components such as sensing elements for automatic starting of the pump by pressure drop, 

control panel, battery pack and diesel engine), isolating valves between the water tank piping and the deluge valve 

and, finally, the deluge system itself (consisting mainly of pilot line, compressed air system, and open nozzles).  

 

Therefore, one possible way to represent the main subsystems of the automatic deluge system is through the 

following simplified block diagram: 

 

 

 

 

Figure 4 - Water path to fire fighting 

 

Lastly, it is important to assume in this case study that the deluge system was well designed and is in accordance 

with good engineering practices [9][10]. Therefore, it is assumed that, if the system operates, it will be able to control 

or even suppress the fire in the unit operation in which it is installed. Therefore, the objective of this study is to focus 

on the reliability of this system when its action is needed. 

 

3.2 Estimating failure rates for each system block 

 

One of the main goals of this case study is to calculate the PFD of the automatic deluge system, represented by 

Figure 4. The water tank will not be considered in the PFD calculations for the purposes of this study. The two most 

common failure modes associated with the water tank are if this tank is empty or if any isolating valves between the 

tank and the fire pump set are closed. For these two conditions, the deluge system would fail (lack of water to fight 

the fire) on demand. However, the failure mode referring to a closed isolating valve is already covered in the 

"Isolating Valves" block and the failure mode referring to the tank being empty is covered in the weekly fire pump 

ITM checklist, which is part of fire pump set block scope.  

 

For components connected in series, the PFD of the system is the sum of the PFDs of each subsystem or block, 

which means that if a subsystem has an undetected dangerous failure, the entire system will be impaired.  

 

Therefore, the first step to calculate the PFD of a component or system is to estimate its failure rate, mainly the 

undetected dangerous failure rate, whose failure will lead to an unsafe condition. 

 

For that, reference [6] presents a database with several failure rates of components related to a fire protection 

system, including failure rates of a diesel fire pump set, isolating valves and deluge systems. 

 

Finally, for the three blocks presented in Figure 4, their failure rates presented in [6] were compared with the failure 

rates recorded by FM Global (mainly in the Latin American region) through loss prevention field visits in recent 

years, to validate the use of the lambdas found in [6]. As expected, the compared failure rates are in the same order 

of magnitude, and they are presented below: 

 

3.2.1 Diesel fire pump set 

 

The automatic actuation loop of the diesel fire pump set is composed of pressure sensing line, the fire pump control 

panel, and the final element, which is the diesel engine. In addition to these series-connected components, there 

are some other critical devices that are part of the fire pump set, such as the battery pack (normally two redundant 

sets) and solenoid valve in the engine system's cooling line. Each of these components has its own failure rate. 

However, reference [6] already directly presents the final failure rate of the fire pump set, where this final failure 

rate con be considered as a function of the failure rates of the components of this block.  

 

Therefore, the considered failure rate for the fire pump set is shown below: 

 

o 𝜆𝐹𝑃 = 1.2𝑥10−4 𝑓𝑎𝑖𝑙𝑢𝑟𝑒𝑠/ℎ𝑜𝑢𝑟 
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3.2.2 Isolating valves 

 

This block represents all isolating valves (usually manual valves) that are part of the fixed fire protection system, 

that can be found from the outlet of the water tank piping to the last valve located upstream of the deluge valve. 

Therefore, the failure mode considered for this block is that at least one critical isolating valve that could impair the 

entire deluge system is in the closed position when such system is triggered. As a conservative approach, the study 

considers that one closed valve will already impair the entire deluge system. Reference [6] also presents a failure 

rate for this specific failure mode, which will be considered constant in this study.  

 

The considered failure rate for the isolating valves is shown below: 

 

o 𝜆𝑉 = 6.3𝑥10−6 𝑓𝑎𝑖𝑙𝑢𝑟𝑒𝑠/ℎ𝑜𝑢𝑟 

 

3.2.2 Deluge system 

 

This study considers the deluge system most seen in Brazil, which has a pilot line (pressurized with compressed 

air) provided with closed sprinklers, where the system actuator is the deluge valve itself, which will open if the pilot 

line depressurizes. The open deluge nozzles can also be considered part of the actuation system. Each of these 

components has its own failure rate. However, reference [6] already directly presents the final failure rate of the 

deluge system, where this final failure rate is a function of the failure rates of the components of this block.  

 

Therefore, the considered failure rate for the deluge system is shown below: 

 

o 𝜆𝐷 = 2.8𝑥10−6 𝑓𝑎𝑖𝑙𝑢𝑟𝑒𝑠/ℎ𝑜𝑢𝑟 

 

The reliability of the deluge system will be calculated considering the three failure rates mentioned above. It is 

important to note that this is a simplified approach, since a more complex model would present the failure rates of 

all critical components present in each block in Figure 4. However, it is expected that this simplified approach will 

present results consistent with reality, since the failure rates presented above were compared with the failure rates 

recorded by FM Global (mainly in the Latin American region) through loss prevention field visits made in the last 

years, and such failure rates are in the same order of magnitude. 

 

Lastly, it is assumed that the failure rates of each of the three blocks are constant throughout the useful lifetime of 

the deluge system. 

 

4. CALCULATING THE PFD FOR EACH SYSTEM BLOCK USING THE EXPONENTIAL DISTRIBUTION 

 

4.1 Differences between ITM interval, Mission time and Useful lifetime 

 

In addition to the failure rate, another important variable for calculating the PFD of a system is the time 𝑡 present at 

Equation 5.  

 

Usually, the variable 𝑡 will be assigned to the component's mission time or ITM interval, where an explanation of 

each term is found below: 

 

• Mission time: is defined as the period of time between when a device is put into service and when it is 

replaced or completely refurbished to “as-new” condition. 

• ITM interval: is the period of time between ITM.  A ITM is an important task to detect previously 

dangerous failures in the component so that it may be repaired. 

 

Therefore, it is important to establish a relationship between these different concepts of time, also adding the 

concept of Useful lifetime. In general, the relationship between the three mentioned concepts of time will respect 

the following inequation: 

 

𝐼𝑇𝑀 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 < 𝑀𝑖𝑠𝑠𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 < 𝑈𝑠𝑒𝑓𝑢𝑙 𝑙𝑖𝑓𝑡𝑖𝑚𝑒 
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In other words, if the mission time is less than or equal to the ITM interval, then there is technically no need to 

inspect and test the device.  If the useful lifetime is less than the mission time, then the assumption of constant 

failure rates used by all common PFD calculation methods is incorrect, and such calculations are meaningless. 

 

In addition, it is important to know that the useful lifetime is a property of the device in the environment where it is 

deployed. Therefore, it is not a design choice or a maintenance strategy. 

 

Unlike useful lifetime, mission time is a design decision that is documented in the PFD calculations. Mathematically, 

whenever ITM coverage is less than 100%, then undetectable dangerous failures can potentially occur that will 

never be detected by testing.  The latent failures will remain in the device until either a demand occurs, or the device 

is replaced at the end of its mission time.   

 

As shown below, the probability of a latent failure accumulates with time, considering a ITM interval with coverage 

less than 100%. In this case, only replacing the device will reset the PFD curve to zero. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 - Differences between ITM (proof tests) interval and mission time [7] 

 

In addition, for this study, a proof test coverage of 95% was considered for the fire pump set and isolating valves, 

which means that 95% of all possible undetected failures would be revealed during their ITM. The terms Proof 

testing and ITM are considered interchangeable. 

 

4.2 Establishing ITM intervals and final calculations 

 

For the scope of this study, the ITM intervals of each block in Figure 4 will be used to fill in the time variable 𝑡 

presented in Equation 5.  

 

In addition, the intention of this case study is to present the variations of the total PFD of the system as a function 

of different ITM intervals adopted. 

 

This study will also assume that the ITM is ideal, where the detected dangerous failure modes of the components 

are fixed promptly.  

 

Finally, by knowing the failure rates of each block of the system represented in Figure 4, the main variables of this 

study will be the ITM intervals referring to the fire pump set and isolating valves.  

 

4.2.1 Fire pump set 

 

The fire pump set PFD calculations will be performed as a function of its ITM interval. Ideally, the diesel fire pump 

(considered in this case study) should be tested weekly by an employee or contractor who knows well the 

mechanisms of the system, as recommended by [8]. The weekly diesel pump ITM consists of starting it in automatic 

mode (due to pressure drop) and keep it running for at least 30 minutes. A step-by-step guide of the items to be 

inspected, tested, and maintained is also presented in [11]. 
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On the other hand, many companies adopt their own test frequencies for their fire pumps, which can often be 

monthly, semi-annually, or even annually. However, it is important to know that increasing the range of ITM intervals, 

the PFD of this subsystem will also increase, possibly reaching unacceptable levels of reliability at some point. 

 

4.2.2 Isolating valves 

 

Like the fire pump set, the isolation valves PFD calculations will be performed as a function of their ITM interval. 

The ITM interval of isolating valves is treated as a visual inspection of these valves, which ideally should be locked 

with chains in the open position. A step-by-step guide of the items to be inspected, tested, and maintained is also 

presented in [11]. 

 

The recommendation to lock valves with chains [8][11] is a good engineering practice adopted to reduce the 

probability of having an ICV (improperly closed valve). Another good engineering practice for this case is to use 

rising stem gate valves as isolation valves whenever possible, as it facilitates the visual inspection to check if the 

valves are open, decreasing the chance of an inspection error. 

 

In addition, as already specified in this paper, the PFD for this case means the probability of at least one of these 

isolating valves being closed, which will prevent the flow of water through the deluge system, in case this system is 

demanded by any fire in the unit operation covered by the automatic deluge system. 

 

Ideally, isolating valves should be inspected on a weekly basis [8][11]. However, many companies adopt their own 

valve inspection frequencies, which can often be monthly, semi-annually, or even annually. In addition, there are 

many sites where this valve inspection does not even exist.  

 

4.2.3 Deluge system 

 

For this case study, it is assumed that the deluge system is properly inspected on an annual basis, which is in 

accordance with good engineering practices [8]. 

 

Therefore, the main objective of this case study is to show the increase in the PFD of the system due to the different 

ITM intervals for the fire pump set and isolation valves.  

 

4.3 Final calculations and assessment of results 

 

To present the final results, the Fire pump set, Isolating valves and Deluge system PDF calculations were made 

considering the following ITM intervals: 

 

Table 1 – ITM intervals considered for each subsystem 

 

 ITM interval considered 

 Fire pump set Isolating valves Deluge system 

Point 1 1 week 1 week 12 months 

Point 2 1 month 1 month 12 months 

Point 3 6 months 6 months 12 months 

Point 4 9 months 9 months 12 months 

Point 5 12 months 12 months 12 months 

 

From the Table 1 above, the following graph of the evolution of the system's PFD at a function of different ITM 

intervals for fire pump set and isolating valves could be generated: 
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Figure 6 - PFD x ITM interval of fire pump set and isolating valves 

 

In addition, Figure 7 below represents the same PFD curve, but only considering the first two calculated points, to 

zoom in on the PFD curve between these points: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 - PFD x ITM interval of fire pump set and isolating valves (1st two points only) 

 

It is possible to notice, therefore, that if the ITM intervals are made on a weekly basis (first point of the curve), the 

PFD of the system is around 8%, which is consistent with data presented in [1], where an analysis was carried out 

between 2015 and 2019 regarding fires in properties equipped with a sprinkler system, where the sprinkler systems 

failed to operate in 8% of the cases. 

 

In addition, the orange horizontal curve presented in the two Figures above is of great importance for this study, 

since this curve is considered the maximum suggested limit of the PFD allowed for the automatic deluge system to 

be credited as a reliable mitigative protection layer.  

 

Another way to visualize the results presented is to represent the reliability curve of the system as a function of the 

ITM intervals. For this curve, only the first two points were computed, to better visualize the results: 
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Figure 8 – Reliability x ITM interval of fire pump set and isolating valves (1st two points only) 

 

Therefore, the first and most important conclusion that can be observed is that the deluge system can be effectively 

credited as a reliable protection layer if the ITM intervals for the fire pump set and isolating valves are performed 

weekly, where such frequencies are already recommended by good engineering practices [8]. 

 

Another conclusion that can be drawn from analyzing the graphs above is that, if the ITM intervals are performed 

annually (or above that) for the fire pump set and the isolating valves, the PFD of the system reaches 72%. A good 

correlation with this scenario is to keep a car stationary without starting its diesel engine for a year or more. 

Experience and intuition say that the probability of this car's engine running after being idle for 1 year is low. 

 

After the analysis above and knowing the failure rates of each block of Figure 4, it is possible to imagine that the 

fire pump set must have a high contribution to the total PFD of the system. To verify this, the Figure below 

representing the contribution of each of the three subsystems to the final PFD calculation was generated, again as 

a function of the ITM interval frequencies of the fire pump set and isolating valves: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 - Contribution of each block to the system PFD 

 

Through the analysis of the Figure above, it is possible to notice the largest contribution in the total PFD comes 

from the fire pump set, as already expected (more failure modes compared to the other blocks). 

 

4.4 Possible way to increase the reliability of the deluge system 

 

As seen above, the maximum calculated reliability of the case study system, considering the ITM intervals made in 

accordance with good engineering practices [8], was approximately 92%, which is already an adequate number to 

credit the deluge system as a reliable mitigative protection layer. 
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However, a possible question that may arise for a company that has an appetite for risk improvement is how to 

increase the reliability of this system even more. 

 

One possible answer to this question is to add redundant subsystems or components. Below, a simulation will be 

made of how the reliability of the deluge system would look if a second similar diesel fire pump set were installed in 

parallel to the first one (assuming that one set is independent of the other and only one fire pump is necessary to 

guarantee the effectiveness and performance of the fixed fire protection system).  

 

The following simplified block diagram represents the system configuration with a new fire pump set installed in 

parallel with the first one. 

 

 

 

 

 

 

 

 

 

Figure 10 – Water path to fire fighting with two redundant fire pumps  

 

The analysis of the figure above makes it clear that, if there is a dangerous failure in a fire pump set, there is still a 

path for the water flow to the deluge nozzles, through the second fire pump set installed in parallel. The new system 

reliability curve (considering only the first two test points, like Figure 8) is presented below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 - Reliability x ITM interval of fire pump set and isolating valves (1st two points only) considering two sets 

of redundant fire pumps  

 

It is possible to notice that the maximum reliability of the system is now around 97%, representing a 5% improvement 

over the original system. Certainly, the new system is more reliable, but it involved some additional cost of installing 

a new fire pump set. Therefore, the maximum reliability to be achieved in an industry will also depend on the risk 

improvement appetite that this plant has and how much the plant is willing to invest so that the system is as reliable 

as possible. 

 

Lastly, the analysis of Figure 11 also shows that, if the deluge system of this case study has two similar and 

independent fire pump sets installed in parallel, it would be tolerable to carry out the ITM related to fire pumps and 

isolating valves monthly. However, it is important to point out that this monthly frequency is not considered a good 

practice by the fire protection engineering community, but the analysis of the Figure above shows that such a 

frequency could be tolerable in this specific case. 
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5. CONCLUSIONS 

 

The main conclusions from the results obtained in this study are shown below (the first three items are based on 

the deluge system provided with only one fire pump set): 

 

• The deluge system can only be effectively credited as a reliable mitigative protection layer if the ITM 

intervals for the fire pump set and isolating valves are performed weekly, where such frequencies are 

already recommended by good engineering practices [8]. 

• The PFD of the system reaches 72% when the ITM intervals of the fire pump set and the isolating valves 

are performed once a year. 

• The fire pump set provides the greatest contribution to the system's PFD. 

• Adding redundant and independent subsystems increases the overall system reliability. In addition, the 

maximum reliability to be achieved in an industry will also depend on the risk improvement appetite of 

the plant. 

• If the deluge system of this case study has two similar and independent fire pump sets installed in 

parallel, it would be tolerable to carry out the ITM related to fire pumps monthly, although such frequency 

is not considered a good practice in the fire protection community. 
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ABSTRACT 

 

During the last decades, many fires occurred in several buildings around the world, a fact that raised awareness of 

numerous scholars and generated several evolutions regarding the theme of fire safety. However, much still needs 

to be done to avoid this problem. It can be said that historic buildings need even more attention. Several laws were 

elaborated with a focus on preventing this problem in new buildings, but the existing ones are often not 

contemplated by these parameters. This work analyzes buildings in the historic center of Ouro Preto in Minas Gerais 

in Brasil, this city is declared a national monument and world heritage.  

 

The importance of this historic site is highlighted not only for Brazil but also for the whole world. Having in mind the 

issue of superficiality in the analysis of fire prevention, three methods of analysis will be used to reach a more 

complete and reliable result. They are: Chichorro 2.0, simplified Arica and IT35 (global analysis), which will be 

explained throughout this work. Such methods will be applied in 54 chosen buildings. At the end of this work the 

results will be presented through tables and maps that will expose the riskiest buildings. 

 

Keywords: Fire, Heritage, Methodologies, Prevention. 

 

 

1. INTRODUCTION 

 

This article has as main references the final paper: Fire prevention in historical heritage: case study in the city of 

Ouro Preto, Minas Gerais and the research: Fire risk assessment in historical sites of Minas Gerais: Ouro Preto 

funded by Fapemig. According to Unesco (2015) preventive risk management is cheaper than rehabilitation 

expenses. In the case of fires, the preventive assessment is important to protect property and people. This article 

will focus on the historic town of Ouro Preto in the state of Minas Gerais in Brazil. Ouro Preto is an important city in 

terms of historical heritage. According to Iphan – world historic heritage – Ouro preto is world heritage, prize 

awarded by unesco. This article will present 54 buildings analyzed in the city and the results about a risk of fire. 

Three methods were used to perform the evaluation: Global Analysis from IT35, Chichorro 2.0 And Arica. The Arica 

and Chichoro are used in Portugal and therefore follow the rules there. Only the first method follows the brazilian 

rules. 
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2. METHODOLOGY 

 

The present study is divided into 3 parts: 

1. Theoretical foundation, 

2. Field research, 

3. Guidelines. 

 

 Table 1 (Methodology)  

Step Description Method 

1 º step Theoretical foundation Documents analysis 

and talk with residents. 

2º step Field research Application of 

methodologies 

3º step Guidelines Analysis of previous 

steps and map 

production with results  

(Pereira,2022)   

 

2.1 Theoretical foundation 

A quiz with question regarding the structure of the buildings was used to start the talk with the residents. Some 

important collected information was about gas, number of residents and existence of windows in the kitchen. The 

quiz was produced by Ignis, a group of students from the Federal University of Minas Gerais.  

 

2.2 Field research 

After 1° step, the collected data were applied in the three methodologies. They are: Global Analysis from IT35, 

Chichorro 2.0 And Arica. 

 

The Global Analysis aims to analyze the risk of fire in old and historic Brazilian buildings. It was carried out together 

with IPHAN. According to IT35 – technical instruction used in cultural heritage buildings in Minas Gerais – the 

analysis takes into account: use/occupation, height, dimensions, constructive characteristics and fire load of 

buildings. The building’s fire safety coefficient is obtained by adopting the ratio between the safety factor (S) and 

the overall fire risk (R). 

𝑦 =  𝑆/𝑅 
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The Arica (Fire risk analysis in old urban centers) is a method developed by Antônio Leça Coelho and Ana 

Margarida Sequeira Fernandes in 2010 and its application focuses on buildings located in old urban centers. 

However, it can be used in the evaluation of new buildings. According to Neto, Ferreira and Remor (2020), the 

methodology was designed to ensure buildings located in historic urban centers do not have a higher degree of risk 

than the most recent ones. Arica aims to make assessment objective and applicable on an urban scale. This method 

is based on two types of factors: the global risk factor (A, B and C) and the global effectiveness factor (D). 

According to Ferreira (2016) the Chichorro method was developed by Daniel Martins, a master’s student at the 

Faculty of Engineering of the University of Porto, under the guidance of Pr. Miguel Chichorro, professor at the same 

institution. In this method, the concept of fire risk is translated by means of the product of the fire occurrence 

probability by the severity of the consequences. The Chichorro 2.0 method, used in this research, is an evolution 

of the initial method. The improvement of Chichorro was developed by Ferreira, Ricardo (2016), also supervised by 

Miguel Chichorro. The Chichorro 2.0 method is an evolution of the Chichorro method (holistic calculation of fire risk 

in construction and enabled optimization of its reduction with works). The Chichorro 2.0 interface was designed to 

make the application easier and more intuitive. (Pereira, 2022). 
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Functional flowchart of the developed software (Ferreira  

 

 In the Chichorro 2.0 method, the concept of fire risk is translated through the product of the probability of a fire 

occurring by the severity of its consequences. 

 

𝑅𝐼 =  𝑃 × 𝐺 

 

02 

3. RESULTS 

 

The map below (Figure 1) shows the 54 analyzed buildings. 

 

Figure 1: Buildings analyzed colored in brown (PEREIRA, 2022) 
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The 3 methodologies were applied Ill buildings. This was done to perform a more reliable analysis. Based on the 

results obtained, this table was prepared. The results in green mean that the building does not present a risk of fire 

and the results in red mean that the building presents a risk of fire.  

 

Table 2 (Result) 

To be Continued 

 Chichorro 2.0 Global Analysis from IT35 Simple Arica 

Code  Classification Classification Classification 

Edification 01 Have security Have security Have security 

Edification 02 Does not have security Does not have security Does not have security 

Edification 03 Have security Does not have security Have security 

Edification 04 Does not have security Does not have security Have security 

Edification 05 Have security Have security Have security 

Edification 06 Have security Does not have security Have security 

Edification 07 Have security Does not have security Have security 

Edification 08 Have security Does not have security Have security 

Edification 09 Have security Does not have security Have security 

Edification 10 Have security Does not have security Does not have security 

Edification 11 Have security Does not have security Have security 

Edification 12 Does not have security Have security Does not have security 

Edification 13 Have security Have security Does not have security 

Edification 14 Does not have security Have security Does not have security 

Edification 15 Does not have security Does not have security Does not have security 

Edification 16 Does not have security Does not have security Does not have security 

Edification 17 Have security Does not have security Does not have security 

Edification 18 Does not have security Does not have security Does not have security 

Edification 19 Does not have security Does not have security Does not have security 

Edification 20 Have security Does not have security Does not have security 

Edification 21 Have security Does not have security Does not have security 

Edification 22 Have security Does not have security Does not have security 

Edification 23 Have security Have security Does not have security 

Edification 24 Does not have security Does not have security Does not have security 

Edification 25 Does not have security Does not have security Does not have security 

Edification 26 Have security Does not have security Does not have security 

Edification 27 Have security Does not have security Does not have security 

Edification 28 Have security Does not have security Does not have security 

Edification 29 Have security Does not have security Does not have security 

Edification 30 Does not have security Have security Does not have security 

Edification 31 Have security Does not have security Does not have security 

Edification 32 Does not have security Does not have security Does not have security 

Edification 33 Have security Does not have security Have security 

Edification 34 Have security Have security Does not have security 

Edification 35 Have security Does not have security Does not have security 

Edification 36 Have security Does not have security Does not have security 

Edification 37 Does not have security Does not have security Does not have security 

Edification 38 Have security Does not have security Does not have security 

Edification 39 Have security Does not have security Does not have security 

Edification 40 Have security Have security Have security 

Edification 41 Have security Have security Does not have security 

Edification 42 Have security Does not have security Does not have security 

Edification 43 Does not have security Does not have security Does not have security 

Edification 44 Does not have security Does not have security Does not have security 

Edification 45 Have security Does not have security Does not have security 
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   (Conclusion) 

Edification 46 Have security Have security Does not have security 

Edification 47 Have security Have security Does not have security 

Edification 48 Does not have security Does not have security Does not have security 

Edification 49 Does not have security Have security Does not have security 

Edification 50 Does not have security Does not have security Does not have security 

Edification 51 Does not have security Does not have security Does not have security 

Edification 52 Have security Does not have security Does not have security 

Edification 53 Have security Have security Does not have security 

Edification 54 Have security Does not have security Does not have security 

(Pereira,2022)    

 

From the results found, 4 maps were generated. The first three were made with results obtained in each of the 

methodologies. The last one was a compilation of all the results. The maps were created to facilitate the visualization 

of which building presents a high risk of fire. 

The Figure 2 summarizes the result of the risk assessment of the Chichorro 2.0 method, in which buildings in green 

have a low risk of fire. Buildings colored in red, on the other hand, have a high or imminent risk of fire, therefore, 

they received results greater than acceptable. 

 

 

Figure 2: Buildings with low risk of fire and with very high or imminent risk according to the Chichorro 2.0 

methodology (Pereira, 2022). 

 

Figure 3 shows the buildings with low risk of fire and with very high or imminent risk according to the Global 

Analysis methodology. Green buildings have a low fire risk. Buildings colored in red present a high or imminent 

risk of fire. 
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Figure 3: Buildings with low risk of fire and with very high or imminent risk according to the Global Analysis 

methodology (Pereira, 2022). 

 

Figure 4 shows the buildings with low risk of fire and with very high or imminent risk according to the Simple Arica 

methodology. Green buildings have a low fire risk. Buildings colored in red present a high or imminent risk of fire. 

 

Figure 4: Buildings with low risk of fire and with very high or imminent risk according to the Simple Arica 

methodology (Pereira, 2022).  
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And the last map summarizes the results of the 3 methodologies. In green are the buildings that are considered as 

sage by the 3 methods, in yellow those that are safe according to 2 methods, in orange the ones that ate safe only 

in one method and in red in none of methods. 

 

 

Figure 4: Overall result (Pereira, 2022). 

 

4. CONCLUSIONS 

 

Based on what has been presented, we can conclude that this study is of great relevance with regard to preventing 

fires in historical heritage sites. This paper showed the potential riskiest buildings in the analyzed area in Ouro Preto 

city. The aim of this work is to point out the least safe buildings. It was also possible to perceive which factor most 

influence the results of the methodologies used. In the case of Chichorro the houses that are not occupied is 

potentially safe in relation to the risk of fire. On the other hand, in simplified Arica and Global Analysis not being 

occupied is considered as an aggravating fact. 

Thus, the main outcome of this study is to support the decision on which locations should be prioritized for 

renovations and investments. 
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1. INTRODUCTION 

 

Fire is one of the most harmful events in a building or an environment, and it can cause property 

damage, destruction of heritage, and ultimately the loss of human lives. Therefore, preventing 

and controlling a fire incident is essential to ensure safety. One of the significant concerns in 

controlling the fire incident is the degree of readiness of the response forces regarding adequate 

means and resources to fight fires for the buildings and their premises [1]. To guarantee this 

degree of readiness is essential to plan the firefighters' resource allocation. This paper proposes 

to verify the degree of readiness and the resources available considering the risk of urban fires 

with elevated fire risk in Portugal.  

 

 

2. URBAN FIRE RISK IN PORTUGAL 

 

The risk of urban fire, including historical sites, will be taken considering the National Risk 

Assessment (Fig. 1 a and b) elaborated by the Portuguese National Emergency and Civil 

Protection Authority (ANEPC, Autoridade Nacional de Emergência e Proteção Civil) [2]. Also will 

be considered the estimated probability of fire (Fig. 1 c) presented in Bispo et al. (2022)[3]. 

ANEPC maps the risk considering the number of residents, buildings built before 1945 and 

building height. In addition to the risk of urban fire, it also establishes the risk in Historic Sites. 

The main variables considered in Bispo et al. are the population density, the degraded buildings 

density and consumer buying power.  
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a) b) c) 

Figure 1. (a) Urban fire risk; (b) fire risk in historic centers; (c) estimated probability of fire 

occurrence 

 

3. DEGREE OF READINESS 

 

Three factors define the degree of readiness: the distance and/or maximum time to travel, by the 

regular access routes, between the fire department and the building or enclosure; the technical 

means (vehicles and equipment) mobilized for immediate dispatch after the alert; and the human 

resources, in minimum quantity, 24 hours a day on standby [1].  

 

Buildings of the 3rd or 4th category must verify the degree of readiness when applying for the 

licensing. It means that if at up to 10km (or 10 minutes), there is a firefighter department with an 

Urban Fire Fighting Vehicle (VUCI), an Ambulance for Rescue (ABSC) and a minimum of seven 

firefighters available 24 hours a day. Furthermore, if within up to 15km (or 15 minutes), fire 

departments have the other means (Ladder Vehicle or lifting platform - VE/PE, Urban Tactical 

Tank Vehicle - VTTU and Tactical Command Vehicle -VCOT, with at least two firefighters for each 

vehicle). Remember that up to three fire departments can be activated to guarantee these 

minimum means. If this is not possible, the SCIE designer must adopt the compensatory 

measures. 

 

Verification of the degree of readiness is done in the SCIE project. After verifying the building risk 

category, the designer responsible for the SCIE project can verify and explain in the descriptive 

project memorandum the fulfilment or not of the degree of readiness and already indicate the 

compensatory measures. When the project goes for evaluation by the authority (ANEPC), it 

verifies the data provided for the approval or no of the project and building licensing. Suppose the 
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technician in charge does not establish the level of readiness; the authority verifies it and returns 

the project to the designer, demanding compensatory measures if applicable. 

 

Ensuring the degree of readiness does not mean that all the minimum means will be sent every 

time there is an urban fire. The fire department receives from the CDOS the type of occurrence 

and its location. District Command of Emergency Operations (CDOS) will direct the alarm to the 

fire department according to the location and description of the occurrence. The Fire Department 

decides which means to dispatch according to the location, type of occurrence and description of 

the call. The event alarm does not indicate the building's risk category. However, Emergency 

Plans for high-risk buildings already determine the measures and means to be considered. 

 

 

4. CONCLUSIONS 

 

Verify if the Portuguese urban areas with higher fire risk, including the historical sites, are 

contemplated with the resources necessary to guarantee the degree of readiness, not only in 

terms of isolated buildings but also as an urban environment.  
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ABSTRACT 

From 2003 to 2022, the Fire Safety Special Commission for Transport Systems (CB24) of the Brazilian 

Association of Technical Standards (ABNT) carried out a continuous improvement on the ABNT Standards 

[1 to 10] subject to road tunnels, regarding to fire safety premises. Ten standards were prepared, revised and 

updated, as follows, ABNT NBR 5181, Tunnel Lighting Systems – Requirements, 2021; ABNT NBR 15661, Fire 

Protection in Road Tunnels, 2021; ABNT NBR 15775, Fire Safety Systems in Tunnels - Tests, Commissioning 

and Inspections, 2019; ABNT NBR 15981, Tunnel Fire Safety Systems - Tunnel Emergency Signaling and 

Communication Systems, 2019; ABNT NBR 16484, Fire Safety at Rail Transport Systems – Requirements, 2020; 

ABNT NBR 16639, Fire Protection in subway and monorail tunnels – Requirements, 2020; ABNT NBR 16736, 

Fire Protection in road and urban tunnels – Emergency operation in road and urban tunnels – Requirements, 

2019; ABNT NBR 16888, Fire safety for freight transport rail systems ─ Requirements, 2020; ABNT NBR 16980, 

Fire protection to the existing urban tunnels – revitalization requirements, 2021; ABNT NBR 17027 – Fire 

Protection in submerged tunnels - requirements (press) The ABNT is an independent, private, non-profit and 

public utility, affiliated to the International Standard Organization (ISO), was founded on 09/29/1940, with the 

purpose of carrying out the technical standardization in Brazil, providing inputs for Brazilian technological 

development. The area of road tunnels is handled by Fire Safety Special Commission for Transport Systems, 

created in 2003, it belongs to the attributions of CB24 - Fire Safety, which was created in Jan. 1990. This Special 

Commission has been preparing technical standards for the last fifteen years. The Brazilian road development 

occurred together with the industrial one, since the constant displacement of people and materials became more 

frequent. However, with the greater road frequency, the most serious accidents also began to occur. Fortunately, 

in Brazil, the of tunnel fire accidents occurrence is very low and with no fatalities. The draft standard is carried out 

by the technical committee, in monthly face-to-face meetings, but, at the moment, they are being carried out 

virtually the Zoom platform. Between 2019 and 2022, three standards were carried out, one of which, ABNT NBR 

16888, presents the fire protection requirements for the cargo rail system that is already was published and the 

other two standards are in the elaboration and editing and phases, respectively. This standard presents the 

requirements, in addition to the railway, those for workshops, stations, terminals, vehicles and other buildings that 

make up the cargo rail transport system. Establishes the requirements to carry out the analysis and management 

of fire risks and emergency and contingency procedures in this cargo rail system. ABNT NBR 16980, Fire 

protection – existing urban tunnels – revitalization requirements, 2021; considering the existence of old urban 
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tunnels, the commission decided to draw up a standard for their revitalization, concerning fire safety systems. The 

standard ABNT NBR 17027 - Protection against fire in submerged tunnels - requirements (press), deals with 

requirements (qualitative) and criteria (quantitative) necessary for fire safety, although Brazil does not yet have 

this type of superstructure, the commission prepared this standar before the starting of the design of two 

submerged tunnels projects.. 

 

1 INTRODUCTION 

This article verify the risk scenarios detected in accidents that occurred in the last 30 years in tunnels, with fire 
generation and that are being addressed in national regulations, through technical commissions, in order to create 
barriers to prevent its occurrence in Brazil, and if it does occur, that it does not generate risk situations for its 
occupants. It is based on works presented in the past, which are cited in it. 
 
The Technical Commission for the elaboration of draft standards is formed by technicians from transport 
concessionaires (Ecovias, CCR, Metrô, Vale, MRS, Rumo), manufacturers of electromechanical and fire 
protection systems, independent consultants, the State Fire Department and researchers (IPT, USP). When it is 
verified that the proposals for improving fire safety internationally, were defined and implemented in road tunnels, 
after fire events that occurred in some of these tunnels, and that were associated with the established safety 
verification elements, it is proven that all of them are being considered for the composition of fire safety and the 
resumption of commercial operation in road tunnels in Brazil 

 
2  acidentes que indicaram cenários de riscos que devem ser evitados  

The following are reports of accidents that occurred, their root causes and proposed mitigating measures, initially 
studied by Scabbia (2007) [11] and completed by Scabbia & Berto (2021) [12]. 
 
2.1 Tunnel - Nihonzaka [11] 
 

Mashimo's report (2002), after the accident, the following specific measures were taken to resume tunnel 

operations; -it is important to note that, at the time of the fire, this tunnel, like many others, did not have 

measures aimed at fire protection: 

• • prohibit the circulation of trucks with dangerous cargo; 

• • prohibit overtaking inside the tunnel; 

• • install radars to prevent high-speed traffic; 

• • install Variable Message Signs – PMV at the tunnel entrances (two at each entrance) and two more 

internally; 

• • join the two tunnels, that is, attach the tunnel affected by the fire to the parallel tunnel (which had the 

opposite direction), transforming them into unidirectional ones, with four lanes in the same direction; 

• • build emergency bays for cars inside the tunnel; 

• • improve lighting inside the tunnel; 

• • install traffic lights (red/green) at the entrance to the tunnel. 
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2.2 Tunnel - Caldecott [11] 

The National Transportation Safety Board report (1983) Highway Accident Report Adopted: Multiple Vehicle 

Collisions And Fire Caldecott Tunnel Near Oakland, California (April 7, 1982) adopt the following additional 

measures: 

• inform the driver before his approach to the accident site; 

• evaluate and revise, where necessary, emergency procedures; 

• develop a system with rapid response to emergencies and train tunnel operators in all phases of the emergency, 

including in cases of fire, periodically, such that it can demonstrate the capacity of the employees; 

• clearly identify the tunnel's emergency exits; 

• prohibit lane changes or overtaking inside the tunnel; 

• improve conditions for tunnel supervision and performance through the adoption of a communication and fire 

safety system; 

• prohibit dangerous goods from entering the tunnel; 

• review federal highway administration and urban transportation administration programs to encourage vehicle 

segregation to prevent the road from posing an unnecessary risk to the public by sharing the road with moving 

trucks carrying product dangerous; 

• monitor drivers with known medical conditions; 

• adopt automatic systems to ensure compliance with these proposals. 

 

2.3 Tunnel – Montblanc [11] 

The Report of the Ministère de l'Equipement, des Transports, du Logement (1999) points out the need to consider 

the following actions to improve fire safety: 

• examine the possibility of reducing potential fire risks by controlling transported materials; 

• examine the possibility of inspecting vehicles before entering the tunnel; 

• install automatic incident detection system (DAI); 

• adopt Operations Control Center – single CCO; 

• implement a road operation capable of supervising and quantifying the vehicles inside the tunnel, to allow quick 

and effective action in fire situations; 

• ensure that the systems/equipment, mainly the electrical and communication systems inside the tunnel, remain 

in operation during the occurrence of fire; 

• clearly inform users about the occurrence of fire, with visual and sound signals, automatically indicating the 

emergency exits; 

• implement a first-time uninterrupted service, made up of a team of three to five specialists, able to act within 5 

minutes of identifying an occurrence; 

• adopt a single plan of action, considering both sides (France and Italy) 

 

2.4. Eurotúnel [12] 

The report jointly issued by the Bureau d’Enquêtes sur les Accidents de Transport Terrestre (2010) points to the 

need to adopt the following improvements: 
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• implement sufficiently reliable devices and procedures, aimed at mitigating the risks associated with the 

formation of electrical arcs between objects with excessive height, such as truck parts or their payload, and the 

catenary. 

• adjust the automatic fire detection system, making it faster and more reliable for any fire principle; 

• review the operating procedure when detecting a fire; 

• review procedure for hazard identification and risk assessment; 

• review the methodology for controlling work carried out by third parties to the tunnel operator; 

• improve procedures related to crisis management, in case of fire in the tunnel, in order to allow the evacuation of 

passengers in an acceptable period of time and the quick start of fire fighting. 

 

 

2.5. Tunnel - China (General) [12] 
Statistical data on fires between 2000 and 2016 in China by Ren et al. (2019) evaluated 161 fire events, 
considered large and medium-sized. Among the analyzed cases, 40 events, that is, 24.8%, caused damage to the 
structure or infrastructure of the tunnel and 11 cases caused deaths inside the tunnels (Figure 1). Actions were 
recommended regarding the implementation of passive protection measures. Due to the observed damage, the 
authors made several recommendations for improvements, in line with the recommendations made in the 
previously reported events. 

 

 

 

 

 

 

 

 

 

Figure 1 – Accidents in Tunnels - China 
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2.6. Tunnel – Australia [12] 

 

Casey (2020), Australia has adopted, since 2002, fixed fire fighting systems with water, of the Deluge type, inside 

some tunnels. In approximately 50% of harmful events, where used the deluge system, the fire was extinguished. 

In the other events they limited the fire and the operation team carried out the end of combat (Figure 2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 - Events involving the use of fire fighting systems in major tunnels in Australia, between 1994 and 2016. 

Source: Casey (2020) 

 

Table 1 presents, in a summary, the proposals for improvement that were defined after the fire in some tunnels, 

associated with the established verification elements, proving that, in some way, all were considered for the 

composition of fire safety and the resumption of commercial operation. Distributed as follows: 

 

Drivers and users  

Control of transported loads  

Structural and civil elements  

Tunnel operation centralized in CCO  

Fire protection systems  

• Tunnel lining fire resistance  

• Reaction to fire  

• Incident or fire detection  

• Ventilation  

• Lighting  
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• Fire extinguishing  

• Emergency exit 

Mechanical and electrical-electronic systems  

User information systems  

Maintenance and periodic updating 

 

Table 1 - Practical improvements after fires 

 

 

 
(*) No analised   Scabbia & Berto 2020 [11] 

 
It should be noted that among the verification elements, in addition to fire protection systems, clearly associated 
with fire control, the other elements predominantly include fire prevention actions. 
 
It is important to note that, for all the accidents shown in Table 3, the need for drivers and users to respond to 
operational commands is considered. This situation stems from the observation, in the events studied, that, in 
general, they did not go to the emergency exits, mainly due to the fact that they were not alerted to the severity of 
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the event. From this point of view, such action has a protective nature and depends on other elements aimed at 
fire safety. 
In all the cases indicated in Table 1, it is considered necessary to define and control the loads present in the 
tunnels, including the limitation of the toxicity generated when they are ignited. Likewise, the existence, or 
revision, of operating procedures, with centralized management in an Operational Control Center, are always 
considered. 
The existence of damage to the tunnel structure is also indicated in all the analyzes carried out, as an important 
problem, although explicit proposals for improvements were included. 
Fire protection systems, mechanical and electrical-electronic systems and user information systems are 
presented at all events, always with a strong recommendation to review, expand or modernize them. Therefore, 
the process of technological updating of all these systems, throughout the commercial operation of the tunnels, 
was considered 
Scabbia et all (2009) [13], no matter how much automatic control or supervision systems are inserted in the 
tunnels, these do not replace, but only help the operational teams. During an accident, people inside the tunnel 
always need support, via duly equipped human intervention. 
 

Table 2 - Relationship between Brazilian standards and proposed verification elements by [12] 
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Drivers and users Control of transported loads Structural and civil elements Tunnel operation centralized in CCO 

Fire protection systems Mechanical and electrical-electronic systems User information systems Maintenance and 

periodic updating. 

 

5 CONCLUSION  

When it is verified that the internationally accepted proposals for improving fire safety, see Table 1, were 

accepted and implemented in the national standards for road tunnels, see Table 2, it is proven that all of them 

were considered for the composition of fire safety for commercial operations in road tunnels in Brazil. Not 

Available agovernmental mechanism for periodic inspection of tunnels, which guarantees compliance, during their 

use, with the implementation and maintenance of these requirements 
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ABSTRACT 

 

The mechanical response of reinforced concrete tunnels (R/C) exposed to fire can represent a critical issue in the 

design phase of this kind of infrastructures, due to the combination of a few negative aspects such as the 

development of severe fire scenarios, the development of sizable indirect actions and the severe compression state 

which can foster spalling phenomenon. It follows the need for a reliable evaluation of the fire performance of tunnels 

exposed to high temperature, considering the decay of the material properties and the evolution of the internal 

actions. This task is however often complex, since it can need the implementation of non-linear analyses which 

consider the diffusion of heat in the structural elements, the variation of the mechanical properties of the materials 

and the interaction between lining and surrounding soil. Such analyses are often performed by means of advanced 

finite element codes which can perform multi-physics simulations (as for example Abaqus or Safir). On the other 

hand, in the present study, a simplified approach is described for linear and non-linear analyses of deep R/C tunnels 

exposed to fire, based on the main assumption of axisymmetric loading and heating. This assumption is generally 

kept for deep tunnels, in which the ratio between vertical and horizontal pressure is usually not too far from the unit 

value. The assumption of axisymmetry makes it possible to describe the behavior of the lining via a sectional 

analysis (1D approach), in which the plane section assumption is kept. Such algorithm can be rather easily 

implemented in any work sheet or programming code (as for example Matlab, Fortran, or similar). This simplified 

approach allows to rapidly perform parametric analyses necessary for understanding the role played by different 

key parameters, and to understand the advantages of performing a non-linear analysis allowing the plasticization 

of the section. 

 

Keywords: concrete tunnel; simplified approach; axisymmetry; plastic analysis; indirect actions. 
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1. INTRODUCTION 

 

The structural behavior of tunnels exposed to fire can represent a critical aspect in the design phase, due to some 

specific issues which characterize this kind of infrastructures. In particular, the combination of a few negative 

conditions makes fire a very severe condition. First of all, the characteristics of the fire compartment is generally 

favorable for the development of rather severe fire scenarios with very high temperatures, even overcoming 1000°C, 

and prolonged durations [1]. In addition to this, the fuel, potentially consisting in oil and hydrocarbons, brings in a 

significant fire load and an elevated Heat Release Rate (RRT) as demonstrated by the typical fire curves related to 

hydrocarbon-based fires (Hydro-Carbon fire curve – HC, or Modified Hydro-Carbon – HCM, Rijkswaterstaat curve 

– RWS,…). 

 

Secondly, the inherent structural redundancy of the lining in deep tunnels, because of (1) the surrounding soils 

restraining the overall dilation of the ring and (2) the almost axisymmetry of the problem which restrains any 

curvature of the lining, favors the development of sizable indirect actions in terms of both compression and bending 

moment, dramatically modifying the initial state of stress. It is worth noting as the structural sensitivity in case of fire 

is strictly connected to the specific characteristics of the concrete adopted, this making the definition of the actual 

mix design to be used (as for example including polypropylene fibers) of primary importance [2-5]. 

 

On the base of the main aspects above described, the assessment of the structural performance of the lining in 

case of fire accidents is rather complex. In particular, too simplified approaches can lead to excessively conservative 

results with a subsequent need for oversizing reinforcement, thus significantly increasing the overall costs. It follows 

the need for a reliable evaluation of the fire performance of tunnels exposed to high temperature, considering the 

decay of the material properties because of the high temperature as well as the evolution of axial force and bending 

moment in the lining due to the restrained thermal expansion. 

 

Such purpose, however, needs on most cases the implementation of (sequentially) coupled thermo-mechanical 

analyses considering the non-linear response of the materials. This often requires the need for advanced finite 

element codes which can perform multi-physics simulations (as for example Abaqus or Safir) [6], but at the cost of 

more onerous geometrical modeling (usually requiring the explicit introduction of rebars and their interaction with 

the surrounding concrete) and analysis burden (with calculation time in the order of hours for a single ring of lining). 

  

To this end, in order to have a much simpler and faster tool, in the present study, a simplified approach is described 

for the linear and non-linear analysis of deep reinforced concrete (R/C) tunnels exposed to fire. Such approach is 

based on the main assumption of axisymmetric loading, as often kept for deep tunnels in which the ratio between 

vertical and horizontal pressure can be close to the unit value. It is worth noting, however, that the state of bending 

and compression induced by fire is generally dominating with respect to the initial stress state of the lining, this 

smoothing down the effects related to initial lack of axisymmetry. 

 

The great importance given to the assumption of axisymmetry comes from the fact that, in such case, the overall 

behavior of the lining can be described through the sectional response, in which the plane section assumption can 

be kept. This allows for the implementation of rather simple, but effective, algorithms which can be implemented in 

any work sheet or programming code. 

 

 

2. BEAM THEORY IN HEAT-EXPOSED MEMBERS 

 

In order to recall the main kinematics of a lining exposed to fire, the general case of a slab exposed to heating on 

one side only is reported in Figure 1, where the typical temperature and stresses distribution within the depth are 

shown for a given fire duration. Stresses can be divided in (a) self-equilibrated stresses induced by the internal 

sectional constrain to thermal expansion of the hot layers (green line in figure) and (b) load-induced stresses (in 

blue line in the figure) where load can be both due to external forces or indirect actions, this latter for example be 

caused by the external restrain of the overall thermal expansion of the structural member. Thermal stresses are 

caused by the dilation of the hottest layer this being restrained by the inner cold core of the slab, thus introducing 

compression next to the exposed surface and tension in the inner part, so to guarantee translational equilibrium, 

while compression rises in the cold side to guarantee rotational equilibrium. Obviously, the resultant of thermal 

stress is zero in terms of both axial force and bending moment. 
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Figure 1: Slab heated at the bottom face: profiles of temperature, thermal stress and load-induced stress. 

 

The same kinematics involves tunnel linings in which, however, bending is totally prevented by the axisymmetry of 

the problem, thus leading to the introduction of a bending moment M bringing tension at the cold side and 

compression at the hot layer. Furthermore, sectional elongation (thus the circumferential elongation) of the lining is 

more or less efficiently limited by the presence of the surrounding soil, which reacts with an overpressure increasing 

the compression in the lining itself. It is worth underling as bending moment magnitude is linked to the flexural 

stiffness of the lining (thus on its thickness), while the axial force magnitude is driven by the stiffness of the soil. 

 

As abovementioned, if the axisymmetry assumption is maintained, the tunnel lining response during a fire can be 

expressed via a sectional approach, in which the plane section hypothesis is kept, as also currently performed at 

SLS/ULS or in seismic conditions. Such assumption is very powerful, since makes it possible to describe the total 

strain profile through a linear equation depending on two parameters only (in case of simple bending), which can 

be easily evaluated enforcing the two equilibrium conditions (namely, translational and rotational ones). In the 

following, total strain at the geometrical barycenter ε0 and sectional total curvature χ will be chosen as reference 

parameters, thus leading to the well-known kinematic equation εtot(y,t) = ε0(t) + χ . y, where compression is 

considered positive (and, consequently, shortening positive) with the reference system reported in Figure 2. The 

mechanical strain ε(y,t) can be thus expressed as difference between total strain and thermal strain, 

ε(y,t) = εtot(y,t) – εth(y,t) = ε0(t) + χ . y – εth(y,t). 

 

The equilibrium can be then enforced by introducing the linear relation between mechanical strain and stress 

σ = ε . E, this allowing also to consider non-linear mechanical behavior if a secant approach is adopted by defining 

an effective secant modulus E = σ̅ 𝜀 ̅⁄ : 

{
N = ∫ σdA = ∫ E(ε0 + χy − εth)dA      

M = ∫ σydA = ∫ E(ε0 + χy − εth)ydA
     ⇒      {

N = (ε0 + χek,G − εth,0)EÃ             

M = (ε0ek,G − εth,0eth,G)EÃ + χEĨ
 (1) 

N and M are considered applied to the geometrical center (barycenter) of the section and the following definitions have 

been introduced: effective axial stiffness EÃ = ∫ EdA, effective static moment ES̃ = ∫ EydA, effective flexural stiffness 

EĨ = ∫ Ey2dA, average thermal strain εth,0 = ∫ EεthdA EÃ⁄ , average thermal curvature χth = ∫ E ∙ εth 𝑦⁄  ∙  y2dA EĨ⁄ , 

eccentricity of the thermal stress resultant with respect to the barycenter eth,G = ∫ EεthydA ∫ EεthdA⁄ = χth εth,0⁄ ∙

EĨ EÃ⁄  and distance of the stiffness center with respect to the geometrical barycenter of the section ek,G = ES̃/EÃ. 

 

It is now rather interesting to express the strain at the barycenter and the sectional curvature, ε0 and χ, as the sums 

of two contributions, namely, the value at the beginning of the fire duration, ε0,in and χin, and their following variation 

Δε0 and Δχ. The generalized forces are represented in Figure 2, where it can be noticed the presence of 3 

components of axial force. The first one, 𝑁𝑖𝑛 = (ε0,in + χ𝑖𝑛ek,G)EÃ is applied at the center of stiffness kG and it 

represents the initial axial force applied before of the fire, the second one, Nth = −εth,0EÃ is applied at center of 

application of εth,0 and is the value of the axial force if the element is perfectly-restrained against thermal expansion 

(ε0 = χ = 0), and the third one, 𝑁𝑟𝑒 = −(ε0 + χek,G)EÃ is applied at the center of stiffness kG, and is the contribution 

related to the release of the restraints (ε0 ≠ 0; χ ≠ 0) that, in the case of member subjected to fire, can be seen as 

a “de-compression”. 

 

In this view, Equation 1 can be rewritten as follows: 

{
N = (ε0,in + χ𝑖𝑛ek,G)EÃ + (∆ε0 + ∆χek,G)EÃ + (−εth,0)EÃ

M = (ε0ek,G + χek,G
2 − εth,0eth,G)EÃ + χEĨ − χEÃek,G

2        
     ⇒        {

N = Nin − 𝑁𝑟𝑒 + Nth                                     

M = Ninek,G − Nreek,G + Ntheth,G + χEĨ𝑘
 (2) 

where it has been introduced the term EĨ𝑘 = EĨ − EÃek,G
2 = ∫ E(y − ek,G)

2
dA, which simply represents the sectional 
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stiffness with respect to the center of stiffness (and not with respect to the geometrical barycenter of the section). 

 

In case of fire, εth,0 is a dilation as well as Δε0 (hence, negative strains), so making positive (thus a compression) 

the terms Nth and Nre. On the other hand, the initial axial deformation ε0 is expected to be negative, since the lining 

is characterized by initial compression due to the static pressure of the surrounding soil. 

 

As a last step, Equation 2 can be re-written recalling that χ = χin + Δχ and defining Min = χinEĨk and M𝑟𝑒 = ∆χEĨk: 

{
N(𝑡𝑓𝑖𝑟𝑒) = Nin − 𝑁𝑟𝑒(𝑡𝑓𝑖𝑟𝑒) + Nth(𝑡𝑓𝑖𝑟𝑒)                                                                                                            

M(𝑡𝑓𝑖𝑟𝑒) = Nin ∙ ek,G(𝑡𝑓𝑖𝑟𝑒) − Nre(𝑡𝑓𝑖𝑟𝑒) ∙ ek,G(𝑡𝑓𝑖𝑟𝑒) + Nth(𝑡𝑓𝑖𝑟𝑒) ∙ eth,G(𝑡𝑓𝑖𝑟𝑒) + M𝑖𝑛 + M𝑟𝑒(𝑡𝑓𝑖𝑟𝑒)
 (3) 

where all the quantities are functions of the fire duration tfire excepted the initial system of actions Nin and Min. 

 

It is finally of interest, to analyze the case in which the total curvature in constantly zero (as it occurs in a circular 

ring exposed to fire at the inner face), and the two extreme situations, namely slab totally restrained to expands 

(hence, Δε0 = 0) and lining free to expand (hence, ΔNfire = Nth – Nre = 0). In such cases, it yields: 

∆ε0 = 0 ⇒ {
N = Nin + Nth                
𝑀 = Ninek,G + Ntheth,G

                    ∆N𝑓𝑖𝑟𝑒 = 0 ⇒ {
Nth = 𝑁𝑟𝑒                                          

M = Ninek,G + Nth(eth,G − ek,G)
 (4) 

It can be noticed as the first situation (Δε0 = 0) leads to the development of compression during the exposure 

because of the restrained thermal expansion of the section, while the second situation (ΔNfire = 0) is characterized 

by nil variation of the axial force during the fire, but a higher bending moment (with respect to the case Δε0 = 0), 

since the “de-compression” force Nre, applied at a distance ek,G with respect to the geometrical barycentre, increases 

the applied bending moment. 

 

 
Figure 2: Temperature T, modulus E, thermal strain εth and total strain ε profiles in a slab heated at the bottom 

face and resultant of axial force and bending moment. (G, kG, thG, = barycenter of gross section, center of 

sectional stiffness and center of perfect-restrained thermal stress resultant, respectively). 

 

3. SECTIONAL ANALYSIS FOR ASSESSING THE FIRE PERFORMANCE OF TUNNEL LININGS 

 

As abovementioned, the expansion of the lining is partially restrained the surrounding soil which reacts with an 

overpressure. In order to take into account the evolution of such overpressure is important to observe that ε0 not 

only represents the relative shortening/elongation of the sectional centroid, but also the relative 

shortening/elongation of the ring circumference, from which it follows that ε0 also define the relative variation of the 

ring radius. The evaluation of the pressure exerted by the surrounding soil around the lining can be consequently 

calculated as indicated in Equation 5 via the product of the radial displacement, δr = ε0
 . R (with R = radius of the 

tunnel lining), and of the elastic constant of the soil ksoil (which can be calibrated on the basis of the convergence 

law of the soil-tunnel system). Finally, the increase of the external axial compression applied to the lining because 

of the soil can be simply calculated on the base of the width b of the lining (Equation 6). 

Δpth(tfire) = ε0 . R . ksoil (5) 

Next(tfire) = Nin + pth(tfire) . b . R (6) 

Enforcing translational and rotational equilibrium at the beginning of fire, since initial axial force and bending moment 

are both known, it is possible to evaluate ε0 and χ. During the development of the fire, the curvature χ is considered 

to remain constant (χ = χin, this being on the safe side, since no structural redistribution of bending moment is 

allowed). This makes it possible to evaluate ε0 by imposing the equilibrium in terms of axial force for any following 

time step, and then the bending moment acting on the section can be calculated via sectional stress integration. 

 

The approach allows to easily consider the mechanical non-linearity of the materials by introducing the proper 
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constitutive laws σ-εm. For concrete in compression and for steel in tension/compression, EC2 [7] provides the 

equation describing the stress-strain relationships, also taking into account transient thermal strain. When a non-

linear analysis is performed, thus using as input the realistic stress-strain laws of concrete and steel, properly taking 

into consideration the decay of mechanical properties, strength checks are not required, since collapse occurs just 

when the analysis does not converge, namely when at a given fire duration, no coupe of values ε0, χ is able to 

satisfy the translational equilibrium equation. This aspect is rather emblematic, since it underlines as, under the 

assumption of axisymmetry, collapse can occur just due to compression (which is linked to equilibrium, since the 

external pressure of the soil must be equilibrated by the lining) and not by bending (since this latter action is just 

linked to compatibility as it occurs by definition in the case of indirect actions linked to impressed deformations). 

 

Due to the non-linearity of the problem, the calculation procedure needs an iterative algorithm, which can be 

enforced at any fire duration as follows: 

1. first attempt value for ε0,1 (as for example 0 at time 0 or the final value of the previous time step); 

2. evaluation of Nint and of the error ΔN = Nint - Next(t) = Nint – (N20 + pth(t) . b . R); 

3. calculation of the corrected value of ε0,2 as ε0,2 = ε0,1 + Δε0 (with ∆ε0 = ∆N EÃ⁄ ). 

 

The described algorithm has been implemented in a common programming language together with the algorithm 

for the evaluation of the temperature in the thickness via the typical finite element approach for a 1D system. 

 

Figure 3a shows the variation with temperature of normalized compressive strenght fcT/fc20, tensile strength fct
T/fct

20, 

elastic modulus Ec
T/Ec

20 and perfectly-restrained thermal stress Ec
T/Ec

20 . εth according to EC2 [7] in the case of 

siliceous aggregate and the normalized decay of fR3
T/ fR3

20 for Fibre-Reinforced Concrete according to [8,9]. 

Figure 3b reports εc1
T, εcu

T and εth with temperature. It is worth noting as the thermal strain for perfectly-restrained 

thermal expansion (ε0 = 0, leading to σth = εth
 . Ec

T) is almost negligible for temperature higher that 1000°C (since 

modulus Ec
T approaches the zero value for the high thermally-induced degradation), and also at 20°C (since εth is 

zero). Finally, Figure 4 shows the constitutive laws in compression [7] and in tension [8,9] for different temperatures. 

 

 

  

Figure 3: Variation with temperature of fcT/fc20, fct
T/fct

20, Ec
T/Ec

20, Ec
T/Ec

20 . εth and fR3
T/ fR3

20 (a) and of εc1
T, εcu

T and 

εth (b) according to EC2 [7] and fib [8,9]. 

 

 

  
Figure 4: Constitutive laws for plain concrete in compression [7] and for fibre-reinforced concrete in tension [9] 

(in case of strain-softening response according to [8]). 
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3. NUMERICAL ANALYSES AND DISCUSSION 

 

According to the methodology previously described (see also [10]), an ad hoc software code has been implemented 

which allowed to perform parametric analyses as reported in the following. In particular, it has been investigated 

the effect of lining thickness and initial compression to the overall flexural behavior of the tunnel lining during fire 

development. Furthermore, such parametric analyses have been performed via both an elastic approach (referred 

as ELA, in which for all the materials, an elastic behavior in both tension and compression has been adopted, 

obviously considering the decrease of the modulus with the temperature) and a non-linear approach (referred as 

NLA, in which the constitutive laws of Figure 4 have been introduced). 

 

It is worth noting that an elastic approach is generally conservative, since it leads to larger values of indirect actions, 

but it needs strength checks at the end of the analysis, since such approach does not take into account the failure 

of the materials [6]. On the other hand, non-linear analyses lead to lower values of indirect actions, since, in addition 

to the degradation of the stiffness because of the temperature, it also introduces the mechanical degradation 

induced by stresses, this being linked to the decrease of the secant effective stiffness for increasing values of strain 

and due to cracking in tension. The mechanical degradation of the section can lead to a dramatic decrease of the 

flexural stiffness, drastically smoothing down the bending moment, since this latter action is not caused by external 

forces (thus equilibrium), but just by internal compatibility and thermal (self-)stresses. Non-linear approaches do not 

require any additional strength check at the end of the analyses as the possible failure is taken into account by the 

introduction of the effective constitutive laws. Collapse in non-linear analyses is observed if convergence is not 

obtained during the numerical iterations, this being ascribable to the impossibility of attaining equilibrium. It is worth 

noting that for sake of simplicity, all the following simulations are carried out in case of Fibre-Reinforced Concrete 

(thus with a non-negligible tensile strength) and without rebars. 

 

In Figure 5, the variation with temperature of axial force N and bending moment M with time is shown in case of 

ISO 834 fire curve, for lining thicknesses of 0.4, 0.6 and 0.8 m. In all the cases, a ring width of 1 m and a ring 

external radium of 6 m have been considered, together with nil initial external compression Next
20 = 0 kN, and very 

high (almost infinite) Winkler constant representing soil stiffness (kw = 103 N/mm3). Only elastic analysis (ELA) is 

shown. It is also reported the normalized bending moment with respect to the one of the thinner lining (thickness of 

0.4 m). 

 

  

 

 

Figure 5: Variation with temperature of axial force N and bending moment M with time. 
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It is very interesting to observe as the development of the axial force is the same for the three lining thicknesses, 

since, thanks to the very high soil stiffness, the condition ∆ε0 = 0 of Equation 4 is attained. 

 

On the other hand, during the development of the fire, bending moment is more than proportional to the thickness 

of the lining, since, in the special case of ∆ε0 = 0 (which makes the axial force in the lining independent from the 

lining thickness), the bending moment is proportional to the distance between the center of perfect restrained 

thermal stresses resultant and geometric center (barycenter) of the section (eth,G in Figure 2). In case of perfect 

restrained condition (∆ε0 = 0), the distance between the center of perfect restrained thermal stress and the exposed 

face, dth (= h/2 – eth,G), does not depend on the lining thickness. This yields that bending moment is proportional to 

(h/2 – dth), hence to h . (1/2 – dth /h) thus with an increase with h more than linear. 

 

In Figure 6, the variation with temperature of the strain at the center of the section ε0, axial force N and bending 

moment M with time is shown in case of ISO 834 fire curve. On the left, the plots refer to a lining thickness of 0.5 m, 

while a thickness of 1 m is considered in the right side. In both cases, a ring width of 1 m and a ring external radius 

of 6 m have been considered, together with a moderate-low initial external compression Next
20 = 500 kN, and a 

Winkler constant representing the soil stiffness kw = 0.1 N/mm3. Thick solid lined refers to NLA, while thin lines refer 

to ELA. 

  

  

  
Figure 6: Variation with temperature of strain at the barycenter ε0, axial force N and bending moment M with time. 

On the left, h = 0.5 m, while on the right, h = 1.0 m. 
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In the plots showing the bending moment evolution, it has been reported also the evolution of the resistant bending 

moment of the section according to the temperature profile and to the external axial force, evaluated by 

implementing the constitutive laws of Figure 4. 

 

It is now interesting to focus on the development of the bending moment with time for the elastic analyses (ELA). 

First of all, it can be noticed as the thermal bending moment for the lining thickness of 1.0 m is more than twice 

(about 2.6 times) the one for the thickness of 0.5 m, as also highlighted for Figure 5. On the opposite, in the general 

case non corresponding to the perfect restrained condition (∆ε0 ≠ 0), thicker linings are characterized by lower 

values of axial force, since the average temperature in the thickness is lower and the expansion of the ring is more 

limited, thus activating a lower overpressure of the soil. Such decrease in the axial compression smooths down the 

increase of the bending moment with respect to the one highlighted for the case of Figure 5. 

 

On the other hand, comparing the variation of bending moment obtained via ELA with the variation of MRd, it yields 

that failure occurs in the range 0.5-1.3h of heating for the lining thickness of 0.5 m and in the range 1.0-2.4 h for 

the lining thickness of 1.0 m, since the external moment equals the resisting one (namely, M = MRd). Failure, 

however, does not occurs for the same cases according to NLA, since the “virtual collapse” observed via ELA 

represents just the configuration in which section plasticization (due to crushing in compression or, more often, to 

cracking in tension) is obtained. As previously mentioned, when plasticization is attained, section stiffness starts 

reducing, thus bringing to a reduction of indirect actions, this being typical of all indirect actions such as those linked 

to concrete shrinkage, impressed distortions and so on. 

 

This makes it important to define the condition in which collapse is attained. In case of indirect actions, failure occurs 

only when the bearing capacity of the structure is so degraded that it is no more possible to face the initial external 

forces, namely the gravitational actions due to the surrounding soil. In the case of a tunnel lining with initial 

axisymmetric loading (thus with an initial nil bending regime) this translates into the condition of an axial force 

decreasing with the fire duration, which means that the sectional shrinkage due to the compression is higher than 

the thermal dilation. Such configuration is not stable and thus not engineering allowable. 

 

It is finally interesting to observe that when section plasticization takes place in non-linear analyses, the increase of 

axial compression and strain at the barycenter (ε0) speeds up. This is caused by the fact that the cracking process 

taking place at the cold side during section plasticization reduces the internal restrain provided against to the thermal 

expansion of the hottest layers. The consequence is that thermal dilation increases and, therefore, the overpressure 

exerted by the surrounding soil. 

 

In the following, the effect of the initial compression in the overall response of the lining during fire is investigated, 

proving as bending response results to be strongly affected. 

 

In Figure 7, the variation with temperature of the strain at the barycenter of the section ε0, axial force N and bending 

moment M with time is shown in case of ISO 834 fire curve. On the left, the plots refer to an initial compression 

Next
20 = 500 kN, while an initial compression Next

20 = 2000 kN is considered in the right side. In both cases, a ring 

width of 1 m and a ring external radius of 6 m have been considered, together with a lining thickness of 0.3 m, and 

a Winkler constant representing the soil stiffness kw = 0.1 N/mm3. 

 

In the Figures, thick solid lines refer to NLA, while thin lines refer to ELA. In the plots showing the bending moment 

evolution, it has been reported also the evolution of the resistant bending moment of the section according to the 

temperature profile and to the external axial force, evaluated by implementing the constitutive laws of Figure 4. 

 
The same comment previously highlighted holds for the present case regarding the configuration with low axial 
force (left side of Figure 7). On the other hand, it is worth noting as, significantly increasing the initial axial 
compression, the consequent increase of the bearing bending moment (MRd) makes it possible to not plasticize the 
section. This is clearly shown in the last plot of the right side of Figure 7, where the bending moment evaluated 
according to elastic analysis (ELA) remains always lower than the bearing capacity of the section (MRd). The 
consequence is that elastic and plastic analysis yield in this case rather similar results, since plasticization remain 
only latent without significantly affecting the overall sectional response. 
 
Such considerations are corroborated by the evolution of the axial stiffness EA, of the distance between the center 
of perfect restrained thermal stress and geometric barycenter of the section (eth,G in Figure 2) and of the distance 
between the center of stiffness and geometric barycenter of the section (ek,G in Figure 2), all reported in Figure 8. 
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Figure 7: Variation with temperature of barycentre strain ε0, axial force N and bending moment M with time. 
On the left, Next

20 = 500 kN, while on the right, Next
20 = 2000 kN. 

 

 

  

Figure 8: Variation with fire duration of center of stiffness, of perfectly restrained stress eccentricity and of 
sectional axial stiffness. 
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4. CONCLUDING REMARKS 

 

In the present paper it is discussed the potential in the adoption of a simplified 1D beam approach to assess the 

structural performance of tunnel linings during fire. Such simplified approach lies in two main assumptions, namely 

axisymmetry of the lining (in terms of geometry and loading) and of plane sections according to the beam theory. 

In particular, axisymmetry allows to describe the overall structural behavior of the lining via a sectional approach, 

which, as generally maintained in both Service and Ultimate Limit States, keep the assumption of plane sections. 

Furthermore, since thermal and mechanical problems are not fully coupled, the method requires the sequential 

solution of the thermal problem to define the temperature distribution within the lining for any fire duration, and of 

the following linear or non-linear mechanical analysis.   

 

The simplicity of the approach allows for the prompt and easy estimation of the structural performance of tunnel 

lining exposed to fire with very fast simulation characterized by very limited burden in modelling, with the possibility 

of monitoring all the main parameters involved, such as internal actions, stiffness, stresses, possibly highlighting 

the role played by single parameters such as lining thickness, soil stiffness, material characteristics, instrumental in 

understanding the sensitivity to different factors. The parametric analyses reported in the present paper confirm as 

a linear elastic analysis represents a conservative approach leading to more severe indirect actions and it requires 

strength checks. If checks are not satisfied, however, collapse does not necessarily occur, since sectional collapse 

(or better, plasticization) does not correspond to global failure. The role played by lining thickness appeared not so 

trivial, since its increase leads to a reduction of the compression, but to an increase of the bending moment because 

of the larger eccentricity of the compression in the hot layer. Finally, linings characterized by high initial pressure 

exerted by the soil to the lining tends to respond (almost) elastically during the fire thanks to the increased bearing 

capacity in bending. 

 

Even though the described simplified approach appears powerful and effective, important aspects need to be better 

analyzed. In particular, the development of indirect actions evaluated according to such approach should be 

compared with those obtained by more advanced Finite Element analyses (such as, for example, by using Abaqus 

or Safir). Furthermore, it should be checked the possibility of adopting a 1D approach also for non-axisymmetric 

configuration, this latter being the most general condition for tunnel linings. 
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ABSTRACT 

 

Having an excellent strength-to-weight ratio, steel structures are the preferred solution for long-span industrial 

buildings. However, when compared to other construction materials, they possess relatively low fire resistance. To 

enhance their fire performance, adequate fire protection is required. An imprecise fire design, without considering 

the real influence of the main parameters on the development and propagation of natural fires, may lead to 

excessive amounts of already costly protective material. Moreover, the use of advanced software tools may be 

impractical, especially for time-consuming iterative computations when an optimal solution is sought. Hence, it is 

the goal of this work to present a simple and user-friendly calculation tool that allows users to define the sheds to 

be built, and based on a set of metrics, weights, and advanced algorithms, to find the most economical solution by 

reducing the steel and fire protection material consumption. To showcase the use of the tool and its possibilities, 

an example of a steel industrial shed is selected, for which different fire protection strategies are explored and 

discussed. The main conclusion is that the results obtained by the tool are comparable with the FEM results, and 

are obtained considerably faster than by expensive software tools. 

 

 

Keywords: Steel industrial sheds; Fire design; Fire protection; Web application, Optimization. 

 

 

1. INTRODUCTION 

 

Owing to its excellent strength-to-weight ratio, steel structures are the preferred solution for long-span industrial 

buildings (see Fig. 1). However, when compared to other construction materials, they are vulnerable when subject 

to high temperatures (usually above 500ºC) [1].  

 

High thermal conductivity and section factors lead to a rapid increase in temperature resulting in a rapid loss of 

structural stability. Hence, it is common practice to provide steel structures with protection to ensure the structural 

integrity of their elements for a minimum time, usually sufficient to allow the evacuation of the occupants and the 

intervention of firefighters to save human lives and reduce material damage.  
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a) 

 
b) 

Figure 1: Steel industrial sheds: a) @Pavilhoes Moreira; b) @Pinterest 

 

Nowadays, there are multiple solutions for fire protection materials available on the market. Their main 

characteristics are low thermal conductivity, high heat capacity, physical heat absorption reactions (transpiration, 

evaporation, sublimation, ablation) as well as chemical reactions (endothermic decomposition, pyrolysis) and/or 

intumescence, i.e. formation of a thicker insulating foam after heating [2]. The solutions are not unique and each 

one provides different characteristics, from an economical, ecological, and sustainable standpoint. Among the fire 

protection materials, the most commonly used are gypsum-based coatings, cement-based materials, sprays, wools, 

and intumescent paints, among others. 

 

A simplified fire design for steel buildings, i.e. without considering the real influence of the main parameters on the 

development and propagation of natural fires, such as the opening factor, the fire load density, the cladding 

materials, and the actual geometric configurations, can lead to solutions with protection that sometimes imply a high 

investment, which can compromise the competitiveness of steel structures. In this sense, the Switch2Steel project 

aimed to design and produce a computational platform to support architectural and engineering offices, 

manufacturers, and fabricants in the construction sector in calculating and optimizing the cost of industrial and 

commercial buildings made of steel, to increase their competitiveness in this type of construction and promote its 

advantages. 

 

In the following sections, a realistic case of an industrial shed is first described, which is then calculated and verified 

using both the advanced FEM model and the developed calculation tool. To illustrate the adequate use of the 

developed tool and its main features, different fire protection strategies are considered, and the respective fire 

performance of the reference case study is evaluated. 

 

2. CASE STUDY 

 

2.1 Portal frame geometry 

 

For this work, an example of a two-pitched steel industrial shed is selected as a reference case as shown in Fig. 2. 

The span of the main portal frame is L = 25m, with the column height equal to h = 7.5m, and a roof slope of 10%. 

The industrial shed has a total length of 100m, with the spacing between two successive portal frames of L/4 = 

6.25m. The main frame is built of hot-rolled profiles – HEB260 for columns and IPE450 for rafters, both made in 

steel S355. Following the design practice recommendation, two haunches at two beam-to-column connections are 

2.5m long (i.e. L/10), and approximately 0.714m high (i.e. L/35). The purlins over the rafters are placed at every 

2.5m, including the one on the top of the column and one at the apex, whereas another intermediate purlin is placed 

at the middle of the haunches. The façade rail beams are placed over the exterior column face equidistantly at 

1.875m. The portal frame is considered pinned at the column bases and horizontally braced. The required fire 

resistance for this portal frame is assumed to be R60.  
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Figure 2: Two-pitched industrial shed – reference example (units in mm) 

 

 

2.2 Load combinations 

 

Regarding the loading, the building is of industrial use, with a light roof, located in Figueira da Foz (Portugal). 

Therefore, the following loads are considered: 

 

• G0: self-weight of the frame (evaluated according to dimensions). 

• G1: contributory self-weight of roof purlins (evaluated according to dimensions and spacing, but with a 

repercussion typically around 0.03−0.06kN/m2). In this case, 0.05kN/m2 is adopted. 

• G2: weight of roof panel (composite panel); the roof sandwich panel is manufactured with thicknesses between 

30 and 100mm, with self-weight between 0.10 to 0.15kN/m2. 

 

For pre-design purposes, an approximate value of G = 0.20kN/m2 is adopted. 

 

• Q: variable imposed load (maintenance) on the roof (category H per EN 1991-1-1:2002 [3], 0 = 0, 1 = 0, 2 

= 0) of 0.40kN/m2. The service load is conservatively added to the variable load, with a value of 0.15kN/m2. In 

some cases, this service load is added to the dead load; however, due to the large effect of wind on the 

structure, this approach might be unconservative. Therefore, for pre-design purposes, a value of Q = 0.55kN/m2 

is considered. 

• S: variable snow load calculated according to location (for H < 1000m a.s.l., 0 = 0.50, 1 = 0.20, 2 = 0). For 

a building located at Figueira da Foz (Portugal), the snow load is S = 0.20kN/m2. 

• W: variable wind load calculated according to location (0 = 0.60, 1 = 0.20, 2 = 0). For a building located at 

Figueira da Foz (Portugal), the basic wind velocity is vw = 30m/s whereas according to EN 1991-1-4 [4], Terrain 

Category II (area with low vegetation) is assumed. For the global analysis of the structure, this is equivalent to 

an approximate basic wind pressure value of 0.57kNm2, which results in an overall lateral unit force (pressure 

+ suction) of about 1.80kN/m2, and a roof suction of about 0.36kN/m2. For the individual analysis of the 

members, the inner pressure due to openings is considered, and for each wind direction (transverse and 

longitudinal), the most unfavorable situation is obtained by varying the internal coefficients between +0.2 and 

-0.3, leading to the three wind load distributions shown in Fig. 3. 

 

   
(a) (b) (c) 

Figure 3: Wind load distribution on the walls and roofs: (a) wind in transverse direction (θ = 0°) – suction, (b) wind 

in transverse direction (θ = 0°) - pressure; (c) wind in longitudinal direction (θ = 90°). 
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The pre-design of the portal frame is first carried out at the ambient temperature, considering ULS and SLS load 

combinations calculated according to EN 1990 [5]. The following 14 ULS and 14 SLS combinations are considered, 

as shown in Table 1 (ULS) and Table 2 (SLS). Finally, for the fire design of the portal frame, the accidental load 

combinations considered are summarized in Table 3. It should be noted that the imposed loads (Qk) are not 

considered for the fire verification, since according to EN1990 (Annex A), the combination factors for the H category 

buildings (roofs of industrial buildings) are equal to 0 (0 = 0, 1 = 0, 2 = 0). 

 

Table 1: Load combinations for the ULS verifications 

Combination Gk Qk Sk WT↑↑ WT↓↑ WT↑↓ WT↓↓ WL↑ 

1 1.35 1.50 0.75 - - - - - 

2 1.0 - - 1.50 - - - - 

3 1.0 - - - 1.50 - - - 

4 1.0 - - - - 1.50 - - 

5 1.0 - - - - - 1.50 - 

6 1.35 - 0.75 1.50 - - - - 

7 1.35 - 0.75 - 1.50 - - - 

8 1.35 - 0.75 - - 1.50 - - 

9 1.35 - 0.75 - - - 1.50 - 

10 1.35 - 1.50 0.9 - - - - 

11 1.35 - 1.50 - 0.9 - - - 

12 1.35 - 1.50 - - 0.9 - - 

13 1.35 - 1.50 - - - 0.9 - 

14 1.0 - - - - - - 1.50 

 

 

Table 2: Load combinations for the SLS verifications 

Combination Gk Qk Sk WT↑↑ WT↓↑ WT↑↓ WT↓↓ WL↑ 

1 - 1.0 0.5 - - - - - 

2 - - - 1.0 - - - - 

3 - - - - 1.0 - - - 

4 - - - - - 1.0 - - 

5 - - - - - - 1.0 - 

6 - - 0.5 1.0 - - - - 

7 - - 0.5 - 1.0 - - - 

8 - - 0.5 - - 1.0 - - 

9 - - 0.5 - - - 1.0 - 

10 - - 1.0 0.6 - - - - 

11 - - 1.0 - 0.6 - - - 

12 - - 1.0 - - 0.6 - - 

13 - - 1.0 - - - 0.6 - 

14 - - - - - - - 1.0 

 

Table 3: Load combinations for the fire verifications 

Combination Gk Qk Sk WT↑↑ WT↓↑ WT↑↓ WT↓↓ WL↑ 

1 1.0 - 0.2 - - - - - 

2 1.0 - - 0.2 - - - - 

3 1.0 - - - 0.2 - - - 

4 1.0 - - - - 0.2 - - 

5 1.0 - - - - - 0.2 - 

6 1.0 - - - - - - 0.2 

 

In these tables, WT and WL indicate the wind in the transverse and longitudinal direction, whereas the first arrow in 

the subscript indicates the orientation of the external wind coefficients (Ce) and the second arrow that of the internal 

(Ci) coefficient. 
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Since there are no normative deflection limits for SLS, a customary limit for the vertical deflections is L/200 for the 

characteristic combination but excluding the deflections due to dead load, generally counteracted by pre-camber. 

This limit is adopted hereby. The control point is the apex of the portal frame. Horizontal deflection is of no 

importance in these frames, as they are assumed to be braced in-plane with a suitable bracing system. 

 

 

3. SWITCH2STEEL (S2S) APPLICATION 

 

3.1 S2S Tool description 

 

The S2S application is developed for the calculation and optimization of the cost of steel industrial sheds, 

customized for Android, iOS, macOS, Windows, and web applications. It is user-friendly, intuitive, and fast to access 

and use. The user interface allows for the manual configuration of different parameters in an intuitive step-wise 

manner, as shown in Fig. 4. The application combines several design techniques – depending on the requirements 

defined for the building and the legislation applicable to the place where it will be built. It also incorporates the 

legislation and technical regulations of several European countries, which will gradually be increased with the 

evolution and dissemination of the platform (see Fig. 4a).  

 

 
a) 

 
b) 

 
c) 

 
d) 

Figure 4: Switch2Steel computation tool interface 

 

Regarding the computational algorithms, the tool has four main features: (i) structural analysis of steel portal frames 

at room and elevated temperatures, (ii) two-zone fire models, allowing for the performance-based design; (iii) 

automatic safety verifications according to respective design codes; and (iv) implementation of stochastic Genetic 

Algorithms (GAs), for structural optimization. 

 

To obtain the effects of actions (internal forces and displacements), linear elastic analysis is carried out using a 2D 

structural solver developed in the high-level program language Python. The 2D solver is based on the displacement 

(stiffness) method [6] in which the structure is discretized by finite elements (FE). The second-order effects are also 

accounted for. Namely, according to cl. 5.2.1 of EN1993-1-1, the second-order effects for elastic analysis need to 
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be accounted for whenever αcr = Fcr/FEd ≤ 10. Hence, the critical load factor (αcr) is determined first for each load 

case using the modified stiffness matrix of the system to account for the presence of the axial force, composed of 

two parts (see Eq. 1): i) stiffness matrix obtained according to the first-order theory (K0), and ii) so-called geometric 

stiffness matrix (KG) 

 

  KL =  K0 +  KG (1) 

 

Once the critical load factor (i.e. eigenvalue) is determined, the second-order effects are subsequently determined 

using the amplified sway moments method, implemented through the following steps: 

• The first analysis is performed with restraints against horizontal translation (but not rotation) using ULS loads 

multiplied by 1/(αcr – 1). 

• The horizontal restraint reactions are recorded.  

• The second analysis is performed on the normal structure, using 1.0 x ULS loads plus horizontal loads 

recorded, equal in magnitude but opposite in direction to the reactions calculated from the first analysis.  

• The design is performed using the output from the second analysis. 

 

It should be highlighted that the S2S tool allows for the portal frames with the dimensions falling within the limits of 

common design practice, (i.e. one-span and multi-span frames with the spans not exceeding 50-55m each), hence 

avoiding highly slender structures with the critical load factor below αcr = Fcr/FEd ≤ 3.0, where severe second order 

effects might occur. 

 

Subsequently, the safety verification of steel structures, based on the Eurocodes methodologies (EN1993-1-1, 

EN1993-1-2, and EN1993-1-5 [7-9]), is incorporated in a software-as-a-service logic offering necessary 

functionalities to the target audience, with multi-channel support and parameterization.  

 

In addition, the fire design is implemented in this tool (see Fig. 4c) and it is carried out for accidental loading, and 

localized fire scenarios. Whenever the configuration and characteristics of the building meet fire safety conditions 

less severe than the prescriptive methodologies, the platform enables performance-based fire design. For that 

purpose, to reduce the computation time, a two-zone model is integrated into the process of calculating the thermal 

actions from a localized fire using Consolidated Fire and Smoke Transport (CFAST_7.7.0) program [10], developed 

and maintained by the National Institute of Standards and Technology (NIST) in the United States of America. This 

approach has some important assumptions that must be understood and considered by the user [10]. 

 

Finally, the tool integrates calculation methodologies with evolutionary optimization techniques, namely genetic 

algorithms [11]. These algorithms are stochastic methods that allow the generation of possible solutions to the 

optimization problem within a domain, using an evolutionary way. They are search algorithms inspired by the 

concepts of natural and genetic selection, based on the strategy of survival of the fittest [11]. Although this type of 

technique requires a large number of evaluations of the objective function and constraints, with the evolution of 

computers, they have simplified the complexity of optimization problems with a large number of variables, namely 

to obtain the minimum amount of structural steel in industrial and commercial buildings. 

 

3.2 Design of portal frame at ambient temperature 

 

Switch2Steel platform allows for both manual and automatic generation of all relevant ULS and SLS load 

combinations, by varying the dominant variable load (imposed, snow and winds), and accounting for all possible 

combinations of wind pressure coefficients (internal and external) including both longitudinal and transversal wind 

directions. Subsequently, for each load combination, the structure is verified according to EC3, both on the cross-

section level and on the global level (accounting for second-order effects and different member instability 

phenomena). In this study, the same 14 ULS and 14 SLS load combinations presented in Table 1 and Table 2 are 

considered. The envelope of utilization factors for 14 ULS load combinations is shown in Fig. 5. 
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Figure 5: ULS utilization factor envelope 

 

As it may be noticed, the maximum utilization factor of UFULS = 0.815 is reached in the cross-sections at the junction 

between the rafter and the column, obtained for the combination with the dominant vertical load (i.e. combination 1 

in Table 1). As for the SLS verification, the maximum vertical displacement of 116mm is obtained in the middle of 

the span (at apex), which is less than the commonly accepted limit (L/200 = 125mm), resulting in an SLS utilization 

factor equal to UFSLS = 0.96, obtained for the SLS combination with the dominant sucking longitudinal wind (i.e. 

combination 14 in Table 2).  

 

3.3 Fire design of the portal frame  

 

After the safety at the ambient temperature is verified for both ULS and SLS, the platform performs subsequently 

the fire safety verification. Namely, the corresponding accidental loads are automatically generated, and based on 

the desired fire resistance rating (R60 in this case), and selected fire protection material, the minimum required 

thickness is calculated. For this example, gypsum-based mortar with perlite is considered with the following thermal 

properties: thermal conductivity of 0.2309W/mK, specific heat of 861.79J/kgK, and mass density of 860.186kg/m3.  

The minimum required material thickness is calculated considering columns exposed to fire on 3 sides, and rafters 

exposed to fire on all 4 sides, resulting in a minimum thickness of 6.5mm when the standard temperature-time curve 

ISO 834 [12] is considered. 

 

 

4. FEM ANALYSIS 

 

4.1 Model definition 

 

In this section, the results obtained by the Switch2Steel tool are compared with more advanced calculation 

methodologies, namely, a three-dimensional shell finite element model developed in the finite element program 

Abaqus [13] (Fig. 6a). A linear four-node shell element with reduced integration (S4R) is used for the model 

discretization. The applied material (steel S355) is modeled as elastic-plastic without strain-hardening. The purlins 

and façade rail beams are not explicitly included in the model, but their presence is simulated by lateral restraints 

applied on the outer (exterior) flange of rafters/columns, as presented in (Fig. 6b). 
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a) 

 
b) 

Figure 6: FEM model of a two-pitched industrial shed 

 

 

4.2 Ambient temperature 

 

For the design of the steel portal frame (at ambient temperature), in this study, two types of analyses are performed: 

i) Linear elastic bifurcation (or eigenvalue) analysis (LBA) and ii) Geometrically and materially nonlinear analysis 

with imperfections included (GMNIA). First, to generate the eigenmodes, the LBA is performed using the subspace 

algorithm available in ABAQUS. Subsequently, the extracted eigenmodes are used as the shapes of the initial 

geometrical imperfections in a GMNIA, in which the ultimate resistance of the frame is obtained and its elastic-

plastic behavior examined. For that purpose, the General static method from the software’s library is used, which 

gives non-linear static equilibrium solutions. The results presented in Fig. 8 and Fig. 9 are obtained for the ULS and 

SLS combination with the dominant vertical load, i.e., combination 1 in Table 1 and Table 2, respectively. 

 

Due to significant computational time, not all 14 ULS and 14 SLS load combinations are assessed, but only those 

assessed as more critical. The linear buckling analysis (LBA) shows that the critical eigenmode is affine to the local 

torsional buckling of the bottom (compressed) flange between the two lateral restraints (Fig. 7a). This shape is 

adopted as the initial imperfection shape with an amplitude of hbeam/200. In addition, the initial imperfection of the 

columns is modeled based on the 4th eigenmode (Fig. 7b), with the corresponding amplitude of hcolumn/200.  

 

Subsequently, the static analysis indicates that the applied load may be sustained without failure of the system, 

with the most critical cross-section being the one at the junction between the rafter and column (see Fig. 8), which 

coincides with results obtained using the S2S tool.  

 

 
a) 

 
b) 

Figure 7: Linear buckling analysis: a) 1st eigenmode; b) 4th eigenmode 
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Figure 8: Non-linear static analysis - ULS load combination 1  

 

 
Figure 9: Non-linear static analysis - SLS load combination 1  

 

For both limit states, the maximum utilization factors are derived and compared with the results obtained using the 

S2S tool at ambient temperature, as shown in Table 4. 

 

Table 4: S2S tool vs FEM – ambient temperature 

 S2S tool FEM Diff. (%) 

ULS 0.815 0.743 9.7 

SLS 0.957 0.874 9.5 

 

The results show that a simplified 2D linear model, based on Eurocode design verifications and without initial 

imperfections, leads to a more conservative solution (in this case, around 9.6% for both ULS and SLS checks). 

However, one should not underestimate the amount of time and modeling experience required for a single analysis 

using a sophisticated 3D shell finite element model, which is particularly emphasized in the case of heat-transfer 

analysis, as indicated in the following sub-section.  

 

 

4.3 Fire conditions 

 

Subsequently, an additional finite-element analysis is carried out to investigate the fire resistance of the same steel 

portal frame protected with gypsum-based mortar with perlite (see section 3.3). Sequential analyses are performed 

in the following order: LBA, heat transfer analysis, and thermo-mechanical analysis with imperfections.  

 

In the last analysis, the portal frame is subject to both accidental loading and a non-uniform heating rate according 

to the standard fire curve ISO 834 [12] up to failure. The structure collapses when either the magnitude of deflection 

or the rate of deflection exceeds the limits set by EN 1363–1 [14].  

 

The thermal boundary conditions are defined according to the recommendations in EN 1991-1-2 [15], using two 

types of surfaces available in the software library, including ‘film condition’ for heat transfer by convection and 

‘radiation to ambient’ for heat transfer by radiation to reproduce the net heat flux on the fire exposed surfaces.  A 

coefficient of heat transfer by convection equal to 25W/(m2K) and a resultant emissivity (εm. εf) to 0.63 are adopted. 

Thermal resistance to heat conduction at the mortar-steel interface is also adopted in the FEM, with a thermal 

contact conductance of 150W/(m2K) up to 100ºC and of 80W/(m2K) beyond that temperature [2, 16]. 

 

For the considered case study, i.e., under standard fire conditions, the results from the numerical simulations are 

similar to those obtained using the S2S platform in terms of both critical temperature and required fire protection, 
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as presented in Table 5. It is worth noting that a single simulation (i.e. for one load combination) in Abaqus lasts 

approximately two hours (with Intel® Core™ i7-6700 Processor, using 4 logical processors), while the same 

analysis in the S2S platform, with multiple load combinations, and with the complete optimization procedure, takes 

several minutes, in total. 

 

Table 5: S2S tool vs FEM – fire conditions (R60) 

 
Critical temperature 

(ºC) 

Protection thickness 

(mm) 

S2S tool 742.6 6.5 

FEM 740 6.2 

Difference 0.4% 4.8% 

 

 

5. ALTERNATIVE FIRE PROPERTIES USING S2S TOOL 

 

In this section, different features from the S2S tool related to the fire performance of the industrial shed are 

presented. Once the user selects the module ‘Fire analysis’ (see Fig. 4c), a separate set of fire protection properties 

may be introduced, as shown in Fig. 10. 

 

 
a) 

 
b) 

 
c) 

Figure 10: Switch2Steel computation tool interface – Fire design 

 

Using the S2S tool, it is possible to select a series of parameters (Fig. 10a), such as the desired fire protection rate 

(R0 – R120), type of fire protection material (e.g. intumescent paints, plaster boards, mortars, sprays) for columns 

and rafters, separately, where the properties of protection material, as well as the number of sides exposed to fire, 

may be manually varied. In addition, the S2S tool allows for two fire design approaches: i) standard (with ISO 834 

curve) and ii) advanced, in which a two-zone model is integrated into the process of calculating the thermal actions 

from a localized fire using CFAST software, whereas all the relevant parameters may be edited (e.g. fire load data, 

thermal properties of compartment walls, ceiling, floor, percentage of openings, etc.). 

 

For this paper, to show the possibilities of the S2S tools, several parameters are varied, and their influence on the 

fire behavior of industrial sheds is illustrated. Namely, the standard approach (ISO) is compared with the natural 

fires, whereby different fire rate resistances are examined (from R15 to R90). The fire protection material is kept 

the same as in section 3.3 (i.e. gypsum-based mortar with perlite), however, two fire exposures of columns are 

considered (with 3 and 4 sides), and the roof openings of the industrial sheds are varied (i.e. 0%, 5%, 10% of the 

floor area) using the interface presented in Fig.10b and Fig.10c. All other dimensions of the industrial shed are kept 

constant as defined in 2.1., i.e., the dimensions of the large compartment are set to be 100m x 25m x 7.5m with 

two doorways of 3m x 3m (on the same longest facade). A 20cm concrete slab is assumed for the floor and 0.04m 

coverings with high thermal resistance are selected for the ceiling and walls. Their thermal properties are 

summarized in Table 6. Finally, the following fire load properties are considered: a fast fire growth rate, fire load 

density of 1500MJ/m2, fire area of 25m2, and heat combustion of 17500kJ/kg, whereas the maximum heat release 

rate is computed according to Eq. (E6) of EN1991-1-2.  
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Table 6: Thermal properties of compartment elements 

Element 
Thickness 

(mm) 

Mass density 

(kg/m3) 

Specific heat 

(kJ/kgK) 

Thermal Conductivity  

(W/mK) 
Emissivity 

Ceiling 0.04 60 1.03 0.037 0.9 

Walls 0.04 60 1.03 0.037 0.9 

Floor 0.20 2300 1.00 1.6 0.9 

 

The results for the studied set of parameters are presented in Fig.11. It may be noticed that the thickness of the fire 

protection varies considerably depending on the assumptions made and the case study. Namely, the major 

difference is noticed between the ISO fire curve and the natural fire for high fire resistance rates (beyond 45 

minutes), since for the natural curves the specified time resistance represents the duration of the fire, including all 

phases (i.e. ignition, development, and decay). Since the selected fire scenario is fully developed for a short time 

(i.e. in less than 30-45min), the consideration of such localized natural fire would be conservative and uneconomical. 

Similarly, for resistances beyond 45 minutes, the consideration of the standard ISO curve would result in an 

overestimation of the protection thickness since this curve does not account for the decay phase.  

 

 
Figure 11: Fire protection thickness varying different parameters 

 

Furthermore, when the ISO curve is considered, depending on the desired fire resistance, the thickness of the fire 

protection material varies almost linearly from zero for R15 up to almost 15mm for R90. The reason is that the 

thermal properties of all materials in this study are considered constant over time. The graph also shows the 

influence of the number of sides exposed to fire (3 or 4), whereby a more severe case (i.e. with all four sides 

exposed to fire) results in 21% higher thickness on average (c.o.v = 3.6%).  

 

Finally, in the case of natural fires, the influence of the openings is studied, whereby it may be noticed that the 

consideration of roof openings is favorable for higher fire resistances (faster fire development), and in this case, for 

the resistances higher than 45 minutes, it results in considerable material savings of 43% and 60% on average, for 

the openings of 5% and 10%, respectively.  

 

 

4. CONCLUSIONS 

 

In this work, a web application is presented, developed within the research project Switch2Steel for the calculation 

and optimization of steel industrial sheds. Using a realistic example of an industrial shed, the results obtained using 

this tool are compared with results obtained using the more sophisticated finite element software Abaqus, both at 

ambient and elevated temperatures, and the results obtained are comparable, whereas significant modeling and 

computational time may be spared using the S2S tool. Finally, using the S2S tool, a small parametric study is carried 
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out, showing that an imprecise fire design, without considering the real influence of the main parameters on the 

development and propagation of natural fires, or considering idealized standard temperature-time curve, may lead 

to excessive amounts of costly protective material, decreasing the competitiveness of steel in this type of buildings.  
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ABSTRACT 
 
In the frame of the European RFCS-TRAFIR project, different natural fire tests in large compartment were 
conducted by Ulster University, involving steel structure, and aiming at understanding the conditions in which a 
travelling fire develops, how it behaves and impacts the surrounding structure. During these tests, the fire load was 
kept identical, but the opening layouts were modified (reduced from test to test).  The two first tests highlighted a 
clear travelling nature while for the third one, a travelling fire leading to flashover occurred. This paper presents 
steel temperature measurements from steel columns and beam. It is shown that for the steel column, the heating 
profiles vary along the height, i.e., there is a vertical gradient of temperatures (effect more pronounced for test n°1 
and n°2). For the steel beam, it was found that the recorded temperatures in the bottom flange, web and the top 
flange are non-uniform. The steel temperature profiles are not significantly affected by the change in ventilation 
from test n°1 to test n°2, conversely to test n°3. The results obtained during the tests and lessons learnt will help to 
understand the behaviour of the travelling fires and their influence on the structural members. This knowledge will 
help to reduce the travelling fire associated risks in future. 
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1. INTRODUCTION  
 
It is well established that the response of a structure subjected to fire is dependent on the fire exposure conditions. 
Small compartment fires behave in a well understood manner defined as a post-flashover fire with uniform 
temperatures. Over time, the building designs have evolved and with modern architecture, there is an increase of 
open large-floor plan spaces, for which the assumption of post-flashover fire and uniform temperatures does not 
hold [1,2]. Instead, there is a smaller localised fire that moves across the floor starting in a certain area or a point. 
The current standard fire as well as the compartment fire exposure conditions have been developed by using data 
from small compartment tests. The existing test data is available from small compartment tests, the concept of a 
uniform distribution of gas temperatures fits well when dealing with similar scenarios. In case of large compartments, 
the assumption of uniform temperature distribution does not hold, and more research is needed to address such 
cases. During recent fires, the travelling fires have been observed and investigated, which include the destruction 
of the World Trade Centre Towers in New York City in 2001 [3], the Windsor Tower in Madrid in 2005 [4], and the 
Faculty of TU Delft Architecture building in Netherlands in 2008 [5]. The detailed investigations on the fire events in 
large compartments have revealed that such fires have a great deal of non-uniformity unlike the small compartment 
fires. They generally burn locally and move across floor which generates non-uniform temperatures and transient 
heating of the surrounding structure and are idealized as the travelling fires [1-6].  
Although majority of the fire exposure scenarios provided in the design codes consider uniform temperatures within 
the compartment, there is also some guidance available related to non-uniform temperatures.  In the EC2 (EN1991-
1-2) [6], two models are provided which consider a non-uniform temperature distribution, the localised fire model, 
and the advanced fire models (zone models and computational fluid dynamic models). Although the localised fire 
is assumed to be static, it is possible to consider several localised fires, one localised fire spreading to other 
localised fires. Such effect covers a fire spread but does not directly allow to fully capture the science behind the 
travelling fires. For zone models, the situation starts as a two-zone model which assumes accumulation of 
combustion products in a layer beneath the ceiling, with a horizontal interface. Uniform characteristics of the gas 
may be assumed in each layer and the exchanges of mass, energy and chemical substance are calculated between 
these different zones [2]. Although this model considers a non- uniform temperature distribution within the 
compartment, it does not translate the travelling nature of a fire. The CFD (computational fluid dynamic) models 
enable to solve numerically the partial differential equations giving in all points of the compartment, the thermo-
dynamic and aero-dynamic variables. These models are consequently complex and imply a high computational 
cost. Further, these modules need further refining through comparisons with experimental data. The recent years 
have seen growing interest in investigating travelling fires which underlined the inadequacy of uniform heating in 
large compartments [7-15]. Further research efforts are needed, especially to extend the experimental data related 
to such fire scenarios which is scarce, limited, and partial. 
 
 
 
2. COMPARTMENT EXPERIMENTAL TESTS 
 
Three large natural fire tests involving a continuous wood crib fuel bed in a steel-framed structure were conducted, 
aiming at performing large-scale tests with no artificial control over the fire dynamics with three specific objectives 
listed as: 

• A fuel-controlled travelling fire, referred as test n°1 (more details given by Nadjai et al. [16]); 
• Another travelling fire, with less ventilation than in test n°1, referred as test n°2 (more details given by Alam 

et al. [17]). 
• A ventilation-controlled fire leading to a flashover, referred as test n°3 [18]: 

 
The floor plan between the outer gridlines of the test structure was 15 m x 9 m while the level of the ceiling from the 
floor finish surface was 2.90 m as shown in Figure 1. The test compartment is a representative of a modern office 
building and represents a part of an open layout office building (see Figure 1a). The structure was made of hot 
rolled steel beams and columns as the main structural frame while hollow-core precast slabs were used for the 
construction of ceiling, see Figure 1. A solid concrete wall was built along one of the shorter sides while 1.0 m down-
stands were provided along the longer dimensions of the test compartment as seen in Figure 1a.   
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The fuel load used for the travelling fire tests was determined to be a representative of an office building following 
the recommendations of the Eurocode 1 [6]. As the test compartment was representative of an office building, 
Eurocodes provide a medium fire growth rate (tα = 300 seconds) and a fire load density of 511 MJ/m2 for such 
occupancies. Gamba [11] performed a series of fire tests with uniformly distributed cellulosic fire loads, aiming at 
defining an arrangement representative of an office building according to Eurocode 1. This work led to devise a 
well-established methodology, used to define the fuel load for the experimental campaign described in this paper. 
To achieve a medium fire growth rate for the office building and reach a fire load density of 511 MJ/m2, 9 layers of 
wooden sticks with an axis distance of 120 mm (90 mm intervals) were provided in three different directions. The 
wood sticks were 30 mm wide and 35 mm deep. The first layer of the wooden sticks was laid at 60° angle while the 
second layer was laid at an angle of 120°. The third layer was at 0° or 180° and the process was repeated in such 
a way the 6th layer of the sticks laid at 0° or 180° had a lateral offset of 60 mm with respect to the third layer  
 

 

 
Figure 1: Layout of the three tests (highlighting the reduction in openings) and the fuel load arrangement. 
 
as shown in Figure 1 (e) and (f). The final layer (the ninth layer) of the fuel wood was at 0° or 180°, such an 
arrangement helped to visually observe the travelling behaviour of fire from one stick to another. The fuel wood 
source consisted of the species “Picea abies” with an average density 470 kg/m3 having a moisture content of 

274



15.22%. The fuel wood was provided along the centre of the test compartment. The fire load was 14 m long 
stretching along the longer dimension of the test compartment. For convenience, a gap of 0.5 m was maintained 
between the walls and the edge of the fuel bed at both ends as seen in Figure 2 The width of the fuel bed was 4.2 
m and was aligned with the centre line of the compartment. Such an arrangement of the fire load resulted in a 
distance of 2.4 m from the edge of the fuel bed to the centreline of the columns provided along in the longer 
dimension along gridline Ⓐ and Ⓓ. 
 
For the purpose of ignition, a steel tray was positioned at 0.5 m from their edge close to gridline 1. This location 
generates a 1 m distance between the back wall and the centre of the steel tray.  The fire load was kept identical 
(and representative of an office building following EN 1991-1-2 [6]; only the opening layouts were modified (reduced 
from test n°1 (total opening area of 85.2 m2, see Figure 1b  to test n°2 (total opening area of 30 m2),  see Figure 1c 
and from test n°2 to test n°3 (total opening area of 10 m2, see Figure 1d.   
 
Some dummy columns (which can be observed in Figure 1 (b,c,d)) provided for data acquisition purposes were 
erected between the concrete floor and the roof beams. The dummy columns were fixed to the floor and the bottom 
flange of the beams using two anchorage bolts. The steel used for the construction of the test compartment 
(including the dummy columns) was grade S355. Both the structural and dummy columns, as well as the beams 
provided along the longer direction of the test compartment, consisted of HEA 200 hot rolled steel sections (see 
Table 1). As the test compartment was intended to be used for multiple fire tests, the structural columns of the steel 
frame were protected using intumescent coating (R60) in order to maintain the structural integrity during the fire 
tests. It is seen in Figure 1(e) that only the structural columns were protected while the dummy columns are kept 
unprotected for data acquisition purposes. A summary of the steel frame used for the test is given in Table 1. It 
should be noted that the steel beams of the test compartment were not protected as these were restrained by the 
dummy columns in the middle of their span. They were also restrained by the precast slabs provided on top. As 
there were no additional loads applied on the beams, they were used for thermal data acquisition purposes. 
 

 
Figure 2: Fuel load arrangement and steel column provided in the test compartment. 

 
 

                          Table 1: Summary of the steel frame and fire protection details 
Description Sections Section  

Factor (m-1) 
Length 
Height (m) 

Protection 
Applied 

Structural columns HEA 200 211 3.5 Yes: R60 
Dummy columns HEA 200 211 2.7 No 

Long beams HEA 200 174 4.8 No 
Short beams HEA 160 192 3.0 No 
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One objective of this experimental work was to record the mass loss of the fuel wood during the travelling fire test. 
The mass loss of the fuel wood was monitored in the middle of the compartment between gridlines ② and ③ using 
a steel platform shown in Figure 2. The steel platform was 5 m long x 3 m wide and was supported on four load 
cells a shown in Figure 2. The load cells were connected to the data acquisition system to record the data. To avoid 
any damage to the steel platform during the fire tests, fire blanked was wrapped around each part. In addition to 
the steel platform, the load cells and the cables of the data acquisition system were also protected using the fire 
blanket as shown in Figure 2. On top of the steel platform, two layers of gypsum fire board were provided to support 
the fuel wood.  

 
 
3. THE RECORDING OF TEMPERATURES  
 
The gas temperatures in the compartment were recorded using thermocouples provided at different levels as an 
individual sensor and in groups as thermocouple trees. The details of the thermocouple trees positioning are shown 
in Figure 2. In this paper, recordings from some of the thermocouples provided along the centreline of the test 
compartment have been provided. The thermocouples along the centreline of the test compartment were provided 
using five thermocouple trees, TRL-4 through TRL-8. The first thermocouple tree, TRL-4, was positioned at 1.5 m 
from the back wall while the remaining thermocouple trees, TRL-5 through TRL-8 were positioned at 2.5 m intervals 
All five trees were equipped with six thermocouples at different levels. The positioning of the first thermocouple from 
the floor finish level was 0.5 m (L1). The thermocouples at levels 2, 3, 4 and 5 were at 1.0 m, 1.5 m, 2.0 m, and 2.5 
m respectively (Figure 3(a)). The last thermocouple provided in each tree was at 2.7 m from the floor finish level 
(L6). Such arrangement of thermocouples allowed temperature recordings at different locations along the length as 
well at different heights and levels of the test compartment.   
 
 
                                                
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)                                                                               
(b)  

 
 
 
 
 
 
 
                                         (c)                                                                                          (d) 

Figure 3: Details of thermocouples, (a) positioning of thermocouple trees (b) thermocouples in beams and 
columns, (c) thermocouples in large thermocouple trees; (d) thermocouples in columns, a closer view; (e) 

thermocouples in beams, a closer view 
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To analyse the influence of the travelling fire on the surrounding steel structure, intensive instrumentation was 
conducted to record the temperatures in the columns and the beams. Although temperatures were monitored in 
different columns, details of the instrumentation and recorded temperatures in the dummy columns located along 
the centreline of the travelling fire have been provided in this article. These columns are identified as C11 in Figure 
2 which are adjacent to thermocouple trees TRL-5 and TRL-7. Temperatures in the columns (C11) were monitored 
at five levels: L1 to L5 as show in Figure 3(a). Temperatures in the columns at each level were recorded using three 
thermocouples. Two thermocouples were provided in the flanges while the third thermocouple was provided in the 
web as shown in Figure 3(b).  In total, 15 thermocouples were employed to record the temperatures in each column 
positioned along the centreline of the test compartment within the fuel wood. These thermocouples have been 
identified as 1 through 15 in Figure 3(c). 
Temperatures in the steel beams were monitored in the middle of the span adjacent to the thermocouple trees. In 
this paper, the discussion has been focused on the central beams between the gridlines Ⓑ and Ⓒ provided along 
the gridlines ② and ③. The selected beams are adjacent to thermocouple trees TRL-5 and TRL-7, Figure 2. 
Temperatures in each beam were monitored via three thermocouples. The first thermocouple was provided in the 
bottom flange (B-16) while the second thermocouple was provided in the web (B-17). The last thermocouple in the 
beams (B-18) was provided in the top flange as shown in Figure 3(d). It should be realised that the thermocouples 
in the structural steel elements were fixed by inserting them into the holes drilled at designated positions in selected 
beams and columns. The holes in the structural elements were 1.5 mm in diameter and were drilled using Bosch 
and DeWalt power drills. 
 
 
4. THE FIRE DYNAMICS: COMPARISON 
 
For the test n°1, the travelling behaviour (i.e. when both the fire front and the fire back progress) of the fire started 
at 28 minutes from ignition. This evolution suggests a fairly constant flame thickness of around 3.5 meters, with the 
lowest value occurring when the fire reached the central bay (quantifying the flame thickness with precision is not 
straightforward as the fire front presented an arch shape). For the test n°2 and n°3, the fire front also presented an 
arch (convex) shape and the travelling behaviour started at 27 and 29 minutes from ignition, respectively. For test 
n°2, the fire presented a travelling behaviour from the beginning until the end of the experiment, and the flame 
thickness evolved from around 3 meters to around 5 meters. For the test n°3, after 55 minutes from ignition, flames 
escaped through the openings of the compartment, confirming a ventilation-controlled fire. After 58 minutes, a small 
part of the fuel bed area near the fore-end of the compartment (isolated from the flames), ignited, phenomenon 
illustrating flashover. As for test n°2, the flame thickness increased with time. 
 
 
5. GAS TEMPERATURES: COMPARISON BETWEEN THE THREE TESTS  
 
Gas temperatures are recorded at different locations and levels using thermocouples. All thermocouples used for 
monitoring of temperatures in the compartment and in the structure are type K-310 with bead size measuring 1,5 
mm. The length of all thermocouples was 3 m. Thermocouples trees are placed within the central zones along the 
fuel bed between gridlines B and C: they are equipped with thermocouples provided at six different levels. The first 
thermocouple was provided at 0,5 m from the floor finish level while the last one was provided at 2,7 m as shown 
in Figure 3.   
 
The recoded data in the middle of the test compartment within the fuel bed using thermocouple tree TRL6, is shown 
in Figure 4. At level 3 (around mid-height), at 30 minutes: 40°C are measured for test n°1, 110°C for test n°2 and 
200°C for test n°3. During test n°3 the maximum recorded gas temperature in TRL6 is approximately 1000⁰C (versus 
1000 C and 1100°C for tests n°1 and n°2, respectively) after around 58 minutes from ignition (measures from level 
1 are not considered when finding this maximum, given the thermocouple deficiency for test n°3). During the peak 
of test n°3, contrarily to test n°2 where the higher temperatures are encountered for the lower levels, the 
temperatures are coinciding (around 1000°C). After the peak, the recorded temperatures reduce as the fire travels 
towards the end of the compartment. During the whole duration of the test, the higher temperatures are recorded 
at higher levels, and lower temperatures for lower levels. 
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Test n°1 

 
Test n°2 

 
Test n°3 

 
Figure 4: Gas temperatures in tests n°1,2 and 3, recorded in central TRL6.  

 
 
6. STEEL TEMPERATURES: COMPARISON BETWEEN THE THREE TESTS 
 
Temperatures were recorded in the unprotected dummy columns as shown in Figure 3. Figures 5,6 and 7 depicts 
in (a) the steel temperature measurements in column next to TRL7 (RHS-F); (b) Steel temperature measurements 
in column next to TRL5 (RHS-F). Tables 2,3 and 4 provides the maximum temperatures recorded in columns next 
to TRL5 and TRL7 at each level, the difference between these values (Δ(TRL7-TRL5)) and within each column, the 
maximum temperature gradient (Δ).  The following observations can be made: 

• The maximum steel temperature is 887°C at 68 minutes for the column next to TRL7 (versus 838°C at 63 
minutes for test n°2 and 799°C at 63 minutes for test n°1) while it is 890°C at 56 minutes for the one next 
to TRL5 (versus 781°C at 49 minutes for test n°2 and 731°C at 46 minutes for test n°1). While there was 
no significant change while comparing tests n°1 and n°2, it appears the lower opening factor from test n°3 
results in higher steel temperatures (around 100°C higher). 

• For test n°2, the maximum temperature gradient within each column (Δ) was almost identical whereas for 
test n°1, a lower gradient was observed in column next to TRL7 than in column next to TRL5. For test n°3, 
the same tendency than for test n°1 is met. This could be explained by the flame thickness which is lower 
close to TRL5. For a same rate of heat released density, a thicker flame (and therefore a bigger diameter 
if the fire is represented as a localised fire) implies a higher flame length, implying a lower gradient in 
temperatures for the given heights.  

• In previous tests, the gas temperatures from TRL5 were globally lower than the ones from other TRL’s 
placed further away in the compartment, and this is also observed in the steel temperatures. This is not 
the case anymore for test n°3. When looking at the differences between maximum temperatures recorded 
in the two columns for each level (Δ(TRL7-TRL5)), one can see these values are very low, highlighting 
very similar steel temperatures in TRL5 and TRL7. Having less openings than in previous tests, more heat 
is contained within the compartment, blurring the differences in the different columns.  

• When evaluating the period during which high temperatures (arbitrarily chosen above 600°C) are 
encountered, it can be observed that this period is quite similar for the column next to TRL7 (from ~60 to 
~90 minutes, i.e. during approximatively 30 minutes) and for the one close to TRL5 (from ~45 to ~80 
minutes, i.e. during approximatively 35 minutes). This period was ~20 minutes for test n°2, and ~15 
minutes for test n°1, implying that the change in ventilation conditions (lowering the opening surfaces) 
elongates the heating time.  
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Table 2: Maximum steel temperatures measured during test n°1 in columns next to TRL7 and TRL5 (flanges) 

 
 
 
 
 
 
 

Figure 5: (a) Steel temperature measurements during test n°1 in column next to TRL7 (flange); (b) Steel temperature 
measurements during test n°1 in column next to TRL5 (flange) 
 
 
 

Table 3: Maximum steel temperatures measured during test n°2 in columns next to TRL7 and TRL5 (flanges) 
 Level 

1 
Level 2 Level 3 Level 4 Level 5 Δ 

TRL5 781°C 757°C 694°C 675°C 686°C 106°C 
TRL7 822°C 838°C 769°C 730°C 741°C 108°C 
Δ(TRL7-TRL5) 41°C 81°C 75°C 55°C 55°C  

 

 
Figure 6: (a) Steel temperature measurements during test n°2 in column next to TRL7 (flange); (b) Steel temperature 
measurements during test n°2 in column next to TRL5 (flange)  
 
 

 Level 1 Level 2 Level 3 Level 4 Level 5 Δ 
TRL5 731°C 663°C 652°C 640°C 654°C 91°C 
TRL7 772°C 799°C 786°C 750°C 734°C 65°C 
Δ(TRL7-TRL5) 41°C 136°C 134°C 110°C 80°C  

  

  

0

100

200

300

400

500

600

700

800

900

1000

1100

0 10 20 30 40 50 60 70 80 90 100 110 120

RHS-F-L1

RHS-F-L2

RHS-F-L3

RHS-F-L4

RHS-F-L5

T (°C)

t (min)

0

100

200

300

400

500

600

700

800

900

1000

1100

0 10 20 30 40 50 60 70 80 90 100 110 120

RHS-F-L1

RHS-F-L2

RHS-F-L3

RHS-F-L4

RHS-F-L5

T (°C)

t (min)

0

100

200

300

400

500

600

700

800

900

1000

1100

0 10 20 30 40 50 60 70 80 90 100 110 120

RHS-F-F1

RHS-F-L2

RHS-F-L3

RHS-F-L4

RHS-F-L5

T (°C)

t (min)

0

100

200

300

400

500

600

700

800

900

1000

1100

0 10 20 30 40 50 60 70 80 90 100 110 120

RHS-F-L1

RHS-F-L2

RHS-F-L3

RHS-F-L4

RHS-F-L5

T (°C)

t (min)

279



 
 

Table 4: Maximum steel temperatures measured during test n°3 in columns next to TRL7 and TRL5 (flanges) 
 Level 1 Level 2 Level 3 Level 4 Level 5 Δ 

TRL5 806°C 890°C 882°C 852°C 850°C 84°C° 
TRL7 824°C 887°C 853°C 846°C 859°C 63°C° 
Δ(TRL7-TRL5) 18°C 3°C 29°C 6°C 9°C  

 
 

(a)                                                                                           (b) 

Figure 7: Steel temperature measurements during test n°3 in column, a) next to TRL7 (flange); (b) next to TRL5 
(flange)  
 
Steel beams were instrumented with one set of three thermocouples, two on the flanges and one on the web, placed 
at mid-span. The beam considered for data presentation purpose is the hot rolled steel profile HE 200 A, placed 
along gridline B between gridlines 2 and 3. The thermocouple positioning is described in Figure 3 (c) (thermocouples 
in the bottom flange, the web and in the upper flange). The steel temperature measured in the beam are depicted 
in Figure 8. Three temperature evolutions are given: “BF” corresponds to the bottom flange temperature, “TF” to 
the top flange temperature and “Web” to the web temperature of the hot rolled profile. These are non-uniform: the 
temperatures in the top flange are lesser as compared to those recorded in the bottom flange (which can be 
explained by the protection brought by the concrete slab). As for the columns, the beam temperatures are higher in 
test n°3, for which less openings were present and therefore more heat containment. The Figure 9 depicts the 
averaged steel temperature measurements during test n°1, 2 and 3 in the considered beam. It can be observed 
that the curves broadly coincide for tests n°1 and n°2. Also, all three tests present a similar growing branch, but 
higher steel temperatures are met in test n°3, and these elevated temperatures are met for a longer period. 
 

 
Test n°1 

 

 
Test n°2 

 
Test n°3 

 
Figure 8: Steel temperature measurements during test n°1, 2 and 3 in the beam placed along gridline B between 

gridlines 2 and 3 
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Figure 9: Averaged Steel temperature measurements during test n°1, 2 and 3 in beam placed along gridline B 
between gridlines 2 and 3.  

 
 
7. CONCLUSIONS  
 
Three large natural fire tests involving a continuous wood crib fuel bed in a steel-framed structure were conducted, 
aiming at performing large-scale tests with no artificial control over the fire dynamics. The fire load was kept identical 
(and representative of an office building following EN 1991-1-2); only the opening layouts were modified. The only 
change between these experiments was the total openings surface (reduced from test n°1 to test n°2 and from test 
n°2 to test n°3), which highlighted the influence of the ventilation conditions on the type of fire scenario. Indeed, a 
clear travelling fire was observed for test n°1 and test n°2 while a travelling fire leading to a flashover occurred for 
test n°3. 
 
For the three tests, it can be observed that the gas temperatures evolutions present different profiles. For a given 
thermocouple tree, the temperatures measured at higher levels (levels 5 and 6) start to increase at earlier stages 
of the test as hot gases rise, resulting in a hot layer in the upper part of the compartment. This is followed by the 
rise in temperatures at the level 4, and then at lower levels (1-2-3) when flames reach the thermocouple tree. For 
the steel column temperatures, it can be observed that the heating profiles vary along the height of the column, i.e. 
there is a vertical gradient of temperatures (effect more pronounced for test n°1 and n°2). For the three experiments, 
the maximum steel temperatures in the columns were around 800°C, 850°C and 900°C, respectively. For the steel 
beam temperatures, it was found that the recorded temperatures in the bottom flange, web and the top flange are 
non-uniform, with temperatures in the top flange being the lowest. For the three experiments, the maximum steel 
temperatures in the beam were around 700°C, 700°C and 800°C, respectively. It can be observed that steel 
temperature profiles are not significantly affected by the change in ventilation from test n°1 to test n°2, conversely 
to test n°3.  
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ABSTRACT 

 

The great development of technologies and numerical methods, has been providing increasingly better conditions for 

structural design, making the design of structures more productive and economical. The vast majority of concrete structures 

are not analyzed and designed in a fire situation. In this context, this work has as main objective to develop a computational 

interface to optimize the cross section of ribbed slabs in normal situation and in a fire situation, that meets the maximum 

functionality and safety with the minimum cost, following the normative prescriptions. The optimization algorithm and the 

computational interface were implemented using MATLAB. From the results, it was observed that the consumption of 

concrete and steel tends to be higher in the cases of slabs with cut fire function. In this way, it can be concluded that the 

use of optimization tools allows to obtain more economical solutions. The Genetic Algorithm method presented a good 

performance in the optimization and it can be highlighted as positive points: the ease of implementation and the flexibility 

in dealing with problems with several constraints, functioning as a tool that assists the engineer in its decision making. 

 

Keywords: Optimization, Slabs, Fire Situation. 

 

 

1. INTRODUCTION 

 

The great development of the technologies and numerical methods in the field of Computational Mechanics, has been 

providing increasingly better conditions to analyze high complexity structures through numerical methods used for 

structural analysis and design. With the use of optimization techniques, it becomes possible to design structures or 

structural elements more rationalized, by reducing the material used for production and consequently of its final cost.  

 

Several existing researches prove the efficiency of the optimization models applied to concrete. One of the optimization 

techniques, which has been gaining prominence, is the Genetic Algorithm (GA) technique, which was presented in the 

1970s by researcher John Holland of the University of Michigan. 

 

The majority of reinforced concrete structures are analyzed and projected based on the requirements of Brazilian Standard 

NBR 6118 (2014) Concrete Structures Project - Procedure, taking into account the requests arising from permanent and 

variable actions according to NBR 8681 (2004) Actions and safety in structures - Procedure. In general exceptional actions 

in the event of fires are rare are considered in the design of concrete structures. The current standard, NBR 15200 (2012) 

Design of concrete structures in a fire situation - Procedure, establishes the necessary criteria for the safety verification of 

 
1 UFPE (jessycanunes@ufpe.br). 
2, UFPE (tiago.anselmo@ufpe.br) 
3 UFPE (jjrs@ufpe.br). 283



 

 

 

 

concrete structures in a fire situation, designed according to NBR 6118 (2014), demonstrating their compliance with the 

fire resistance requirements established in NBR 14432 (2001) Fire resistance requirements of building elements - 

Procedure. 

 

In Brazil there is no disclosure of official data on fire cases, this framework makes it too impossible to discuss and elaborate 

efficient public policies to face this problem, with the aim of changing this scenario that the Sprinkler Brazil Institute - ISB 

since 2012 monitors related news to “structural fires” in Brazil, defined as those that can happen in several built-up places 

(hospitals, hotels, industrial and commercial installations, schools, warehouses, libraries, etc.) and that could be avoided 

or circumvented if an effective system of fires existed. fire safety. It is estimated, however, that the calculated numbers 

represent less than 3% of the actual number of occurrences. 

 

In Brazil there is a great lack of studies that deal with fire in reinforced concrete structures. Studies indicate that when the 

thermal action from fire is used in structural design, the costs of fire projects are relatively lower when compared to possible 

restorations (ALBUQUERQUE, 2012). The fires that occurred in the 1970s in São Paulo, in the Andraus and Joelma 

buildings, generated a great impact, which until that moment was treated as something distant, became real and demanded 

immediate changes. In Brazilian legislation, this episode marked the beginning of a great debate to review construction 

methods and define standards for fire safety in buildings (SILVA, 2016). 

 

Currently, there are several structural systems that employ reinforced concrete slabs, such as massive, ribbed, and 

prestressed slabs, among others. In Brazil, ribbed slabs are much used in civil construction, since their manufacture is 

simple and does not involve expensive or difficult maintenance equipment. Among the main advantages in its use, stand 

out the ease of handling and saving of materials. 

 

The need for safety allied with saving materials is a goal sought by engineers. In this context, the present work aims to 

develop a computational interface for the optimized dimensioning of molded slabs in the site, which meets the normative 

constraints imposed by: NBR 6118 (2014) and NBR 15200 (2012). Also perform a comparison between the conventional 

sizing and the sizing with fire situation. 

 

Among the first works that used optimization methods in civil engineering stand out: the work of Heyman (1951), which 

used linear programming to minimize material consumption in the design of beams and frames in the plastic regime. Since 

then, there has been considerable progress, noted by the number of books and articles published related to the 

topic.Among the researches that involved Genetic Algorithm and optimum sizing, stands out: 

 

Castilho, Debs and Nicoletti (2007) studied the optimization of alveolar panels and prestressed beams, with the objective 

of minimizing the cost function through the use of Genetic Algorithms. The work identifies and describes the various costs 

involved in production, analyzing various selection strategies and various types of crossover and using real and binary 

representation. The results demonstrated that an AG-based method is a viable and effective approach to solving the cost 

problem, especially when there is little information on the solution space. 

 

Freitas (2014) applied optimization techniques for the design of alveolar slabs and beams with precast and prestressed 

straight cable, considering the calculation of both immediate and dependent losses over time. The objective of the work 

was to obtain the optimum dimensions of the panel height, the number of cables, the diameters of the alveoli and the 

cables. In the study, the final limit state (ELU), service limit states (ELS) and constructive constraints were considered. The 

developed algorithm allowed to obtain the optimal dimensions of the structures in a short time, when compared to a 

conventional design analysis. 

 

Serpik et al. (2016) created a procedure using genetic algorithm for the optimized design of reinforced concrete structures 

with flat frames manufactured without pre-tension reinforcement. 

 

More recent studies, such as V. Albero et al (2018) proposed an ideal design model for prestressed concrete hollow core 

slabs, taking into account their fire resistance. Heuristic search algorithms, such as simulated annealing, were used to find 

the most economical slab design. The objective function considered was the economic cost of the hollow core slab. The 

obtained results showed that the ideal design of hollow core slab can be reached by the proposed model of optimization 

by algorithm of heuristic criteria. The ideal design achieved approximately 20% savings in cross-sectional area compared 

to common models on the market. 

 

Shuna Ni et al. (2020) did a paper incorporating a probabilistic fire loss assessment method for reinforced concrete 

structures into a cost-benefit analysis to optimize a structural fire design. 
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The need for safety combined with the economy of materials is a goal pursued by engineers. In this context, this work has 

as main objective to develop a computational interface to optimize the cross section of ribbed slabs in normal situation and 

in a fire situation, that meets the maximum functionality and safety with the minimum cost, following the normative 

prescriptions. The optimization algorithm and the computational interface were implemented using MATLAB. 

 

 

2 REINFORCED REINFORCED CONCRETE RIBBED SLABS IN FIRE SITUATION 

 

According to NBR 6118(2014), ribbed slabs are slabs cast in place or with precast ribs, whose traction zone consists of 

ribs between which inert material can be placed. In Figure [1], an example of a bidirectional ribbed slab is shown. 

 

Figure 1. Cross section of a ribbed slab (author:2022) 

 

The slabs are structural elements, in general, of small thickness and low coverings, increasing the risk of the concrete 

portion loosening, leaving the positive reinforcement exposed to the direct action of fire, causing excessive deformation of 

the steel, with consequent loss of adhesion with concrete, in addition to the sharp decrease in its strength. With that, it 

becomes of fundamental importance to verify the structural behavior of the slabs in fire situation. 

 

Among the forms of disaggregation through which heated concrete passes, the spalling phenomenon stands out. 

According to the Merriam-Webster Online Dictionary, the verb “to spall” means “to break off chips, scales, or slabs – 

EXFOLIATE”. Concrete spalling is exfoliation and disintegration of the surface layers of concrete elements, when exposed 

to high temperatures for long periods or to high thermal gradients characterized by very rapid heating. 

 

The temperature that causes the collapse of a structural element in a fire situation is called the critical temperature, that is, 

the maximum temperature of the structure, from which its ruin is imminent. To ensure structural safety in a fire situation, 

the collapse temperature must be prevented from being reached. According to NBR 14432 (ABNT, 2000), required fire 

resistance time (TRRF) is the minimum fire resistance time of a constructive element subject to a standard fire. Obtaining 

its value depends on the type of occupation or use and the height of the building. The TRRF is standardized according to 

the risk of fire and its consequences at 30, 60, 90 and 120 minutes. 

 

2.1 Tabular method for designing concrete structures in a fire situation 

 

The Brazilian standard ABNT NBR 15200:2012 [7] uses tables for the design of concrete structures in fire situations. The 

tabular dimensioning method is the simplest method to be used for concrete structures to meet the verification requirements 

in a fire situation according to NBR 14432 (2000) – “Requirements of resistance to fire of constructive elements of 

buildings”. The set of tables that associate the TRRF and the type of structural element to the minimum dimensions to be 

adopted in the project allows immediate application of the method in the structural design of the building. 

 

In the consulted literature, the exact origin of these tables was not found. The American standard ACI 216R–89 presents 

the complete tabular method for the dimensioning of elements. For the pillars, a simple table containing the results of some 

tests is presented; for slabs, another simplified method of immediate application is indicated: determine the appropriate 

geometric characteristics in terms of the TRRF, by means of diagrams; beams by beams, the diagrams provided serve to 

assist another dimensioning method, known as the simplified method of verifying the load bearing capacity of the element. 
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Ocean standards AS-3600 (2001) and NZS 3101 Part 1 (1985) also present diagrams for dimensioning beams and 

columns. Both Brazilian standards NBR 5627 (1980) and Spanish Instrucción EH-80 (1980) apud CÁNOVAS (1988) were 

cancelled. The Spanish norm was replaced by regulation after the 1980s. The presentation of some old norms offers an 

overview of the evolution of normative recommendations in relation to more recent ones, particularly Eurocode 2 (prEN 

1992-1-2 (2002)) and the Australian standard AS-3600 (2001), for the comparative study of this work. 

 

In the tabular method, there is no need to check the resistance to flexion, shear, torsion and support conditions (anchoring 

in the structure). Verification of concrete disaggregation (spalling) is also not considered. 

These tables are based on the principle that the further the geometric center of the reinforcement is from the concrete face 

exposed to heat, the lower its temperature and, consequently, the safer the structure will be in a fire situation. Temperatures 

tend to decrease in the center of the cross section of concrete due to its low capacity to conduct heat and, therefore, the 

greater the thickness of the pieces and the distance from the reinforcement axis to the face exposed to heat, the longer it 

will take for the element to structural failure under the acting load. 

 

For the dimensioning of a slab in a fire situation, it must usually be considered that it fulfills, simultaneously, the function of 

fire protection and structural stability. ABNT NBR 15200:2012 provides minimum dimensions, through the tabular method, 

to ensure both functions. The fireproof function is guaranteed by the thickness of the cover, with or without coating. The 

structural function is guaranteed by the minimum width of the rib and the minimum distance between the CG of the 

reinforcement and the face exposed to fire. In the latter case, when the slabs have different dimensions, the fire resistance 

must be evaluated by means of more precise methods, either by experimental or numerical analyses. 

 

 

3. OPTIMIZATION 

 

According to Haftka and Gürdal (1991) optimization is interested in finding the best result of a particular operation, while 

satisfying certain constraints. Its structure is composed of an objective function that contains one or more design variables, 

and may or may not be subject to equality and / or inequality constraints by limiting the search space (viable region). 

Mathematically, an optimization problem can be defined as: 

 

Be 𝑓: ℝ, g: ℝm ⟶ ℝq, h: ℝm ⟶ ℝp 

Minimize / Maximize: 𝒇 (x1 , x2 , x3 , … , xn) 

Subject to: 

ℎ𝑘(x1, x2 , x3, … , xn) = 0   𝑘 ϵ {1, … , 𝑝} 

𝑔𝑗(x1, x2 , x3, … , xn) ≤ 0   𝑗 ϵ {1, … , 𝑞} 

 

Being, x = [x1 , x2 , x3, … , xn] the vector of design variables, 𝒇(x) represents the objective function, being linear or non-linear, 

the functions 𝒉𝑘(x) e 𝒈𝑗 (x) represent the equality and inequality constraint functions, respectively, that define the space 

of feasible solutions to the problem. 

 

According to Bendsøe and Sigmund (2003), there are several ways to classify structural optimization, but the most general 

is divided into three types: parametric, shape and topological. The parametric optimization corresponds to the parameter 

optimization of the analyzed element. It aims to determine the optimal geometric characteristics of the structure: cross-

sectional area of bars, moment of inertia of beams, thickness of plates or shells, etc. 

 

The shape optimization aims to determine the optimal shape of the external and / or internal contour (hole) of a structure. 

The contours of the structure are parameterized (for example, spline curves) and the parameters of these curves constitute 

the design variables. This is a more general approach than parametric optimization. The topological optimization 

determines the optimal distribution of material in the design domain. The goal is to retrieve the material in an iterative and 

systematic way. The optimal distribution is related to a goal, which can be, for example, the minimization of the final volume 

of the structure, the maximization of stiffness, aiming material saving. 

 

In this work, MATLAB implemented an optimization program for reinforced concrete slabs molded at the site in a fire 

situation using the Genetic Algorithm (GA) method. Aimed at developing a program to assist the design of ribbed slabs, in 

compliance with the regulatory constraints imposed by ABNT NBR 6118: 2014 and NBR 15200: 2012, in order to minimize 

the cost of materials (concrete and steel). The objective was to compare the consumption of concrete and steel in the 

dimensioning of the ribbed slabs when only the first standard was used or the two together. 
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3.1 Genetic Algorithms 

 

The GA methods are analogous to Charles Darwin's theory of evolution, in which the less likely to survive and the fittest 

survive and bring offspring.  

 

Briefly, the operation of the AG method can be given by the following steps: each individual represents a possible solution 

of a problem. A group of individuals forms a population. Each individual is assigned an aptitude value that corresponds to 

their degree of proximity to the optimal solution. Individuals who have a higher aptitude value, that is, are closer to the 

optimal solution (more adapted) are more likely to reproduce when compared to individuals with a lower aptitude value. To 

select the individuals that will reproduce, the algorithm uses methods that privilege the best adapted individuals. After the 

selection, a genetic recombination is made, in which individuals parents will combine to give rise to a new generation, 

theoretically better adapted than the previous generation. The algorithm follows in an iterative process until some stopping 

criterion is satisfied. 

 

 

4. MATERIALS AND METHODS 

 

In the MATLAB programming environment, there are already routines implemented to solve optimization problems using 

AG, in the toolbox called toolboxes. For validation of the implemented program, two numerical examples were used in 

order to evaluate the efficiency and the calibration of the program. To validate the implemented implementations for the 

dimensioning of unidirectional ribbed slabs, the numerical example 1.1 of Carvalho and Pinheiro (2009) was used. The 

example used for validation of implementations for dimensioning bidirectional ribbed slabs was obtained from Bocchi and 

Giongo (2007). 

 

The first implementations are associated with the input of the data necessary for the execution of the program. In the 

second part of the implementations, the project variables used in the optimization (bw, hf, h, Asx and Asy) are defined, as 

well as the objective function and the constraint function calls. With the objective function implemented in this algorithm, 

the linear cost of two ribbed is minimized. In the process of minimizing the cost function, the set of restrictions imposed to 

the problem according to NBR 6118: 2014 and NBR 15200: 2012 must be respected for the dimensioning of reinforced 

concrete ribbed slabs.  

 

Figure 1 - Cross section of the ribbed slab (Author (2018)). 

 

 

f = Costconcrete + Costarmor (1) 

Costconcrete = (bfx hf + bw hw) lefx Cc + (bfy hf + bw hw) lefy Cc          (2) 

Costarmor = (lefx Asx γs Cs50) + (lefy Asy γs Cs50) 
(3) 

 

 

f: function objective (linear cost);  

Cc: price of concrete per cubic meter (R$/cm³); 

Cs50 : Price of steel CA 50 per kilogram (R$/ kg); 

lef: value of the effective length of the slab;  

γs : specific weight of steel (kg/cm³); 

As: total cross-sectional area of the steel bars; 

bw: thickness of the rib cross-section of the slab; 

bf: width of cross section table of ribbed slab; 

hf: Height of cross section table of ribbed slab; 

hw: Height of rib cross section of ribbed slab;
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Finally, after the implementation of all the points mentioned above, one starts for the execution of the program and analysis 
of the results. 

 

 

4. RESULTS 

 

To validate the program developed in this research, examples exist in the literature. It is necessary to validate the 

implemented program in order to guarantee its functionality and the reliability of the results generated. As filler, in this 

analysis, 9x19x19 cm drilled ceramic bricks were considered, the other data are presented in Table 1. 

 

Table 1 - Loads, mechanical and geometric properties considered in the example ribbed slabs (Author (2018)). 

 

Description Value / Unit 

Resistances characteristic to concrete compression 

(𝐟𝐜𝐤) 
30 MPa 

Resistances characteristic to the steel flow (𝐟𝐲𝐤) 50 kN/cm² 

Environmental aggressiveness class 2  

Variable load 2 kN/m² 

Overload 1 kN/m² 

Price of CA50 steel 9,34 R$/Kg 

Diameter of steel bar 12,5 mm 

Required fire resistance time (TRRF) 60 

 

 

4.1 Example of Unidirectional Vein Slab 

 

This example (Figures 2) was extracted from the book by Carvalho and Pinheiro (2009). As the relationship 

between spans is greater than two, this ribbed slab was dimensioned as reinforced in one direction. 

 

Figure 2– a) Example of unidirectional ribbed slab. b) cross section (dimensions in centimeters). (Author (2018)). 

The Table 2 shows the results obtained by the program implemented in this research for the design in 

normal situation and in the fire situation of a unidirectional slab. 
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Table 2- Comparison between the unidirectional slab results obtained by the program implemented in 

this work (Author (2018)). 

 

Parameter NBR 6118 

(2014) 

NBR 6118 (2014) e 

NBR 15200(2012) 

     

Difference 

Width of the groove (bw) (cm) 12 18 +50,0 % 

Table height (𝐡𝐟)(cm) 10 12 +20,0 % 

Total height of slab (𝐡) (cm) 40 31 -22,50 % 

Coating (c) (cm) 2,5 5 +100,0 % 

Steel area (𝐀𝐬𝐱) (cm²) 1,2 1,62 +35,22 % 

Concrete cost (R$) 589,66 635,79 +7,82 % 

Steel cost (R$) 216,10 244,46 +13,12 % 

Total cost (R$) 805,76 880,25 +9,25 % 

From the values presented in Table 2, it can be observed that the program implemented in this research obtained 

a T section in a fire situation with lower total height (h), but with greater width of the rib (bw ) and higher height of 

the table (hf), increasing the area of this cross section of concrete. With these dimensions, an increase of 

approximately 7.82% in the cost of the concrete volume was obtained, compared to the sizing dimensions in normal 

situation.  

 

It is observed that the variation of the height of the table and width of the rib have a significant importance in the 

cost of the concrete. Also, it can be affirmed with this that the decrease of the total height (h) of the cross section 

of the slab does not interfere significantly in the cost of the concrete. Since with the decrease of the height of the 

cross section, the area of reinforcement was larger, due to the decrease of the resistance contribution of the cross 

section of concrete. This leads to an increase in the cost of steel of 13.12%. Due to differences in sizing, a total 

cost of 9.25% was obtained. 

 

4.2 Example of Bidirectional Nerve Slab 

 

This example (Figures 3) was extracted from Bocchi and Giongo (2007). As the relationship between the spans is 

less than two, this ribbed slab was dimensioned as reinforced in two directions. 

 

 

 

 

 

 

Figure 3 – a) Example of bidirectional ribbed slab: shape plant b) cross section (dimensions in 

centimeters). (Author (2018)). 

 

 

289



 

 

 

 

Table 3 shows the results obtained by the program implemented in this research for the sizing in normal situation 

and in the fire situation of a bidirectional slab. 

 

Table 3 - Comparison between the results of the bidirectional slab obtained by the program implemented 

in this work (Author (2018)). 

Parameter NBR 6118 

(2014) 

NBR 6118 (2014) e 

NBR 15200(2012) 

     

Difference 

Width of the groove (bw) (cm) 13 18 +38,46% 

Table height (𝐡𝐟)(cm) 11 12 +9,09 % 

Total height of slab (𝐡) (cm) 41 36 -12,20 % 

Coating (c) (cm) 2,5 5 +100,0 % 

Steel area (𝐀𝐬𝐱) (cm²) 1,21 1,41 +16,32 % 

Concrete cost (R$) 278,06 323,44 +16,32 % 

Steel cost (R$) 105,12 122,29 +16,32 % 

Total cost (R$) 383,18 445,73 +16,32 % 

 

From the values presented in Table 3, it is observed that the values that program implemented in this research 

calculated for a bidirectional slab in fire situation, presented the same behavior already mentioned previously in the 

unidirectional slab. A section T with lower total height (h), but with greater rib width (bw ) and higher table height 

(hf),increasing the area of this cross section of concrete. With these dimensions, an increase of approximately 

16.32% in the cost of the concrete volume and the cost of the steel was obtained. This indicates that the parameter 

changes are not influenced by the size of the slab. 

 

Through the results it can be stated that the implemented program was able to fulfill its objectives within the context 

of optimization, since all results are consistent. The Genetic Algorithms method presented a good performance in 

the optimization, working as a good tool that helps the user in his decision making. 

 

 

5. CONCLUSIONS 

 

Through the results it can be affirmed that the implemented program was able to fulfill its objectives within the 
context of the optimization, once all the results are shown coherent. The Genetic Algorithm method presented a 
good performance in the optimization, functioning as a good tool that assists the user in its decision making. 
 
Based on the results of sizing according to NBR6118: 2014 and later to NBR15200: 2012, it was verified the 
consumption of concrete and steel tends to be higher in the cases of slabs with cut fire function. The parametron 
that increased the most was the width of the rib, which could already be expected since in NBR 15200: 2012 the 
structural function is guaranteed by the minimum width of the rib. 
 
In this case, it is demonstrated that the tabular method for calculation of structures submitted to the action of 
temperature variation, although practical, is not economical, and therefore, the use of more precise methods is 
indicated. 
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ABSTRACT 

 

The main codes for the design of steel structures in fire situation are based on the criteria of critical temperature or 

strength limit state [2], [6]. The behavior of the beam is strongly influenced by the level of axial and rotational 

restriction. When the beam is inserted in frames, these restrictions are the columns and the connections. This 

behavior, in the expansion phase, induces compressive forces in the columns and tensile forces in the connections, 

at the catenary phase of the beam. This paper presents the results of a numerical study using the finite element 

computation software ABAQUS to study the behavior of steel beams in fire situation, with different levels of axial 

and rotational restraint on the supports. The focus of this study is the behavior of the beams in catenary action and 

the interaction that the tensile forces have with the adjacent elements, in this case the connections. A parametric 

analysis was performed by varying the fire coating, varying the span and different levels of axial and rotational 

restraint. It was found that tensile force in catenary action cannot be neglected in the design of fire situation beams. 

To facilitate structural engineers in the design of connections at high temperatures, the results of the parametric 

study were compared with the theoretical formulation proposed by authors to determine the value of the tensile 

force in the catenary action so that this formulation can be used in the future in the design codes of structures in 

fire situation. 
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2. INTRODUCTION 

 

The evaluation of fire resistance in steel structures has been extensively researched and documented within the 

technical and scientific community, with a primary emphasis on analytical methods [1]. ABNT NBR 14323 [2] 

contains simplified calculation models that offer straightforward solutions for determining the behavior of beams in 

fire situation, both with and without fireproof protection. Calculations involve comparing the element's temperature 

at a specific time with the critical temperature, which causes the element to fail, or by determining the beam's load 

capacity at elevated temperatures. 

 

In the case of beams integrated into a frame or supported by vertical elements such as columns, their support 

conditions will impose either axial or rotational constraints at their ends, and sometimes both can be present 

simultaneously. It is important to mention that beams typically have axial constraints in conventional design 

scenarios, with their stiffness value varying accordingly. 

 

The presence of axial constraint at the support of a beam causes a distinct behavior compared to when it lacks 

such constraint. The thermal expansion of the beam is limited by the axial constraint, and this expansion converts 

into axial compressive force at the support. Under certain conditions of cantilever moment and compressive force, 

local buckling may arise close to the beam's ends, as Leite and Silva [3] demonstrated. As the temperature in the 

beam increases, the compressive forces reduce in value. The catenary phase ensues, with Usmani et al. [4] 

describing the development of tensile forces in the beam up to a maximum value, leading to the plastification of the 

section in the beam supports. Allam et al. [5] developed a formulation for the tensile force in catenary effect, which 

could affect safety considerations in connection design during a fire. Therefore, this study aims to analyze the 

behavior of coated beams with axial and rotational restraint in a fire situation. Furthermore, this work presents a 

method to determine the axial tensile force in catenary action to facilitate steel structure design in fire situation. 

 

3. DESCRIPTION AND VALIDATION OF THE MODELS 

 

The numerical modeling in this paper was segregated into two stages based on the thermostructural analyses 

performed in ABAQUS. The initial stage involved thermal analysis (heat transfer from ABAQUS), and the 

subsequent stage involved coupled thermostructural analysis. For the thermal analysis, the 8-node finite element 

DC3D8 was used for heat transfer. The C3D8R finite element was used to model the thermostructural analysis. 

This three-dimensional linear element features eight nodes and only one integration point. The ABAQUS/Explicit 

solver was used for all numerical modeling in this paper. The beams were subjected to a pre-determined load level 

and exposed to a uniform temperature increase, following the standard fire curve specified in Eurocode 3 - Part 1.2 

[6]. To account for material non-linearity, the stress-strain diagram from Eurocode 3 Part 1-2 [6] was utilized. 

Geometric non-linearity was incorporated into the model by enabling the "NLGEOM" option in the ABAQUS Explicit 

solver. The thermal properties of steel were determined based on Eurocode 3 Part 1-2 [6], while those of concrete 

were based on Eurocode 2 Part 1-2 [7]. 

 

The boundary conditions used in the simulations considered the use of rigid plates that were affixed to the beam 

ends, and the plates were connected to the beam via the coupling constraint option in ABAQUS. To replicate the 

axial and rotational stiffness of the models, a CONN3D2 connection element that acts as a spring was used, with 

stiffness properties inserted in the connector section field. A wire-type element was connected between two points 

on the model: one point connected to the plate centroid and another at a farther position from the beam. At the first 

point, a boundary condition was imposed to release axial and rotational deformations. At the second point, a crimp-

type boundary condition was applied to restrict all movements. This technique was necessary for the analysis to 

converge without stability issues. Note that it was assumed that the spring stiffness was not impacted by 

temperature. This scenario implies that the region where the beam connects (columns and connections) has been 

fire-protected. 

 

To validate the results of this paper, considering the incorporation of springs for axial and rotational stiffness 

simulation, the experimental model by Liu et al. [8] was used. The study conducted a series of experiments to 

investigate the impacts of axial and rotational constraint on beams under high temperatures. To validate the models 

in their corresponding doctoral theses, Yin [9] and Najafi [10] utilized the study of Liu et al. [8]. Hence, this study 

will employ the outcomes of these authors to authenticate the results. The validation model comprises a 

UB178x102x19 profile made of S275 steel with a 2-meter span and two different concentrated axial load values, 

applied at rates of 0.5 and 0.7 of the ultimate loads at room temperature. The load values are 38.3 kN and 52.6 kN, 

respectively, as described in Najafi [10], and were applied within the width of the profile to prevent numerical errors. 

The model includes a spring with an axial stiffness of 8 kN/m and an estimated rotational stiffness of 14000 
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kN.m/rad, as the value was not presented in the original work by Liu et al. [8], according to Yin [9]. The model will 

be used for validation purposes. Figure 1 illustrates the setup of the model. 

 

 
Figure 1: Representation of the numerical model used to validate the results of Liu et al. [8] 

 

 

The results presented in Figure 2 indicate that the values obtained in this study are slightly more conservative than 

those reported by Yin [9], particularly about the critical temperature of the beam. However, both studies had the 

same initial stiffness, leading to similar displacements up to approximately 400°C. Despite some discrepancies, the 

experimental findings, as well as those of Najafi [10], demonstrated more conservative results, although with similar 

behavior. This variation may be attributed to the use of different values for the yield stress, as outlined in Yin [9] 

study. It is important to note that the disparity between our results and those of Najafi [10] can be attributed to 

distinct considerations made in ABAQUS, particularly concerning the coefficient of thermal expansion, which 

significantly affects the outcomes, depending on whether it is held constant or allowed to vary with temperature. 

 

 
Figure 2: Comparison between works by Liu et al. [8], Yin [9] and Najafi [10] – K = 8 kN/mm and F = 38.3 kN (0.5 

of the ultimate load) - Displacements and Axial Forces on Supports 

 

 

4. PARAMETRIC STUDY OF STEEL BEAMS WITH AXIAL AND ROTATIONAL CONSTRAINTS WITH FIRE 

PROTECTION COATING 

 

The parametric investigation of this paper examined spans of 5, 10, and 15 meters using welded Brazilian beams 

of VS 350 x 25, VS 500x73, and VS 700x154, respectively. The beam was subjected to a load of approximately 0.4 

of the maximum loads at room temperature, assuming infinite axial and rotational constraints. The study aimed to 

simulate beam behavior in a substructure scenario, where the beam connects to a perimeter column on the right 

support and an intermediate column on the left support, as illustrated in Figure 3. S275 steel with a yield strength 

of 275 MPa was used, and the mechanical properties of steel at high temperatures were reduced using Eurocode 

3 Part 1-2 [6] parameters. Heating of the beam was applied to the three lower faces to simulate a fire in a building. 

The fireproofing materials employed in this investigation included spray applied fire resistive material (SFRM) 

CACFO-300 and Carboline Type, intumescent paint, and square edge gypsum board. Numerical and experimental 

investigations were used to obtain the temperature-dependent thermal properties of fire protection materials, with 

references to Kodur and Shakya [11] (SFRM), Rigobello [12] (gypsum board) and Krishnamoorthy [13] (intumescent 

Paint). 
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Figure 3: Representation of the structural model idealized for parametric analysis 

 

Table 1 lists the fire protection materials employed in this parametric study, along with their respective nomenclature 

and thicknesses. The chosen thicknesses were based on the beam's mass factor, ensuring that after 120 minutes 

of thermal analysis via FEM, the steel beams reached a temperature close to that at the fire's end. 

 

Table 1: Fire protection coating materials analyzed in the parametric study 

Initials Fire Coating Thickness (mm) 

APCa CACFO 300 25.4 

APCr Carboline 25.4 

PG Gypsum Board 12.5 

TI Intumescent Paint 5 

 

 

The parametric analysis will consider the following parameters: Beam length (L), Axial restraint level (Ka), Level of 

rotational constraint (Kr) and Fireproof coating materials. The axial restraint values used in this work were: Ka = 

0.05KA, Ka = 0.1KA, Ka = 0.5KA and Ka = KA. The rotational restriction values used in this work were: Kr = 0.05KR, 

Kr = 0.1KR, Kr = 0.5KR, Kr = KR and Kr = KRI (infinite rotational restriction – crimp). With KA and KR taken 

respectively as (Eq. 1 and Eq. 2): 

 

𝐾𝐴 =
𝐸𝐴

𝐿
 (1) 

𝐾𝑅 =
2𝐸𝐼𝑥
𝐿

 (2) 

 

Where “E” is the modulus of elasticity of the steel at room temperature (E = 200 GPa), “A” is the cross-sectional 

area of the profile, “Ix” is the moment of inertia of the profile around the largest bending axis and “L” the length of 

the beam. Table 2 shows the parameters of the cases investigated in this study for steel beams. 

 

Table 2: Cases examined in the parametric analysis of steel beams 

Model Profile Spans Failure load 
at room 

Temperature 

Failure load 
at fire 

situation 

KA KR 

  m kN/m kN/m kN/m kN.m/rad 

V1 VS350x26 5 37.1 14.9 130800 538,4 

V2 VS500x73 10 56.4 22.5 184800 17107 

V3 VS700x154 15 53.3 20.9 261067 48898 

 

A parametric analysis was performed using ABAQUS to investigate the effect of finite element mesh refinement on 

the structural response of the models. Six different sizes of finite elements were studied to determine the optimal 

mesh size. The smallest mesh size, measuring 0.0075 m, required 197 minutes of analysis. The 0.01 m mesh size 

required 179 minutes of analysis, while the 0.015 m mesh size took a total of 25 minutes of analysis. Based on 

these results, a mesh size of 0.015 m was selected for this study. 

 

The parametric analysis models will be presented according to the span, level of axial and rotational restriction, and 

respective fire protection material. For instance, the model V1-5-0.5KA-KR-TI represents a beam with a VS profile 

of 350x26, spanning 5 meters, having 50% of total axial restraint, full rotational restraint, and using intumescent 

paint as the fireproof coating material. 
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4.1. Parametric analysis results 

 

According to the parameters already presented, the influence of the level of axial and rotational constraints, the 

span of the beam and the different fireproofing materials was analyzed. The aim was to compare the behavior of 

the beams in a fire situation and determine the influence of each parameterization. This paper presents results for 

beams with varying levels of axial and rotational stiffness, which are presented in the form of the follow curve: fire 

time versus axial reaction force. The results were evaluated individually for each fireproofing condition applied to 

steel beams. However, due to the page limitations of this paper, the most relevant results will be shown. The other 

results can be requested from the authors on demand. The study also investigated the influence of beam span and 

loading level, with varying levels of axial and rotational restraint. A total of 115 numerical models were created using 

the specified parameters. One of the models utilized in this paper, namely V1-5-KA-KRI-SP, is displayed in Figure 

4.  

 

 
Figure 4: Numerical modeling configuration of one of the models of this parametric study 

 

 

4.1.1. Influence of axial and rotational restraint level for fire coated beams 

 

Figure 5 demonstrates that decreasing the level of axial stiffness results in reduced compressive forces on the 

supports and consequently, reduced displacement of the beam at the center of the span. The reduction is due to 

the beam's increased horizontal displacement resulting from less axial constraint, which decreases vertical 

displacements and ultimately reduces axial support reactions. The temperature for maximum reaction values varies 

depending on the level of axial restraint, as shown in Figure 5, which is crucial information for designing surrounding 

elements. It is worth noting that tensile forces were not observed in models with SFRM Carboline-type fireproof 

coating. However, other models showed such forces during the catenary phase. 

 

 
 

Figure 5: Results of axial forces on the supports of composite beams with Carboline type fireproof coating (VS 

350x26 – 5 meter span) under different levels of axial restraint 
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Figure 6 shows that the variation in the rotational stiffness of beams coated with SFRM Carboline does not result 

in significant changes in axial forces or behavior. This indicates that the values of axial forces are mainly dependent 

on the level of axial constraint. Similar behavior is observed when using other fire-resistant coating materials. 

 

 
Figure 6: Results of axial forces on the supports of single beams with Carboline type fireproof coating (VS 350x26 

– 5 meters span) under different levels of rotational restraint and total axial stiffness 

 

4.1.2. Influence of the distinction of fire-proof coating materials 

 

Figure 7 illustrates the behavior of various fire-resistant coatings used in the parametric analysis. It is observed that 

all fireproofing materials exhibit similar values for axial compressive force and, during the beam's catenary phase, 

for tensile force – except for the Carboline type, which, as previously discussed, does not display tensile forces 

after 120 minutes of fire exposure. Another noteworthy observation is that, with decreasing axial stiffness, the 

maximum axial compressive forces decrease, while the maximum tensile forces remain unchanged compared to 

beams with higher axial stiffnesses. Hence, it can be inferred that the reaction forces are determined by the 

equilibrium of the structural element, rather than temperature, when the beam is evaluated in isolation, as explained 

earlier. 

 

 
Figure 7: Results of axial forces on the supports of steel beams with variation in the fire coating with total axial 

stiffness and infinite rotational stiffness (VS 350x26 – 5 meters span) 

 

4.1.3. Influence of span for fireproof coated beams 

 

In relation to the effect of varying the beam span, it is evident from Figure 8 that the SFRM Carboline type 

fireproofing increases the maximum axial compressive forces of each beam as the span increases. It is also 

observed that the fire time in which the maximum compression force occurs also increases. This can be explained 
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by the decrease in the mass factor, since the larger the span, the greater the cross-sectional area of the beam, 

which delays the temperature distribution in the element. Only the beams coated with SFRM Carboline did not 

reach the catenary stage for spans of 5 and 10 m. However, for the span of 15 m, the Gypsum board coating also 

did not reach the catenary stage for certain levels of axial and rotational stiffness, leading to the conclusion that the 

occurrence of this effect depends on the temperature distribution in the beam. 

 

 
Figure 8: Results of axial forces on the supports of single beams with SFRM Carboline type fireproof coating (VS 

350x26) for spans of 5, 10 and 15 meters, respectively. 

 

The influence of the beam span variation was also observed in the variation of rotational stiffness (Figure 9). It was 

found that for the 5-meter span, the change in rotational stiffness had a negligible effect on the axial forces. 

However, for larger spans, decreasing rotational stiffness caused the axial forces to vary. This effect is due to the 

larger deformations of the beams with larger spans, as the beam moves more vertically before undergoing axial 

thermal expansion, which is responsible for the increase in axial forces. Therefore, it can be concluded that the 

rotation capacity of the connections has a direct impact on the axial forces generated in the elements surrounding 

the beams, especially the columns, in simple steel beams. Thus, the determination of the axial tensile forces in 

catenary action is crucial for the design of steel structures, particularly with regards to connections in fire situations. 

 

 
Figure 9: Results of the axial forces on the supports of the beams with variation in the rotational stiffness with 

fireproof coating SFRM CACFO-300 type (VS 500x73 – 10 meters span). 

 

The following section of this paper will present an analytical solution for determining the tensile forces in catenary 

action, which can be applied in the design of steel structures under fire conditions. 
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4.2. Estimation of axial tensile forces in the catenary phase of the beam in a fire situation 

 

The prediction of tensile forces in catenary action was based on the theory of cables stressed by uniformly 

distributed forces. To model the beam's behavior under fire, it was assumed that it can be likened to a cable 

suspended in a structure at normal temperature. The mathematical model developed aimed to determine the 

relationship between the deformation of the suspended cable and the axial tensile force, accounting for the high 

temperatures associated with the fire. The element's surrounding structure was considered to provide axial rigidity 

(K), and according to Sáles et al [14], the deformed cable can be approximated as a parabola. Figure 9 shows the 

mathematical model. 

 

 
Figure 9: Mathematical model of the beam in catenary action 

 

The theory of suspended cables predicts deformation, but in a fire scenario, three additional factors affecting the 

cable's length are considered: the impact of thermal expansion (δθ) (Eq. 3), elongation of the bar due to axial force 

(δA) (Eq. 5.4), and axial restraint of supports (δK) (Eq. 5). 

 

𝛿𝐾 =
𝑃

𝐾
 (3) 

𝛿𝜃 = 𝛼𝜃𝐿 
(4) 

𝛿𝐴 =
𝑃𝐿

𝐸𝐴
 (5) 

The equations include the coefficient of thermal expansion of steel denoted by "α" and the average temperature "θ" 

of the element. Other variables are the beam's span "L," axial compression force "P," and the horizontal stiffness 

"K" of the surrounding structure. The modulus of elasticity of steel at temperature "θ" is represented by "E" and the 

cross-sectional area is denoted by "A". 

 

Integrating the general expression of the elementary parabola to determine the length of the cable as "s" yields the 

following equation (Eq. 6). 

 

𝑠 = 𝐿 [1 +
8𝑑²

3𝐿²
] → 𝑠 = 𝐿 +

8𝑑²

3𝐿
 (6) 

 

where “d” is the vertical displacement of the beam and “L” is the total length of the beam. 

 

Assuming that the final configuration of the cable must have a length of "s," the total impact of the factors affecting 

the cable's length is equivalent to the increase in length derived from equation 6. This can be expressed as (Eq. 7 

and 8): 

𝛿𝜃 + 𝛿𝐴 + 𝛿𝐾 =
8𝑑²

3𝐿
 (7) 

𝛼𝜃𝐿 +
𝑃𝐿

𝐸𝐴
+
𝑃

𝐾
=
8𝑑²

3𝐿
 (8) 

 

Since the tension in a cable under a uniformly distributed load "p" can be represented by the equation P = pL²/8d, 

it is proposed that Equation 8 can be converted into the following equation through mathematical deductions (Eq. 

9): 
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𝑑3 −
3

8
𝛼𝜃𝐿2𝑑 +

3𝑝𝐿3

64
(
1

𝐸𝐴
+
1

𝐾
) = 0 (8) 

 

Equation 8 enables the calculation of the maximum displacement for the beam in catenary action, allowing for the 

determination of the required tensile force in designing connections under fire conditions. It's worth noting that the 

modulus of elasticity varies depending on the temperature being considered. 

 

Although the cables can be considered inextensible, the longitudinal deformation caused by temperature variation 

can still be considered. One approach to account for this deformation is to use an expedited solution, as proposed 

by Sáles [14], which involves assuming the cable as a straight bar and calculating the length variation using 

Equation 9. 

 

Δ𝑠 =
𝑃𝑠0
𝐸𝐴

 (9) 

The symbol "P" represents the tensile force in the catenary action, "s0" denotes the initial length of the beam, "E" 

represents the modulus of elasticity of the steel at the analyzed temperature, and "A" stands for the cross-sectional 

area of the element. 

 

By utilizing equation 10, the final length of the bar can be determined. It should be noted that the final length "sf" is 

equivalent to the initial length "s" plus the change in length "Δs". Therefore, it can express this relationship as 

follows: 

𝑠𝑓 = 𝐿 +
8𝑑𝑓²

3𝐿
 (10) 

 

Through mathematical manipulation, it is possible to obtain the value of the final displacement, which is represented 

by Equation 11: 

 

𝑑𝑓 = √
3𝐿(𝑠𝑓 − 𝐿)

8
 (11) 

 

The axial force "P" is first calculated, followed by the determination of the initial displacement "s0". The first variation 

in length, denoted by "Δs", is then calculated by adding it to the initial displacement to determine the final length. 

The resulting value is subsequently plugged into Equation 8 to determine the final displacement of the first equation. 

This procedure is repeated until the difference between the displacements in each interaction becomes negligible. 

 

Table 3 compares the results obtained for the axial tensile forces in the catenary action of numerical models with 

shear connection (0.1KR and 0.05KR) of steel beams with those obtained using the analytical method of Equation 

8 and the expedited incremental method presented in Equations 9 to 11. The table 3 presents the shear connection 

numerical models used in the analysis, the axial tensile value obtained in the numerical model (Tensile NM), the 

temperature (Temp) at which the maximum tensile force was found, the value of the tensile force obtained using 

the analytical method (AM), the value of the tensile force obtained using the expedited method (EM), the difference 

in values between the numerical model and the analytical model (Dif. 1), and the difference in values between the 

numerical model and the expedited model (Dif. 2). 

 

Table 3: Comparison between tensile forces found in numerical models and in analytical and expedited models 

for steel beam with shear connection 

Model Tensile 
NM (kN) 

Temp (°C) AM (kN) EM (kN) Dif. 1 Dif. 2 

V1-5-KA-0.1KR-SP 97.5 717 93.1 88.4 -5% -9% 

V1-5-KA-0.05KR-SP 88.1 717 93.1 88.4 6% 0% 

V1-5-KA-0.1KR-APCa 125.6 699 93.75 89.4 -25% -29% 

V1-5-KA-0.05KR-APCa 81.3 699 93.75 89.4 15% 10% 

V1-5-KA-0.1KR-PGA 100.3 698 93.8 89.5 -6% -11% 

V1-5-KA-0.05KR-PGA 97.5 697 93.8 89.5 -4% -8% 

V1-5-KA-0.1KR-TI 83.9 708 93.4 83.9 11% 0% 

V1-5-KA-0.05KR-TI 83.9 708 82.3 79.5 -2% -5% 

V1-10-KA-0.1KR-SP 189.1 737 278.1 262 47% 39% 
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V1-10-KA-0.05KR-SP 221.4 737 278.1 262 26% 18% 

V1-10-KA-0.1KR-APCa 206.9 706 281.3 266.9 36% 29% 

V1-10-KA-0.05KR-APCa 255.7 706 281.3 266.9 10% 4% 

V1-10-KA-0.1KR-PGA 262 715 280.4 265.6 7% 1% 

V1-10-KA-0.05KR-PGA 195 716 280.4 265.6 44% 36% 

V1-10-KA-0.1KR-TI 244 660 288.9 278.5 18% 14% 

V1-10-KA-0.05KR-TI 237.7 660 288.9 278.5 22% 17% 

V1-15-KA-0.1KR-SP 418 731 394 378.5 -6% -9% 

 

Table 3 shows that the expedited method values for the models of beams with shear connections that are more 

closely aligned with the numerical models, and some of the results are even exact matches. It was found that there 

is an average difference of 7% between the numerical models and analytical method. However, when comparing 

the results to the expedited method, this difference decreases to 2%. This suggests that the expedited method, 

which approximates the elongation of the beam during the catenary action, produces results that are more in line 

with the computational analysis. 

 

To predict the temperature at which a structural element will reach its maximum tensile forces due to catenary 

action in fire situation, computational modeling may not always be feasible in design of steel structures in fire 

situation. Therefore, based on the findings from numerical models, the following method is suggested for 

determining this temperature in steel beams: 

 

• Calculate the tensile strength of the beam at room temperature; 

• Based on the average temperatures observed in numerical models, determine the maximum tensile force 

in catenary action. This occurs when the beam in a fire situation has 12.5% of its tensile resistant capacity 

at room temperature for uncoated elements, and 17.5% of its resistant capacity for elements with fire-

resistant coating. Calculate this value; 

• Determine the reduction factor for the yield strength (ky,θ), using the equation for tension members in a fire 

situation provided in Eurocode 3 Part 1-2 [6]; 

• Determine the temperature value of the steel based on the reduction factor for the yield strength (ky,θ). 

 

Table 4 shows the axial tensile force in a fire situation according to the numerical models (NM), the corresponding 

temperature (Temp), the tensile values obtained from the proposed approximate method (AM), the difference 

between the force values obtained from the numerical model and the proposed approximate model (Dif. 1), the 

temperature in the proposed approximate method (Temp AM), and the difference between the temperatures 

obtained from the numerical model and the proposed method (Dif. 2). 

 

Table 4: Comparison between tensile forces found in numerical models and proposed method for steel beam with 

shear connection 

Model Tensile 
NM (kN) 

Temp (°C) Tensile 
AM (kN) 

Dif. 1 Temp AM 
(°C) 

Dif. 2 

V1-5-KA-0.1KR-SP 97.5 717 86.6 -11% 730 2% 

V1-5-KA-0.05KR-SP 88.1 717 86.6 -2% 730 2% 

V1-5-KA-0.1KR-APCa 125.6 699 91.6 -27% 685 -2% 

V1-5-KA-0.05KR-APCa 81.3 699 91.6 13% 685 -2% 

V1-5-KA-0.1KR-PGA 100.3 698 91.6 -9% 685 -2% 

V1-5-KA-0.05KR-PGA 97.5 697 91.6 -6% 685 -2% 

V1-5-KA-0.1KR-TI 83.9 708 91.6 9% 685 -3% 

V1-5-KA-0.05KR-TI 83.9 708 91.6 9% 685 -3% 

V1-10-KA-0.1KR-SP 189.1 737 259.9 37% 730 -1% 

V1-10-KA-0.05KR-SP 221.4 737 259.9 17% 730 -1% 

V1-10-KA-0.1KR-APCa 206.9 706 274.7 33% 685 -3% 

V1-10-KA-0.05KR-APCa 255.7 706 274.7 7% 685 -3% 

V1-10-KA-0.1KR-PGA 262 715 274.7 5% 685 -4% 

V1-10-KA-0.05KR-PGA 195 716 274.7 41% 685 -4% 

V1-10-KA-0.1KR-TI 244 660 274.7 13% 685 4% 

V1-10-KA-0.05KR-TI 237.7 660 274.7 16% 685 4% 

V1-15-KA-0.1KR-SP 418 731 378.8 -9% 730 0% 

 

Table 4 shows that there is an average difference of only 1% between the temperatures obtained from the numerical 

models and those from the proposed model. The temperature variations are insignificant, except in some models 
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with a 10-meters of span. On the other hand, the average difference between the axial tensile forces is 16%, with 

some notable variations in values, especially in models with fire protection coating. Nonetheless, the main objective 

of this proposed method is to provide an easily obtainable reference for axial tensile forces in catenary action for 

design of connections in fire situation, and there are indications that this objective can be achieved. Furthermore, 

the proposed method can be used with reasonable precision in composite beams, especially for fire coated beams, 

provided that the load considered, and the cross-sectional area considers the contribution of the concrete slab. 

 

5. CONCLUSIONS 

 

This paper presents the results of a vast parametric study, which investigated the behavior of steel beams with axial 

and rotational constraints, in a total of 115 numerical models. The parametric study covered four distinct fireproofing 

materials, axial and rotational restraint levels, and beam span variation.  

 

In conclusion, this study demonstrated that the behavior of steel beams in fire conditions varies based on the level 

of axial and rotational restraint at the supports. Beams with lower axial stiffness at the supports exhibit smaller 

vertical displacements and lower values of axial compression in fire. Additionally, the rotational restraint variation 

has little effect on beams with small spans but becomes more significant for longer spans, mainly in the axial 

compressive forces. The different types of fireproofing materials used in this study did not affect the values of axial 

compressive and tensile forces in catenary action, but the fire time for the appearance of each force varied. The 

span of the beam directly influenced the axial forces, and larger spans produced higher support reactions. 

 

The study found that axial tensile forces in the catenary action of a beam only arise after its fire resistance time. 

This means that such forces would only appear if the fire lasted longer than the resistance time of the element. 

However, if the beams and connections are not coated, the decrease in connection resistance as a function of 

temperature is more rapid than for coated beams, so such a situation would not occur. To address the challenge of 

determining axial tensile forces on connections of steel beams in a fire situation, an expedited method based on 

the element's axial stiffness and the temperature at which catenary action starts to affect the beam's behavior was 

proposed. Comparison with numerical models showed the method to be valid. Given the difficulty in determining 

temperature in fire situations, an approximate method was proposed based on the tensile resistance capacity in a 

fire. Comparison with the expedited method showed that the proposed method can be useful for approximating 

axial tensile forces mainly for design of connections in fire situation. 
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ABSTRACT 

 

This paper presents the results of twenty-one fire tests on unprotected steel-to-timber connections with dowel-

type fasteners and one or two slotted-in steel plates. The experimental results of this type of connections 

available in existing studies have been mostly limited to a fire resistance duration of 60 minutes. The aim of this 

study is to provide connections specimens and experimental results for fire resistance up to 120 minutes. Two 

configurations of connections with one or two slotted-in steel plates, i.e., two or four shear planes, were tested. 

The temperatures were measured with thermocouples at different locations inside the wood members and along 

the steel plates. Two load levels for fire tests were determined on the basis of load bearing capacity of the 

connections obtained with tests at ambient temperature. The experimental results show that the specimens 

proposed for steel-to-timber connections with dowel-type fasteners are suitable for achieving fire resistance of 90 

and 120 min. These results extend the scope of the analytical formulations proposed in the context of the revision 

of EN1995-1-2 for the determination of the fire resistance of timber connections.  

 

Keywords: Timber connections; fire tests ISO834; high fire resistance 

 

 

1. INTRODUCTION 

 

The increasing use of wood in construction is driven by growing environmental concerns, by the suitability of 

timber constructions for prefabrication and also by the qualitative improvement of timber construction methods. In 

recent years, the emergence and widespread use of innovative and high-quality timber construction solutions 

(glued and cross laminated timber, high-performance connexion methods) has made it possible to expand the 

field of application of wood in construction. As a result, the construction of high-rise wooden buildings has  

considerably increased in few years. The fire resistance requirements for these new timber buildings are 

significantly more restrictive. Depending on the type and use of these buildings, fire resistance times of 90 to 120 

minutes are required.  

 

In flexible constructions such as timber ones, the resistance capacity depends on the mechanical behaviour of the 

connections, which represent the key points of the overall mechanical behaviour. Thus, in a fire situation, the fire 

resistance of the connections governs the fire performance of the structure. While the fire resistance of structural 

timber elements (beams, columns) is easily predicted by a "reduced section" calculation based on the charring 
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rate of wood, the thermomechanical behaviour of the connections is much more complex to predict, due in 

particular to the presence of steel fasteners. In this context, the current version of EN1995-1-2 [1] provides 

estimated fire resistance durations for timber connections, depending on the type of fasteners and the timber 

members thicknesses, as well as a simplified analytical method allowing a calculation of the fire resistance of the 

connections (tfi). These provisions are of limited application, and provide too conservative fire resistance 

durations. For example, it is not possible to justify fire resistance greater than 60 minutes for protected timber 

connections and 40 minutes for unprotected connections. These limitations do not allow the validation of the fire 

performance required for new high-rise timber buildings. These design rules, defined almost 20 years ago, were 

formulated on the basis of limited experimental data [2]. 

 

To improve the knowledge of the thermo-mechanical behaviour of timber connections exposed to fire, and in the 

frame of the revision of EN1995-1-2, various research programs have been carried out since 1999. These works 

concern essentially experimental investigations on steel-to-timber connections subjected to a longitudinal tension 

and under a standard fire exposure, coupling to numerical modeling’s of the tested connections. Some tests of 

timber connections subjected to other loads (tension perpendicular to grain and bending) were carried out. These 

tests identified tension parallel to grain as a predominant loading case in a fire situation [3].  

 

These works have enabled a better understanding of the thermomechanical behaviour of timber connections 

assembled with dowel and bolt-type fasteners. In particular, it allowed the identification of the key parameters that 

govern the fire resistance of the connections: the thicknesses of the timber members, the type of the fasteners 

(bolts play a negative role on the fire resistance), the load ratio fi in fire situation. Based on these experimental 

results, numerical modelling works led to the proposal of a simplified analytical formula, allowing engineers to 

easily calculate the fire resistance duration of timber connections [4].  

 

However, most of the tested specimens were designed for fire resistance durations of less than 1 hour, limiting 

the scope of the proposed analytical method to this duration. It should be noted, however, that some 

configurations were able to achieve fire resistances up to 70 or 80 minutes [3]. Recently, Brandon et al. 

conducted fire resistance tests of timber connections designed to achieve fire resistances of 90 minutes. Some 

configurations in this study achieved high fire resistances durations, between 100 and 122 minutes [5]. Although 

these results confirm that high fire resistance durations can be achieved with common timber connection 

configurations, they are insufficient to improve and extend the application of the analytical method to fire 

resistance durations greater than 1 hour. Further testing of high capacity connections is required. 

 

This paper presents the results of a large experimental program on steel-to-timber connections subjected to fire 

exposure and designed to achieve high fire resistance. In the first section of this paper, the full experimental test 

program is explained. The geometries of the tested specimens are presented. The second section presents the 

experimental results obtained with tests at normal temperature and under ISO-fire exposure. In the last section 

these experimental results are analysed and commented. The version of the simplified analytical method 

improved with these tests results is presented. In order to check its validity, this analytical method is used to 

calculate the fire resistance of the tested configurations.  

 

 

2. TEST SET-UP 

 

2.1 Test program 

 

The experimental program concerns two different configurations of steel-to-timber connections with dowel-type 

fasteners subjected to tension parallel to grain. This loading case was chosen because it was identified as 

predominant in a fire situation: a connection designed for a fire resistance time tfi under tension parallel to grain 

will perform a fire resistance duration higher than that for another loading case [3]. The two configurations tested 

are: 

- Configuration 1: steel-to-timber connection with one slotted-in steel plate (i.e., two shear planes) and 

connected with two raws of bolts and dowels of 16 mm diameter, 

- Configuration 2: steel-to-timber connection with two slotted-in steel plate (i.e., four shear planes) and 

connected with four raws of dowels of 12 mm diameter. 
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Configuration 1 was chosen because it is directly comparable to configurations tested in previous experimental 

studies [3]. Compared to these earlier tests, the thickness of the timber side members is greater to increase the 

fire resistance duration. Configuration 2 is more realistic. In order to limit the lateral dimensions of the 

connections, a solution with 4 shear planes and 2 slotted-in steel plates is proposed.  

 

For each configuration, different specimens are tested by varying the dimensions of the timber elements 

(thickness and height). For each specimen, three replicas were tested at ambient temperature to obtain the mean 

value of load-carrying capacity (Fu,mean). This mean value of the load-carrying capacity is necessary to define the 

applied mechanical load for tests under fire exposure (ISO 834). During the fire resistance tests, two load ratios 

were applied to each configuration: 0.10 * Fu,mean and 0.30 * Fu,mean. In total, 21 specimens were tested at ambient 

temperature and 21 under ISO-fire exposure (10 tests for Configuration 1 et 11 tests for Configuration 2). The 

complete test program is presented on Table 1.  

 

Table 1: Test program 

Configurations Number of tests 

at room 

temperature 

Number of tests under fire exposure 

Load ratio for fire test 

0,10*Fu,mean 0,30*Fu,mean 

1.1 3 2 2 

1.2 3 2 2 

1.3 3 1 1 

2.1 3 2 1 

2.2 3 2 2 

2.3 3 1 1 

2.4 3 1 1 

 

All test specimens are made from the same materials (wood and steel elements). The timber members of test 

specimens consisted of glued laminated timber (spruce species) GL24h grade. For all connections tested at room 

temperature and under fire exposure, the moisture content of wood varies between 9.5 and 11.5%. The 

mechanical properties of the steel elements are presented on Table 2. 

 

Table 2: Mechanical properties of steel elements of tested connections 

Member Grade Yield strength (N/mm²) Ultimate strength (N/mm²) 

Dowels S355 355 510 

Bolts 6.8 480 600 

Steel plates S460 460 630 

 

 

2.2 Test specimens 

 

Figure 1 and Table 3 show respectively the types of connections and the dimensions of each tested configuration. 

The Lt dimensions, given in these figures and tables, represent the half-length of connections tested under 

standard fire conditions. As is show on Figures 1 and 2, the specimens tested in fire conditions are composed by 

two connections situated in both sides of a central joint. The joint dimensions and its tolerances are shown on the 

same figures. 

 

The edge and end distances given in Table 3 are defined with respect to the minimum values specified in 

EN1995-1-1 [6]. For configurations 1.1 and 1.2 the minimum end distances a3 and edge distances a4 specified in 

EN1995-1-1 have been increased by afi = 50 mm. The configuration 1.3 is equivalent to configuration 1.1, but with 

the timber side-members thickness t1 increased by afi = 50 mm. However, the length of fasteners of configuration 

1.3 is equal to that of configuration 1.1, so the fasteners are shorter than the timber cross-section. The empty 

length of the holes was filled with wooden plugs with a length of 50 mm. This dimension afi is the additional timber 

thickness, specified by EN1995-1-2, to improve the fire resistance of timber connections. It was calculated taken 

kflux = 1, βn = 0,7 and treq = 90 or 120 min. For configurations 2.1 to 2.4 with two slotted-in steel plates (i.e., four 

shear planes), the end and edge distances a3 and a4 were increased by the values of afi given in the Table 3. 
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The connection of configuration 2 is not using bolts but only dowels. In order to prevent the timber members from 

spreading apart during loading, side holding screws are used on the lateral sides of the connection. These screws 

should not be considered in the calculation of the carrying capacity of the connection. Their function is only to 

prevent the separation of the connected elements. 

 

 
 
 
 
 
 

a) Configuration 1 
 

b) Configuration 2 

Figure 1: Geometry of the tested specimens 

 

Table 3: Dimensions of tested specimens 

Configuration 
Geometric parameters 

 t1 t2 a1 a2 a3 a4 afi h hp p L0 Lt 

1 

1.1 16 150 - 112 64 112 48 50 260 114 10 523 1800 

1.2 16 200 - 112 64 112 48 70 300 114 10 543 1800 

1.3 16 200 - 112 64 112 48 50 260 114 10 523 1800 

2 

2.1 12 75 100 84 48 84 36 35 286 214 2x6 406 1800 

2.2 12 100 120 84 48 84 36 46 308 214 2x6 417 1800 

2.3 12 120 140 84 48 84 36 49 314 214 2x6 420 1800 

2.4 12 150 160 84 48 84 36 63 342 214 2x6 434 1800 

 

 

2.3 Tests at room temperature 

 

Each configuration is first tested under normal temperature conditions. These tests are used to determine the 

ultimate load carrying capacity (Fu,mean) of the specimens. This value of Fu,mean is essential for determining the load 

Ffi to be applied in fire situation (Ffi = fi x Fu,mean). In order to obtain a reliable average value of Fu,mean, 3 tests are 

carried out for each configuration.  

 

Figures 2 and 3 show the dimensions and test arrangement of Configurations 1 and 2 tested at room 

temperature.  
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Figure 2: Configuration 1 tested at room temperature 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Configuration 2 tested at room temperature 

 

2.4 Tests under fire exposure 

 

The fire tests were carried out in horizontal furnace with dimensions 4x3 m. The tested connections were placed 

above the opening of the furnace, inside an additional compartment made with concrete walls and a horizontal 

Siporex. The test specimens extend beyond the additional compartment and are fixed to a steel frame, on one 

side, and to a hydraulic jack, on the other side. The test set-up for fire tests is presented in Figure 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Test set-up for fire tests 
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The mechanical loads applied during fire resistance tests were defined as a fraction (load ratio ηfi) of the mean 

experimental failure loads (Fu,mean) obtained with the tests at room temperature. The protocol used for the 

mechanical loading for fire tests was adapted from EN26891 standard [7] and is given in Figure 5. After pre-

loading up to ηfi = 40% Fu,mean and unloading to ηfi = 10% Fu,mean, the specimen is reloaded to a load ratio ηfi equal 

to 10% or 30% of Fu,mean. Then, the test specimen was exposed to the ISO 834 time–temperature curve. The load 

applied after this pre-loading protocol is named Ffi and was kept constant during the ISO-fire exposure until failure 

of the connection. After its failure, the test specimen is moved outside of the furnace and the combustion is 

stopped by projection of water. The time elapsed between the failure instant of the test specimen and its complete 

extinction of combustion was of the order of 4 to 5 minutes. This elapsed time is taken into account in the 

calculation of mean charring rate defined with the residual cross-section of test specimen. Figure 6 shows a test 

specimen during removal from the furnace. 

 

 
 
 

 
 
 

 

 

Figure 5: Loading protocol for fire tests 

 

 
 

Figure 6: Test specimen during removal from the furnace 

 

During fire tests, the evolutions of temperatures of the furnace and those inside the connections have been 

recorded every 30 seconds with type K (nickel chromium/nickel aluminium) thermocouples. Furnace temperatures 

have been conducted with six plate thermometers positioned around the test specimen. The evolutions of 

temperatures within the timber members of connections have been recorded by sheathed thermocouples with a 

diameter of 1.5 mm.  

 

For Configuration 1, eight thermocouples are positioned within the timber members at different depths from the 

exposed to fire surface. Three thermocouples are positioned on the steel plate, at the interface with the timber 

members, and six thermocouples are positioned on bolts and dowels at the midpoint of the timber members or 40 

mm from the timber side exposed to fire. For Configuration 2, ten thermocouples are positioned within the timber 

members, four thermocouples are positioned on the steel plates and four other thermocouples are positioned on 

the dowels. Figure 7 shows an example of locations of the thermocouples for configuration 2.3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Example of locations of the thermocouples (configuration 2.3) 
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Two sensors are used to record the displacements U of connected members (the slipping of connections). The 

sensor Uj recorded the slipping of two connections tested in fire only during the loading phase before that fire test 

started. The sensor Us recorded the slipping of the two connections tested in fire, as well as the slipping of the 
two connections that link the two ends of the tested specimen to the testing frame (hydraulic jack and reaction 
side), during the fire test including the pre-loading phase (see Figure 5). Failure time is reached when the 
displacement increases and the mechanical load can no longer be held (this corresponds to a displacement 
acceleration between 0.2 and 0.6 mm/s2). 

 

3. TEST RESULTS 

 

3.1 Test results at room temperature 

 

In Table 4 are given the experimental mean load-carrying capacities (Fu,mean) of connections obtained with tests at 

room temperature. This mean value Fu,mean is obtained by averaging 3 tests. The coefficient of variation for each 

configuration shows very low variability. In this paper, the failure modes observed during these tests at room 

temperature are not commented. Here we focus on the fire behaviour of these connections. The load carrying 

capacities at room temperature are provided as they have been used to determine load ratio for fire tests.  

 

Table 4: Load-carrying capacities of specimens tested at room temperature 

 

Configuration 

Experimental load-

carrying capacity 

(Fu,mean) 

Coefficient of 

variation (%) 

1.1 484,0 2,51 

1.2 457,6 1,97 

1.3 473,0 1,79 

2.1 876,2 0,39 

2.2 877,3 0,37 

2.3 877,0 0,43 

2.4 870,6 0,37 

 

3.2 Test results under fire exposure 

 

In Table 5 are given the experimental failure resistances of tested specimens, and the failure modes associated. 

This table also indicates whether the steel plate is "protected" or not. This protection indicates whether the gap 

between the steel plates and the timber members, on the top and bottom sides of the connections, is filled or not. 

In order to reduce the heating of the steel plates, these gaps are filled with plywood for some configurations. 

Thus, the efficiency of this provision can be checked. 
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Table 5: Fire resistances and failure modes of the specimens under fire exposure 

 

Configuration 
Test 

number 
Fire load Ffi (kN) 

Experimental 

fire 

resistance tfi 

(min) 

Protection 

of the steel 

plate 

Failure modes 

1.1 

1 
0,1*Fu,mean = 48,4 

96 yes Row-shear failure without 

deformation of the fasteners 2 91 no 

3 
0,3*Fu,mean = 145,2 

74 yes Row-shear failure with plastic 

hinge in the fasteners 4 80 yes 

1.2 

5 
0,1*Fu,mean = 47,8 

145 yes 
Row-shear failure without 

deformation of the fasteners 

6 121 no 
Steel plate failure in tension 

7 

0,3*Fu,mean = 140,0 

119 yes 

8 117 yes 
Row-shear failure with small 

deformation of the fasteners 

1.3 
9 0,1*Fu,mean = 45,8 142 yes 

Row-shear failure without 

deformation of the fasteners 

10 0,3*Fu,mean = 137,3 89 no Steel plate failure in tension 

2.1 

1’ 0,1*Fu,mean = 90,0 

 

81 no Row-shear failure with small 

deformation of the fasteners 2’ 79 no 

3’ 0,3*Fu,mean = 270,0 64 no 
Net cross-section failure with 

plastic hinge in the fasteners 

2.2 

4’ 
0,1*Fu,mean = 90,0 

 

105 no 
Row-shear failure with small 

deformation of the fasteners 

5’ 104 no 
Row-shear failure with small 

deformation of the fasteners 

6’ 

0,3*Fu,mean = 270,0 

82 no Net cross-section failure in 

tension with plastic hinges in the 

fasteners 
7’ 85 no 

2.3 
8’ 

0,1*Fu,mean = 90,0 
118 no 

Row-shear failure with plastic 

hinge in the fasteners 
9’ 98 no 

2.4 

10’ 

0,3*Fu,mean = 270,0 

150 no 

11’ 134 no 

Row-shear failure with plastic 

hinge in the fasteners, failure of 

one steel plate 

 

Figures 8 shows an example of test results for configurations 1.2, loaded with a load ratio fi = 10% Fu,mean. The 

load-slip curve and temperature measurements on the steel plates are shown. These curves show that the failure 

of the connections is strongly linked to the temperature level inside the connection. All experimental results, 

measured temperatures and slips of tested specimens, are given in the public report reference [8]. 
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Figure 8: Experimental results for configuration 1.2 (test 5) 

 

After the fire tests, all the test specimens were cut in order to measure the residual cross-section at the 

connection and beyond the area of the connection. For each type of connection, the mean charring rates have 

been calculated and varied between 0,55 and 0,76 mm/min, which is consistent with expected values.  

 

 

4. DISCUSSION 

 

4.1 Comments on the experimental results 

 

For configuration 1 connections loaded at 10% of Fu,mean, the failure is governed by the embedment of the dowels 

in the timber members and ended by a shear-line failure. The load applied in fire situation is insufficient to bend 

the fasterners. For a load ratio equal to 0,3, the embedment of the dowels in the timber members is associated 

with a deformation of the dowels. These deformations are not equivalent for all the fasteners. Thus, it appears 

that the maximum deformations are measured for the bolt. Then, it is the “dowel 1”, located opposite to the bolts, 

which present the greatest deformations (Figure 9). The two central dowels have approximately the same amount 

of deflection, although “dowel 3” has slightly higher deflection. These results confirm the numerical results 

obtained in previous numerical work [9].  

Figures 10 shows the deformations of dowels 1 and 3 for connection number 3 (configuration 1.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Numbering of the fasteners 
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a) Dowel 1 

b) Dowel 3 

 

Figure 10: Deformation of dowels for connection 3 (configuration 1.1) 

 

Note that the dowel deflections are very small for connections 7 and 8. These results are counter-intuitive, since 

the dowels here have the same diameter as in tests 3 and 4 (16 mm), under an equivalent fire loading, but are 

more slender (higher t1). For connection 10, failure occurs prematurely through tensile failure of the steel plate 

and no deformation of the dowels is observed. It should be noted that for this test, the steel plate was not 

protected. 

Concerning the efficiency of the protection of the steel plates in the top and bottom sides of the specimen, it 

should be noted that the fire resistance duration was slightly lower for the specimens with unprotected steel plates 

than for those with protection on all sides (see specimen 1 vs specimen 2). The comparison between specimens 

5 and 6 should not be taken as significant in view of the early failure of specimen 6 due to the failure of the steel 

plate (even if this early failure of the steel plate is related to its higher temperature and the absence of protection). 

 

For configuration 2 connections loaded at 10% of Fu,mean, the failure was essentially generated by the embedment 

(pull-through) of the dowel in the timber members t1 and ended by a shear line failure (timber embedment and 

splitting failure or shear line failure). For the same specimens loaded at 30% of Fu,mean, the plastic hinge of the 

dowels lead to their pull-through (embedment) in the timber members t1 and generate a net cross-section failure  

in tension. A maximum deflection of 18,4 mm of the dowels has been measured (Figure 11).  

 

Figure 11: Failure mode of connection n°11’ 

 

 

 

 

 

 

 

 

 

Figure 12: Failure mode of connection n°7’ 

 

If for configuration 1 connections, the deformations of the fasteners were identical on the 2 rows, it is important to 

note that for configuration 2 connections, the most deformed fasteners were those of the two central rows of 

dowels (2nd and 3rd row), as it can be clearly seen on Figure 12.  

 

As noted in Table 5, for 4 tested specimens, their fire resistances have been defined by the failure time of steel 

plate. In the Table 6 are shown the design resistances of steel plates calculated in function of the measured 

temperature at the instant of their failure, as well as the values of the applied loads during the fire test. By the 
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comparison of these values it's easy to understand that rupture of the steel plates was inevitable. It is therefore 

advisable not to undersize the thickness of the steel plates, and to implement all possible protection device to 

delay the heating of these plates. 

 

Table 6: Comparison of design fire resistances and applied loads of connection with steel plate failure 

Connection 

type 

Cross-section 

area (mm²) 

Failure temperature 

of steel plate (°C) 
ky, fy (MPa) Nfi,,Rd (kN) 

Applied load 

(kN) 

1.2-test n°6 

1140 

1025 0.035 

460 

18.4 47.8 

1.2-test n°7 741 0.1808 94.8 140 

1.3-test n°10 772 0.1436 75.3 137.3 

2.4-test n°11 1284 731 0.1928 113.9 135 

 

 

4.2 Analytical approach 

 

In 2020, a first analytical formulation, based both on experimental investigations carried out worldwide since 1999 

and on numerical studies, was proposed in order to calculate with a simple formula the fire resistance of timber 

connections with bolts and dowels [4]. Although it significantly improved the accuracy of the calculation of the fire 

resistance of the connections compared to the current EN1995-1-1, this formulation remained limited to fire 

resistance durations of less than 90 minutes.  

 

The experimental results presented here have made it possible to improve this analytical method in order to make 

it valid up to at least 120 minutes. This analytical method is now written as: 

 

                                                                

 

t fi = 1 t1 −
1

2

 ln(fi 100) + 3
                                                   (1) 

 

Where: 

- tfi is the fire resistance time (in minutes); 

- i are coefficients given in Table 7; 

- fi is the load ratio for fire situation determined as: 

 

                                                                                   

 

 fi =
Ed , fi

Rk

                                                                          (2) 

 

- Ed,fi is the design effect of actions for the fire situation, determined in accordance with EN 1991-1-2; 

- Rk is the characteristic load-carrying capacity of the connection at normal temperature determined 

according to EN 1995-1-1 neglecting the effective number of fasteners and excluding brittle failure 

modes. 

 

Table 7: Coefficients i  for timber-to-timber and steel-to-timber connections with dowels 

 

Connection type 
Coefficients i Maximum validity 

(min) 1 2 3 

Timber-to-timber 0,88 0,048 50 90 

Steel-to-timber with a single slotted-in steel plate 0,63 0,066 35 120 

Steel-to-timber with two slotted-in steel plates 1,0 0,066 35 120 

Steel-to-timber with three or more slotted-in steel plates 1,2 0,066 35 120 
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These coefficient values are proposed for dowelled connections, i.e. connections mainly using dowels and with 

eventually a few minor bolts that provide the connection holding function. For a connection composed exclusively 

of bolts, the values of these coefficients are more severe and the fire resistance of the connections has to be 

reduced by 25%.  

 

In order to check the validity of the analytical method for connections with fire resistance durations greater than 90 

minutes, the fire resistances obtained during the tests on configurations 1 and 2 presented above are compared 

with those calculated with the analytical formulation (tfi,calc – eq.(1)). For comparison, the fire resistance values 

tfi,EC5 calculated with the current EN1995-1-2 method (the reduced load method - see EN1995-1-2 chapter 6.2.2) 

are also shown (Table 8). The relative gaps  between calculated and experimental values are also provided. It 

can be noted that the relative gaps between the fire resistance durations calculated with the proposed analytical 

method and the experimental ones (calc) are between 0.36 and 16% while the relative gaps for the current 

EN1995-1-2 method (EC5) are between 61.9 and 86.5%.  

 

Table 8: Experimental and calculated fire resistance durations 

 

Connection 

configuration 

Test 

Number 
tfi,exp (min) tfi,calc (min) tfi,EC5 (min) calc (%) EC5 (%) 

Configuration 1 

(S-T-S) 

1 96 90,2 28,5 6,04 70,3 

2 91 90,2 28,5 0,87 68,7 

3 74 73,5 15,6 0,68 78,9 

4 80 73,5 15,6 8,13 80,5 

5 145 122,6 29,2 15,4 79,9 

6 121 122,6 29,2 1,31 75,9 

7 119 105,9 16,2 11,0 86,4 

8 117 105,9 16,2 9,49 86,2 

9 142 122,6 29,2 13,7 79,4 

10 89 105,9 16,2 16,0 81,8 

Configuration 2 

(S-T-S-T-S) 

1’ 81 72,7 30,1 10,2 62,8 

2’ 79 72,7 30,1 7,97 61,9 

3’ 64 56,1 17,2 12,3 73,1 

4’ 105 99 31 5,71 70,5 

5’ 104 99 31 4,81 70,2 

6’ 82 82,3 18,1 0,36 77,9 

7’ 85 82,3 18,1 3,18 78,7 

8’ 118 119 31 0,84 73,7 

9’ 98 102,3 18,1 4,20 81,5 

10’ 150 149 31 0,67 79,3 

11’ 134 132,2 18,1 1,34 86,5 

 

In order to visualize the improvement brought by the proposed simplified method in the prediction of the fire 

resistance of timber connections, compared to the current standard (EN 1995-1-2), Figure 13 shows the 

comparisons of the two methods with the experimental results. The coefficients of determination R2 obtained by 

linear regression are calculated in each case. Figure 13 clearly shows that the method proposed by EN 1995-1-2 

is not at all suitable for the calculation of the fire resistance of connections with a fire resistance of more than one 

hour, because this resistance is greatly underestimated. The EN 1995-1-2 method is therefore extremely limited 

for the use of timber solutions in construction. The proposed method presents a constant difference between 

calculated and measured fire resistances. The regression line obtained is collinear to the experimental one, with a 

satisfactory safety margin. 
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Figure 13: Fire resistance of connections calculated by the proposed simplified method and EN-1995-1-2 versus 

experimental results 

 

5. CONCLUSION 

 

The main objective of this experimental study was to bring experimental data in order to extend the field of design 

of steel-to-timber connections for fire resistance duration until two hours. This objective has been achieved. The 

experimental results presented in this paper were analysed and have improved the analytical simplified method 

that was proposed in 2020, extending its application to connections with fire resistance durations greater than 90 

minutes.  

 

The second objective of this study was to increase the understanding of the thermomechanical behaviour of 

timber connections. This experimental research allowed to highlight the role of thicknesses of lateral timber 

members and the load ratio in the fire resistance duration of timber connections. The role of the additional 

thickness (afi), added on the side edges (a4) and the end distance (a3) of steel-to timber connections, is an 

important parameter for increasing the fire resistance. The protection of steel plates on all sides, for thicknesses 

higher than 6 mm, is another necessary precaution for improvement of fire resistance of steel-to-timber 

connections. The steel-to-timber connections with four shear planes and dowels showed a high load carrying 

capacity and a higher ductile failure at room temperature with plastic deformation of the dowels, as well as a 

higher fire resistance compared with the connections with two shear planes. An important point highlighted by this 

experimental research is linked with the role of the gap between two connections. Especially, for connections with 

high fire resistance, the thicknesses of timber members are important, and during their drying, the shrink 

phenomenon is significant. Consequently, if the joint gap increases significantly, the failure of the connection due 

to the failure of steel plates represent a real risk. For that reason, it is interesting to have in mind this weak point 

of these connections and to look for a reliable solution. 

 

The simplified proposed method related to timber connections and presented in the last chapter of this paper has 

been proposed in the frame of revision of EN 1995-1-2 and was retained in the latest proposed draft [10]. 
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ABSTRACT 

 

Differently from simply supported beams, in a continuous composite beam, the lower portion of the cross section is 

under compression, therefore, local and global instabilities may occur, and they are potentiated due to the 

degradation of mechanical properties of the materials at elevated temperatures. The present work aims at 

performing a parametric study on continuous composite beams, submitted to non-uniform bending moments and 

under fire situation. In the study, influences of geometric variables of the composite beams, such as the length of 

their spans and the dimensions of their cross-section were evaluated. An increase in hogging moments at the 

central support region was observed due to the restriction of the thermal deformations, resulting in a local 

plastification at temperatures lower than 300 °C. With the local loss of stiffness, buckling become propitious to occur 

and the capacity of the beam to prevent them determines the temperature in which the hogging moments decrease, 

i.e., when the efforts redistribution to the mid span occurs. In general, the collapse of the evaluated beams occurred 

between 600 °C and 700 °C. 

 

Keywords: Continuous Composite Beams; Fire; Numerical Study. 
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1. INTRODUCTION 

 

Simply supported composite beams are more common in practical situations however, the continuity can provide a 

better distribution of bending moments along the length of the beams. According to [1], the height of the steel profile 

decreases, and the robustness of the cross-section increases in continuous composite beams, generating economy 

and better behavior in high temperatures. 

 

In continuous composite beams, the lower part of the cross section (the lower flange and most part of the web) is 

compressed. Therefore, local instabilities such as FLB and WLB may occur and moreover, due to the tension in the 

concrete slab, its cracking may take place, significantly reducing the concrete influence in the cross-section 

resistance. 

 

Due to the compressive efforts in the composite cross-section, the web may suffer warping, losing its planar shape. 

Moreover, the lower may displace transversally in a rigid body movement and the cracked slab still may prevent 

pure torsion deformations of the cross-section. The sum of these phenomena is a global instability called Lateral 

Distortional Buckling (LDB). The deformed shape of a two-span continuous composite beam is shown as it follows 

in Figure 1: 

 

 

 

 

 

 

 

 

 

 

Figure 1: LDB deformed shape in a two-span continuous composite beam 

 

At high temperatures, the degradation of mechanical properties of the materials occur and the restriction of thermal 

deformations may cause internal additional efforts in a beam. At approximately 550 °C, steel and concrete strengths 

and stiffness are reduced, in average, to 50%. In mid-span, when the beam is subject to an elevation of 

temperatures, a curvature towards the source of heat occurs and its restriction at the internal supports causes and 

elevation of the hogging moments and, thus, the increase of the compression stresses in the cross-section. 

Furthermore, the restriction of the beam longitudinal elongation may also cause the elevation of compressive 

stresses near the internal supports, therefore, these regions are more susceptible to instabilities. 

 

The continuity of composite beams guarantees a reserve of security to them. Because of their hyperestaticity, in 

continuous beams, the formation of plastic hinge at the internal support does not mean their collapse. After the 

cross-section first plastification on the cracked concrete region, the bending moments are redistributed to mid-span. 

Only then, when the bending efforts cause the formation of another hinge in mid-span, the collapse of the beam 

may take place. 

 

Yet, the behavior of continuous composite beams is not completely known. Only a few studies were established in 

this topic and the influences of geometric properties of the beams in their behavior at high temperatures must be 

studied, due to the complexity of the typical phenomena that occur in this type of element in such conditions. 

 

2. LITERATURE REVIEW 

 

2.1 Structural Behavior at Ambient Temperature 

 

As mentioned before, at hogging moments regions, the concrete slab is tensioned and, thus, cracked. According to 

[3], for hogging moments about 30% to 40% of the ultimate resistant moment of the composite cross-section, the 

concrete may crack, and its resistance may be neglected in analytical calculations. Therefore, the slab rebar 

controls the location of neutral axis, and consequently, the part of the cross-section that is submitted to compressive 

efforts. 
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As the lower flange and most part of the web are under compression in bending, local instabilities may occur. The 

behavior of continuous composite beams relatively to local buckling is very similar to the one of a pure steel beam, 

as stated by [4]. Therefore, the classification of cross-section according to their slenderness found at [5] may be 

used to composite beams without any prejudice, according to [6]. 

 

Due to fact that most of the steel profile is compressed at hogging moments regions, the transversal displacement 

of the lower flange in buckling is only restricted by the flexural stiffness of the web, which may be insufficient to 

prevent such phenomenon. As stated by [2], the concrete slab, though cracked, can still restrict the pure torsional 

displacement of the cross-section, and as the web loses its planar shape and the lower flange displaces laterally, 

the Lateral Distortional Buckling (LDB) occurs. According to [1], the typical deformed shape of a continuous two-

span composite beam under LDB is characterized by the formation of two opposite semi-waves around the central 

support, with non-sinusoidal characteristics. 

 

It is important to state that local instabilities may influence the occurrence of global instabilities. In accordance with 

[7], FLB of the lower flange may instigate the occurrence of LDB, even though these two types of phenomena are 

treated separately in reference codes, such as [8] and [9]. As stated by these codes, the procedure for the 

assessment of the LDB resistance of a composite cross-section is similar to others on such a global instability has 

great importance on its final strength. First, all the influences caused by material and geometric imperfections, by 

residual stresses and by the instability itself are considered by a reduction factor of the plastification bending 

moment of the cross-section. This factor is related to a slenderness factor, which is dependent on the LDB buckling 

bending moment. The first approximation to the elastic buckling bending moment of composite continuous beams 

was stablished by [10], and it is called Roik’s Equation. 

 

In general, it is possible to say that the most critical sections of a continuous composite beam are located at hogging 

moments regions. In accordance with [11], the bending resistance in hogging moments is, in average, 70% of the 

one related to sagging moments, due to the local and global instabilities. Moreover, hogging moments are greater 

than sagging moments, considering a structural analysis in a continuous beam. In other words, in cracked concrete 

regions, there is greater solicitation and less resistance than in positive bending moments locations. Therefore, a 

design based only on a simple comparison between solicitation and resistance may be antieconomic and the 

possibility of moments redistribution may be used. 

 

As the critical section lay on hogging moments regions, the formation of a first plastic hinge may occur in such 

locations. Nevertheless, due to the hyperestaticity of a continuous beam, this hinge does not mean the collapse of 

the structure, but only a change in support conditions. After the occurrence of the first hinge, the moments may be 

redistributed to the center of the spans, as long as the cross-section has enough plastic rotation capacity. Codes 

such as [8] allow the consideration of a redistribution of 40, 30, 20 e 10% for classes 1, 2, 3 and 4, respectively, 

according to the cross-section classification based on their capacity of plastification. 

 

In continuous composite beams, there is another critical phenomenon that occur: the interaction between efforts. 

At hogging moments regions, there may be high bending moments and high shear efforts due to the central support. 

As stated by [12], these interactions may reduce the resistance of the beams in such regions, though the high 

contribution to the resistance of vertical shear provided by the concrete slab. 

 

2.2 Fire Based on Codes 

 

In a real fire situation, several variables may influence the heating rate, such as the type of fuel (hydrocarbons or 

cellulosic materials) and its amount, the geometry of the room subjected to fire and its openings and the presence 

of passive and active methods of fire combat. Therefore, normative standards have great importance in predicting 

the fire behavior, despite of their limitations due to the fact that, in the process of assessment, a lot of simplifications 

are made. 

 

Prescriptions from [13] bring the Standard Fire curve to simulate the elevation of temperatures (Tfi) considering only 

the fire time (t, in minutes) and the ambient temperature (Ta) as entrance variables, as showed: 

 

 𝑇𝑓𝑖 = 𝑇𝑎 + 345 𝑙𝑜𝑔( 8𝑡 + 1) (1) 
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Moreover, other codes such as [14] bring more precise equations to predict the fire behavior, dividing the 

phenomenon in two parts: the heating and the cooling phases. In this case, the type of fuel material, the area of the 

fire room and its openings are considered. The heating phase equation is presented as it follows: 

 

 𝑇𝑓𝑖 = 20 + 1325(1 − 0,324𝑒−0,2𝑡
∗
− 0,204𝑒−1,7𝑡

∗
− 0,472𝑒−19𝑡

∗
) (2) 

 

where t* (in hours) is a modified time parameter given by: 

 

 𝑡∗ = 𝑡 × 𝛤 (3) 

 

with Г being a dimensionless parameter that considers the coating material of the room and its openings. A 

comparison between these two approximations (considering Г as 1, 0,2 and 5) of the heating phase is showed in 

Figure 2: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Comparison between heating phase curves 

 

As it can be noticed, the Standard Fire approximates to the curve considering the dimensionless parameter as 1, 

for temperatures above 400 °C. The elevation of Г results in higher heating rate. 

 

2.3 Structural Behavior at High Temperatures 

 

At high temperatures, the mechanical properties (strength and stiffness) of materials decay and thermal properties 

(specific heat, thermal conduction coefficient and thermal elongation) may vary. Reference codes, such as [15], 

brings prescriptions to determine theses variations of properties. In the case of mechanical properties, the reference 

code uses reductions factors for the strength and stiffness of profile steel (kya,θ and kEa,θ) and rebar steel (kys,θ and 

kEs,θ), and also the strength of concrete (kc,θ), as it can be shown in Figure 3: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Reduction factors based on [15] 
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It can be noticed that both steel and concrete lose, approximately, 50% of their strength and stiffness at temperature 

near to 500 °C. The decay of concrete strength stars at 100 °C, while for steel, this occurs at temperatures above 

300 °C. 

 

When a continuous composite beam is subjected to fire along its spans, a formation of curvature towards the heat 

source occurs at mid-span. The restriction of this curvature provided by the central supports may generate an 

amplification of hogging moments, increases the compressive stresses in the steel profile and propitiating local and 

global instabilities. The same phenomenon occurs when the longitudinal thermal elongation of the beams is 

restricted by its supports. As instabilities occur, a loss of local stiffness may take place at central supports regions, 

elevating the vertical displacement at mid-span and resulting in a shortening tendency of the beam span. As the 

supports restrict this displacement, the beam is now subject to tension, that may resist bending efforts, in a 

phenomenon called catenary effect. At higher temperatures, the mechanical properties become very prejudiced, 

and the beam collapse may occur. 

 

The first relevant study considering continuous composite beams under fire situation was proposed by [16]. In this 

study, the authors performed several in-scale tests, considering cantilever and continuous beams. The study 

observed very intense local buckling near the supports, at hogging moments region, but no LDB was verified. The 

last known study in the theme was developed by [2], in which four in-scale tests were conducted with continuous 

composite beams under uniform hogging moments. The author observed the interaction of local (FLB, WLB) and 

global (LDB) instabilities and this was the first time that a LDB test report were made. Moreover, the same study 

developed a finite element model, that was validated based on tests results. The model considered all elements on 

a composite cross-section: the steel profile, the concrete slab, stud-bolt connectors, and the slab rebars. Also, the 

geometric imperfections were considered based on the first buckling mode of the beams and the Standard Fire 

curve was used. Through a parametric study, the author proposed a calculus procedure of determining the 

resistance of continuous composite beams under fire situation. 

 

3. METHODOLOGY 

 

3.1 General Considerations 

 

In this research, a numerical parametric study was developed based on the validated model proposed by [2]. 

Modifications were made in the model to adapt it to non-uniform moments and to consider different heating curves. 

The ANSYS Mechanical APDL v.2019 R3 was used for the analysis and further information about the functioning 

of it may be found in its manual. 

 

All the beams had three hinged supports (allowing free longitudinal thermal elongation) and two spans. The profile 

and stud-bolts steel was ASTM A-572 Gr. 50, while for the rebars, a CA-50 steel (with yielding resistance of 500 

MPa) was used. All profiles had a width of 200 mm and flange thickness of 16 mm. The concrete was from class 

C30, with characteristic compressive resistance of 30 MPa. The stud-bolts were designed based on [9] for hogging 

moments regions, and the spacing between them in these locations was extrapolated to sagging moments region. 

All the slabs were solid with thickness of 120 mm and width of 2000 mm. The consideration of their symmetry (it 

was considered a U mechanism, regarding other parallel beams to the one analyzed and joined by the slab) were 

established by imposing continuity restrictions of DOFs at their extremities. 

 

In terms of mesh, a base maximum size was stablished considering the width of the flange divided by 4 (bf / 4). This 

base size was used for the steel profile and for the concrete slab, along its longitudinal and transversal axes, the 

base size was multiplied by three and two, respectively, as it follows in Figure 4. 

 

For structural analyses, the following types of elements were used: 

 

• SOLID185: concrete slab 

• SHELL181: steel profile 

• BEAM188: stud-bolts 

• REINF264: slab rebars 

• CONTA173 and TARGE170: contact between the profile and slab 
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For thermal analyses, the element types were changed to the following: 

 

• SOLID70: concrete slab 

• SHELL131: steel profile 

• LINK33: stud-bolts 

• CONTA173 e TARGE170: contact between the slab and profile 

• SURF152: heat flows of convection and radiation 

Figure 4: FEM mesh of the models 

 

The procedure of the analyses began with the building of the beam geometry and the applying of the support 

conditions. Then, a pure thermal analysis was developed with the corresponding element types and considering a 

specified heating curve, based on [13] or [14]. The temperature field for each time step was stored and the 

corresponding reduction factors of mechanical properties and the thermal properties were determined based on 

[15]. 

 

Afterwards, a buckling analysis was developed, changing the types of elements (thermal to structural). The first 

buckling mode (shown in Figure 5) was then used to determine the geometric imperfections that were inserted in a 

non-linear analysis in ambient temperature.  

Figure 5: First buckling mode of the beams 

 

The imperfections were considered as the length of one semi-wave divided by 1000. Then, the non-linear ambient 

analysis was performed and the ultimate resistant bending moment in hogging regions was determined. The 

corresponding distributed load to this bending moment was stored and later a fraction of it was used to determine 

the load level of the thermal-structural non-linear final analysis (which corresponds to 50% of the final load at 

ambient temperature). 

 

Finally, the final transient analysis was developed, considering the geometric imperfections and the increase of 

temperature, based on the results from the first pure thermal analysis. The collapse temperatures and the evolution 

of negative and positive bending moments were stored. 
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3.1 Parametric Study 

 

As stated before, a parametric study was proposed. In this case, the varying properties were the span length (L), 

the height (d) and thickness (tw) of the profile web, the amount of negative rebars on the slab at hogging moments 

regions (As) and the rate of heating curves (HC). Most of these properties were chosen due to the high influences 

that they exert in ambient temperature. Therefore, the models analyzed are presented in Table 1: 

 

Table 1: Parametric models analyzed 

Model 
L d tw As HC 

(m) (mm) (mm) - - 

M1 10 600 12,5 𝟑𝟎𝝓𝟖 [13] 

M2 15 600 12,5 30𝜙8 [13] 

M3 7 600 12,5 30𝜙8 [13] 

M4 10 800 12,5 30𝜙8 [13] 

M5 10 400 12,5 30𝜙8 [13] 

M6 10 600 16,0 30𝜙8 [13] 

M7 10 600 10,0 30𝜙8 [13] 

M8 10 600 12,5 𝟒𝟔𝝓𝟖 [13] 

M9 10 600 12,5 𝟏𝟐𝝓𝟖 [13] 

M10 10 600 12,5 30𝜙8 [14] – 0,2 

M11 10 600 12,5 30𝜙8 [14] – 5 

 

The properties shown in Table 1 are in accordance with Figure 6: 

Figure 6: Properties of the composite cross-section 

 

Thus, after the analyses of all models, several results at high temperatures were obtained and they are exposed as 

it follows. 
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4. RESULTS AND DISCUSSION 

 

All the results presented were compared to the standard model (M1), as showed afterwards: 

 

Figure 7: Comparison between M1, M2 and M3 (varying L) 

 

In Figure 7, Mf – and Mf+ are the hogging and sagging bending moments in modulus measured at the central support 

and at mid-span, respectively. With the start of transient analysis, both bending moments begin to rise, due to the 

elevation of thermal efforts. At low temperatures, the models achieve their maximum resistant hogging moment, 

which is corresponding to the plastification of great part of the cross-section, as shown in Figure 8 (red regions 

indicate the yield stress of steel): 

Figure 8: von Mises stress for M1 at hogging moments peak 

 

After this peak, a local loss of stiffness at middle support regions occur and instabilities become more evident. The 

decay of hogging moments starts when an interaction between FLB, WLB and LDB takes place, as exposed in 

Figures 9 (a, b and c): 

 

(a) (b) 

(c) 

Figure 9: (a) FLB deformed shape in terms of von Mises stresses; (b) WLB in terms of transversal 

displacement; (c) LDB deformed shape in terms of von Mises stresses 
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Then, after the decay of hogging moments, redistribution occur to mid-span and at temperatures between 600 °C 

and 700 °C the beam collapse occurs, due to the high degradation of material mechanical properties and, 

consequently, due to the total plastification of mid-span cross-section. 

 

It can be noticed by Figure 7, that for M3, the interval between the peak of hogging moments and the start of their 

decay in terms of temperatures is higher than the other models (here, this temperature interval will be called 

“threshold”). This can be explained due to the fact that with a lower beam span, both mechanical and thermal 

hogging moment at central supports are lower too, thus, the compressive stresses are lower, postponing instabilities 

to occur. Also, it is noticeable that the values of peaks of M1, M2 e M3 are very similar, due to the same plastification 

bending moments of the models, which have the same cross-section. 

 

Observing Figure 10, it can be noticed that the peak of hogging moment for model M4 is higher than for the other 

models. This may be explained by the higher plastification bending moment of this model, as the height of the steel 

profile increases. Although, the threshold of this model is shorter than the others, which is explained by the greater 

slenderness of the web from model M4, causing earlier instabilities and, thus, the decay of hogging moments takes 

place ate lower temperatures. 

 

 

Figure 10: Comparison between M1, M4 and M5 (varying d) 

 

As shown in Figure 11, both the peak of hogging moments and the temperature interval of the threshold of model 

M6 are greater than for the other models. In this case, by increasing the web thickness of the steel profile, the 

plastification bending moment increases and the web becomes less slender, postponing the instabilities to occur. 

Figure 11: Comparison between M1, M6 and M7 (varying tw) 
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As observed in Figure 12, the peak of hogging moments is greater for model M8 than for the others. The same 

statement may be done: the increase of negative rebar in cracked concrete regions increases the plstification 

bending moment of the cross-section. Also, it can be notices that the threshold of model M8 is shorter, which can 

be explained by the fact that with more rebar, the neutral axis is translated towards the concrete slab, increasing 

the compressed part of the steel profile, facilitating the instabilities to occur. 

Figure 12: Comparison between M1, M8 and M9 (varying As) 

 

By Figure 13, it can be noticed that the peak of hogging moments is very similar between M1, M10 and M11, 

because they have the same cross-section, and, consequently, the same plastification bending moment. Moreover, 

the critical collapse time of these models were 926,7 s, 2460,0 s and 447,0 s, respectively, indicating that higher 

heating rates may cause earlier collapse of the composite beams. Apparently, the threshold of model M11 is greater 

than for the others, nevertheless, due to the difference of heating rates, each temperature occur at different fire 

times between the models. When observing a time-domain analysis, instead of a temperature-domain one, it is 

noticed that the threshold of M10 is greater than the other. This may be explained by the fact that with lower heat 

rates, the hogging moments caused by the restriction of the thermal curvature are lower and, thus, the instabilities 

occur at higher fire times. 

Figure 13: Comparison between M1, M10 and M11 (varying HC) 
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5. CONCLUSIONS 

 

After the completion of the research, a pattern of behavior was observed for the continuous composite beams. First, 

the bending moments increase due to the increase of thermal deformations restrictions and, then, a peak is reached, 

which is related to the plastification bending moment of the cross-section. In other words, this peak is as higher as 

the amount of material in the cross-section. After the peak, a loss of local stiffness occur, facilitating local and global 

instabilities to take place. It was observed an interaction between FLB, WLB and LDB at lower temperatures (lower 

than 300 °C). The threshold between the peak and the start of hogging moments decay is as longer as the capacity 

of the cross-section to postpone instabilities. After the start of hogging moments decay, moment redistribution to 

the mid-span occur, and for temperatures between 600 °C and 700 °C, the collapse of the beam may occur, due to 

the formation of a another plastic hinge at this region, induced by material mechanical properties degradation. 

 

The increase of the profile height increases the peak of hogging moments, although with the increase of web 

slenderness, the instabilities tend to occur earlier. The increase of web thickness showed to be one efficient way to 

increase the bending resistance of the cross-section and to avoid instabilities to occur. Increasing the amount of 

negative rebar in the slab, the peak also increases, nevertheless, with the rise of the neutral axis, instabilities may 

be hastened. Higher heating rates caused earlier collapse of beams, as the thermal efforts tend to be higher at 

lower fire times. 

 

ACKNOWLEDGEMENTS 

 

The authors would like to thank the National Council of Scientific and Technological Development (CNPq) and the 

Federal University of Minas Gerais (UFMG) for the financial and technical supports of this research. 

 

REFERENCES 

 

[1] Johnson, R. P. (2004). Composite Structures of Steel and Concrete - Beams, Slabs, Columns, and Frames 

for Buildings, John Wiley & Sons Inc, 224 p. 

[2] Dias, J. V. F. (2021). Flambagem Lateral com Distorção de Vigas Mistas de Aço e Concreto em Situação de 

Incêndio: Análises Experimental e Numéricas e Proposta de Procedimento de Cálculo. PhD Thesis, Federal 

University of Minas Gerais, 173 p. 

[3] Dekker, N. W.; Kemp, A. R.; Trinchero, P. (1995). Factors Influencing the Strength of Continuous Composite 

Beams in Negative Bending, Journal of Constructional Steel Research, vol. 34, p. 161-185. 

[4] Climenhaga, J. J.; Johnson, R. P. (1972). Local Buckling in Continuous Composite Beams, The Structural 

Engineer, vol. 50, no. 9, p. 367-374. 

[5] European Committee for Standardization – EN 1993-1-1:2005. (2005). Eurocode 3: Design of Steel 

Structures. Part 1-1: General Rules and Rules for Buildings, 91 p. 

[6] Johnson, R. P.; Fan, C. K. R. (1991). Distortional Lateral Buckling of Continuous Composite Beams, Proc. 

Instn. Civ. Engrs, vol. 91, p. 131-161. 

[7] Fan, C. K. (1990). Buckling in Continuous Composite Beams. PhD Thesis, University of Warwick, 202 p. 

[8] European Committee for Standardization – EN 1994-1-1:2004. (2004). Eurocode 4: Design of Composite Steel 

and Concrete Structures. Part 1-1: General Rules and Rules for Buildings, 118 p. 

[9] Associação Brasileira de Normas Técnicas – ABNT. NBR 8800. (2008). Projeto de Estruturas de Aço e de 

Estruturas Mistas de Aço e Concreto de Edifícios, 237 p. 

[10] Roik, K.; Hanswille, G.; Kina, J. (1990). Solution for the Lateral Torsional Buckling Problem of Composite 

Beams, Stahlbau, vol. 59, p. 327-332. 

[11] Chen, S.; Jia, Y. (2008). Required and Available Moment Redistribution of Continuous Steel-Concrete 

Composite Beams, Journal of Constructional Steel Research, vol.64, p. 167-175. 

[12] Liang, Q. Q.; UY, B.; Bradford, M. A.; Ronagh, H. R. (2004). Ultimate Strength of Continuous Composite 

Beams in Combined Bending and Shear, Journal of Constructional Steel Research, vol.60, p. 1109-1128. 

[13] International Organization for Standardization – ISO 834-1:1999. (1999). Fire Resistant Tests – Elements of 

Building Construction – Part 1: General Requirements, 25 p. 

[14] European Committee for Standardization – EN 1991-1-2:2002. (2002). Eurocode 1: Actions on Structures. 

Part 1-2: General Actions – Actions on Structures Exposed to Fire. Brussels, 59 p. 

[15] European Committee for Standardization – EN 1994-1-2:2005. (2005). Eurocode 4: Design of Composite Steel 

and Concrete Structures. Part 1-2: Structural Fire Design, 109 p. 

328



[16] Zhao, B.; Kruppa, J. (1997). Fire Resistance of Composite Slabs with Profiled Steen Sheet and of Composite 

Steel Concrete Beams – Part 2: Composite Beams, ECCS, EUR 16822 EN, 77 p. 

 

329



 

 

 

 

 

 

 

 

 

 

 

IFireSS 2023 – International Fire Safety Symposium 

Rio de Janeiro, Brazil, 21st-23rd June 2023 
 

 

NUMERICAL SIMULATION OF CROSS-LAMINATED TIMBER-CONCRETE COMPOSITE 
FLOORS IN FIRE 

 

 

Julie Liu a,*; Erica C. Fischer b; Andre R. Barbosa c and Arijit Sinha d 

 

 

ABSTRACT 

 

Timber-concrete composite (TCC) floors exposed to fire experience charring and thermal degradation of timber, 

reducing load-carrying capacity. Finite element (FE) modeling supplements data from experimental fire testing and 

allows for fast and economical investigation of numerous design parameters. A two-dimensional FE modeling 

methodology is developed for cross-laminated timber (CLT)-concrete composite floors loaded with a uniformly 

distributed service-level live load and exposed to the ASTM E119 standard fire. The FE model is benchmarked 

against data from corresponding model tests. Results indicate that the load-carrying capacity of the floor is 

dependent on tensile stress redistribution to the uncharred parallel layers. The FE model is then used to conduct a 

parametric study investigating the behavior of the CLT-concrete floor with different percentages of composite 

efficiency. The failure time and deflection approach constant values at composite efficiencies higher than 40%. 

However, the percentage of composite efficiency improves fire performance more effectively for floors with shorter 

spans than for floors with longer spans. The results of this work provide insight into the efficient design of TCC 

floors for improved fire performance. 

 

Keywords: Timber-concrete composite; cross-laminated timber; fire; structural fire engineering; numerical analysis  

 

 

1. INTRODUCTION 

 

The use of timber in multistory construction is motivated by sustainability, lightweight materials, reduced costs, and 

faster construction times [1]. Advanced performance of timber floor systems can be achieved by mechanically 

joining the timber floors with a concrete topping through shear connectors. This type of timber-concrete composite 

(TCC) construction has the potential for better structural and serviceability performance and improved vibration and 

acoustic properties [2]. Due to these benefits, TCC floors have been tested experimentally under a variety of 

serviceability and loading conditions (e.g., seismic, fire, and vibration).  

 

During a fire scenario, charring of the timber and thermal degradation of the timber and concrete reduce the load-

carrying capacity of TCC floors. When the TCC floor is constructed with timber panels (such as cross-laminated 

timber, or CLT), the insulating effect of the timber prevents the concrete topping from exceeding temperatures 

greater than 100°C [3]. Timber undergoes pyrolysis and combustion at elevated temperatures, leaving behind a 

char matrix with negligible strength and stiffness. Simultaneously, the strength and stiffness of the uncharred timber 

 
a,* Oregon State University, 220 Owen Hall, Corvallis, OR 97331, USA (liujuli@oregonstate.edu). Corresponding author. 
b
 Oregon State University, Corvallis, OR, USA (erica.fischer@oregonstate.edu). 

c
 Oregon State University, Corvallis, OR, USA (andre.barbosa@oregonstate.edu). 

d
 Oregon State University, Corvallis, OR, USA (arijit.sinha@oregonstate.edu). 

330



decrease due to the evaporation of moisture and thermal degradation [4,5]. Therefore, the load-carrying capacity 

of TCC floors during a fire exposure depends on the uncharred timber cross-section.  

 

Analytical design methods for TCC floors in fire must consider both the reduction in the timber cross-section due to 

charring and the continually changing stress distribution throughout a fire scenario. Common analytical design 

methods are the elasto-plastic model [6] and the gamma-method [7], both of which can be utilized in conjunction 

with the reduced cross-section method [7] to calculate stress distributions through the TCC floor, deflections of the 

TCC floor, and flexural capacity of the TCC floor throughout a fire exposure. Limitations of these methods include 

the assumption that all shear connectors are either elastic or yielded, the timber and concrete materials behave 

elastically, and the timber section has constant stiffness through its depth in the span direction, as opposed to 

having laminations of varying stiffness as found in CLT panels.  

 

Large-scale experimental fire testing provides data to evaluate the behavior of TCC floors in response to 

simultaneous mechanical loading and fire exposure. However, large-scale fire testing is costly and time-consuming. 

In addition, the harsh environment of fire testing places limitations on sensor placement, quantity, and type. Finite 

element (FE) modeling provides a fast and economically efficient methodology to supplement data collected from 

physical tests and explore additional parameters of TCC floors. FE modeling of TCC floors exposed to fire can be 

conducted through sequentially coupled thermal-structural analysis [8–10]. FE modeling methodologies can 

account for the reduction in strength and stiffness of the uncharred timber, the nonlinear behavior of timber and 

concrete materials, and internal stresses and connector forces that are difficult to obtain from experimental fire tests 

and empirical models. These data can identify anticipated failure mechanisms and improve analytical design 

methods. 

 

Numerical parametric studies of TCC floors have focused on the relationship between the properties of the shear 

connectors and the ambient-temperature stiffness and capacity of the floor [11–13]. There have been very few 

numerical parametric studies of how varying the design parameters of a TCC floor affects its response to 

simultaneous fire exposure and mechanical loading [10,14]. Consequently, the objectives of this paper are to:  

 

1. Benchmark FE modeling methodologies by comparing calculated deflections and failure times from FE 
models to corresponding experimental data. 

2. Quantify the effect of composite efficiency on the fire performance of TCC floors, in terms of failure time 
and deflection.  

3. Identify how FE models can provide insight into efficient fire safety design of TCC floors. 

 

 

2. METHODS 

 

2.1 Experimental tests 

 

Experimental data from tests performed at the National Research Council of Canada were utilized to benchmark 

the FE methodology. Figure 1 shows the CLT-concrete composite floor, which was 4806 mm long by 1219 mm 

wide. The CLT was a V2M1.1 grade panel manufactured by StructurLam and assembled from five 35-mm thick 

laminations, resulting in a total depth of 175 mm. The CLT was topped with a layer of 57-mm thick, 35.7 MPa 

normal-weight concrete; W152 x W152 gauge 9/9 wire mesh was provided as shrinkage reinforcement in the 

concrete. The shear connectors joining the CLT to concrete were fully threaded ASSY VG CYL timber screws, 200 

mm long and 9.5 mm in diameter. The screws were embedded in the CLT at a 45° angle with a 150 mm embedment 

length. Screws were spaced at 305 mm in the span and width directions, with an edge distance of 76 mm and 152 

mm in the span and width direction, respectively.  

 

The CLT-concrete floor was instrumented with Type K thermocouples embedded in the timber perpendicular to the 

isotherms via holes drilled from the unexposed side. The thermocouples embedded in the CLT were located at glue 

lines between laminations, corresponding to distances of 35, 70, and 140 mm from the exposed surface of the CLT. 

The vertical displacement of the floor was measured with string potentiometers located at mid- and quarter-points 

along the span. A distributed service live load of 3.83 kPa was applied to the floor with hydraulic rams. The floor 

was supported on roller supports above the test furnace, and the bottom surface of floor was exposed to the ASTM 

E119 standard fire curve [15].  
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Figure 1: Plan and section views of CLT-concrete floor. 

 

2.2 Numerical methods 

 

A two-dimensional finite element modeling methodology was developed in ABAQUS [16], a commercially available 

software. ABAQUS was utilized for this study because it has the ability to incorporate nonlinear heat transfer 

analysis, temperature-dependent material models, sequentially coupled thermal-structural analyses, and implicit or 

explicit dynamic analysis of failure and behavior of structural components. ABAQUS utilizes the modified Riks arc-

length solution algorithm [17,18]. A sequentially coupled thermal-structural analysis was performed where 

temperatures from the thermal analysis were utilized in the subsequent stress-based analysis to calculate 

temperature-dependent mechanical properties of the TCC floor at elevated temperatures. The sequential analysis 

assumes that the thermal analysis is independent of the stress-based analysis.  

 

A two-dimensional thermal analysis was conducted in ABAQUS to calculate the internal temperatures in the TCC 

floors exposed to the ASTM E119 standard fire [15]. The thermal analysis results were previously validated against 

experimental tests of TCC floors in fire [19]. Timber and concrete were modeled with four-node linear quadrilateral 

elements (DC2D4) at approximately 5 mm x 5 mm mesh size. The shear connectors were not included in the 

thermal analysis because they have a negligible effect on heat transfer through the timber-concrete cross section 

[3]. The temperature-dependent density ratio, specific heat, and thermal conductivity of timber were referenced 

from EN 1995-1-2 [4], except that the peak in specific heat between 100°C and 120°C was replaced with latent heat 

equivalent to the energy absorbed by vaporization of moisture [20]. The moisture content of CLT was not measured 

prior to testing and was assumed to be 12% with a corresponding latent heat of 270 kJ/kg, in accordance with 

performance standards for moisture content [21]. The density of the CLT was provided by the manufacturer as 485 

kg/m³. The temperature-dependent density ratio, specific heat, and thermal conductivity of concrete were 

referenced from EN 1992-1-2 [22]. Boundary conditions of convective and radiative heat transfer with gas 

temperatures following the ASTM E119 fire curve were applied to the exposed surface of the CLT and NLT. The 

convection coefficient was 25 W/m² [23], while the emissivity of timber was 0.8  [4].  The lateral sides of the specimen 

were defined as adiabatic, such that no heat transfer occurred through the lateral faces. 

 

The stress-based analysis utilized the calculated temperatures from the thermal analysis, temperature-dependent 

mechanical properties of timber and concrete, and the force-slip behavior of the shear connectors to calculate the 

mechanical behavior of the TCC specimens under constant loading. The concrete and timber components of the 

TCC floors were modeled with 4-node bilinear plane stress elements (CPS4).  The shear connectors were modeled 

as point-to-point wire connectors (CONN2D2). The mesh size of the model was 5 x 5 mm to ensure compatibility 

with the thermal model. Contact between the concrete and timber layers was defined as a frictionless hard contact 

interaction since the effect of frictional interaction between timber and concrete was included in the connector 

stiffness derived from experimental force-slip data [3]. The floor support conditions were defined as simply 

supported (pin and roller). 
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The elastic modulus of concrete was calculated as the secant value at 0.4fc’, while the Poisson’s ratio was set to 

0.2 [24] (Table 1). The inelastic mechanical behavior of concrete was defined through the concrete damaged 

plasticity material model in ABAQUS [25,26]. The concrete damaged plasticity model allows for the definition of 

plasticity in compression and damaged elasticity under cyclic loading. The tensile behavior of concrete was defined 

as linear up to the tensile capacity, after which the material was defined as plastic. Plastic behavior of concrete in 

tension was adopted to improve model stability and prevent premature failure due to stress concentrations at the 

shear connector locations. The tensile capacity of concrete was calculated as the mean tensile strength, fctm [24]:  

 

  fctm= 0.3 (f'c+8MPa)
2/3

 (1) 

 

where f’c is the concrete compressive strength at 28 days. A temperature-dependent reduction factor was applied 

to the tensile capacity of concrete at elevated temperature [24]. The behavior of concrete after cracking was 

specified in terms of a stress-strain curve [27]. The temperature-dependent constitutive behavior of concrete in 

compression was calculated according to EN 1992-1-2 [22]. The stress-strain curve up to f’c is given by: 

 

 
σ(ε)=

3f'cε

εc1(2+(ε/εc1)3)
 

(2) 

 

where εc1 is the strain at compressive strength. At strain greater than εc1, stress decreases linearly to zero at ultimate 

strain, εcu. 

 

Base values of compressive strength, tensile strength, and elastic modulus of the parallel layers of the CLT were 

taken as the values for No. 2 SPF [28]. The tensile and compressive strength of the CLT cross-layers were the 

perpendicular-to-grain values  [28,29]. The elastic modulus of the cross-layers of the CLT, E90, was assumed to be 

1/30 of the stiffness the parallel layers [21]. Base values of the mechanical properties of CLT utilized in the FE 

model are reported in Table 1. The concrete damaged plasticity type was utilized for the mechanical behavior of 

timber because this material type allows for the definition of different capacities in compression and tension. Timber 

was modeled as elastic-plastic in compression and tension. Elastic-plastic tensile behavior was adopted for stability 

of the shear connectors and to limit stresses within the timber to the tensile capacity of timber. Temperature-

dependent reduction factors for strength and stiffness were applied to the timber material definition [4]. 

 

The shear connectors were modeled as point-to-point spring connectors located at the timber-concrete interface at 

the penetration point of the screws. The force-slip behavior of the shear connectors was based on direct shear tests 

[3] and was simplified as linear elastic-plastic, with stiffness defined by the secant slip modulus. The secant slip 

modulus was calculated as the peak force divided by the ultimate slip [3].  

 

Table 1. Concrete and timber properties at ambient temperature. 

 

Compressive 
strength 

(MPa) 

Tensile 
strength 

(MPa) 

Elastic 
modulus 

(MPa) 
Poisson's 

ratio 

Concrete 35.7 2.76 21184 0.2 
CLT parallel layers 7.93 3.10 9652 0.3 
CLT cross-layers 2.93 0.40 322 0.3 

 

 

2.3 Parametric study 

 

Variables of the parametric study were selected based on design considerations for TCC floors and the properties 

of the physical test specimen. The demand-to-capacity ratio (d/c), f’c, stiffness of the cross-layers within the CLT, 

and composite efficiency (λ) varied from their base values. The physical test specimen was loaded to 0.37 of the 

ambient-temperature capacity of the CLT-concrete floor. Consequently, d/c was increased to 0.5 and 0.7 in the 

parametric study. The concrete strength of the physical test specimens was 35.7 MPa. The parametric study 

investigated the impact of reducing the concrete by about 33% to 24.1 MPa. The stiffness of the cross-layers within 

the CLT is typically assumed to be 1/30 the stiffness of the parallel layers, or E0/30 [21,29]. To determine the extent 

to which this assumption affected the fire behavior of the CLT-concrete floor, the stiffness of the cross-layers was 

increased to E0/10 and E0/5. The composite efficiency of the CLT-concrete floor was varied by changing the stiffness 
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of the shear connectors. The composite efficiency was defined as the difference between the theoretical deflection 

of a non-composite floor (δn) and the deflection of the partially composite floor (δ), divided by the difference between 

(δn) and the theoretical deflection of a fully composite floor (δc) [30,31]: 

 

 
λ(δi) =  

δn-δi

δn-δc

 
(3) 

 

The fire performance of the TCC floors was quantified in terms of the failure time of the floors and the midspan 

deflection at 90 min. The failure time was defined as the instant at which the analysis fails to converge due to model 

instability. Failure typically results from stresses at the top of the concrete exceeding the material capacity, leading 

to crushing. 

 

 

3. RESULTS 

 

3.1 Benchmarking of FE model 

 

The deflection of the experimental specimen, the FE model, and the deflections calculated by the γ-method are 

plotted in Figure 2a. The CLT laminations have been numbered 1 through 5, where layer 5 is on the exposed 

surface, as annotated in Figure 2b. The vertical lines in Figure 2a indicate the times at which layers 5 and 4 charred 

through, defined as the times at which the 300°C isotherm reached the glue line between layers. The FE model 

showed a plateau in deflection when the char line progressed through layer 4, a cross-layer, between 54 min and 

128 min. A similar plateau in deflection was also observed in the test data. When the char line was partway through 

layer 3, the middle parallel layer, the deflection rate increased until failure. The FE model estimated failure of the 

floor at 166 min, a difference of 1% compared to the experimental failure time at 165 min.  

 

Figure 2b shows the stress profile calculated by the γ-method and FE models after 30 min of fire exposure. At 30 

min, the char line was located partway through layer 5. The γ-method calculated a linear stress distribution through 

the depth of the CLT section because it did not account for the reduced strength and stiffness in the cross-layers. 

The reduced strength and stiffness in the cross-layers in the FE model resulted in higher stresses in layer 3, the 

middle parallel layer. The stress profile of the FE model confirmed that the load-bearing capacity of the CLT-

concrete floor during fire was dependent on stress redistribution to the uncharred parallel layers, an effect that was 

not present in the internal stresses calculated by the γ-method.  

 

(a) (b) 

Figure 2. (a) Deflection history of CLT-concrete floor (b) Stress profile midspan of CLT-concrete floor after 30 min 

of fire exposure 

 

 

3.2 Parametric study 

 

The deflection history of the CLT-concrete FE models showed that the failure time of the floor was closely related 

to char-through times of the parallel layers (Figure 3). Increasing the demand-to-capacity ratio (d/c) of the CLT-
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concrete floor from the base value of 0.37 to 0.5 (35% increase) led to a 21% earlier failure time. The vertical lines 

in Figure 3 denote the times at which layers 4 and 5 were completely charred. At 0.37d/c, the CLT-concrete floor 

was able to sustain load-carrying capacity until layer 3, the middle parallel layer, was partially charred. However, at 

0.5d/c, the CLT-concrete floor failed as soon as the char line reached layer 3. At 0.7d/c, the CLT-concrete floor 

failed before layer 5, the parallel bottom layer, had completely charred. 

 

As demand increased, each parallel layer became more critical to maintaining the load-carrying capacity of the 

floor. While the CLT-concrete floors with d/c of 0.3 and 0.5 could maintain load-carrying capacity despite the char-

through of layer 5, the model with 0.7d/c could not. At high d/c ratios, the parallel layers were already highly stressed 

and further stress redistribution was not possible. Consequently, further charring of the parallel layers resulted in 

model failure. While CLT panels with a greater number of parallel layers would be expected to have better fire 

performance than CLT panels with fewer parallel layers, the improvement may be limited if the members are highly 

stressed. 

 

 

Figure 3. Deflection of CLT-concrete FE models with varied demand to capacity ratios 

 

Reducing the concrete strength by 33% will led to an 82% increase in the deflection at 90 min, with only a 5% 

reduction in the failure time (Table 2). For most of the duration of the fire exposure, stresses within the concrete 

remained low compared to the concrete capacity, only to increase rapidly near the end of the analysis when the 

char line had reached the middle parallel layer. Consequently, the increased concrete strength had little effect on 

the failure time. However, the corresponding reduction in the stiffness of the concrete layer led to increased 

deflection. These results suggest that in a fire scenario, utilizing a higher strength concrete may reduce the 

deflection of the CLT-concrete floor, but will result in only a small increase in failure time. However, the concrete 

remained at ambient temperature throughout the analysis because it was insulated from fire exposure by the timber 

panel. The concrete properties seem to be more influential in beam-type TCC floors where the concrete slab is 

directly exposed to elevated temperatures. 

 

Cross-layer stiffnesses between E0/10 and E0/30 resulted in similar fire behavior of the CLT-concrete FE models. 

When the cross-layer stiffness was increased to 1/10E, failure time extended by 1% and deflection at 90 min was 

reduced by 7%. When the cross-layer stiffness was increased to E0/5, the failure time of the model was extended 

by only 3%, but the deflection of the model at 90 min was reduced by 19%. Variation in the stiffness of the CLT 

cross-layers is unlikely to affect the fire performance of the CLT-concrete floor if E90 does not exceed E0/10.  

 

Table 2. Summary of CLT-concrete parametric study 

Percent difference from base model 

Variable 

Reference value 
  d/c  

0.34 
 fc' 

35.7 MPa 
 E90 

E0/30 

 Base model  0.5 0.7  ~33% reduction  E0/5 E0/10 

Failure time 166 min  -21% -76%  -5%  +3% -1% 

Deflection at 90 min 15 mm   +199% -  +82%  -19% -7% 
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The composite efficiency of the CLT-concrete floors was varied from the base value of 70% by changing the stiffness 

of the shear connectors. The effects of varying composite efficiency were studied at two span lengths, the 4.8-m 

span of the base model and a longer span of 6 m. The lower bounds of shear connector stiffness were the smallest 

possible values that still maintained model stability at ambient temperature. These lower bounds were 0.5 kN/mm 

(17% composite efficiency) for the 4.8-m CLT-concrete floor, and 2.5 kN/mm (12% composite efficiency) for the 6-

m CLT-concrete floor. For the purposes of comparison, the fire resistances of the non-composite CLT-concrete 

floors were calculated analytically. The non-composite 4.8-m floor was calculated to have a fire resistance time of 

18 min, while the non-composite 6-m floor had insufficient flexural capacity to resist the applied loads at ambient 

temperature.  

 

Figure 4 shows the failure time and normalized midspan deflection at 90 min, defined as the deflection Δ divided 

by span length L, F 90 min for varying composite efficiency. The failure time of the 4.8-m FE model increased with 

composite efficiency, but remained constant at composite deficiencies higher than 28%. Similarly, the deflection of 

the 4.8-m FE model at 90 min decreased with increasing composite efficiency, but approached a constant value at 

composite efficiencies greater than 36%. In contrast, the failure time of the 6-m FE model remained constant 

regardless of composite efficiency. The deflection of the 6-m FE model was also less affected by composite 

efficiency than the 4.8-m FE model. Whereas the deflection of the 4.8-m model at 90 min decreased by 92% when 

its composite efficiency was increased from 12% to 100%, the deflection of the 6-m model decreased by 54% when 

its composite efficiency was increased from 17% to 100%. 

 

The failure time of the 4.8-m FE model leveled off at 28% composite efficiency due to a change in the failure 

mechanism. The FE model failed when concrete compressive stresses exceeded capacity, indicating crushing. 

Models with less than 28% composite efficiency developed stress concentrations near the shear connectors, which 

led to concrete failure at these locations. However, at composite efficiencies greater than 28%, the concrete failure 

occurred near midspan instead, i.e., the location of the greatest bending moment. Increasing the composite 

efficiency of the model changed the cause of failure from local stress concentrations in the concrete around the 

connectors, to concrete crushing resulting from the global bending moment.  

 

Unlike the 4.8-m FE model, the failure mechanism of the 6-m FE model did not change with composite efficiency. 

The 6-m FE model failed due to concrete crushing at midspan over the entire range of composite efficiencies. As a 

result, although 6-m FE model showed improvement in deflection with increasing composite efficiency, its failure 

time remained constant, as shown in Figure 4. When an increasing composite efficiency corresponded to a change 

in the failure mechanism of the floor, dramatic improvements in failure time and deflection were observed. When 

increasing the composite efficiency did not change the failure mechanism, the floor deflection was reduced, but 

failure time remained constant. 

 

 

 

 

Figure 4. Failure time and normalized deflection of CLT-concrete floor model with varied composite efficiency and 

span length 
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4. CONCLUSIONS 

 

This paper presents the development and application of an FE modeling methodology for CLT-concrete floors 

exposed to the ASTM E119 standard fire curve. The two-dimensional, sequential thermal-structural FE modeling 

methodology was developed in ABAQUS and benchmarked against corresponding experimental data from a large-

scale furnace test of a CLT-concrete floor. The floor was constructed from a CLT panel joined to a normal-weight 

concrete slab with angled screws as shear connectors. The CLT-concrete floor was loaded with a distributed service 

live load and exposed to the ASTM E119 standard fire [15]. The FE modeling methodology was then applied to a 

parametric study that investigated the fire behavior of the CLT-concrete floor in response to varying the demand to 

capacity ratio, concrete strength, CLT cross-layer stiffness, and composite efficiency. The effect of these variations 

on the fire behavior of the TCC floors was quantified in terms of the failure time and deflection at 90 min.  

 

The application of an FE modeling methodology to TCC floors has allowed for a detailed analysis of how changing 

the design parameters of TCC floors affects their fire behavior. Internal stresses from the FE model have allowed 

the fire behavior of TCC floors to be explained in terms of stress redistribution and failure mechanisms. The main 

conclusions from this work are as follows. These parametric study conclusions are only applicable to CLT-concrete 

floors with angled screws as shear connectors. 

 

• Load-carrying capacity of a CLT-concrete floor was dependent on stress redistribution to the parallel 

layers. Demand to capacity ratios of 0.5 and greater, stress redistribution within the parallel layers of the 

CLT could no longer compensate for the loss of the timber cross-section to charring. As a result, the failure 

time of the CLT-concrete floor became closely related to the char-through times of the parallel layers.  

• Reducing the concrete strength by 33% or increasing the stiffness of the CLT cross-layers to up to 1/10 of 

the stiffness of the parallel layers resulted in less than a 5% difference in failure time of the CLT-concrete 

floor.  

• Although reducing the concrete strength had little effect on failure time, the corresponding reduction in 

concrete stiffness resulted in an 82% increase in deflection at 90 min.  

• The failure time and deflection of the CLT-concrete floor improved with increasing composite efficiency, 

up to a composite efficiency of about 36%. The improvement resulted from the failure mode changing from 

local concrete crushing near the shear connectors to concrete crushing at midspan due to bending. 

• Increasing the composite efficiency of the floor had more impact on the fire performance of shorter-span 

floors than longer-span floors because the failure mechanism of the 6-m floor remained concrete crushing 

at midspan due to bending over the entire range of modeled composite efficiencies.  

 

Future studies could investigate how additional design parameters affect the fire behavior of TCC floors. Additional 

analysis of CLT-concrete floors with spans between 4.8 m and 6 m could identify the span at which the failure mode 

ceases to change with increasing composite efficiency. Although the connector model is more suitable for dowel 

connectors, floors with notched connections could also be modeled, with varied notch geometry. Incorporating brittle 

tensile and shear behavior of timber and concrete into the material models would be important for TCC floors with 

notched connections. Since the fire behavior of the CLT-concrete floor is strongly influenced by the presence of 

cross and parallel layers, other types of timber panels such as glulam and mass ply could also be investigated.  
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ABSTRACT 

 

The paper reports on five Fire Following Earthquake (FFE) tests performed at the Federal Institute for Materials 

Research and Testing (BAM) by means of hybrid fire testing technique. In particular, an internal steel column of the 

ground floor belonging to a three-bay, four-storey concentrically braced steel building was tested, whilst the effect 

of the remainder of the structure was numerically simulated. Since the structure has a low degree of redundancy, 

the loss of a column can trigger global structural collapse. Two FFE tests were performed without any fire protection 

system and the other FFE tests were performed with three different fire protection solutions: conventional and 

seismic-resistant calcium silicate boards as well as vermiculite spray. Each column was firstly subjected to 

horizontal and vertical displacement histories resulting from seismic nonlinear time-history analysis performed on 

the numerical model of the case study; then, the furnace was switched on and the ISO 834 was followed with 

boundary conditions consisting in a constant axial stiffness representative of the surrounding structure. 

 

Keywords: fire following earthquake; concentrically braced steel frames; fire protections. 

 

 

1. INTRODUCTION 

 

As it has happened in many historic occasions (e.g. the 1906 San Francisco, 1923 Tokyo, 1995 Kobe, 1999 Turkey, 

2011 Tohoku and 2011 Christchurch earthquakes), after an earthquake, fire may be triggered by earthquake-

induced rupture of gas piping, failure of electrical systems, etc. [1-3]. Fire following earthquake events are more 

difficult to tackle by the fire brigades because of their possible large number and extent as well as of possible 

disruptions within the infrastructural network that hinder their timely intervention and within the water supply system 
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[1]. The current engineering design methods still ignore many aspects of multi-hazard and in particular, fire following 

earthquake (FFE) analysis. In this context, developing a resilience plan is recommended to increase understanding 

of the impacts and the severe consequences of disruptions and failures to mitigate hazards, to contain the effects 

of disasters and to improve the strategic response to earthquakes/fires when they occur [4]. 

 

In a fire following earthquake scenario, the structural fire performance can deteriorate because the fire acts on a 

previously damaged structure. Moreover, fire protection elements may have been damaged by the earthquake and 

the fire can spread more rapidly if compartmentation walls have failed [4][5]. Thus, the seismic performance of the 

non-structural components may directly affect the fire performance of the structural members. As a consequence, 

the loss of fire protection is particularly dangerous for steel structures because the high thermal conductivity 

associated with small profile thicknesses entails quick temperature rise in the profiles with consequent fast loss of 

strength and stiffness. 

 

Most of the literature involves numerical simulations on steel moment resisting frames [6][7][8][9] and only a few of 

them are dedicated to buckling-restrained and conventional brace systems [10][11]. Both developed a framework 

for evaluating the post-earthquake performance of steel structures in a multi-hazard context that incorporates 

probabilistic structural analyses under fire and seismic loads. Experimental studies have been performed on single 

elements [11] and full-scale reinforced concrete frames [12]. 

 

In this respect, the EQUFIRE project (Multi-hazard performance assessment of structural and non-structural 

components subjected to seismic action and fire following earthquake using hybrid simulation) [13] as part of the 

Transnational Access activities of the European SERA project was funded.  

This project aims at experimentally and numerically studying the post-earthquake fire performance of concentrically 

braced steel buildings by also considering the damage to non-structural components such as the fire protection and 

the compartmentation elements. In particular, it consists of seismic full-scale tests based on hybrid simulation 

performed at the ELSA Reaction Wall at Joint Research Centre (JRC) and through FFE tests on single elements at 

the furnace of the Federal Institute for Materials Research and Testing (BAM). 

 

2. DESCRIPTION OF THE CASE STUDY 

 

A four-storey three-bay steel structure with concentric bracings in the central bay was selected as a case study for 

the experimental campaign, as shown in Figure 1. This frame is part of an office building with a square plan (12.5 

m x 12.5 m) and the location of the building was assumed to be in the city of Lisbon (Portugal); thus, in an area of 

medium-high seismicity. The interstory height is 3.0 m, except for the height of the first floor, which is equal to 3.6 

m. The lateral force-resisting system consists of concentrically braced frames (CBF).  

 

 
Figure 1 Configuration of the frame (Dimensions are in meters). 
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The steel grade S275 (EN 10025-2, 2019) was adopted for the bracing system (dissipative elements), while steel 

grade S355 was selected for all the other non-dissipative elements (beams and columns). It is worth pointing out 

that the yield strength for the bracings was taken as the mean value, i.e., 330 MPa, considering a coefficient of 

variation equal to 0.12 and using a lognormal distribution, whereas for the non-dissipative members was taken the 

experimental value obtained through material testing, i.e., 436 MPa [13]. 

In detail, IPE sections with the weak axis in the plane of the frame were used for the bracing elements to force in-

plane buckling and, thus, to avoid possible damage to the walls where the bracing is inserted in. 

The frame was designed according to the Eurocode standards and in particular the seismic designed was performed 

in accordance with Eurocode 8 [14]. In particular, linear dynamic analysis with response spectrum was carried out 

and the capacity design criterion was applied to design the structural members by considering a “High Ductility 

Class (DCH)”. Then, nonlinear time-history analyses with natural accelerograms were employed to investigate the 

seismic response of the structure. The finite element software OpenSees [18] was used to the model the building. 

The general assumptions were the following: 

• All connections were assumed as pinned. 

• The columns were considered continuous along the height of the structure. 

• The building was regular in plan and elevation. 

• The building was located in Lisbon (Portugal) characterised by peak ground acceleration equal to 0.186 g 

and type B soil. 

 

In order to perform non-linear time-history analyses, it was fundamental to model the seismic hazard through 

adequate selection and scaling of ground motion records. In this respect, a set of fifteen accelerograms for the 

significant damage limit state (SD) was selected considering the type of spectrum, magnitude range, distance range, 

style-of-faulting, local site conditions, period range, and ground motion components using the 

INGV/EPOS/ORFEUS European Strong motion Database [15]. The accelerograms were modified to match the 

target spectrum in the period range of 0.4÷0.9 s, that includes the fundamental period of the structure equal to 0.67 

s.  Among the fifteen accelerograms, the one shown in Figure 2, known as the Patras earthquake, was used in all 

EQUFIRE experimental tests, based on three main requirements: 

• The selected accelerogram had to cause significant damage to the bracings. 

• The horizontal displacement of the first floor had to be equal or lower than ± 30 mm to be compatible with 

the horizontal actuator stroke of the BAM furnace. 

• The axial force of the internal columns at the beginning of the second floor had to be below 1000 kN in 

order to be compatible with the actuators used to impose the vertical loads on the specimen at the ELSA 

Reaction Wall. 

The results of the non-linear time history analysis were used to estimate the displacement time-histories to apply to 

the specimens in the furnace before switching on the burners in the context of an FFE scenario. 

 
Figure 2: Comparison between the original and modified accelerogram for the FFE simulation 

 

 

With respect to the design of the fire protection, the building was designed to withstand an exposure to the standard 
ISO 834 fire curve for 60 min. Since the unprotected structure was not capable of satisfying such requirement, two 
types of passive fire protection were envisaged, i.e. boards made of calcium silicate and mineral spray-based 
protection. The thickness of the protections was selected equal to 20 mm and this choice was also based on 

application purposes. Indeed, different applications were conceived: i) boards of calcium silicate with a standard 
application were employed; ii) moreover, the system to connect the boards of calcium silicate was also designed 
to achieve a better behaviour under seismic loading by adding a metallic substructure; iii) finally, a metallic mesh 
for a better adhesion in seismic regions of the spray-based protection was added. 
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3. EXPERIMENTAL PROGRAMME AND SETUP 

 

For the EQUFIRE tests at BAM, the vertical furnace for testing columns was used as shown in Figure 3. It has a 

cylindrical shape with a diameter of 2.3 m. The movable bottom allows an adjustment of the combustion chamber 

height from 3.6 to 5.6 m. During the EQUFIRE tests, it was set to 3.6 m. Six oil burners arranged in two groups of 

three burners, orientated horizontally, are distributed almost regularly up the furnace’s side. Two smoke vents lie 

above the highest pair of burners, and two lie above the lowest pair. From this furnace design, a strong vorticity of 

combustion gases, resulting in a rather constant gas temperature distribution in the axial direction, can be expected. 

 

 

Figure 3:  Vertical furnace for testing columns. 

 

 

Five FFE tests were conducted at BAM: 

• Test #0 Column E: column without fire protection system; 

• Test #1 Column A: column without fire protection system; 

• Test #2 Column B: column equipped with fire protection calcium silicate boards designed for seismic 

regions; 

• Test #3 Column C: column equipped with fire protection calcium silicate boards not designed for seismic 

regions; 

• Test #4 Column D: column equipped with sprayed vermiculite spayed coating, designed for applications 

in seismic region. A mechanical reinforcing mesh retains the sprayed coating. It is located in the middle of 

the overall coating thickness. 

 

The experimental tests at BAM were performed using a sub-structuring technique [16] as shown in Figure 4, in 

which the physical column was heated by the standard ISO 834 curve [17] and a constant numerical axial stiffness 

representative of the surrounding structure was applied as boundary condition at the top of the physical column. 

During the FFE tests, the axial force of the column was measured and then used to obtain the effect of the rest of 

the structure in terms of displacement. Those displacements were imposed on the column to keep the two 

substructures in mechanical equilibrium. 

 

 
Figure 4: Sub-structuring method [16]. 
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The axial stiffness of the upper part of the structure was numerically estimated by a static non-linear analysis in 

OpenSees [18]. In detail, the full structure was subjected to gravity loads and the selected accelerogram through 

non-linear time-history analysis. Then the physical column was removed and the frame was constrained at each 

floor to reproduce the boundary condition of the actual experimental setup at BAM. Finally, a monotonic 

displacement-controlled pattern, which continuously increases, was performed. The equivalent stiffness of the 

surrounding structure after the seismic event is neither constant nor linear. Due to this reason, it was not possible 

to exactly reproduce the same axial force condition in the column during the test. In order to determine the more 

appropriate equivalent axial stiffness constant value, a 3D model of the physical specimen was also modelled in 

OpenSees.  Figure 5 shows the results in terms of the axial force and vertical displacement compared with the 

numerical analysis conducted on the whole structure. As it is possible to observe, a good value of the equivalent 

stiffness of the surrounding structure after the damage caused by the earthquake was equal to 5.3 kN/mm and this 

value was used in the tests. The value of K was chosen to reach a similar critical temperature and displacement.  

 

  

a) b) 

Figure 5: Comparison between the reference numerical solution and the single column with constant axial 

stiffness: a) axial displacements vs temperature curve; b) axial forces vs temperature curve. 

 

 

The specimens were instrumented with thermocouples to measure the temperature at different positions of the 

cross-section and along the height, as illustrated in Figure 6. In detail, each specimen was equipped with 20 sheath 

thermocouples: six sensors in each section (two on the web and four on the flanges) at three different heights along 

the column and additionally one sensor at the top and the base of the column. According to EN 1363-1 [19], six 

plate thermometers measured the temperature inside the furnace. Additionally, two thermocouples measured the 

ambient temperature of the laboratory. An initial axial compression force of 315 kN was applied to the specimen. 
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Figure 6: cross-section with the position of the thermocouples of the columns. 

 

 

3. EXPERIMENTAL RESULTS 

 

The results of the experimental tests at BAM are summarized in the following. The response history of the bare 

steel frame (without fire protection) computed with OpenSees was verified against the results of the experimental 

tests at BAM. Figure 7 compares the results of the seismic test and the numerical simulations in terms of horizontal 

displacement, axial displacement and axial force for all tested columns. The comparison demonstrates good 

agreement. There is a little difference in negative axial displacements, because the vertical actuator of the furnace 

could not apply tension forces to the specimen. 

 

 

 
a) 

 
b) 
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c) 

Figure 7: Comparison between the numerical solution and the seismic 

tests: a) axial displacement and b) axial force. 

 

Figure 8 compares of the experimental results for the FFE tests on columns A and E without fire protection in terms 

of the evolution of the mean temperature, axial displacement and axial force. The comparison demonstrates the 

good repeatability of the FFE test procedures. Figure 8 also shows two snapshots of the columns under test in the 

furnace at BAM. The structural behaviour is typical of an axially restrained column, with an increase of axial force 

till a maximum value from which, owing to material property degradation, the axial force decreases. 

 

 

 
 

 

 

 
Figure 8: Comparison results of the FFE tests on the unprotected columns. 

 

 

Figure 9 compares the evolution of the mean temperature, axial displacement and axial force of the FFE tests on 

the specimens with the three fire protection solutions (standard boards system, seismic-resistant boards system 

and vermiculite sprayed coating). Test #2 on column B was interrupted due to a component malfunction and then 

restarted. The specimens with the two types of fire protection board systems (columns B and C) showed similar 

performance. The gypsum-based wet mix spray-applied fire resistive material delayed the temperature 

development in column D with respect to columns B and C. Figure 9 shows again two snapshots of the columns 

under test at BAM. It is possible to observe that the fire resistance requirement was satisfied, even after undergoing 

a seismic event at the Significant Damage limit state. Indeed, this was mainly due to the fact that energy dissipation 

and damage are localised in the diagonals of the bracing system and not in the column and due to the limit of 

horizontal displacements that could be applied in the laboratory. As a result, Figure 10 shows the cracks on the fire 

protection elements developed due to the combination of seismic and fire actions. However, those cracks were not 

large enough to compromise the fire resistance of the columns. Moreover, the 60 min fire requirement was well 
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exceeded the fire protection thicknesses that could be thinner, but for application and comparison purposes had to 

be larger, as previously described.  

 

 

 
Figure 9: Comparison results of the FFE tests on the protected columns. 

 

 

   

   
a) b) c) 

Figure 10: Damage of the fire protection elements due to the combination of seismic and fire actions: a) test #2 

column B; b) test #3 column C; c) test#4 column D. 
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After each test, several photos of the specimen, in addition to the official ones, were taken in order to reconstruct 

a 3D model of the columns after the tests using the photogrammetry techniques. As an example, Figure 11 

illustrates the 3D reconstruction of column D after the fire following earthquake. 

  

a) b) 

Figure 11: 3D model of column #D obtained using the photogrammetry methodology: a) wired model; b) Textured 

model 

Photogrammetry allows to perform visual comparisons and also measurements in order to evaluate the evolution 

of damage before and after each test. 

 

4. CONCLUSIONS 

 

The paper presented the experimental study on a three-bay, four-storey steel frame with concentric bracing in the 

central span, subjected to fire following an earthquake, with the aim to study the performance of structural and non-

structural components. Five preliminary FFE substructure tests were successfully carried out at the BAM laboratory 

in Berlin. FFE tests were carried out on two steel columns without fire protection and three columns with different 

fire protection solutions: conventional and earthquake-proof boards system and vermiculite-based wet mix spray-

applied fire-resistive material. The specimens, being non-dissipative, remained in the elastic range after the seismic 

event. During the successive fire tests performed by considering the effects of the surrounding structure through a 

constant axial stiffness, no failure was detected after 60 min of exposure to the ISO 834 heating curve for 

unprotected columns and, respectively 138,141 and 165 min for the protected columns. The main reason was the 

low seismic damage undergone by the columns because are non-dissipative member and a larger thickness of the 

protections required to accommodate seismic-resistant solutions. In fact, in terms of fire protection, small cracks 

were observed on the fire protection boards and vermiculite-based spray-applied fire-resistive material. 

Nevertheless, no severe damage was observed that could undermine the fire resistance of the columns as they are 

non-dissipative members. 
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ABSTRACT 

 

The aim of this paper is to present the results of numerical analyses devoted to the investigation of the fire 

behaviour of innovative fusible link solutions using aluminium bolts for fire walls in single-storey steel-framed 

buildings. Several 3D thermal and mechanical numerical models have been developed, allowing to better 

understand the fire behaviour of investigated fusible link solutions and to study in detail their failure modes under 

standard fire condition. Based on results, the link solutions that have been satisfactorily validated regarding fire 

resistance will be tested in the European FISHWALL research project. 

 

Keywords: Fusible link, aluminium bolts, finite element model, fire wall, single-storey buildings, standard fire 

exposure 

 

1. INTRODUCTION 

 

The intrinsic fire resistance (without added protection) of single-storey steel-framed buildings is largely sufficient 

to guarantee the evacuation of occupants in the event of fire. Thus, for this type of building, the main concern of 

national fire regulations in Europe is how to prevent the spread of fire to the whole building. To achieve this 

objective, two requirements shall be satisfied, namely, the appropriateness of constructive systems to ensure that 

there is no progressive collapse between fire compartments, and the efficiency of fire walls to stop the fire inside 

the initial compartment regardless of the state of structures. In practice, many constructional solutions can be 

implemented in order to preserve the integrity of the fire walls, while accepting that the fire exposed part of the 

structure may collapse. One of the most common solutions is to place a non-load bearing wall between two 

independent structures and to connect it to them by means of "fusible" links. In a fire situation, these fusible links 

must allow the wall to be disconnected from the structure affected by fire without endangering the separating 

function of the wall, which must remain fixed to the steel structure on the other side of the wall and therefore not 

exposed to fire. It should be remembered that unprotected steel-framed structures exposed to fire conditions 

usually exhibit two successive steps of structural behaviour ([1], [2]). The first step is due to the thermal expansion 

of the heated members which results in pushing forces on the neighbouring structures. Then, as steel increases 

in temperature, it loses its resistance and stiffness and the heated steel structure starts to fall inwards, leading to 

tensile forces on the neighbouring structures. In case of a fire wall between adjacent steel structures, it is 

necessary to ensure that this fire wall does not fail with the steel structure submitted to fire. Thus, fusible links 

must be designed to resist the pushing phase and to fail for the tensile phase.  
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Although such wall solutions are widely used in practice and have proven to be efficient from real fire cases, there 

is no known scientific investigation leading to the establishment of relevant construction details for adequate fire 

behaviour of “fusible” links when used in single-storey building with unprotected steel structures. In this context, 

the current paper aims at presenting a part of the work undertaken to evaluate the capacity of various 

configurations of fusible links to be used with fire walls made of lightweight sandwich panels to carry the loads 

due to the pushing phase. For this purpose, 3D thermo-mechanical models have been developed to study 3 

different solutions of fusible links to steel portal frames in order to prepare future medium scale fire tests planned 

in the ongoing European FISHWALL research project [3].  

 

2. INVESTIGATED FUSIBLE LINK SOLUTIONS 

 

The investigated fusible links are based on common steel joints with aluminium bolts acting as the fusible 

component. They are intended to be used with fire walls made of lightweight sandwiche panels spanning 

horizontally between supporting steel columns. Considering the limited capacity of sandwich panels to resist out-

of-plane horizontal forces, different fusible link solutions have been designed within the FISHWALL project. Figure 

1 presents a schematic view of the three investigated solutions in order to present the different elements 

constituting the fusible links and the elements allowing the assembling with the columns of portal frames (HEA 

320) and the fire wall column (HEA 140). The first system is composed of Z-shaped steel profiles and U-shaped 

steel profiles arranged back to back and assembled together with two M12 aluminium bolts. Each Z-profile is 

bolted to the column of portal frames while the U-profiles are bolted to the column supporting the sandwich panels 

(HEA 140), using four threaded steel rods passing through the fire wall on the wall side and four steel bolts on the 

other side. It should be mentioned that the steel rods must allow the transfer of pushing forces due to the thermal 

expansion of the steel portal frames exposed to fire to the structure on the unexposed side. The third solution is 

similar to the first one. However, the Z-profile is replaced by a gusset steel plate and a stiffener is attached to the 

U-shaped steel profile. Finally, the second link solution consists of an L-shaped steel profile assembled with 

aluminium bolts to a steel channel (UPN 240), spanning horizontally between the portal frame columns, each end 

of the UPN 240 being bolted with slotted holes to a steel stiffener welded between the flanges of the portal frames 

columns. These slotted holes should allow the free longitudinal thermal expansion of the UPN. The L-shaped 

profiles are attached to the wall steel column by means of four threaded steel rods passing through the fire wall 

on the wall side and four steel bolts on the other side. 

 

 
a) 1st fusible link 

 

 
c) 3rd fusible link 

 
b) 2nd fusible link 

 

 

 

Figure 1: Schematic top view of three studied fusible links 
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3. NUMERICAL MODELLING 

 

Numerical modelling for the fusible links was conducted using the software ANSYS [3]. To simulate the fire 

behaviour of fusible links, a sequentially coupled 3D thermal-mechanical analysis procedure was adopted. It 

consists in conducting firstly a heat transfer analysis to obtain the temperature field and afterwards a mechanical 

analysis using the previously calculated temperature fields for calculating the structural response. Hence, for both 

thermal and mechanical models, the same meshing is adopted, but using adequate finite element formulations for 

each type of analysis. So, the nodal temperatures computed from the thermal analysis are stored as a function of 

time and then used as thermal loads in the mechanical analyses directly. Furthermore, a static-dynamic 

procedure developed at CTICM, which allows to pass through local instabilities (which would cause singularities 

in a full static analysis) and to simulate the global progressive collapse of steel structures under fire conditions 

generated by the local failure of steel members, was adopted to simulate the progressive failure mechanism of 

investigated “fusible” links exposed to fire. 

 

 
a) Thermal parameters 

 
b) Mechanical boundary conditions 

Figure 2: 3D FE models for thermal and mechanical analyses of the first fusible link [3]. 

 

 
a) Thermal parameters 

 
b) Mechanical boundary conditions 

Figure 3: FE models for thermal and mechanical analyses of the second fusible link [3]. 

 

The 3D thermal-mechanical models developed for studied three link solutions are shown in Figure 2, Figure 3 and 

Figure 4 respectively. Several simplifications in the modelling were considered in order to reach an adequate 

compromise between the FE model accuracy and its computational cost. All the modelled components are 

meshed with 20-node brick FEs in order to have a suitable accuracy with a limited number of meshes (SOLID90 

for the thermal models and SOLID186 for the mechanical models). Bolts and steel rods are modelled as detailed 

as possible. Nevertheless, some features of the geometry that are assumed to have insignificant effects on the 

response of the fusible links are ignored. First, threaded parts of the bolts, rods and nuts are omitted and the bolt–

nut assembly is modelled as a simple component, assuming that relative motion between bolts and nuts, or 

loosening, does not take place during loading. Secondly, no washers are modelled and the bolt holes are slightly 
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larger than the bolt diameter. Further, thermal perfect contacts between all elements were assigned in the thermal 

models while automatic surface-to-surface contact was used, including frictional phenomenon in the mechanical 

models. This includes the contact between the steel profiles, between the bolts (heads and shanks) and the steel 

profiles (upper surface and holes) and between the threaded rods and the steel profiles. The friction coefficient 

was fixed to 0.25. For both developed models, the y-axis is related to the height of the wall. 

 
a) Thermal parameters 

 
b) Mechanical boundary conditions 

Figure 4: 3D FE models for thermal and mechanical analyses of the third fusible link [3]. 

 

The fusible links are exposed to standard temperature–time curve (ISO 834 standard fire curve). According to EN 

1991-1-2 [5], the heat transfer modes of conduction, convection and radiation were considered in the form of 
appropriate boundary conditions and material property values. Thus, convective heat transfer coefficients of 25 
and 4 W/m²/K were assigned to the fire-exposed and unexposed surfaces of the studied fusible link respectively. 
The fire emissivity was fixed to 1.0 and the surface emissivity of materials was taken equal to 0.7 for the studied 
materials. Moreover, thermal material properties of carbon steel and aluminium bolts such as specific heat, 
thermal conductivity and density are those given in EN 1993-1-2 [6] and EN 1999-1-2 [5] respectively, while the 
thermal properties of the mineral wool of sandwich panels (considered as independent of the temperature) were 
obtained from another analysis carried out in the scope of the FISHWALL project (density of 120 kg/m3, specific 
heat of 1000 J/kg.K and thermal conductivity of 0.045 W/m.K). 
 

Regarding the mechanical models, only the fusible links exposed to fire, half of the portal frame columns near the 

fusible links and the steel threaded rods were modelled and meshed. The non-modelled parts were taken into 

account by appropriate boundary conditions. Thus, the four threaded rods are assumed to be fully restrained at 

the level of the steel column supporting the sandwich panels and their lateral restraints by the non-bearing wall 

were ignored. Besides, the lateral displacement Ux along the symmetry plane of the profile web as well as the 

displacement Uy at one end of the column portal frame are restrained. Moreover, for the third fusible link, as only 

a part of the UPN 240 length is meshed, its end is restrained against the longitudinal (X) displacement to take into 

account the effect of the unmodeled part. All these boundary conditions are reported in Figure 2 to Figure 4. 

Mechanical properties of steel profiles at elevated temperatures are taken from EN 1993-1-2, considering yielding 

plateau and strain hardening. Mechanical properties of aluminium bolts are defined from a tri-linear stress-strain 

relationship, adopting reduction factors at temperature given in EN 1999-1-2 [5]. The elevated temperature stress-

strain curves of studied materials are shown in Figure 5. Further, it should be noted that, currently, the melting 

temperature of aluminium is about 500°C. In the pushing phase, the aluminium bolts are broken before the 

system’s failure: either by shear failure due to the thermal expansion of the connected components or by their 

loss of resistance at the melting temperature. Consequently, the aluminium bolts are deactivated at the failure 

times determined during mechanical analyses. All investigated fusible link solutions are subjected to a constant 

pushing load of 25 kN. This applied load aims at representing the maximal pushing force which should be induced 

by the pushing phase of heated steel portal frames which will be tested in the FISHWALL project. It has been 

deduced from another thermo-mechanical analysis carried out modelling the test specimen with beam finite 

elements and spring elements. The pushing phase is planned to last 20 minutes (1200 seconds). 
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a) Steel profiles 

 
b) Aluminium bolts 

Figure 5: Stress-strain curves of studied materials at elevated temperature 

 

4. RESULTS AND DISCUSSIONS 

 

4.1 Heat transfer analysis 

 

Figure 6 presents some thermal results for the first fusible link. It can be observed that the temperatures in the 

bolts are very similar to those of the connected steel profiles (column, Z-profile, U-profile). This result shows that 

there is a small temperature gradient in all the components represented (for example, at 500 seconds, there is a 

maximal difference of 200°, which is reduced thereafter). However, Figure 7 presents the temperature gradient in 

the steel rods. It can be observed that the upper mid part of the steel rod, in the side exposed to fire, has 

significantly higher temperatures compared to those on the other side of the fire wall, with temperatures at the 

vicinity of the heated steel profile very close to that of the U profile (Point 2 of Figure 6b). In fact, after 30 minutes 

of exposure to fire, the temperature of the parts of the rods directly exposed to fire is about 800°C, while the 

temperature of the section located at 1/4 of its length and in the middle (inside the wall) are about 570°C and 

370°C respectively. This temperature gradient can be explained by the protection provided by the sandwich 

panels and by the fact that the rod is exposed to fire on a small part near its head. Same observations can be 

made for the other two configurations (Figure 8 to Figure 9). 

  

Figure 6: Time-temperature curves calculated in some points of the first fusible link 

  

Figure 7: Time-temperature curves calculated in some points along the threaded rods of the first fusible link 
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Figure 8: Time-temperature curves calculated in some points of the second fusible link 

 

  

Figure 9: Time-temperature curves calculated in some points along the threaded rods of the second fusible link 

  

Figure 10: Time-temperature curves calculated in some points in the third fusible link 
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Figure 11: Time-temperature curves calculated in some points along the threaded rods of the third fusible link 

 

4.2 Mechanical analysis 

 

4.2.1 - 1st fusible link  

 

The results of the mechanical analysis for the 1st fusible link are shown in Figure 12 and Figure 13. Figure 12 
presents an illustration of the von Mises equivalent plastic strain distribution with deformed shape and 
corresponding temperature field at failure time. Figure 13 gives the time-vertical (Uz) displacement curves 
ontained at different points. The Uz displacement is in the direction parallel to the rods length. The asymptotic 
shape of the curves reveals a failure of the system for a time of 713 seconds, which is significantly below the 
objective of 1200 seconds. The observation of the von Mises stresses shows that this failure is due to the local 
yielding of the column flange. This failure is obtained for a steel temperature of 500°C corresponding to a loss of 
20% of its strength. Therefore, the 1st fusible link solution seems to have insufficient fire resistance for the 
planned fire test.  
 
Nevertheless, regarding this failure mode, the partial modelling of the column and its applied load might not be 
able to represent the real interaction between this relatively flexible fusible link and the portal frame. Therefore, 
the design of the 1st fusible link needs to be improved through future research works considering various 
parameters (geometries, contacts). 
 

 
a) Calculated von Mises equivalent plastic strain 

 
b) Calculated temperature field 

 

Figure 12: Von Mises plastic strain distribution with deformed shape and corresponding temperature field of the  

1st fusible link at failure time (714.6 seconds) 
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Figure 13: Time-vertical displacement (Uz) curves calculated for the 1st fusible link 

 

4.2.2 - Second fusible link  

 

The results of the mechanical analysis for the second fusible link are shown in Figure 14 to Figure 19. Figure 14 

shows the location of the points where the displacements are observed. Figure 15 and Figure 16 present 

respectively the deformed shape of the fusible link and the temperature distribution at failure. Figure 17 gives an 

illustration of the von Mises equivalent plastic strain distribution in the three steel bolts, the four threaded rods, the 

L-profile, and the steel stiffener welded between the flanges of the portal frames columns. The results show that 

the failure mode of the fusible link is the local bending of the two bottom threaded rods in contact with the UPN 

after 1710 seconds of fire exposure (rods 1 and 2). At this time, it can be observed a flexural torsional buckling of 

the UPN associated with a significant local buckling of the stiffener welded between the flanges of the portal 

frame column as well as an important bending of the vertical wall of the L-profile. 

 

In the direction of gravity (Y direction), the self-weight of the U-profile is supported by the thin stiffener (6 mm) 

welded between the flanges of the portal frame column and the vertical wall of the L-profile. The applied shear 

load is transmitted from the stiffener to the vertical web of U-profile by 3 steel bolts, and from the U-profile to the 

rods through the aluminium bolts and the L-profile. Thus, due to the unsymmetrical character of the connected 

steel elements, the existing eccentricity between the shear load applied to the stiffener plane and the support 

mobilizing mainly two threaded rods has a tendency to rotate the U-profile. This rotation is initially prevented by 

the stiffener welded to the column as well as the vertical wall of the L-profile. Moreover, it should be noted that the 

6 mm thickness of stiffener is so weak compared to 10 mm of the L-profile. Therefore, the reduction in resistance 

of the thin stiffener with the increase in temperature makes it more deformable contrasting to the pushing/rotation 

of the U-profile. In addition, a considerable temperature gradient can be seen in the stiffener as well as the U-

profile. In fact, Figure 16ª shows that the heating of the stiffener zones which are not in contact with the U-profile 

is faster than its part in contact. Consequently, the combination of these effects leads to the flexural torsional 

buckling of the UPN associated with a significant local bending of the stiffener at failure. 

 

As seen in Figure 19, time-reaction curves calculated at the restrained end of the bottom threaded rods (1 and 2) 

indicate that the axial reactions on these rods are different. For this calculation, it should be noted that after 400s, 

the two fusible bolts were deactivated due to their shear failure because of the thermal expansion of the UPN 

profile and the significant strength loss of aluminium above 300°C. This explains the sharp drop observed at 

about 400s in the vertical reaction curve obtained for the first steel rod. The difference between the axial reactions 

of the threaded rods can be explained by the eccentricity of the load along x. In addition, it is obvious that from the 

beginning of exposure to fire to approximately 900°C, the axial reaction of the first rod increases from 14.5 kN to 

17.5 kN and then it decreases to 14 kN at failure. However, an inverse evolution is observed for the second 

threaded rod. This is directly related to the progressive deformation due to the increase in temperature of the U-

profile. Furthermore, due to the rotation towards y of the U-profile, it pushed to the vertical wall of the L-profile and 

the deformation of the L-profile causes the axial reaction on the 2 other rods which are not in contact with the 

UPN. In addition, with the increase in temperature, the L-shaped profile becomes more deformable, which leads 

to a redistribution of the axial reactions in the threaded rods and to the increase of the rotation of the UPN, 

resulting in the increase of horizontal reactions. Besides, there is a clear increase in the horizontal forces (along 

y) exerted on the head of the rods due to the eccentricity of load and the progressive deformation of the UPN-

profile with the increase in temperature. Additionally, at 1710 seconds, as for the 1st fusible link, a significant 

temperature gradient was observed between the head of the threaded rod and its parts protected by the panels. 
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Indeed, at this time, the temperature of its head parts is about 750-780°C while the temperature of the sections 

located in the wall is in the range of 80-600°C. Therefore, under the combined effect of a significant compression 

force, the increase in the horizontal force exerted at the head of the threaded rod and especially the too-

significant gradient temperature along the threaded rods as well as the reduction in their resistance with the 

increase in temperature, these lead to the local bending at the head parts of two thread rods in contact with the 

bottom flange of the U-profile resulting in the failure of the studied link fusible. In any case, the fusible link exhibits 

a failure time of 1710 seconds, which is much higher than the required time of 1200 seconds. 

 

 
Figure 14: Location of points where displacements are observed for the second  fusible link 

 

 
a) Side view 

 
b) Oblique view 

Figure 15: Deformed shape of the second fusible link at failure time 

 

 
a) Steels profiles 

 
b) Four threaded rods 

Figure 16: Temperature field of the second fusible link at failure time 
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a) Three steel bolts 

 
b) Four threaded rods 

 
c) L-profile 

 
d) Steel stiffener  

 
e) UPN240-profile  

Figure 17: Distribution of von Mises equivalent plastic strain in components in the second fusible link at failure 

time 

 

 

 
a) Vertical displacement (Uz) 

 

 
b) Horizontal displacement (Uy) 

Figure 18: Time-displacement curves predicted for the 2 nd fusible link 
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a) Horizontal reaction (Rx) 

 
b) Horizontal reaction (Ry) 

 
c) Axial reaction (Rz)  

Figure 19: Time-reaction curves calculated at the restrained end of steel rods for the second fusible link 

 

4.2.3 - Third fusible link 

 

The results of the mechanical analysis for third fusible link are shown in Figure 20 to Figure 24. Figure 20 and Figure 

21 present respectively the deformed shape and the temperature distribution at failure time. Figure 22 presents an 

illustration of the von Mises equivalent plastic strain distribution with deformed shape and corresponding temperature 

field at failure time. Figure 23 gives the time-displacement curves obtained at different points. The asymptotic shape 

of some curves reveals a failure of the link after 2170 seconds of standard fire exposure which is higher than the 

required time of 1200 seconds. The fusible link fails after the appearance of local buckling in the lower flange of the 

U-profile, followed by the local bending of the threaded rods at its head toward the stiffener of the U-profle. At this 

time, the temperature of the U-profile reaches about 850-860°C, corresponding to a loss of approximately 86% of the 

material strength. Besides, the temperature of the fire exposed side of the threaded rods is about 800-850°C while 

the temperature of the sections located in the wall is in the range of 70-750°C.  

 

Figure 24 presents the time-reaction curves calculated at the restrained end of steel rods. The evolution of the axial 

reactions shows that the two threaded rods (1 and 2 on Figure 23d) are in compression with different values. It 

should be noted that after 550 seconds, the two fusible bolts were deactivated because their temperature was higher 

than the melting temperature. Before this time, the large difference between the axial reactions of two studied 

threaded rods (1 and 2) might be explained by the eccentricity of the applied load for which a part is transmitted to 

the vertical wall of the U-profile by two aluminium bolts. This eccentricity could be reduced when the two fusible bolts 

were deactivated, so that the load applied to the column transmits the full load to the U-profile through its upper 

flange. This could explain the convergence of axial reactions of two rods at about 500s. Afterwards, these axial 

reactions change corresponding to the progressive deformation of the lower flange of the U-profile influencing thus 

the resulting bending moment exerted in the U-profile and the threaded rods. Figure 24 also shows that there is a 

clear increase in the horizontal reaction (pushing force) exerted at the head's rods due to the progressive deformation 

of the U-profile, until the failure. It should be noted that at 2170 seconds, the strength of the steel profile material is 

reduced to 86%, in addition to the pushing of the thread rods, which leads to the local buckling of the lower flange of 

the U-profile. Besides, there is a clear increase in the horizontal reactions (Rx and Ry) exerted at the head of the 

steel rods due to the progressive deformation of the U-profile, until the failure. Hence, after the local buckling of the 

lower flange of the U-profile, due to the combined effect of the high compressive force, the increase of horizontal 
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force exerted at the head of the rods and the reduction of their strength with increasing temperatures and especially 

the high-temperature gradient along the length of the anchor rods, the threaded rods undergo local bending 

deformation. The third fusible link solution that fulfils the requirement of 1200 s needed for planned fire tests, 

performs the highest fire resistance in comparison with the two first links studied.  

 

  
a) Oblique view 

 
b) Top view 

Figure 20: Deformed shape of the third fusible link at failure time 

 

 
a) The steels profiles 

 
b) The threaded rods 

Figure 21: Temperature field of the third fusible link at failure time 

 

 

 
a) The column and steel profiles 

 
b) Four threaded rods 

Figure 22: Von Mises equivalent plastic strain distribution in components of the third fusible link at failure time 
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a) Time-Ux horizontal displacement curves 

 
b) Time-Uy horizontal displacement curves 

 
c) Time-Uz vertical displacement curves 

 
d) Location of points where displacements are saved 

Figure 23: Time-displacement curves predicted for the third fusible link 

 
a) Horizontal reaction (Rx) 

 
b) Horizontal reaction (Ry) 

 
c) Axial reaction (Rz)  

Figure 24: Time-reaction curves calculated at the restrained end of steel rods for the third fusible link 

 

5. CONCLUSIONS 

 

This paper has presented the details of finite element studies for three innovative fusible link solutions using 

aluminium bolts for fire walls in single-storey steel-framed buildings. The developed FE models can predict the 
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modes of failure of studied fusible links in fire situation. The following conclusions have been drawn from this 

study:  

 

- Thermal finite element analysis allowed determining the distribution of temperature in different components of 

fusible links. The results obtained showed a small temperature gradient between the bolts and those of the 

connected steel profiles in all three studied fusible links. Nevertheless, it is noticeable that a significant gradient 

temperature along the length of the threaded rods by the protection provided by the sandwich panels makes the 

behaviour of the studied fusible links unpredictable by current analytical approaches.  

 

- The fire resistance, as well as the failure modes of three studied links, have been successfully determined by the 

mechanical analysis. For the 1st fusible link, the failure is the local bending of the bottom flange of the column 

after 713 seconds, which is significantly below the required time of 1200 seconds. However, the second and 

third fusible links offer higher fire resistance. Indeed, the observed failure mode of the second fusible link is the 

local bending of the threaded rods in contact with the U-profile at about approximately 1710 seconds. At failure, 

a combination of other phenomena was also observed such as a flexural torsional buckling of the UPN, as well 

as a flexural buckling of the stiffener welded between the flanges of the portal frames columns. The failure mode 

of the third fusible link is the local buckling that appears in the lower flange of the U-profile, followed by the local 

bending of the threaded rods at about 2171 seconds. In a fire situation, this failure mode of the fusible links 

must be avoided in order to preserve the integrity of the fire wall and thus avoid the risk of collapse of the 

structure located at the unexposed fire side. With their high fire resistance, these two links will be tested in the 

series of experiments of the project. Further, it should be noted that one of the main reasons for these 

phenomena is the temperature gradient in the profiles, the threaded rods, etc. which could demonstrate the 

efficiency of the used coupled 3D thermal-mechanical analysis procedure in which the temperature fields of the 

studied links were calculated as detailed as possible.  

 

- The second and third fusible link solutions that lead to the fire resistance higher than the required time of 1200 

seconds will be prepared for future medium-scale fire tests planned in the ongoing European FISHWALL 

research project. In future research works, the design of the 1st fusible link will be investigated more in detail in 

order to evaluate the effect of certain parameters such as the boundary conditions of the modelled column and 

the continuity of contact between elements.   
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ABSTRACT 

 

Steel and steel-concrete composite plate girders represent structural elements often used in structural design of 

components carrying heavy loads or covering long spans. However, the designed slender webs of plate girders, 

although stiffened by lateral stiffeners, are highly susceptible to the out-of-plane shear buckling. Moreover, this 

failure mode becomes more pronounced when such girders are exposed to fire. However, the behavior of steel-

concrete composite plate girders is still insufficiently researched when it comes to the phenomena of shear 

buckling both at ambient and at elevated temperatures. 

 

This paper focuses on the development of a numerical model for the analysis of web shear buckling of plate 

girders at elevated temperatures using the ABAQUS software. Firstly, the model is validated with existing 

experimental results on steel and composite plate girders in shear conducted at ambient temperature and in fire. 

This modeling procedure is further implemented to develop benchmark steel and steel-concrete composite 

girders. In the end, a parameter study on most relevant parameters in web shear buckling is carried out, some of 

which include the study of the influence of: (a) web thickness (b) flange thickness (c) partial of shear connection 

(d) load ratio and (e) fire protection. 
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1. INTRODUCTION 

 

Steel plate girders represent structural elements that consist of narrow flanges and slender webs and are 

designed to carry high loads and cover long spans. These girders are essential for transfer beams, provide 

column-free floor space in buildings and represent major structural elements in small to medium span bridges. 

Designing these types of girders in a combination with a concrete slab, which is connected to the steel flange 

through shear studs, is a common practice. This newly assembled, more resistant system is referred to as steel-

concrete composite plate girder. Nevertheless, the overall load carrying capacity of both steel and steel-concrete 

composite plate girders can be reduced through the shear out-of-plane buckling of the slender web plate. 

However, the buckling of the web plate, stiffened by the surrounding stiffeners and flanges, is not an automatic 

indication of the failure of the entire system. In reality, after the shear capacity of the web is reached, the buckled 

web plate begins anchoring in the surrounding flanges and, through the initialization of the membrane stresses in 

the tension field, the post-critical capacity of plate girders is activated. In this case, not only do the flanges start 

taking part in the load bearing capacity, but the tension field and plasticization expand in the web, thus engaging 

more surface area for load bearing. This means that higher loads can be applied before the failure of the entire 

system can be concluded. In most cases, the system failure is recognized in form of a sway frame mechanism in 

the connecting flanges, once their flexural capacity has been exhausted and plastic hinges have been formed.  

 

This phenomenon found its breakthrough in Basler’s work in 1960 [1, 2], in which he assumed that the flanges of 

steel plate girders do not possess the flexural rigidity to anchor the diagonal tension field of the web plate. In the 

years to follow, several alternative theories developed postulating otherwise [3-5]. This led to the development of 

different analytical models of shear buckling of plate girders. The resolution to these deviating theories was 

provided by the experimental study of Scandella [6], where a two-stage post-buckling behavior of steel plate 

girders in shear was recognized. The first stage is defined by plastic yielding of the web panel and its anchoring in 

the lateral stiffeners. This stage ends with a peak value referred to as girder’s shear capacity. Beyond this point, 

the web panel loses stability through its primary buckling shapes and the girder loses stiffness. At one point, the 

web panel starts to stabilize through the secondary buckling shapes. The secondary buckling shapes enable the 

activation of the additional tension fields, through which the web anchors in the top and bottom flanges, and the 

post-buckling capacity is activated. The second stage concludes with the development of the second peak, the 

ultimate load. This value marks the onset of a failure mechanism with plastic hinges in the flanges. 

 

As already mentioned, in case of the design of industrial buildings and bridges, plate steel girders are often seen 

in a combination with a concrete slab connected through shear studs to form steel-concrete composite girders.  

Nevertheless, many questions are still to be answered, like a) can the shear resistance of steel-concrete 

composite girders be calculated by adapting the existing formulations for steel girders to account for the 

composite action and to which extent and b) how the shear resistance of the concrete slab could be calculated. 

As a matter of fact, only a limited number of experiments have been conducted on steel-concrete composite plate 

girders in shear. Schanmugam and Basker [7] performed experiments on two bare steel and four steel-concrete 

composite plate girders and detected the development of a sway-frame collapse mechanism with plastic hinges in 

the flanges in composite girders, identical to the one observed in bare steel girders. Yet, it was observed that the 

tension field band was nonuniform with larger distances between plastic hinges in the flange attached to the 

concrete slab. Due to the composite action realized through shear studs, the attached concrete slab formed a 

highly rigid top flange with respect to the slender web panel. This caused an enlargement of the tension field in 

the web panel, enabling a larger web area to yield and strain-harden, and conclusively, generate higher shear 

capacity compared to bare steel plate girders. In [7] it was also established that the increase in shear capacity 

due to composite action was more pronounced in web panels with higher slenderness ratio. Within their research, 

Yatim et al. [8] analyzed the influence of shear studs and partial shear connection on the shear resistance and 

failure mechanism of the composite plate girders. As a result, a notable reduction in shear strength and a more 

ductile failure were observed when a lower number of shear studs was arranged. Regardless, the latest studies 

are insufficient to comprehensively understand the structural behavior of composite girders in shear. The main 

issue deals with quantifying the contribution of the concrete slab and shear connection in the overall shear 

resistance of composite girders. In the current structural Eurocode [9], the contribution of the concrete slab is 

neglected, and the shear strength of composite girders is computed based on the models for bare steel girders. 

 

The phenomenon of shear buckling becomes much more challenging when plate girders are exposed to fire. Not 

only do steel and concrete materials deteriorate when exposed to higher temperatures, but thermal strains and 
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stresses arise in cross sections due to thermal gradients. In fact, most flexural buckling failure modes in plate 

girders at ambient temperatures are replaced by shear-dominated buckling of slender webs [10]. This is 

supported by the fact that due to exposure to high temperatures: (a) thermal restraint forces develop in the cross 

section owing to different temperatures generated in the web and flanges [10] and (b) material degradation at 

elevated temperatures could cause not only the loss of stiffness but also a reduction of the overall shear strength. 

 

Only a few studies are available in the literature on the experiments conducted on plate girders at elevated 

temperatures. Vimonsatit et al. [11] and Tan et al. [12] carried out steady-state elevated temperature tests on 

steel plate girders and observed the tension field action and formation of plastic hinges in flanges, accompanied 

with the significant reduction in web shear strength at temperatures higher than 400°C. However, these tests were 

performed at constant elevated temperatures with a load increase until failure. A representative test of a realistic 

fire scenario would be a girder exposed to a constant load and a transient increasing temperature until failure. In 

the work by Scandella et al. [10], such a scenario has been modeled numerically. In this study, the researchers 

conclude the following: (a) thinner web panels heat a lot faster than the thicker flanges in a transient fire scenario 

and (b) failure mode of certain plate girders changed from flexural buckling of the flanges at ambient temperature 

to web shear failure in fire. The reason behind it is that the temperature gradients, which developed in a 

nonuniformly heated cross section, generate restraint stresses, which alter the failure mode to a shear-dominated 

loss of stability. Furthermore, in composite plate girders where the concrete slab is connected to the top flange, 

an asymmetrical temperature distribution and larger thermal gradients are to be expected. This further confirms 

the importance of the study of shear buckling of composite plate girders in fire.  

 

Recently, Scandella [6] conducted an extensive experimental and numerical study on eight bare steel girders in 

shear exposed to transient increasing temperatures. His tests and subsequent numerical simulations confirmed 

that thermal strains and constraints bring about shear buckling, along with an early formation of the tension field 

during a fire exposure. Moreover, at the end of the test, a failure mechanism with larger distances between the 

plastic hinges formed in the flanges was recognized, when compared to that of the girders tested at ambient 

temperature. After evaluating the results of those tests, three phases in the behavior of steel girders in fire could 

be observed. During the first phase, no anchoring of the tension field in the flanges was observed, but thermal 

strains did influence the deformations. In the second phase of fire exposure, the tension field anchored in the 

cooler and stiffer flanges. Finally, the third phase became apparent when the tension field started to widen to 

account for the loss of stiffness and strength of the web panel and strain rates increased significantly. Aziz et al. 

[13] performed tests on bridge composite plate girders in transient fire and concluded a dominant influence of web 

slenderness and aspect ratio on the fire resistance. In their investigations, the authors also postulated a higher 

probability of web shear buckling in built-up plate girders than in rolled beams. 

 

The phenomenon of shear buckling of composite plate girders in fire is to be investigated experimentally and 

numerically within the currently running German national research project carried out at Ruhr-Universität Bochum. 

In the scope of this paper, numerical models using the ABAQUS software will be developed to study the structural 

fire behavior of plate girders. After this model is validated with existing experimental results, it is further utilized to 

develop the benchmark steel-concrete composite girder, on which a parameter study is conducted. 

 

 

2. METHODOLOGY 

 

It is often strongly argued that, in order to truly comprehend the structural fire behavior of plate girders in shear, 

large-scale fire tests would be needed, which could in turn, generate unreasonably high costs. However, the 

modern finite element-based software has enabled the study of complex behavior in various engineering 

structures. Thus, these numerical models can complement large-scale fire tests and be used in the design of 

expensive fire tests to gain new and improved knowledge and develop prognosis models to predict the structural 

behavior, failure mechanisms, ultimate resistance etc. To ensure the development of a reliable numerical model 

with sound accuracy, results of the simulations need to be validated with physical tests on suitably sized girders. 

Once acceptable tolerances in results have been achieved, the numerical model is considered capable of 

replicating the tested behavior and can serve as a tool to investigate influential parameters through different 

parameter studies. In this paper, numerical models of steel- and steel-concrete composite plate girders exposed 

to fire have been developed with the help of the ABAQUS software. The most important parts of modeling, such 

as implemented finite element types, material models, analysis procedures etc., are discussed in detail. 
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2.1 Assembly of the numerical model 

 

Many factors must be taken into account when creating a numerical model of the steel-concrete composite plate 

girder in ABAQUS. First off, there are various components to this kind of model: (1) steel girder with lateral 

stiffeners, (2) concrete slab, (3) shear studs, (4) lateral and longitudinal reinforcing bars, and (5) supports. These 

components are recognizable in the benchmark model used in this work, which is depicted in Figure 1. 

 

Figure 1: ABAQUS model of the benchmark composite plate girder 

 

Each of the individual parts of the model are designated with a specific element type in ABAQUS, which serve to 

recreate tested or expected physical behavior of those parts. Furthermore, different element types are assigned in 

different analysis procedures. In this case, ABAQUS distinguishes between element types in eigenvalue analysis 

and stability analysis, and those necessary for the heat transfer analysis. Table 1 provides an overview of the 

implemented element types in the numerical models of this paper. 

 

Table 1: Implemented element types of plate girder parts in ABAQUS 

 
Steel girder & 

lateral stiffeners 

Concrete 

slab 
Shear studs 

Reinforcing 

bars 
Supports 

Eigenvalue & 

stability analysis 
S4R C3D8I C3D8I T3D2 Analytical 

rigid 

surface 
Heat transfer 

analysis 
DS4 DC3D8 DC3D8 DC1D2 

 

The most practical way of modelling a laterally stiffened steel girder whose web panel has a varying thickness in 

the longitudinal direction is to implement the four-node shell elements (S4R). Using solid elements for this kind of 

design not only necessitates more attention to detail in the assembly of the various steel plates, but it also results 

in uneven meshing and stress concentrations in the girder's connecting components. Moreover, the reduced 

integration option reduces computation time while producing more accurate findings [14]. Eight-node solid 

elements in incompatible mode (C3D8I) were assigned to the concrete slab and shear studs. The rationale is that 

the concrete damage is best represented with solid parts since these elements are both susceptible to bending 

and shearing. Moreover, the compatibility mode enables contact behavior and lessens the likelihood of volumetric 

and shear locking in those elements. Furthermore, since reinforcing bars only transfer axial forces throughout the 

system, they are represented by two-node truss elements (T3D2). Analytical rigid surfaces have also been utilized 

to simulate the supports in the system. The aforementioned element types have their equivalent in the heat 

transfer analysis and are, as such, listed in Table 1. 

 

2.2 Material models 

 

Accurately defining material models at elevated temperatures represents one of the most important aspects in the 

computational fire analysis of composite plate structures. Stiffness and strength degradations of individual girder 

parts in transient fire conditions not only influence the overall fire resistance, often defined through failure time 

and critical temperature, but also shape the outcome and failure mechanism of the heated girder. For this reason, 

when it comes to validation of fire tests conducted on steel and composite plate girders, material models provided 

Shear studs (3)

Concrete slab (2)

Steel girder & stiffeners (1)

Reinforcing bars (4)

Supports (5)
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in respective references have been utilized. Subsequently, in case of fire analysis of the benchmark composite 

plate girder of this paper, material models defined in EN 1994-1-2 [15] have been implemented. 

 

For the purposes of this study, temperature-dependent mechanical and physical material properties have been 

defined in ABAQUS for all girder parts. These include: (1) material elasticity (2) material plasticity (3) thermal 

expansion (4) density (5) conductivity and (6) specific heat. The concrete material model has been defined with 

the use of the Concrete Damaged Plasticity (CDP) material module provided in ABAQUS. This feature allows for 

(1) capturing brittle behavior in concrete in all types of structures (2) defining different tensile and compressive 

behavior in a material and (3) considering irreversible damage taking place in fracturing process [14]. 

 

2.3 Three-step fire analysis 

 

Generally, the stability analysis of plate girders in fire consists of three main steps (1) Eigenvalue analysis, (2) 

Heat transfer analysis, and (3) Thermal Stress and Stability analysis. The eigenvalue analysis (*Buckle) is 

performed to extract (a) eigenvalues of the system in order to determine the elastic critical loads and (b) 

eigenmodes that would be scaled to apply initial imperfections in the system, necessary for the stability analysis. 

The second step includes the heat transfer analysis, in which the system is exposed to external temperature 

influences, and, through consideration of conduction, convection and radiation, temperature development and 

distribution are recorded in time. Finally, after introducing the initial imperfections, a constant load of magnitude 

lower than the limit load at ambient temperature is applied, and the girder is exposed to an increasing 

temperature until failure. This type of analysis is transient and is a representative scenario of real girders exposed 

to fire. When thermal stress and stability analysis is performed applying the Static, General step in ABAQUS, as it 

is the case in this paper, the previous two analysis (Buckle and Heat transfer) are completed separately and 

embedded as input in the Static analysis (uncoupled transient). 

 

2.4 Output parameters 

 

Depending on the analysis type, several output parameters should be considered. As already mentioned, the 

eigenvalue analysis mainly provides a shape of geometrical imperfections that are a perquisite of a stability-

related problem. The relevant output of the heat transfer analysis includes computed nodal temperatures in time 

in different sections of the girder. Finally, to compute the fire resistance, displacement-time curves at points of 

load application and out-of-plane web displacement-time curves are extracted from the static analysis. 

 

The overall fire resistance is defined by the girder’s failure time, at point in time when the displacement-time curve 

approaches the vertical asymptote and corresponding displacement rates are large [6]. Additionally, the critical 

temperature is computed, which in this case, represents the maximum temperature achieved in the web panel at 

the time of failure. Often, it can also be of interest to compute out-of-plane web displacements and the 

corresponding displacement rate in time. These curves not only give an indication on the development of the out-

of-plane deflections in a fire scenario, but also serve to observe primary and secondary buckling waves in the web 

panel and their anchoring in the surrounding supports (lateral stiffeners and flanges). 

 

 

3. VALIDATION OF THE NUMERICAL MODEL WITH EXISTING EXPERIMENTAL RESULTS 

 

Before the developed numerical model and the presented modeling procedure can be considered reliable, results 

of existing experiments conducted on steel and composite plate girders in fire are analyzed and recreated in this 

paper using the ABAQUS software. The generated results of the heat transfer and shear buckling are compared 

and validated. The first series involves fire tests on bare steel plate girders conducted by Scandella [6], whereas 

the second comprise of composite plate girders, investigated by Aziz et al. in [13]. 

 

3.1 Validation of the numerical model of steel plate girders 

 

A thorough experimental investigation of steel plate girders in fire was conducted by Scandella in [6]. Within his 

research, Scandella conducted eight tests on steel plate girders in fire (Series II and III) and studied several 

different influences on their shear buckling behavior. These include: (a) web slenderness (b) aspect ratio (c) 

flange stiffness (d) load level and (e) thermal insulation. Dimensions of the tested girders are shown in Figure 2. 
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Figure 2: Dimensions of the tested steel plate girder in [6] 

 

The analyzed web panel is located in the middle of the girder (Section A-A), with a reduced thickness compared 

to the rest of the girder (Section B-B), in order to ensure shear buckling failure mode in the middle web panel. 

Furthermore, to analyze the fire behavior of steel plate girders in shear, the static system with antisymmetric 

loading was selected. Compared to classical four-point bending tests, this static system reduces the influence of 

bending moments on the overall shear resistance of plate girders. The middle part of the girder was enclosed on 

all four sides with a furnace, set up to introduce high temperatures in the girder. 

 

In [6], the fire tests were conducted in such a way that at first, two loads with equal amplitudes were introduced at 

girder ends (with defined load ratio μ0 of the ultimate load at ambient temperature), before any heating had taken 

place. Afterwards, the loads were constant throughout the test. At the end, the furnace was activated, and heating 

of the girder was initiated. The heating of the girder was done according to the ISO 834 curve, with the exception 

of the initial phase, where a maximum heating capacity of the furnace (70°C/min) had to be used. In addition, 

Scandella conducted small-scale tests on steel plates of various thicknesses at different elevated temperatures. 

This, in turn, enabled a detailed definition of the material model, later implemented in the numerical model. 

 

Integrating the provided geometry, loading, heating and boundary conditions, as well as the provided material 

model from [6], we have developed numerical models of these steel plate girders, following the modeling 

procedures described in the previous section. To validate the numerical model and prove its reliability and 

accuracy, the following output parameters are extracted and compared with experimentally obtained values, e.g.: 

(a) temperature in different girder plates and (b) lateral displacement at loading points. 

 

At first, to recreate the temperature field in steel girders exposed to an increasing temperature, heat transfer 

analysis is initiated in the ABAQUS software. Aside from the standard physical properties defined in the material 

model (density, conductivity and specific heat), heating of the girder has to be introduced through the interaction 

of the girder’s surfaces with the surrounding heated gas. This is done by providing convection interactions with 

film coefficients αc on all heated surfaces of the plate girder. Although a standard value of this coefficient (αc = 25 

W/(m2K)) has already been provided in [15], this uniform value is not suitable for girders that comprise of several 

plates of different thicknesses and existing temperature gradients in cross sections of plate girders. Therefore, for 

each of the eight tests performed in [6], a set of film coefficients has been calibrated, in order to achieve a 

temperature field closest to the one measured in tests. Based on these considerations, the temperature-time 

curves of heated gas, flanges and web have been extracted and put side-by-side with the temperatures measured 

in the experiments. The temperature-time curves of test Series II and Series III are shown in Figures 3a-d and 

Figures 4a-d, respectively. 

160 1100 200 660 880 660 200

5120

200

tw

[mm]

A-A

9
0

0

B-B A-A B-B

F

F

Pinned 

support

Roller 

support

1601100

a

200

10

B-B

8
8

0

880

880

1320

880

tw a

G1.2

G2.2

G3.2

G4.2

6

4

6

6

-

FL

F

F

F

+
-
FL

V

M

+ +

tf

tf

20

20

20

25

Series II μo

0.5

0.5

0.5

0.5

880

880

1320

880

tw a

G1.3

G2.3

G3.3
a

G4.3
b

6

4

6

6

tf

20

20

20

25

Series III μo

0.65

0.35

0.5

0.5
a
 top flange isolated 

b
 both flanges isolated

3x560 = 1680mmHeated area

369



a) b) 

c) d) 

Figure 3: Comparison of temperatures of steel girders of Series II measured in [6] and computed with ABAQUS 

 

a) b) 

c) d) 

Figure 4: Comparison of temperatures of steel girders of Series III measured in [6] and computed with ABAQUS  

 

As it is clear from the results above, our numerical model can recreate the temperature field of each of the tested 

steel girders, with minor deviations from the measured values. Thereupon, the corresponding mechanical loads 
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are introduced in the initially deformed girders, after the imperfections of the scaled eigenmode (uo=hw/200) have 

been applied. Afterwards, the girders are exposed to increasing temperatures until the sway-frame mechanism 

with plastic hinges is formed in the flanges and the entire system suffers due to loss of stability. The results of this 

analysis are presented with displacement-time and displacement-temperature curves at points of load application 

and compared to experimentally obtained values (where available) in Figures 5a-b and 6a-b, respectively. 

 

a) b) 

Figure 5: Comparison of a) displacement-time and b) displacement-temperature curves of steel girders of Series 

II at loading points measured in [6] and computed with ABAQUS 

a) b) 

Figure 6: Comparison of a) displacement-time and b) displacement-temperature curves of steel girders of Series 

III at loading points measured in [6] and computed with ABAQUS  

 

It is obvious that the developed numerical model can recreate the structural behavior of steel plate girders in fire 

in a satisfactory manner. The main advantage is the provided detailed material model of steel at elevated 

temperature. In fact, Scandella has shown a significant influence of the material definition on the overall capacity 

and fire resistance of steel plate girders. One should also point out that the experimental tests had to be 

terminated due to maximum deflections achieved in measuring instruments, while this is obviously not an issue in 

numerical simulations, which can be run until the displacement-time curves are almost asymptotical. The 

summary of the measured and computed failure times and critical temperatures is given in Table 2. 

 

Table 2: Comparison of failure times and temperatures in web and flanges of steel girders from [6] 

 G1.2 G2.2 G3.2 G4.2 G1.3 G2.3 G3.3 G4.3 

Failure time tR
EX [min] 14.7 12.9 14.1 15.0 12.7 16.1 14.9 15.7 

Failure time tR
AB [min] 15.1 13.5 14.4 15.3 13.0 16.1 15.6 16.0 

Relative error [%] 2.72 4.65 2.12 2.00 2.36 0.00 4.70 1.91 

Tweb = Tcritical [°C] 533.6 515.9 538.7 576.5 483.3 598.1 555.6 525.8 

Tflange [°C] 398.3 334.7 383.3 384.1 361.2 401.7 
149.6TF 

379.6BF  
88.2 

       TF – temperature in the top flange; BF – temperature in the bottom flange 

with tREX – experimentally measured failure time, tRAB – numerically computed failure time, Tw – web temperature 

and Tf – flange temperature at the time of failure. 
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The computed temperature in the middle web panel is used as the representative value of the critical 

temperature. In case of Series II, it is clear that the fire resistance of steel plate girders with higher web 

slenderness (G2.2) and higher aspect ratio (G3.2) is reduced, with respect to the reference girder (G1.2). The 

slight increase in fire resistance in case of a higher flange stiffness (G4.2) is, generally, not to be neglected, but is 

in this case inferior to the other influences. In Series III, the load level has a significant influence on the fire 

behavior, with the higher load level (G1.3) producing a lower fire resistance with lower critical temperature; and 

vice-versa, the lower load level generating a higher fire resistance (G2.3) with higher critical temperature. In case 

of girders with insulated top flange (G3.3) and both flanges (G4.3), the failure time and critical temperature are 

similar; however, the temperature in the flanges is much lower in the latter case. This brings about higher 

temperature gradients in the web panel and higher initial deflections, as it is apparent from Figure 6a. 

 

3.2 Validation of the numerical model of composite plate girders 

 

Aziz et al. [13] carried out fire tests on three composite girders to observe the influence of web slenderness and 

aspect ratio on the overall fire resistance of typical bridge girders. In [13], girders G1, G2 und G3 were supported 

on their ends and loaded with a constant load in the middle of the span for 30 minutes, before being exposed to 

an increasing temperature. The loads introduced in the system prior to fire exposure were chosen as a 

percentage of the flexural capacity of these girders at ambient temperature, specifically 69%, 40% and 33% of the 

capacity of girders G1, G2 and G3, respectively. The dimensions of the tested girders are given in Figure 7.  

 

 

Figure 7: Dimensions and static system of the Aziz’ girders in [13] 

 

While Girder G1 was designed with no intermediate stiffeners and with web thickness tw=11.1mm, girders G2 and 

G3 had intermediate stiffeners, positioned to produce panel aspect ratios of 1.0 and 1.5, respectively. In addition, 

to test the influence of web slenderness, a thinner web (tw=4.8mm) was assigned to girders G2 and G3. The 

girders were heated on their sides and from the bottom with the fire test furnace. The temperature increase during 

the test followed the ASTM E119 temperature-time fire curve, until failure in girders was established. 

 

Based on the given input parameters of the tested bridge girders in [13], a numerical model in ABAQUS software 

has been developed, by following the guidelines presented in the previous sections. In order to achieve a reliable 

and accurate numerical model, with the ability of reproducing experimental results on composite plate girders in 

[13], the following output parameters are extracted: (a) temperature in different cross section parts of the girders 
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and (b) lateral displacement at girder mid-span. Similar to the procedure described in the previous sub-section, 

eigenvalue analysis in ABAQUS is conducted to extract and scale the initial imperfections (uo=hw/200). Following 

that, heat transfer analysis is administered, with which the temperature field in every section of the girder is 

determined. Within this step, the effects of conduction, convection and radiation, which are dependent on multiple 

factors during the test, were considered and calibrated in an attempt to recreate the experimental results. The 

comparison of computed values achieved from the ABAQUS model and measured values from the tests on all 

three girders is shown in Figures 8a-c. 

 

a) b) 

c) 

Figure 8: Comparison of temperatures of tested composite girders measured in [13] and computed with ABAQUS  

 

With regard to Figures 8a-c, the temperatures in different parts of the girder are, for the most part, accurately 

reconstructed with the ABAQUS software. Keeping that in mind, there are not significant differences in the 

temperature distributions among the girders, aside from the faster heating of the thinner webs. The girders’ 

bottom flange and web reach the maximum temperatures, between 700-800°C at the time of failure; the top 

flange, which is insulated by the concrete slab, did not attain temperatures higher than 600°C; and temperatures 

in the slab and studs did not surpass 400°C, with the minimum temperature recognized at the top of the slab. 

 

a) b) 

Figure 9: Comparison of a) displacement-time and b) displacement-temperature curves of composite plate girders 

G1, G2 and G3 at load application points measured in [13] and computed with ABAQUS 
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The calculated temperature field is adopted and used as an input value for the thermal stress and stability 

analysis. Meaning, by applying a constant load in the middle of the span, the computed temperature is increased 

until the girders reached their failure mode. To validate our numerical model, displacement-time curves at mid-

span are computed and compared to the measured values in [13] and shown in Figure 9a. In addition, the mid-

span displacement is plotted against web temperature and shown in Figure 9b. While girder G1 failed due to 

flexural buckling of the flange, with no notable out-of-plane deflections in the web, girders G2 and G3 failed due to 

shear buckling. Furthermore, girder G3 attained a lower fire resistance, which can be prescribed to the increased 

aspect ratio of 1.5. As it can be seen, the developed numerical model provides more conservative results, since it 

displays an earlier failure time than the girders from the experiment. The possible reasons could include: (a) the 

lack of the exact definition of the concrete material model at elevated temperatures in [13] and (b) the 

nonexistence of the steel model at elevated temperatures for different plate thicknesses in [13]. Nevertheless, this 

analysis provides a good insight into the phenomena of shear buckling of composite plate girders in fire and 

stresses the importance of a detailed definition of material models at elevated temperatures. 

 

4. FIRE ANALYSIS OF THE BENCHMARK PLATE GIRDERS IN FIRE 

 

Having validated the numerical model of steel and composite plate girders with the existing experimental tests, 

benchmark composite plate girder has been adopted, with which a parameter study of the most influential 

parameters on structural fire behavior of plate girders in shear is conducted. Following the example of [6], the 

static system with antisymmetric loading is chosen, in order to reduce the influence of bending moments on the 

shear capacity of the web panel. The previously described three-step procedure with eigenvalue, heat transfer 

and thermal stress and stability analysis has been applied analogously. The sketch of the chosen composite 

girder, which originates from the aforementioned currently running research project at Ruhr-Universität Bochum, 

is given in Figure 10. 

 

 

Figure 10: Dimensions and static system of the benchmark composite plate girder 

 

The girder is exposed to fire on three sides (sideways and from the bottom), with the heating area corresponding 

to the length of three modules of modular electric furnace (3x560=1680mm). The fire simulations in ABAQUS are 

conducted in two phases. The first phase is the loading phase, where the loads are introduced at girder ends. At 

this point, imperfections are already considered. After the desired load level is reached, the girder is heated 

according to the ISO 834 fire curve until failure is established. The chosen load level for the reference girder is 

500kN, which corresponds to 60% of its ultimate load at ambient temperature. The results of the numerical 

analysis of the benchmark composite girder are shown in Figures 11a-b. These include displacements and 

displacement rates at loading points and out-of-plane displacements in the middle of the web. Since the girder is 

not a doubly symmetric cross-section, displacements at the left and right loading point are not equal in magnitude, 

as it is the case of bare steel plate girders. Therefore, an average among the two is calculated and plotted below. 
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a) b) 

Figure 11: Displacement- and displacement rate vs. time in the: (a) loading points in the lateral y direction and (b) 

middle of the web panel in the out-of-plane z direction 

 

Observing the obtained results from above, three different phases in structural fire behavior can be distinguished. 

During the first phase, no increase in global deflections w can be observed. However, the out-of-plane web 

deflections u and the corresponding rates u’ are increasing i.e., the tension band forms in the web and anchors 

only in the surrounding stiffeners. Therefore, the increase in the out-of-plane deflection rate can only be attributed 

to the restraint forces caused by thermal expansion, since no material degradation occurs at low temperatures. By 

the end of the first phase, the out-of-plane deflections stabilize, which marks the beginning of the anchoring of 

web’s tension band in the flanges. The second phase (3.5min) begins with the steady, almost linear increase in 

global deflections w and deflection rates w’. Yet, the out-of-plane web deflection rates u’ slightly decrease until the 

end, with a quasi-linear increase in the web deflections u. The third and final phase (11.5min) is marked with an 

almost exponential increase in global deflections w and rates w’. Similarly, the rise in u’ rates can be observed, 

followed by a nonlinear development in web’s out-of-plane deflections. The reason is the pronounced material 

and stiffness degradation of the web panel and flanges due to exposure to high temperatures. With a reduced 

capacity to carry the loads, the tension band widens, integrating a larger web area to participate in the load 

carrying process and activating tensile stresses within the secondary buckling waves. This brings about the rise in 

the deformation of the surrounding flanges, until the deflection curves become almost asymptotical. At that point 

in time (20.4min), the girder has reached its fire resistance. Finally, the deformed shape of the girder indicates a 

pair of plastic hinges in each flange, which developed to produce a sway-frame mechanism and shear buckling 

failure of the plate girder. The maximum computed temperature in the web panel is 563°C. To investigate the 

temperature development, the temperature in the middle cross-section of the web panel is computed in time and 

displayed in Figures 12a-b. 

 

a) b) 

Figure 12: Temperatures in the middle cross-section of the composite plate girder 

 

For the total heating time of 20.4 minutes, the highest temperatures are achieved in the web plate and bottom 

flange (563°C), while the top flange has notably lower temperatures (235°C), with slab and studs remaining 

relatively cold. Contrary to the composite girders from [13], the concrete slab did not attain larger temperatures, 

since it was not heated directly by the furnace from its sides and the heating time was only half as long. 
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In the following, the influence of several different parameters on the shear buckling behavior of composite plate 

girders is explored. At first, the load ratio μ was varied from 0.60 to 0.33. The displacement at loading points is 

plotted in time and given in Figure 13a. The failure time ranges from 20.4min to 35.4min, with a clear increase in 

fire resistance in case of lower load ratios. Analogously, the critical temperature in the web is highest for the 

lowest tested load ratio of 0.33 and equal to 714°C, compared to 563°C in case of the load ratio of 0.60. 

Subsequently, the influence of partial shear connection and fire protection is shown in Figure 13b. With regard to 

the reference girder, the number of shear studs was reduced from 70 to 21, by arranging only one row of studs at 

a distance of 340mm. This corresponds to the reduction of the degree of shear connection from 2.19 to 0.66. In a 

separate simulation, the bottom flange of the reference girder was insulated, providing for its slower heating, only 

possible through heat conduction. It is obvious that the fire resistance of composite girders with partial shear 

connection is decreased, with failure time of 18.9min and critical temperature of 474°C. On the other hand, with 

an insulated bottom flange, the overall fire resistance was increased to 22.0min, with 586°C in the web panel and 

a reduced temperature in the bottom flange of 175°C. Furthermore, the deflections are higher during the second 

phase of this simulation, compared to the other too, which can be attributed to the thermal stresses and strains 

that arise during temperature differences in the web and surrounding flanges. 

 

a) b) 

Figure 13: Displacement-time curves at loading points for: a) varying load ratio and b) partial shear connection 

and fire protection 

 

In the end, the influence of the web and flange thickness on the fire resistance of plate girders in shear is 

investigated. At first, the thickness of the middle web panel was varied from 4mm to 8mm. In another set of 

simulations, the impact of the flange thickness of the entire girder was analyzed in the range from 15mm to 

30mm. The results of these simulations are presented in Figures 14a-b. 

 

a) b) 

Figure 14: Displacement-time curves at loading points for varying: a) web thickness and b) flange thickness 

 

As expected, Figure 14 shows that enlarging the thickness of the web panel or the flanges increases the overall 

fire resistance of the plate girder. Considering that the failure mode in all cases was web shear buckling, the 

influence on fire resistance is more significant in case of varying web panel thickness. In fact, by increasing the 

web thickness from 4mm to 8mm, the fire resistance rises from 10.9min to 28.2min. On the other hand, the fire 

resistance increased only slightly from 19.3min to 24.0min, when the flange was increased from 15mm to 30mm. 
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5. CONCLUSIONS 

 

Within the scope of this paper, the fire resistance of steel and steel-concrete composite plate girders in shear has 

been investigated numerically with the implementation of the ABAQUS software. The developed models in heat 

transfer and stability analysis were, at first, validated with existing experimental results, before a parameter study 

on a chosen benchmark composite plate girder was conducted. With regard to the results achieved in this study, 

the following can be deduced: 

 

• The developed numerical models are capable of reproducing the structural fire behavior of steel and steel-

concrete composite plate girders in shear with satisfactory results. 

• A comprehensive definition of steel and concrete material models at elevated temperatures is essential when 

recreating shear buckling behavior of plate girders in fire, since the lack of such may lead to deviations. 

• The increase in web thickness and flange thickness as well as the consideration of fire protection provided a 

higher fire resistance in both steel and composite plate girders in shear. However, a higher aspect ratio, higher 

load ratio and partial shear connection reduced the overall fire resistance. 

• The contribution of the concrete slab in plate girders exposed to fire is two-fold. It does not only stabilize the 

top flange and increase its stiffness, but it acts as an insulator to provide a slower heating of the top flange.  
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ABSTRACT 

 

An environmentally friendly composite construction system (“Stahlkammer”) combining recycled steel profiles and 

a newly developed cement-free concrete (Cleancrete ©) and meant to be employed in residential buildings is being 

developed in a research project led by ZHAW and ETH and with the participation of industrial partners in 

Switzerland. This paper specifically described the behaviour of “Stahlkammer” columns, consisting of two steel C-

profiles connected to an inner plate and partially filled with Cleancrete, with a special emphasis on the fire 

performance. Given the lack of knowledge of the thermal and mechanical behaviour of this new material, several 

material-level tests were carried out. From the material test results, it was found that Cleancrete shares similar 

thermal properties (heat capacity and thermal conductivity) with concrete-based materials. However, its modest 

strength and stiffness are seemingly less sensitive to the temperature increase, as for clay bricks. Based on the full 

characterization of the material, a non-linear finite element (FE) model of Stahlkammer column was developed, and 

heat transfer analyses and non-linear static analyses were conducted. The suitability of the models subjected to 

axial compression and elevated temperature was successfully validated against analytical models available in the 

European Standards for construction. The fire resistance of two different types of “Stahlkammer” columns was 

investigated by means of thermomechanical simulations in accordance with the fire design curve of the standard 

ISO 834-1. The results show that Cleancrete contributes indirectly to the enhancement of fire resistance by cooling 

down the temperature of the steel elements while the actual strength contribution is marginal. Considering a 

standard ground floor column, the fire resistance class R30 (i.e. at least 30 minutes in fire without failure) can be 

achieved providing that the vertical load does not exceed 160 kN. The addition of two embedded C-profiles UNP140 

significantly increases the fire resistance class up to R60 with a design vertical load of 330 kN. 
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1. INTRODUCTION AND MOTIVATION 

Avoiding unsustainable, man-caused climate change requires a rethink of most current practices in construction. 

Cement production alone accounts for nearly 8% of global CO2 emissions [1]. The usage of new and sustainable 

building materials to replace conventional concrete can drastically reduce emissions and combat the increasing 

speed of climate change, which is threatening our world. One of these new building materials is called Cleancrete©, 

produced by the ETH spin-off company Oxara. This novel eco-friendly material is meant to replace the role of 

conventional concrete for low-demand structures. Cleancrete is a cement-free concrete and has therefore a much 

smaller carbon footprint compared to conventional concrete, with an up to 90% reduction in greenhouse gas 

emissions [2]. Employing such a new material requires testing to ensure it behaves as intended in all conditions it 

could encounter. However, Cleancrete has never been tested with regard to its fire performance. Conventional 

concrete and composite structures behave well in the fire scenario. Concrete has a low thermal conductivity, high 

heat capacity and a lot of mass, which protects rebar and steel beams embedded in it from rapid heating. If 

Cleancrete behaves similarly to concrete, it would make an excellent insulation material. 

Cleancrete needs to be tested with regard to its mechanical and thermal properties at elevated temperatures to see 

if this hypothesis holds true. The obtained mechanical properties need to be compared to other materials, mainly 

conventional and lightweight concrete, to determine if identical design approaches and codes are applicable when 

designing structures using Cleancrete. 

As mentioned, Cleancrete is used in low-demand situations as it has a low compressive strength. To increase the 

usage, this new material is used in conjunction with steel to create the “Stahlkammer” system, as shown in Figure 

1. A standard Stahlkammer column consists of two C-shaped cold-formed profiles made of recycled steel with a 

rectangular steel plate sandwiched in between them. The chambers are filled separately with Cleancrete and 

assembled together with the inner plate resulting in a partially embedded composite cross-section. 

 

 
a) 

 
b) 

Figure 1: Production of “Stahlkammer“ specimen and concept of a “Stahlkammer” column 

 

In view of the lack of knowledge on the thermomechanical behaviour of this novel cement-free material, 

experimental tests were first conducted and presented in the following section. This enables a full characterization 

of Cleancrete in terms of both thermal and mechanical properties. 

The experimental work is presented in Section 2 and the test results serve as inputs for the development of a 

reliable finite element model which is thoroughly described in Section 3. The aim of the numerical investigations is 

to evaluate the fire resistance performance of this newly conceived column by performing thermomechanical (fire) 

simulations and to check whether the system complies with the given fire safety requirements. However, the actual 

performance of the product will be assessed experimentally in the next months at room temperature as well as in 

fire by performing full-scale tests. 

The workflow of the core activities presented in this paper is finally summarized in the flow chart below. 
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Figure 2: Outline of the presented study 

 

 

2. MATERIAL TESTS ON CLEANCRETE 

 

2.1. GENERAL 

The material tests on Cleancrete were conducted to find mechanical, thermal and thermo-mechanical properties. 

The mechanical and thermo-mechanical properties consist of the compressive strength at room temperature, the 

residual compressive strength after exposure to elevated temperatures and the density. The thermal properties 

required are thermal conductivity and heat capacity. 

Figure 3 shows the utilized workflow, which consisted of curing and drying the specimens before heating them to 

different temperature levels. After cooling down, the different properties were tested. The words “cup”, “cuboid” and 

“cube” refer to different types of specimens, as different types of forms were needed for different experiments. 

 

 
Figure 3: Workflow of the experimental study 

 

 

2.2. PREPARATION OF THE SPECIMENS 

The mixture was provided by Oxara, the company which produces Cleancrete. Cleancrete contains sludge, 

aggregates, fibres, water and an admixture called Oxacrete. Sludge acts as the cement in conventional concrete, 

binding the aggregates together. The fibres are flax, a natural fibre harvested from the identically called crop [3]. 

These are added to the mixture to increase the strength of Cleancrete, similar to steel-fibre reinforced concrete. 
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The admixture “Oxacrete” is a white powder produced by Oxara and acts as a superplasticizer, increasing the 

workability. The ingredients were added to the drum and mixed until a homogenous mass was obtained. The mixture 

was filled into the formwork to create various types of specimens, required to test the different properties. The 

specimens were placed in a climate chamber (20°C, 50% RH). The formwork was removed after 5 days and left to 

cure for an additional 51 days, resulting in 56 days of curing as specified by Oxara. Figure 4 shows the final mixture 

before filling of formwork and the specimens curing in the climate chamber. 

 

 
a) 

 
b) 

Figure 4: Mixing and curing of Cleancrete specimens in the climate chamber. 

 

After curing, the specimens were placed in an oven at 105°C for 3 days to remove any free moisture which could 

have negative effects on experiments, such as an increased thermal conductivity. Cleancrete was ground to a fine 

powder with a grain size similar to flour to test the heat capacity using the differential scanning calorimetry method. 

The produced cubes were heated up to 800°C, kept at the maximal temperature for 90 minutes to obtain steady 

state temperature conditions throughout the entire specimen and left to cool down at room temperature to test the 

density and compressive strength after heat exposure. 3 cubes were not heated to test the strength at room 

temperature. One specimen was placed inside a plastic bag to avoid moisture intake during the testing of the 

thermal conductivity. 

 

 

2.3. THERMAL PROPERTIES 

The ground Cleancrete was placed in the differential scanning calorimetry testing device and heated to the maximal 

possible temperature of 540°C while measuring the heat flow into the sample to determine the temperature-

dependent heat capacity. 4 runs with different samples were conducted to check the variability of the results. 3 of 

the 4 runs showed similar results, while one showed drastically lower values. This run was neglected and the other 

3 runs were averaged to obtain the results shown in Figure 5. The initial heat capacity at room temperature was 

approximately 800 J/kg*K and increased to 1’200 J/kg*K at 500°C. In addition to the obtained results, Figure 5 also 

shows values for different materials, namely (lightweight) concrete and clay units. This data was taken from the 

respective European norms for construction as a comparison, i.e. EN 1992-1-2 [4] for concrete and EN 1996-1-2 

[5].  

 

 
Figure 5: Heat capacity for different materials 
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Cleancrete behaves similarly to conventional concrete regarding the change in heat capacity. At higher 

temperatures, larger than 400°C, Cleancrete is an even better insulation material than concrete with values up to 

1236 J/kg*K. While the initial value of lightweight concrete and Cleancrete matches very well, lightweight concrete 

does not show an increase in heat capacity at elevated temperatures according to Eurocode 2 [4]. The heat capacity 

of clay units is generally lower, between 500 and 700 J/kg*K, at room temperature [6, 7]. The behaviour at elevated 

temperatures is also different. Considering these values, Cleancrete can be classified as conventional concrete 

with regard to heat capacity. 

The thermal conductivity was tested with a guarded hot plate device. The test runs failed to complete. The probable 

cause was most likely too high thermal conductivity of Cleancrete, as a device to test thermal insulation was used. 

The value of the thermal conductivity at room temperature is known as it was tested for a similar mixture in an 

earlier experiment. This value was taken and compared to values for concrete and clay bricks to determine which 

material is most similar to Cleancrete. 

The known value of the thermal conductivity at room temperature is 1.2 W/m*K, which puts it in between lightweight 

and conventional concrete [4]. Clay bricks (fired and unfired ones) have a lower thermal conductivity, between 0.2 

and 0.9 W/m*K, depending on the humidity content [8, 9, 10]. All these values are shown in Figure 6. Considering 

these values, Cleancrete can again be classified as (lightweight) concrete. 

Finally, the thermal expansion coefficient was not measured but it was preliminarily assumed to be temperature-

independent and equal to 8·10-6/K as recommended for lightweight concrete in EN 1994-1-2 [11]. 

 

 
Figure 6: Comparison of thermal conductivities at room temperature for different materials 

 

 

2.4. MECHANICAL PROPERTIES 

The density of Cleancrete was tested with the cubes after heating in the oven and before compression strength 

testing. The initial density of 2502 kg/m3 at room temperature was reduced to 1934 kg/m3 after a heat exposure of 

800°C, as shown in Figure 7. 

 
Figure 7: Density change of Cleancrete  
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temperature. The density values for fired and unfired clay bricks are generally lower, at and below 1850 kg/m3 for 

various temperatures, as found by various studies [12, 13, 14, 15, 16]. Cleancrete can therefore be classified as 

lightweight concrete with regard to density values.The Cleancrete cubes were placed in the compression test device 

to test the residual compressive strength after heat exposure and cooling down. 3 cubes were tested for each 

temperature level, except for 100°C, for which only 2 cubes were tested. The compressive strengths of the unheated 

cubes were between 2 and 3 MPa, only a quarter of the strength of the lowest strength commercially available 

lightweight concrete, LC8/9. The compressive strength increased with heat exposure up to 3 to 4 MPa. The results 

from the residual compressive strength test are shown in Figure 8. 

 

 
Figure 8: Residual compressive strength of Cleancrete 

 

The normalized residual compressive strength was plotted against conventional concrete as well as clay bricks in 

Figure 9. Cleancrete behaves differently to conventional concrete, as the strength increased after heat exposure 

rather than decreased. In that sense, it acted more like clay bricks. A study conducted on fired clay bricks found, 

while not as drastic, a similar increase in residual compressive strength after heat exposure [17]. The thermo-

mechanical behaviour is very much different than initially expected, as a decrease in strength was prognosed, 

similar to conventional concrete. Like how the burning of clay bricks increases the strength of the bricks, Cleancrete 

also showed an increase in strength with an increase in temperature. 

 
Figure 9: Normalized residual compressive strength for different materials 

 

The residual compressive strength after heating represents an easy experimental approach to estimate the 

compressive strength at predefined temperature. However, it does not accurately depict the actual strength 

occurring during the fire scenario which would require more sophisticated instrumentation. This is also shown in EN 

1994-1-2 annex C [4] for concrete where the compressive strength in fire is actually 1.11 times higher than after 

heating and cooling down considering the same reference temperature. 

However, as can be seen in in Figure 9, the behaviour of Cleancrete after heating is closer to fired clay bricks with 

regards to its compressive strength at elevated temperatures. Unlike in standard and lightweight concrete, the 

strength of clay bricks in fire is smaller than the residual compressive strength of clay bricks by a factor of ca. 0.8 

[17]. Finally, the mean value of the Young’s modulus at room temperature (in MPa) was provided by the company 

Oxara where a mean value (in MPa) of approximately 800fc was found, with fc in MPa. This yields to 1512 MPa  

which was finally taken in the current work. The relative reduction of the elastic modulus at different temperatures 
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has been finally extrapolated from the initial slope of the load-deformation curves of the compressive tests and the 

results are plotted in Figure 10. 

 

 
Figure 10: Normalized Elastic modulus for different materials 

 

 

3. NUMERICAL MODELLING OF COLUMNS 

 

3.1. OVERVIEW 

The experimental characterization of the Cleancrete carried out in the previous section is used as input data for the 

development of a reliable finite element (FE) model, as can be seen in Figure 2. Although full-scale experimental 

tests of the structural members are necessary to assess the actual performance of the composite “Stahlkammer” 

system, a validated FE model can be helpful in supporting the design of the members in view of the static and fire 

safety requirements. The numerical study presented in this section focuses on two types of Stahlkammer columns 

which are currently under consideration: the “standard” and “modified” Stahlkammer columns shown in Figure 11 

a) and b), respectively. All the configurations considered in this study refer to a length of 2.9 m. As most of the steel 

surface of the cross-sections is directly exposed, a special emphasis is laid on the fire performance of the columns.  

 

  
a) b) 

Figure 11: a) “Standard” and  “modified” Stahlkammer cross-sections with dimensions (in mm). 

 

The non-linear 3D finite element (FE) model is developed by using the software ABAQUS and all the relevant 

features are thoroughly described in the next sections. This includes all the input parameters used for modelling 

the materials for the thermal and mechanical simulations, i.e. heat transfer and static analysis, respectively.  

The suitability of the presented FE model is checked by comparing the numerically-computed values of the 

resistance at room and at elevated temperatures with the current European Norms for construction. 

Finally, thermomechanical simulations are carried out for simulating the design fire scenario according to the 

standards ISO 834-1 [18] and the results are discussed at the end of this section. 
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3.2. MESH MODELLING, CONTACT AND BOUNDARY CONDITIONS 

Volumetric mesh elements C3D8R and DC3D8 mesh elements are used, for heat transfer analyses and companion 

mechanical simulations, respectively. An average mesh edge size of 10 mm was used with a finer mesh in proximity 

of the edges and geometrical discontinuities as can be seen in the Figure 12a) and b) for “standard” and “modified” 

Stahlkammer column, respectively. 

 

  

a) b) 

Figure 12: 3D mesh of the a) “Standard” and  “modified” Stahlkammer. 

 

For the sake of simplicity, the steel element, inner plate and C-profiled were separately generated and finally merged 

together as a single element. The constraint *TIE was applied to all the contact surfaces between steel parts and 

Cleancrete. This enables the full heat transfer in thermal analysis and it prevents any relative motion in the 

mechanical simulations (LBA and GMNIA). However, in the latter cases, only the inner plate was fixed to the 

Cleancrete where a series of bolted connectors is expected. 

To reproduce the boundary conditions at the extremities of the columns, the end surfaces were coupled with a 

reference node and the kinematic and static conditions were applied accordingly. Based on the static system of the 

foreseen building, three typical boundary conditions were analysed in this study: fixed-fixed, fixed-pin and pin-pin 

resulting in a buckling length of 0.5L, 0.7L and 1.0L, where L indicates the real length of the column. 

 

3.3. MATERIALS 

The properties of Cleancrete measured in the material tests (specific heat capacity, thermal conductivity and 

density) and reported in Section 2.3 are implemented in the numerical modelling of the material, accordingly. 

Given that no experimental full-scale test is currently available for validating the presented FE model and the scatter 

of the mechanical properties of Cleancrete is unknown, characteristic values of the strength were estimated based 

on the experimental measurements. This was done by taking the mean value of fcm,θ which was further reduced by 

10%. Whilst it could be argued that this approach might not be safe-sided, no information on the statistical variability 

is known and further tests are necessary to have a more reliable estimation of the characteristic values. Additionally, 

the mean value of the elastic modulus Ecm,θ was adopted based on the measurements provided in Figure 10. All 

these values are finally summarized below in Table 1. 

 

Table 1: Measured residual compressive strength, mean and characteristic value of the strength, and elastic 

modulus at different temperatures for Cleancrete. 

Temperature (°C) 20 100 200 300 400 600 800 

fcm,res (MPa) 2.1 3 3.5 3.4 3.3 3 3.1 

fcm,θ =0.8 fcm,res (MPa) 2.1 3 2.8 2.7 2.6 2.4 2.5 

fck,θ =0.9 fcm,θ (MPa) 1.9 2.7 2.5 2.5 2.4 2.2 2.2 

Ecm,θ (MPa)* 1512 2062 2268 1745 1237 1134 732 

 

The stress-strain relationship of Cleancrete was introduced as the parabolic-rectangular stress-strain relationship 

for lightweight concrete, as given in [19, 4]. However, the relationship was adapted by adding an additional 

coefficient β to match the initial stiffness Ecm,θin Table 1, and it is given by the following expression: 
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𝜎 =

3𝑓𝑐,𝜃 (
𝜀

𝜀𝑐1,𝜃
)

𝛽

𝜀𝑐1,𝜃 (2 + (
𝜀

𝜀𝑐1,𝜃
)

1.8

)

 (1) 

 

where the strain values εc1,θ and εcu1,θ are provided by EN 1992-1-2 [4] in tabular form. 

Notwithstanding the lack of information about the failure criterion and yield surface of Cleancrete subjected to triaxial 

stress-strain fields, the Concrete Damaged Plasticity (CDP) model was assumed to be appropriate for modelling 

Cleancrete applications. Although future experimental investigations entailing more complex loading conditions may 

address these issues, it is thought that the failure criterion does not affect significantly the global response of the 

structural member in the application considered in this study.  

For the characterization of the model in the software ABAQUS, the plasticity parameters given in Table 2 were 

adopted whereas the material damage was neglected. 

 

Table 2: Assumed plasticity parameters of the “Concrete Damaged Plasticity” (CDP) model for Cleancrete. 

Dilation  

angle (deg) 

Biaxial-to-uniaxial  

Strength (MPa) 

Eccentricity  

parameter (-) 

Ratio of second stress invariants on 

tensile and compressive meridian (-) 

Viscoplastic  

Parameter (-) 

30 1.16 0.1 0.67 0.0001 

 

The mechanical and thermal properties of carbon steel were simply chosen in accordance with the European 

Standards for steel structures (Eurocode 3), i.e. EN 1993-1-1 [20] and EN 1993-1-2 [21]. For the sake of 

consistency, nominal values of the S355 steel were employed in the model, i.e. the yielding strength was fixed to 

355 MPa and no hardening was considered. 

 

 

3.4. HEAT TRANSFER ANALYSES 

The step type “Heat transfer” is selected to compute the temperature distribution over the column in fire. Tie 

constraints are considered between the materials enabling the full heat transfer at the contact interfaces. 

 

The whole external surface was assumed to be directly exposed to fire via convection and radiation. The former is 

reproduced by means of the feature *SURFACE FILM CONDITION using a convection coefficient of 25 W/m2K as 

suggested in EN 1991-1-2 [22]. Similarly, the heat transfer via radiation was implemented through the feature 

*SURFACE RADIATION with an emissivity coefficient ε=0.7 for both steel and Cleancrete surfaces, as 

recommended in EN 1994-1-2 [11].  

Since no specific details about the fire scenario are currently available, the safe-sided ISO 834-1 [18] fire design 

curve in Figure 13 was considered to define the increase of the gas temperature in fire. 

 
Figure 13: Fire design curve according to the standards ISO 834-1 [18] 

 

 

3.5. STATIC ANALYSES AND COMPARISON WITH ANALYTICAL PREDICTIONS 

The lack of full-scale experimental tests of the presented composite column precludes an appropriate validation of 

the numerical model. However, a comparison with analytical predictions at ambient and at given temperature 
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contours could be helpful for a preliminary evaluation of the suitability of the model. For the sake of simplicity, only 

the “standard” Stahlkammer column is taken into consideration in this section. 

The static analyses carried out at this stage are geometrical and material non-linear analysis with imperfections 

(GMNIA) at ambient as well as at elevated temperatures. 

First, a linear Buckling Analysis (LBA) was performed to extract the first buckling shape. This was used to extract 

the equivalent imperfections according to EN 1993-1-14 [23] which provides guidelines for FE-assisted design 

methods. The recommended maximum amplitude of the equivalent imperfections e0 (i.e. accounting for geometrical 

and mechanical imperfection from residual stresses) is given by: 

 

𝑒0 =
𝛼𝐿

150
= 9.47 𝑚𝑚 (2) 

 

where an imperfection factor α=0.49 corresponds to the buckling curve “c”, as recommended in EN 1994-1-1 [24] 

for partially encased composite columns. 

The respective buckling shape was finally imported into the perfect geometry of the column amplified by the value 

e0. After that, a reference temperature contour was assigned to the whole model before being vertically loaded. In 

this study, the temperature distribution refers to the ISO 834 fire design curve after 60 minutes. For the static 

analyses at ambient temperature, a constant value of 20°C was applied to the entire column. 

Furthermore, three different boundary conditions (i.e. fixed-fixed, fixed-pin, and pin-pin) were considered  for each 

2.9 m long Stahlkammer columns leading to a total of 6 GMNIAs. 

 

The numerically-computed resistance values of the columns were finally compared with the respective analytical 

predictions in accordance with the European Standards for composite structures in fire [11]. 

However, the analytical expressions for determining the buckling resistance requires the values of the temperature 

occurring in the different components. To overcome this issue, the temperature values of the single parts were 

directly extrapolated from the heat transfer analyses by means of the plug-in* VOLUME WEIGHTED AVERAGE 

TEMPERATURE available in the ABAQUS library. Owing to the high temperature gradient over the steel elements, 

flanges, web and inner plate were considered separately. Similar considerations applied to Cleancrete which was 

discretized in three elements. 

Based on the degradation of the given temperature-dependent mechanical properties of the materials, all the key 

cross-sectional properties, such as the flexural stiffness EIeff and the plastic resistance Nfi,pl,R were derived. After 

that, the resulting normalized slenderness was calculated as follows: 

 

�̅�𝜃 = √
𝑁𝑓𝑖,𝑝𝑙,𝑅

𝑁𝑓𝑖,𝑐𝑟
  (3) 

 

where Nfi,cr is the critical buckling load as a function of the effective flexural stiffness in fire EIfi,eff. 

Finally, the corresponding reduction factor accounting for the influence of the buckling is extracted from the buckling 

curve “c” shown in EN 1993-1-1 and the resulting design resistance in fire of the composite column subjected to 

axial compression is given by: 

𝑁𝑓𝑖,𝑅𝑑 = 𝜒 ∙ 𝑁𝑓𝑖,𝑝𝑙,𝑅𝑑  (4) 

Given the modest strength and stiffness of the Cleancrete, a second approach was undertaken in accordance with 

EN 1993-1-2, where only the steel section is considered for calculating the analytical value of the resistance. The 

companion numerically-derived values of the resistance remain unchanged. However, for the sake of consistency, 

the same temperature contour was imported in the model. Apart from the different cross-sectional properties, the 

reduction factor χ for determining the fire resistance in EN 1993-1-2 differs slightly from the one given in EN 1994-

1-2 for composite columns. 

Similarly, the resistance of the columns at room temperature was simply calculated according to EN 1994-1-1 (as 

composite column) and EN 1993-1-1 (as steel column). 

 

As can be seen from results shown in Figure 14, both analytical approaches lead to similar outcomes as contribution 

of the Cleancrete in terms of buckling resistance is negligible. 

The maximum deviation between analytical and numerical (GMNIA) values of the resistance does not exceed 8% 

at ambient temperature, see Figure 14a). A minor increase up to 12% can be observed in Figure 14b) for columns 
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subjected to elevated temperature. This discrepancy is mainly due to the simplified nature of the analytical equations 

while a finer discretization of the temperature may slightly increase the accuracy of the results. Also, the EN 1994-

1-1 design procedure is calibrated on composite columns using normal strength concrete rather than low strength 

materials. Based on these considerations, it can be concluded that the presented numerical model is suitable for 

reproducing the non-linear static behaviour of the whole composite member at both ambient and at elevated 

temperatures.  

 

  
a) b) 

Figure 14: Buckling resistance values for Stahlkammer columns according to current norms and numerically-

obtained value from GMNIA: a) at room temperature and b) after 60 minutes of fire. 

 

It is worth noticing that Cleancrete enhances indirectly the buckling strength by thermally isolating and cooling down 

the steel elements, leading to lower temperature values in the steel elements, in particular within the inner steel 

plate. However, the actual fire resistance of the column can be quantified only by means of thermomechanical 

simulations which are presented in the following section.  

 

 

3.6. FIRE SIMULATIONS AND DISCUSSION 

In the frame of the ongoing STAHLKAMMER project, the expected scope of application of the structural members 

is a multi-storey residential building. Depending on the height and the number of storeys, different fire requirements 

are to be fulfilled. Considering a floor-to-floor height of ca. 3 m, a fire resistance class R30 may be sufficient for 

building up to 3 storeys while R60 class needs to be fulfilled for taller buildings. 

Based on the predesign of the actions acting on the whole system, a vertical load of approximately 100 kN is 

estimated for each storey. However, given the uncertainties of this value, the fire simulations presented in this study 

aims to quantify the performance of this newly conceived product in order to support the further development of the 

“standard” and “modified” STAHLKAMMER columns. 

As done in the GMNIA detailed in the previous section, the LBA-based imperfections are imported into the FE model 

accordingly. After that, a two steps solver procedure is defined in the software. The first step is dedicated to the 

application of the predefined vertical load keeping the temperature of the whole element at 20°C. In the second 

step, unlike in the static analyses, the temperature contour obtained from the companion heat transfer analysis is 

extrapolated over the entire duration of the fire. Therefore, the fire resistance of the column corresponds to the 

amount of time necessary to reach the failure conditions defined by given criteria. In this case, it is assumed that 

the structural integrity of the column in fire is limited by a maximum displacement and displacement rate, as 

recommended by EN 1363-1 [25]. These upper bounds are given by: 

 

|𝑢|𝑚𝑎𝑥 =
ℎ

100
= 29 𝑚𝑚 (5) 

|
𝑑𝑢

𝑑𝑡
|

𝑚𝑎𝑥
=

3ℎ

100
= 8.7 𝑚𝑚/𝑚𝑖𝑛 (6) 

 

Where u is the vertical displacement in mm and h is the height of the column in mm. Positive values of u indicate 

the elongation of the column (as a result of the thermal expansion). 
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An example of vertical displacement and the displacement rate during fire is displayed in Figure 15a) and Figure 

15b), respectively. Interestingly, it was found that the latter criterion was decisive in all the configurations analysed. 

 

 

  
a)  b)  

Figure 15: Example of a) vertical deformation and b) deformation rate under fire conditions. 

 

The fire resistance values obtained from this parametric study are finally plotted in Figure 16 for fixed-fixed and 

fixed-pin configurations, separately. Whilst the fixed-fixed conditions (Figure 16a)) could be suitable for continuous 

inter-storey columns where the end rotation in fire is limited by the bending stiffness of the floor, the ground floor 

columns are simply hinged at the base. Thus, the fixed-pin boundary conditions are more representative of their 

actual behaviour in the building at elevated temperature. 

Based on the results in Figure 16b), the proposed cross-section geometries are able to fulfil the R30 and R60 for 

standard and modified Stahlkammer geometries with a load of ca. 160 kN and 330 kN, respectively. 

In view of the foreseen applications in multi-storey residential buildings, further enhancements may be needed to 

increase the fire resistance while further investigations are currently ongoing for a more accurate estimation of the 

design load. 

 

 

  

a) b) 

Figure 16: Numerically-computed values of the fire resistance tfire as a function of the vertical load with 

a) fixed-fixed (0.5L) and b) fixed-pin (0.7L) boundary conditions. 

 

 

4. SUMMARY AND OUTLOOK 

The presented work focused on the fire performance of an innovative type of composite columns which combine 

cold-formed steel profiles with a new cement-free concrete named Cleancrete. An experimental campaign for 

characterizing this new material was carried out and the results were presented and discussed in this paper. 

Based on the results of the material tests, a numerical model was developed and a parametric study was conducted 

to evaluate the fire performance of the system. The main conclusions can be summarized as follows: 
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• Cleancrete possess thermal properties (heat capacity and thermal conductivity) comparable with standard 

and lightweight concrete. Notwithstanding the modest compressive strength of ca. 3 MPa, the mechanical 

properties (strength and elastic stiffness) are seemingly less sensitive to the temperature increase, as is 

also known e.g. for clay bricks. 

• Based on the thermomechanical characterization of the material, a non-linear numerical model of a 

“Stahlkammer” column was developed. This was used to perform heat transfer analyses (HTA) as well as 

geometrically and materially non-linear analyses with imperfections (GMNIA) at ambient and elevated 

temperatures. 

• The suitability of the GMNIAs was ensured by comparing the numerically-obtained values of the resistance 

with the analytical predictions according to the current European Standards for 6 different configurations. 

A good agreement between the numerical and analytical results was achieved with a maximum deviation 

of 12%. 

• The fire performance of Stahlkammer columns was finally investigated via thermomechanical simulations 

in accordance with the fire design curve of the standards ISO 834-1 [18]. The results show that the 

Cleancrete contributes indirectly to the enhancement of the fire resistance by reducing the temperature of 

the steel elements. The fire resistance class R30 (i.e. at least 30 minutes resistance) could be achieved 

by the column under a vertical load of ca. 160 kN. The addition of two embedded UNP140 steel profiles 

significantly increases the fire resistance class up to R60 while withstanding a design vertical load of 330 

kN. 

 

Despite the promising results, further enhancements are to be made in the near future in order to fulfil the given fire 

requirements while withstanding higher loads. Increasing the cross-sectional area of steel and adjusting the 

geometry of the cross-section could be a valid solution. Nevertheless, the local application of fire protection strips 

at the extremities of the inner plate is currently under consideration. 

Another issue which has not been tackled in this study lies in the shrinkage arising in the Cleancrete which was 

observed in the fabrication of the specimens. This could worsen the thermal isolation of the steel elements as the 

heat may penetrate within the gap between the interfaces. Because of the uncertainties on the structural 

performance of this material at elevated temperature, full-scale tests are of key importance to ensure the reliability 

of the numerical predictions. Several beam tests at room temperature are currently ongoing but column tests at 

elevated temperature are foreseen in the next months. 
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ABSTRACT 
Full-size Steel Timber Composite (STC) beams, consisting of IPE steel profiles with timber beams embedded 
between their flanges are tested under four-point bending tests at room temperature and in standard fire 
conditions (ISO 834 heating curve). The length of the beams is 4.6 m with a load ratio in fire condition set at 43%. 
The first configuration (STC1) has its bottom flange exposed to fire, while the second (STC2) is fully encapsulated 
with wider lateral timber beams and a timber element protecting the bottom flange. In normal situation, STC1 and 
STC2 performed higher strengths than steel profile alone. STC1 and STC2 have a measured fire resistance 
reaching 29 and 81 min respectively. As a comparison, the estimated fire resistance of an unprotected steel 
profile is around 13 min. Some temperature measurements show that the deflection of timber and steel elements 
has an impact on the heat increase of the steel profile. A FEM numerical model is developed and validated on the 
basis of temperature and deflection measurements. It confirms that timber provides both fire protection and 
mechanical strengthening for steel in fire conditions.  
 
Keywords: steel; timber; STC beams; fire tests; FEM model.  
 
 
1. INTRODUCTION 
 
Composite structures aim to get improved performances from complementarities that exists between various 
materials and components. In this study, it has been chosen to investigate complementarities between hot rolled 
steel profiles and glulam beams in bending. Previous studies have pointed out that a mutual strengthening can 
exist if steel and timber are combined in an appropriate way. First, loads are shared between steel and timber 
according to their respective stiffness when a device (fasteners, glue, contact, etc.) allows loads transfer [1]. 
Second, in most of existing applications, a steel profile is held laterally by timber members, which increases the 
buckling resistance [2]. Thus, it is possible to significantly reinforce timber beams using an inlaid steel profile [3] or 
to strengthen a H steel profile by inserting timber beams between its flanges [4]. Other studies showed that timber 
components can be used as fire protection for steel profiles. This protection can consist of a timber cladding [5] or 
a filling of the steel section with timber [6]. This fire protection is already used in Japan for several buildings [7].  
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The goal of this study is to evaluate the behaviour of Steel Timber Composite (STC) beams combining both 
mechanical and thermal complementarities of the two materials, as highlighted by previous studies. Thus, these 
hybrid beams could perform higher strength and better fire resistance than those made of a single material. The 
aim is to better understand the thermomechanical behaviour of such beams using fire tests and numerical 
simulations. 
 
2. THERMOMECHANICAL TESTS 
 
2.1 Tests description 
 
Figure 1 presents the two configurations STC1 and STC2 that were tested under fire situation. Each configuration 
has been tested once. These beams consist in IPE 270 steel profiles associated with lateral pieces of glulam 
(GL24h) embedded between the flanges. The load is shared between timber and steel by contact, no structural 
shear connection (screws, bolt, etc.) is involved. Thin steel plates are fitted into assembly gaps, between the 
upper flange of the profile and the timber inner members, to ensure good contact. In the case of STC2 specimen, 
the timber elements between flanges are wider in order to increase the fire protection and to fix the wooden 
bottom cover, which is intended to protect the bottom flange of the steel profile from fire. Both configurations have 
the advantage of providing a mechanical reinforcement of the steel profile. Experimental tests led at room 
temperature showed an increase of strength, with an improvement of global section strength and also of lateral 
buckling strength. Indeed, configuration STC1 showed an increase of 38% and STC2 an increase of 68% in 
strength compared to a single steel profile. Moreover, timber parts protect the steel profile against fire. 
Configuration STC1 has steel partially exposed to fire, as the bottom flange is non-covered, whereas 
configuration STC2 offers a full protection against fire. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Tested configurations 
 
For each test, a beam with a length of 4.6 m and a span of 4.4 m is exposed to a standard fire, considering the 
ISO 834 heating curve. The furnace temperature is controlled using 6 plate thermometers during both tests. 
These temperature measurements inside the furnace show that, after a slightly too high initial heating (between 2 
and 3 minutes after the beginning of the test), the heating followed the ISO 834 reference curve with a good 
accuracy (Figure 4). Figure 2 presents the boundary and loading conditions of the beams, with a constant load in 
four-point bending test applied on the beams during the heating process. The applied load has been taken as 
43% of the average ultimate load-carrying capacity of the beams measured during similar bending tests at room 
temperature. For each fire test, a 1.0 m long non-loaded beam, similar to the loaded one, is placed into the 
furnace to evaluate the impact of the loading on the efficiency of the fire protection provided by timber. The 
instrumentation consists in measuring both displacements and temperatures for the full-scaled beams, and only 
temperatures for the 1,0 meter non-loaded specimens. The displacements are measured at the mid-span of the 
beams, as presented in Figure 2. 
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Figure 2: Experimental set-up 

 
Various thermocouples were fitted in the beams in order to measure temperatures on steel and inside timber. In 
the case of steel temperature, type K thermocouples with a 12 mm diameter copper disc head have been used to 
measure temperatures along the section height (Figure 3-a). Regarding timber temperatures, type K 
thermocouples have also been used, with an insulation made of magnesium oxide and an inconel 600 shielding 
resisting up to 1150°C. Some notches have been made inside timber in order to allow the passage of 
thermocouples (Figure 3-b). Those thermocouples of 1.5 mm diameter have been inserted through boreholes of 
80 mm deep having a 3 mm diameter. Those drilling were made transversally, in the direction parallel to the main 
exposed surface (lateral face), i.e. parallel to isotherms (Figure 3-c). Previous thermal studies showed that this 
disposition gives more reliable measurements [8-11]. 
 

a) 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

b) 

 
 

 
 

 
 
 
 
 
 

 
 

 

c) 
Figure 3: Installation of thermocouples on steel (a) and in timber (b), in boreholes parallel to isotherms (c) 

 
2.2 Test Results 
 
Figure 4 presents the evolution of the mid-span deflection in function of time for both configurations STC1 and 
STC2. The measured furnace temperatures are also given for both cases and compared to the ISO 834 heating 
curve. The failure of the beams is determined regarding the deflection value and its acceleration as proposed in 
EN 1363-1 [12] and EN 13501-2 [13]. For STC1, both criterion (limit deflection and limit deflection rate) are 
reached. For STC2, the limit deflection value is not reached as the test was stopped due to safety reason. In this 
case, failure is determined regarding the strain rate only. The load ratio for the test was 43% of the average load-
carrying capacity of the beams determined with cold tests. Regarding such ratio, an unprotected steel beam 
(IPE270) should fail at around 13 min considering an applied calculated bending moment of 66 kN.m. However, it 
can be observed that the corresponding beam STC1 reaches a failure time of 29 min for an applied bending 
moment of 91 kN.m. Configuration STC2 reaches a failure time of 81 min for an applied bending moment of 111 
kN.m. From those results, it can be said that timber, even only between flanges, provides significantly increased 
fire resistance.   

Borehole 
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Figure 4: Furnace temperature and mid-span vertical displacement measured for STC1 and STC2 

 
In both cases, timber played a significant role in the fire protection of steel. In the case of STC2, the progressive 
fall of burnt timber, constituting the protection of the bottom flange, is observed after 72 min of fire exposure. From 
this point onwards, as the bottom flange of the profile is directly exposed to the fire, the temperatures in the 
section increase rapidly, leading to the failure of the beam. Figure 5 shows the STC2 bema at the end of the fire 
test.  
 

 
 
 
 
 
 
 
 
 

 
Figure 5: Picture of STC2 beam after being extracted from the furnace 

 
The main first result of those test is the impact of the mechanical loading on the temperature increase in the 
section. Figure 6 compares the temperature of the bottom flange (measuring point n°18) of STC1 at 2 different 
sections, one located at approximately one fifth of the span and the other located at mid-span. This comparison 
shows that the exposed flange gets higher temperatures when it is affected by larger vertical displacement. This 
difference was not observed for the bottom flange when the comparison concerned measured values for non-
loaded beam. So, the deflection level has an influence on the temperature of the bottom flange: the deflection 
induced by the loading tend to increase slightly the bottom flange temperature. In fact, the deflection of the beam 
induces some local openings of the joint between the bottom flange and the inner timber parts. This clearance is 
significant when the vertical displacement is important, i.e., at mid-span. We assume that the formation of this gap 
allows hot gases to heat a larger steel surface, causing the flange to heat up faster. However, in the case of 
STC1, the temperature difference remains around 50-80°C during the test. The same comparisons can be done 
for the web temperature (measuring point n°15) as illustrated in Figure 6. 
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Figure 6: Temperature of the web and the bottom flange of STC1 

 
 
 
3. NUMERICAL SIMULATION 
 
3.1 Model Description 
 
A finite element model is developed using the commercial software MSC Marc 2014.2.0 [14]. The thermo-
mechanical model is based on an indirect coupling between a thermal model and a mechanical model. The two 
sub-models are three-dimensional and have strictly similar geometries. A thermal field "mapping" procedure, 
available in Marc 2014.2, allows considering different meshes for each sub-model. However, the interaction of the 
mechanical loading on the temperature fields in the materials is neglected: the impact of the beam deflection on 
the temperatures is not modelled. The mesh is built using hexahedrons-20 nodes elements (HEX20).  
 
Two symmetry planes are considered to optimize the meshed geometry: 

‒ The first one is the symmetry plan of the beam at mid span (figure 7-plane XY). Horizontal longitudinal 
displacements (along Z axis) are blocked as well as the rotations around X axis. 

‒ The second one is parallel to the beam length (figure 7-plane YZ). It can be considered because 
geometric instabilities can be neglected. Indeed, the load is too low to induce buckling (43% of the 
ultimate load), the upper flange is partially connected to the reinforced foamed concrete slab, and the 
tensile part is the most exposed to fire. So no out-of-plane displacement is expected. Nodes in this plane 
are blocked from moving in the horizontal-transversal direction (along X axis). 
 

As a result, the modelled geometries correspond to a quarter of the tested beams. Figure 7 gives an overview of 
the thermomechanical model produced. The load and the support reactions are applied through plates modelled 
as rigid solids. Contact interactions between solids (timber, steel and loading plates) are achieved by means of 
"rigid links YY" (Figure 7), i.e., springs that are infinitely rigid in the vertical direction and infinitely flexible in other 
directions. The fire situation is modelled considering radiative and convective heat flux and the temperature 
increase follows the average measured furnace temperatures (Figure 4). Radiative and convective parameters 
are chosen in accordance with Eurocodes [15-17]. 
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Figure 7: Thermomechanical model for STC1 

 
The elastic limit of steel has been deduced from tensile tests performed on 7 samples [18]. The mean value of the 
obtained yield limit is 310 MPa. The elastic modulus and the Poisson’s ratio are assumed to be 210 GPa and 0.3 
respectively, as proposed in EN 1993-1-1 [19]. Steel is modelled as an elastic-perfectly plastic material (bilinear 
stress-strain curve without hardening). 
 
Timber has been modelled as an anisotropic material, considering a “tetragonal” stiffness matrix [20,21] as 
described in equation (1). Both, longitudinal elastic modulus (EL) and bending strength (fm) have been deduced 
from bending tests made on 6 full-scale beams (4.6 m long). Three of these beams have dimensions similar to 
those of the STC1 timber elements, while the other three correspond to the STC2 timber elements (Figure 1). 
Transversal elastic modulus (ET) has been deduced from 26 tests made as recommended in EN 408 [22]. The 
Poisson’s ratios (νLT and νTT) and shear moduli (GLT and GTT) were deduced from values given by Guitard [23] 
and according the approach proposed by Davalos et al. [24]. All those values are given in Table 1. The limit of the 
elastic field is implemented as a Hill criterion and the failure criterion is based on Hoffman [14].  
 

 

 

(1) 

 
Table 1: Mechanical properties considered for timber in numerical simulations 

 
Property STC1 STC2 
EL [MPa] 9 500 11 047 
ET [MPa] 400 400 

GLT [MPa] 804 804 
GTT [MPa] 84 84 
νLT  0.41 0.41 
νTT  0.41 0.41 
fm [MPa] 29 36 
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The materials thermophysical and thermomechanical properties are chosen from Eurocodes [16,17] for both steel 
and timber. However, in the case of timber, some choices have been made by authors, especially regarding the 
bending strength and the elastic moduli at high temperatures. Indeed, the EN 1995-1-2 proposes reduction 
factors for either tension or compression [17]. In the current study, the simulated solids are subjected to both 
tensile and compressive stresses as they are loaded in bending. It has been chosen to manage this issue by 
using the mean value between tension and compression reduction factors given in EN 1995-1-2, as illustrated in 
Figure 8.  

 
Figure 8: Reduction factors for the elastic moduli of timber. 

 
3.1 Results and discussion 
 
In this section, the results presented for illustration and discussion will be those obtained for the STC1 
configuration. Figure 9 presents comparisons between measured and simulated steel temperatures for STC1, 
considering the unloaded beam. It can be observed that the model agrees well with the experimental results. 
Some temperature measurement on the web (e.g., measure 16) allow to record a “temperature dwell” around 
100°C [25]. It reflects the consequences of the mass transfers that occurs in timber when it is exposed to fire: the 
accumulation of water against the inner steel parts [26, 27]. This temperature dwell is not reproduced by 
simulation curves because the dataset used for thermal properties of timber considers mass transfers implicitly 
[28]. Figure 9 also highlights the heterogeneity of the thermal field across the steel section despite the great 
thermal conductivity of steel. Even if the lower flange is severely affected by fire, a large part of the web remains 
at relatively low temperatures. 
 

 
Figure 9: Temperatures on steel for STC1 specimen (non-loaded beam) 
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Figure 10 shows deflection versus time curves that allow comparison of numerical and experimental results. The 
numerical model allows to compare the behavior of the beam considering timber just as an insulation material or 
as a thermomechanical reinforcement, which means that its mechanical properties are also taken in account. It is 
observed that considering the mechanical strength of timber allows to improve the failure time by 4.7 min (19%). 
This observation demonstrates that timber contributes to the mechanical response of the beam. This mechanical 
aspect must be considered with caution as the test conditions, with insulated supports, allows a good transfer of 
force between steel and timber. It may be different in the case of a totally exposed beam and be more dependent 
on the connection device between steel and timber. 
 

 
Figure 10: Mid-span vertical displacement of STC1 during fire exposure 

 
 
4. CONCLUSIONS 
 
The conducted fire tests showed that STC beams have a twofold benefit: 

‒ There is a mutual reinforcement of steel and timber. This mutual strengthening allows configuration 
STC1 to bear a load 1.38 times greater than the one that an IPE270 steel profile can support. This ratio 
increases to 1.68 for STC2. 

‒ Timber provides fire protection for steel and delays its collapse by taking up more load as the strength of 
steel decreases. An unprotected IPE270 steel profile has a fire resistance of 13 min when a 43% load 
ratio is considered, while STC1 and STC2 withstand fire conditions for 29 min and 81 min respectively 
under the same load level. 

Some temperature measurement showed that the mechanical load impacts the thermal behaviour by deforming 
steel and timber in a different way, resulting in an opening of assembly joints. These clearances conduct timber to 
burn faster and steel to heat up more rapidly as it becomes more exposed to fire. Increasing the sinuosity of the 
assembly joints or keeping them closed (e.g., using glue) could result in better fire resistance. 
Tests also allowed to point out that the char fall-off is of major importance in the case of fully protected 
configurations (like STC2). In this study, the solution chosen to protect the bottom flange is to fasten a machined 
timber protection on it using screws, but many other possibilities exist. The fire behaviour and the char fall-off may 
vary depending on the selected technical choice, so more experimental investigations may be needed. 
The FEM simulation approach using the datasets proposed in Eurocodes [15-17] is found to give results in good 
agreement with temperature measurements in both timber and steel. The adjustment of reduction factors given in 
EN 1995-1-2 [17] to suit the case of a bending load is found to be satisfactory. Simulations based on the STC1 
configuration showed that timber improve the fire resistance of steel profile by means of two mechanisms: it acts 
as a fire protective material, and it provides mechanical reinforcement by taking up the load that steel can no 
longer withstand as its mechanical properties decrease under the effect of heat. The simulation of the STC2 
configuration is of less interest as the char fall-off is difficult to predict, resulting in less accurate results. 
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Therefore, simplified rules for fire-design, e.g., like the one proposed by Riola Parada [1], could be a suitable 
approach for this kind of STC beam. 
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ABSTRACT 

Fire resistance is a particularly important aspect for steel structures, for the temperature levels that are reached in 

these structures due to the high thermal conductivity of the steel and the reduced thickness of the metal profiles. 

Recent studies have shown that hot dip galvanizing, which is already effective to protect from corrosion, can also 

reduce the thermal field in steel elements exposed to fire thanks to a reduction in surface emissivity.  

This paper shows the results of high-temperatures small-scale tests on square galvanized and ungalvanized steel 

plates, carried out in an electrical laboratory furnace. Based on the experimental temperatures and the application 

of the analytical method for the steel temperature development, the emissivity of the exposed surface of galvanized 

steel was calibrated. This emissivity was found to be dependent on the temperature of the steel, while it is not 

substantially affected by the section factor. The possibility of modeling the effect of galvanizing on the steel 

temperature, allows an easy implementation of the Eurocode design methods for assessing the structural fire 

resistance, without substantially changing the design process. Indeed, the second part of the paper describes the 

simplified “nomogram procedure” for galvanized steel elements, which allows to design and assess the fire 

resistance time in a very easy way. So it represents a practical tool useful to designers for estimating the fire 

resistance of hot galvanized steel elements, with different nominal fire curves. 

 

Keywords: hot-dip galvanization, fire resistance, experimental tests, design tools. 

 

 

1. INTRODUCTION 

Galvanization is a surface coating process to protect steel members from corrosion, in which the steel is coated 

with zinc to prevent it from rusting. The most common galvanization method is hot-dip galvanizing, where the 

protective zinc coating is obtained by dipping the steel element into a bath of molten zinc usually at about 450°C. 

The zinc coating is formed by a metallurgic reaction during which several zinc-iron alloy layers are formed. 

Therefore, the coating is chemically bound to steel beneath, and it is not only laid on top of it. The formation of the 

zinc coating depends on several factors. On one hand, it depends on the galvanizing conditions such as melting 

temperature, dipping time and chemical composition of zinc bath. On the other hand, it is influenced by surface 

conditions and chemical composition of the steel (e.g. silicon and phosphorous content). Silicon concentration in 
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quantities between 0.04% and 0.14% (Sandelin steel) or above 0.22% (hyper-Sandelin steels) can accelerate the 

iron-zinc reaction to form a thicker zinc coating with a different alloy layer structure [1]. Four steel categories (C_x), 

according to EN ISO 14713-2 [2] are defined based on the silicon concentration: C_A - Low silicon content steel (Si 

≤ 0.04%), C_B: Non-Sandelin intermediate composition steels (14% < Si ≤ 0.22%), C_C: Sandelin steel (0.04% < 

Si ≤ 0.14%) and C_D: hyper-Sandelin steels (Si > 0.22 %). 

The surface coating can modify the emissivity that is the ratio between the energy radiated from a surface of a 

material and the energy radiated from a black body, under same conditions, at same temperature and wavelength. 

Therefore, the emissivity ranges between zero and one. In particular, according to Eurocode [3] the radiative 

component of the net heat flux depends on the emissivity of flame εf, and on the member surface εm one.  

The radiation of metal surfaces depends on atomic and molecular level. Sala [4] states that the radiation behavior 

depends on the chemical composition in a layer with a thickness of few microns. The radiation behavior of 

galvanized surfaces should hence be provided exclusively by the alloy layer (40 μm to 250 μm) or from the upper 

pure zinc layer alone, which is only a few micrometers thick [5]. Therefore, the emissivity of hot-dip galvanized steel 

elements is influenced by the alloy layer composition, by the oxidation of zinc, and by the melting of the outer zinc 

layer at a temperature of 419°C. As a result, the emissivity of galvanized surface is variable with temperature [5]. 

The Eurocode EN1993-1-2 [3] suggests a simplified surface-independent constant emissivity, εm = 0.70 for carbon 

steel, whereas recent studies [5] - [8], showed that galvanization can also reduce the surface emissivity with a 

beneficial effect on the temperature of steel members exposed to fire.  

Jirku and Wald (2013) [6] performed a fire test in a real scale building and two fire tests in furnace on steel members 

with IPE200 and hollow tube cross-sections, obtaining a constant value of emissivity for galvanized steel equal to 

0.32. While Bihina et al. [7] carried out three standard fire tests on hot-rolled steel structural members, finding an 

equivalent emissivity for hot-dip galvanized specimens, that increases with temperature. 

Mensinger and Gaigl (2019) [5] assessed emissivity curves as a function of temperature for hot-dip galvanized steel 

elements by small-scale and full-scale tests. The temperature-dependent emissivity was determined for various 

hot-dip galvanized surfaces and steel categories C_A, C_B, and C_D were tested, combined with all possible 

surface conditions. The results showed an emissivity dependent not only on temperature, but also by the 

weathering, with the negative influence of outdoor storage. In fact, the authors pointed out that aging leads to an 

increase in surface emissivity. Moreover, the results highlighted that the zinc-iron alloy layers have a big influence 

on the emissivity value. In particular, only for steel of C_A and C_B, the emissivity value is lower than 0.7, for steel 

temperatures up to 530 °C. Due to chemical reactions, a new layer structure is formed with a higher roughness and 

a consequent increasing of surface emissivity. Therefore, while EN1993-1-2 [3] suggests a simplified surface 

independent constant emissivity for carbon steel εm = 0.70, the experimental results showed a temperature-

dependent emissivity for hot-dip galvanized steel, with values lower than 0.7 for steel temperatures up to 500 °C. 

Since the studies conducted in literature showed a positive effect of galvanization on the steel temperature due to 

the variation of the emissivity, Mensinger and Gaigl [5] suggested an emissivity (εm) equal to 0.35 for steel 

temperature (θa,t) lower than 500 °C and εm equal to 0.70 for θa,t greater than 500 °C. This equation, indeed, allows 

an easy implementation of the Eurocode design methods, without substantially changing the design process. 

Starting from these considerations, this paper shows the results of high-temperature small-scale tests on square 

galvanized and ungalvanized steel plates, investigating and quantifying the effect of galvanization on the 

temperatures of steel elements, in order to calculate the emissivity of galvanized steel through small-scale tests in 

a common and economical electrical furnace. The first experimental phase of this research activity allowed defining 

of some practical tools to estimate the fire resistance for hot galvanized steel elements, with different nominal fire 

curves. 

2. EXPERIMENTAL CAMPAIGN ON GALVANIZED STEEL ELEMENTS 

 

2.1 Test specimens and setup 

 

The experimental tests were performed on 44 steel plates, in an electrical laboratory furnace by exposing to heat 

only the upper surface of specimens, while the remaining parts were protected with an insulating material to reduce 

heat exchange. So, the steel samples consisted of plates, placed inside a box composed by a sequence of five 

calcium silicate boards 12.7 mm thick, to approximately obtain laterally adiabatic conditions (see Figure 1). The box 

was placed on a rockwool layer and finally on refractory bricks. Inside the box, a variable layer of rockwool was 

placed, to ensure that the sample and the box upper surfaces were aligned to each other (see Figure 1). 
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Figure 1: Test setup: top view, setup cross section A-A 

The square samples had dimensions of 50x50mm, with a variable thickness, to obtain different section factors Am/V 

(ratio between the surface area exposed to fire and the volume of the element) ranging between 20 and 200m -1. 

For each section factor, one not-galvanized (NG) and three galvanized (G) specimens were tested to have a direct 

comparison between their temperatures. 

The test samples were galvanized using a galvanizing bath according to UNI EN 1461:09. As a result, the 

galvanized specimens have a mean galvanizing thickness of about 120μm.  

The ID of the specimen is defined in Table 1 as X-Y-Z: where X is the section factor of the specimen, Y indicates if 

the sample is galvanized (G) or not galvanized (NG) and Z indicates the number of the tested specimen.  

Besides, the thickness of the specimens and their section factors are listed in Table 1. 

Table 1 Test matrix  

Not galvanized (NG)  Galvanized (G) Am/V [m-1] s [mm] 

20_NG_1 20_G_1 20_G_2 20_G_3 20 50 

30_NG_1 30_G_1 30_G_2 30_G_3 30 35 

40_NG_1 40_G_1 40_G_2 40_G_3 40 25 

50_NG_1 50_G_1 50_G_2 50_G_3 50 20 

60_NG_1 60_G_1 60_G_2 60_G_3 60 17 

70_NG_1 70_G_1 70_G_2 70_G_3 70 14 

80_NG_1 80_G_1 80_G_2 80_G_3 80 12.5 

90_NG_1 90_G_1 90_G_2 90_G_3 90 11 

100_NG_1 100_G_1 100_G_2 100_G_3 100 10 

125_NG_1 125_G_1 125_G_2 125_G_3 125 8 

200_NG_1 200_G_1 200_G_2 200_G_3 200 5 

 

Three Chromel/Alumel K thermocouples with a diameter of 2mm were inserted from the furnace inspection hole 

while the fourth one was assembled in the furnace (see Figure 2a). In particular, the thermocouple (TR_1) was 

used to measure the steel temperature in the directly exposed face, while the (TR_2) measured the temperature in 

the non-exposed face. To insert these two thermocouples each steel sample was previously drilled with a hole 

diameter of 2.5mm and a depth of 4mm. The (TR_3) was used to monitor the furnace temperature, as also the 

furnace thermocouple (TR_4); the scheme of these devices is shown in Figure 2a. An acquisition system allows to 

record all the temperatures detected by each thermocouple.  

Since this type of electrical furnace doesn’t allow to obtain a temperature development equal to the standard fire 

curve (ISO834), due to its limited electrical power, a different input curve was used. In particular, the thermal 

program was set with variable temperature development from 20°C to 800°C, with the maximum possible heating 

rate, but slower than the standard fire curve. Figure 2b shows the values of these temperatures recorded by TR_3, 

for some selected tests, demonstrating a very good agreement between all the input curves. Thus, having a stable 

input curve allows to make direct comparisons between the experimental results. 

404



(a)  (b) 

Figure 2: Setup in the furnace with position of the thermocouples (a), thermal input curves: temperatures recorded 
by TR_3 (b). 

2.2 Experimental results 

 

For sake of brevity, the results obtained for only three representative section factors (Am/V= 40, 80, 200 m-1) are 

discussed below. Figure 3 shows the temperature recorded by TR_1 for each galvanized sample and their mean 

value (black curve) for the three4 selected section factors. Furthermore, the graphs of Figure 3 also contain the 

input fire curve obtained as the mean of each test with same Am/V (Mean_input_Am/V). 

In particular, for the section factors Am/V= 40 and 80 m-1, the results obtained for the three galvanized (G) and one 

not galvanized (NG) specimens are shown. While, for the section factor equal to 200 m-1 only the results obtained 

for two galvanized and one ungalvanized specimens are available, because one thermocouple didn't work during 

the test. 
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 (c) 

Figure 3: Comparison between temperatures of three galvanized specimens with same Am/V and their mean 
value (G_M); Am/V= 40 m-1 (a), Am/V= 80 m-1 (b) and Am/V= 200 m-1 (c). 

In all the cases the steel temperatures recorded in the specimens during each test are very similar to each other, 

demonstrating not only the stability of the results, but also the reliability of the test setup. Since the stability of the 

results, the mean temperature value for each section factor is considered in the following comparisons; indicated 

as Am/V_G_M for the galvanized elements and Am/V_NG_M for the not galvanized ones. 

Figure 4a shows the experimental results obtained for the not galvanized (40_NG) and galvanized (40_G_M) 

specimens with dashed and continuous curves respectively. These results show the effect of galvanizing in terms 

of lower temperatures of the hot dip galvanized specimens. For example, at 30 minutes of exposure time the 

temperature of blank specimen θ40_NG reached 250 °C while the same galvanized specimens have a temperature 

θ40_G of 211 °C. This difference of about 40°C changes during the heating with a maximum value (Δθmax) of 111 °C 

at 47 minutes, when the temperatures are 572 °C for the blank specimen and 462 °C for the galvanized ones. 

In the Figure 4Figure 5b the results obtained for not galvanized (80_NG) and galvanized (80_G_M) specimens are 

represented. First of all, faster heating than the previous case (Figure 4a) is observed due to a lower thickness of 

the samples and a greater section factor (Am/V= 80 m-1), obtaining higher temperatures, both for galvanized and 

not-galvanized samples. Nevertheless, the effect of galvanizing on the steel heating is still appreciable, indeed the 

galvanized samples have lower temperatures than the corresponding not galvanized. For example, at 30 minutes 

in the not galvanized specimen θ80_NG is 400 °C while in the same galvanized specimens θ80_G is 315 °C. This 

difference of 86°C changes during the heating with a maximum value of 169 °C at 37 minutes, when the 

temperatures are θ80_NG = 625 °C and θ80_G = 456 °C respectively. 
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  (c) 

Figure 4: Comparison between the recorded temperatures of the non-galvanized samples (NG_1) and the mean 

value of the galvanized ones (G_M) with the same Am/V: (a) Am/V= 40 m-1, (b) Am/V= 80 m-1, and (c) Am/V= 200 

m-1. 

Passing from a section factor of 80 m-1 to 200 m-1 the specimens show faster heating (see Figure 4a,c),  and the 

maximum beneficial effect of galvanizing on the steel temperatures appears already at 28 minutes; at this time 

Δθmax is equal to 162 °C with θ200_NG of 614 °C and θ200_G of 457 °C. With the increase of exposure time, the 

beneficial effect of galvanizing is reduced due to the zinc layer melting at a temperature of 419°C, with a consequent 

loss of the beneficial effect of galvanizing. Figure 5 plots a direct comparison between the experimental results of 

galvanized and not-galvanized specimens obtained for the three Am/V = 40, 80, 200 m-1. Due to the different values 

of Am/V, the steel temperature curves are clearly different, but for the same Am/V, the maximum temperature 

difference between galvanized and blank samples is reached when the temperatures in galvanized specimens are 

about 450°C, i.e., a temperature close to the galvanization melting. This temperature is reached for the galvanized 

specimens at different heating times. 

 

Figure 5: Comparison between experimental results of different galvanized (G) and blank (NG) specimens with 

Am/V = 40, 80, 200 m-1. 

3. ANALYTICAL MODELLING OF GALVANIZED STEEL MEMBERS 

Starting from the experimental results, a simulation of the tests on galvanized samples was carried out by 

implementing the analytical method for the steel temperature development, suggested also by Eurocode EN1993-

1-2 [3], in which, an equivalent uniform temperature distribution in the cross-section is assumed.  
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A convection coefficient, αc, lower than the one related to the standard fire curve was used to consider the 

convective thermal flux specific for these tests. This αc value was calculated for non-galvanized specimens with 

three different section factors based on the mean of the temperatures recorded by the lower TC_1 and the upper 

TC_2 thermocouples. This αc value was calculated by determining the Rayleigh and Nusselt numbers for natural 

convection problems defined in [9] and evaluating the thermophysical properties at the surface temperature.  

Correlations for either laminar or turbulent flow regimes depending on 𝑅𝑎𝐿 values, with references to horizontal 

plates with upper surface hot plate, are then used [9]. Therefore, a mean value of αc equal to 6.4 W/m2K was 

calculated. 

Moreover, some calibrations were conducted to obtain the surface emissivity variation with the steel temperatures. 

Starting from all the experimental results, the following analytical function was calibrated by comparing the 

galvanized specimens results with the analytical ones by varying the four parameters: εmax, εmin, β and γ: 

Two different calibrations were carried out; CAL_1, in which a single emissivity curve for each Am/V was firstly 

calibrated; all these values were then averaged obtaining the dashed curve in Figure 7; CAL_2, in which the 

calibration was made by considering directly, all the Am/V results together.   

The Figure 6shows the development of the two curves obtained from equation (1) for CAL_1 and CAL_2 and a 

comparison with the two-stages emissivity relationship (NEW_EN_G).  

 

 

 

 
εm,min [-] εm,max [-] β [-] γ [-] 

NEW_EN_G 0.35 0.7 - - 

CAL_1 0.36 0.66 77 480 

CAL_2 0.38 0.53 1 500 

Figure 6: Comparison between emissivity curves obtained for the two different calibrations, (CAL_1, CAL_2) and 
the NEW_EN_G. 

Even though these two curves are based on results of small-scale tests performed in a common and cheap electrical 

furnace, they confirmed that the development of galvanized steel emissivity depends on the steel temperature.  

Figure 7 compares the experimental temperatures and the analytical ones calculated using the emissivity values of 

CAL_1, CAL_2 and NEW_EN_G: a very good agreement with the experimental curves can be observed for Am/V= 

80 m-1, while a small difference is found in the case of Am/V= 40 m-1 and Am/V= 200 m-1.  

Furthermore, the analytical curves are very similar to each other using emissivity values according to CAL_1, CAL_2 

and NEW_EN_G. Therefore, considering that CAL_1, CAL_2 were calibrated using an input curve slower than the 

standard ISO834 fire curve, the comparison results of Figure 7 show that the several applied emissivity formulations 

may be used also for fire curves different from the standard one, as they are able to provide emissivity values for 

properly modelling the behavior of galvanized steel elements with good accuracy. 

𝜀 = 0.5 ∙  𝜀𝑚𝑎𝑥 − 𝜀𝑚𝑖𝑛 ∙ 𝑡𝑎𝑛ℎ   
1

𝛽
 ∙  𝜃𝑎 ,𝑡 − 𝛾  + 0.5 ∙  𝜀𝑚𝑎𝑥 + 𝜀𝑚𝑖𝑛 (1) 
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(c) 

Figure 7: Comparison between experimental and analytical results for (a) Am/V= 40 m-1, (b) Am/V= 80 m-1, and (c) 

Am/V= 200 m-1. 

4. PRACTICAL TOOLS FOR ASSESSING THE EFFECT OF GALVANIZATION 

On the base of experimental results, the second part of the paper presents an analytical assessment of the 

galvanizing effect by varying both the fire curves and the section factors. The possibility of modeling the effect of 

galvanizing on the steel temperature according to the previously described two-stage emissivity relationship, 

indeed, allows an easy implementation of the Eurocode design methods for assessing the structural fire resistance, 

without substantially changing the design process. 

For structural fire assessment and verification, the Italian code [9], according to the European ones, defines five 

performance levels (PL), depending on the importance of the building; for example, in the case of industrial ones, 

PLI and PLII can be chosen. In particular, in PLI the absence of external consequences due to structural collapse 

has to be demonstrated, whereas according to the PLII the structure has also to maintain its fire resistance capacity 

for a period of time sufficient for the evacuation of occupants to a safe area outside of the building. In order to 

comply with the performance level, different design solutions can be chosen, based on prescriptive or performance-

based approaches. The main difference between the prescriptive (PA) and the performance based (PBA) 

approaches is that the first one is based on standard fire resistance tests or empirical calculation methods, using 

nominal fire curves. In particular, the code provides three types of conventional fire curves (standard ISO834, 

hydrocarbon, and external nominal curve), selected according to the nature of the combustible materials in the 

compartment. Among the simplified methods for fire verification and design of steel elements, one of the most used 
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is the Nomogram [13], which in this work was created for galvanized steel elements, by using the three nominal fire 

curves.  

 

4.1 The Nomogram for galvanized steel sections 

The "Nomogram" is a simple operational tool, provided form the Eurocode EN1993-1-2 in Annex A [3], that the 

designer can use for the estimation of the fire resistance of unprotected steel members. The main assumptions for 

the application of the Nomogram are: uniform temperature distribution, indirect actions due to prevented thermal 

expansion are neglected, for the ductility class 4 sections the critical temperature is equal to 350 ºC. The procedure 

is valid for all steel grades indicated in EN10025. As Figure 8 shows, the nomogram has two quarter placed side 

by side along the axis of temperatures, which allows to relate the degree of utilization μ0, defined as the ratio 

between the action in the fire condition and the resistance at time t=0; the time of fire resistance and the section 

factor (Am/V) defined by considering the shadow effect: 

− in the quarter on the left the critical temperature development as a function of the degree of utilization μ0 at 

time t=0 and by varying adaption factors k=k1∙k2 is reported; 

− in the quarter on the right the temperature curves as a function of the exposure time of the nominal fire curves; 

obtained for different values of the section factors and for the galvanized steel elements are represented. 

Considering the introduced simplified assumptions, it is generally possible to use the nomogram for the design or 

the preliminary fire resistance verification of steel beams and columns, both galvanized and not galvanized. 

However, the procedure does not replace the complete procedure of EN 1993-1-2 [3], which should be considered 

when the main assumptions and use limitations are not verified. 

Figure 8 shows the nomogram calculated for galvanized a not galvanized member by using the three standard 

nominal curves described above. By analyzing the diagrams in Figure 8 it is possible to observe how the 

galvanization effect on the verification of the fire resistance of galvanized steel elements is strongly dependent on 

different variables such as the fire curve considered, on the section factor, on the exposure time and utilization 

factor. Therefore, this effect, in the case of the ISO834 curve (Figure 8a), is more significant for low cross-sections 

(Am/V < 100 m-1) and exposure times to the standard fire curve of 15-30 minutes. Whereas the hydrocarbon fire 

curve (Figure 8b) has a more heavy development than the other two nominal ones (higher temperatures reached 

more quickly), the effect of galvanization is less appreciable, even in the case of lower sectional factors. So, this 

effect is only significant for very low cross-sections (Am/V=50 m-1). 

Finally, since the development of the external fire curve (Figure 8c) is the less heavy, the effect of galvanization can 

also be observed in the case of higher values of the section factor (see Figure 8c). 
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(b) 

(c)  

 

Figure 8: Nomograms for galvanized elements with (a) ISO 834 fire curve; (b) hydrocarbon fire curve; (c) external 

fire curve. 

4.2 Calculation example 

Knowing the required fire resistance, it is possible to obtain the temperature at a certain time by using the 

nomogram, and then verifying if it is lower than the critical one. This simplified calculation procedure can be applied 

to elements subjected to pure tension, pure bending, or pure compression. The method is not applicable to elements 

subject to combined stresses and buckling phenomena. In the following, an application example of the galvanizing 

effect evaluated experimentally in the previous paragraphs on a full-scale element is reported. However, the results 

of this example would have to be validated with a full-scale experimental campaign which is planned as future 

development. The example is related to HEM240 beam made of S275 (fy) steel, subjected to a bending moment 

equal to 130kNm (Mfi,d). The beam is connected to a concrete slab, therefore the buckling can be neglected also in 

fire condition. The required fire resistance is R30. 

 

 

 

Figure 9: beam under fire condition. 
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The degree of utilization, 𝜇0 for a beam cross section of class 1 subjected to pure bending can be calculated as 

function of the plastic resistance modulus Wpl: 

The beam is not protected and exposed on three sides; therefore, the coefficient k is k1∙k2=0.7, therefore, by using 

the nomogram of Figure 8 it is possible to obtain the critical temperature: θcr = 650 °C, while the section factor 

[Am/V]sh is equal to 55 m-1. The application of the Nomogram in Figure 8a shows that the critical temperature is 

reached with a time of fire exposure equal to 26 min and 31 min in the case of not galvanized and galvanized 

element respectively. So, the same steel element could be classified with a fire resistance R30 thanks to 

galvanization effect. 

 

Figure 10: Comparison between temperatures of the not galvanized element and galvanized one (Am/V=55m-1) 

5. CONCLUSIONS 

The results of an experimental program aimed at the investigation of the behavior of galvanized steel members 

confirmed that the temperatures in the hot dip galvanized specimens are lower than those recorded in the not 

galvanized ones. Therefore, based on the experimental temperatures and the application of the analytical method 

for the steel temperature development, the emissivity of the exposed surface of galvanized steel was calibrated. 

This emissivity was found to be dependent on the temperature of the steel, while it is not substantially affected by 

the section factor. The possibility of modeling the effect of galvanizing on the steel temperature according to the 

previously described two-stage emissivity relationship, allows an easy implementation of the Eurocode design 

methods for assessing the structural fire resistance, without substantially changing the design process. In this 

framework, the simplified “nomogram procedure” approach, typically used for steel members, has been adjusted 

by authors for galvanized steel elements. This procedure provides a practical tool useful to designers for estimating 

the fire resistance of hot galvanized steel elements, with different nominal fire curves. 
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ABSTRACT 
 
This paper describes the evaluation of the structural performance under fire exposure of a partially precast waffle 
slab system employed in the 1970s for the construction of residences in high-mountain skying stations in the Italian 
Alpine arch. Full information is available about this structural arrangement, including geometry and reinforcement 
shop drawings, and material properties, adjuvated by on-site non-destructive detection tests. The bi-directional 
waffle slab system at study was not designed according to any specific rule or calculation concerning fire resistance. 
The performance of the slab system under fire exposure is investigated through numerical analysis employing non-
linear equivalent beam elements under the standard ISO 834 temperature-time exposure, where sectional non-
linear temperature distribution and moment-curvature diagrams are evaluated separately and attributed to the 
numerical model. The modelling is aimed at evaluating the structural performance of the waffle slab under fire 
exposure with an advanced method taking into account of indirect actions caused by the temperature rise in this 
highly-statically-undetermined structural arrangement, cheking the actual safety as well as stress and deformation 
profiles of the slab members under different time exposures. The simulation also aims at assessing the benefits 
brought in by structural redundancy and stress/force redistribution capacity, this being of primary importance for 
structures not designed to withstand the recent provisions in case of fire. 
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1. INTRODUCTION 
 
In the last decades, the fire performance of structures and infrastructures attracted increasing attention among 
scientists and practitioners due to the occurrence of a few severe accidents which led dramatic losses of lives and 
huge economical/social consequences [1-4]. Such events proved as, despite the rather good fire resistance of 
concrete at the material level (this being possible thanks to some its inherent characteristics such as incombustibility 
and low thermal diffusivity), the fire performance of R/C structure need to be properly assessed, since local/global 
failure collapse can occur also involving brittle failure mechanisms such as punching/shear in slabs or buckling in 
columns [3,4]. Moreover, recent field observations inspired research devoted to the characterisation of the complex 
fire performance of thin-walled open-section precast concrete elements, where the thermal actions and the second 
order geometrical non-linearities can impose distortions of the cross-sections [5]. 
 
As it is well-known, reinforced-concrete and prestressed-concrete two-way slabs are structural arrangements 
allowing medium/large covers of floors and foundation mats to efficiently spread the loads on rather soft soils (slabs-
on-grade). Thanks to their reduced thickness (with span over thickness ratio usually in the range 22-35 and even 
approaching 40 in the case of pre-stressed systems) and architectural adaptability, two-way slabs represent a 
powerful solution for designers and a valid alternative to more traditional structures such as beams coupled with 
unidirectional slabs. In case of large-span slabs, however, in order to increase the stiffness while keeping as limited 
as possible the weight, pre-stressing or bi-directional beams/ribs (namely, waffle slab systems) have been 
introduced. In the present study, a bi-directional waffle slab system for large-span flooring, as several can be found 
in structures realised since the 60s in many parts of the world, including Italy, is investigated. 
 
Concerning the code framing of two-way slabs, fib Model Code 2010 [6], Eurocode 2 [7,8] and ACI 318M-14 [9] 
allow a proper design at both the Service and Ultimate Limit State. Also the Italian Standards NTC2018 [10] provides 
indications regarding the design of slabs, these being aligned with the European provisions [7]. It is finally worth 
recalling that the structure under scrutiny was designed according to obsolete Italian Standards of the early 1970s. 
 
Waffle slab systems, in particular, can be considered as the anticipation of more recent voided bi-directional slabs 
as in the case of Cobiax® or U-boot® systems, which allow to reduce the weight of 30-40% (with respect to constant-
thickness slabs), while almost maintaining the stiffness of solid slabs (with a decrease of about 10-15%). Fascinating 
and emblematic applications of similar systems of ribbed slabs in 60s and 70s can be found in [11-12]. In the case 
at issue, the regular distribution of columns and the resultant repeatability of the floor module allowed for a partially 
pre-fabrication of the elements, this shortening the time of construction and leading to a better control of the result 
in terms of quality of concrete and positioning of reinforcements. 
 
Despite the great benefits in terms of overall weight and material saving allowed by the optimisation of the cross-
section of bi-directional waffle slab systems, however, their structural performance in case of fire deserves to be 
deepened, since its particular shape leads to a faster increase of the temperature within the element with respect 
to constant-thickness slabs, due to the larger specific exposed face. In particular, this favors a faster increase of 
the temperature in the reinforcing bars and a more severe decrease of the overall bearing capacity during the 
exposure to a fire event. 
 
Furthermore, for continuous slabs, indirect actions also play a major role due to the partially restrained thermal 
curvature, with the consequent increase of negative moments at the support. On the other hand, the possible 
increase of membrane compression due to the restrained thermal dilation of the slab is expected to be marginal for 
both the limited displacement involved and the limited restrain provide by the lateral flexural stiffness of columns. 
On the other hand, it is worth noting that the structural redundancy of continuous slabs provides important benefits 
to the fire performance thanks to the increased role played by negative bending moments at the supports, where 
the reinforcing bars under tension are at the cold side, thus experiencing a far lower decrease of the bearing capacity 
with respect to mid-span sections. 
 
In the following, the numerical evaluation of the fire performance of a partially precast waffle slab system is 
described. Calculations are based on the information available about the structural layout, including geometry and 
reinforcement distribution, and material properties. The performance of the slab system under exposure to ISO834 
fire curve is investigated through numerical analysis employing non-linear equivalent beam elements, where 
sectional non-linear temperature distribution and moment-curvature diagrams are evaluated a-priori and later 
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introduced in the numerical model. The investigation is aimed at evaluating the indirect actions caused by the 
temperature rise in such highly-statically-undetermined structural layout, and the actual safety as well as stress and 
deformation profiles of the slab members under different time exposures. 
 
2. WAFFLE SLAB SYSTEM AT STUDY 
 
The waffle slab system at study is inspired by a large residential/commercial complex designed and realised since 
the early 1970s in the Alpine region of Northern Italy. This complex was progressively built up to the late 1980s up 
to the current remarkable size with around 20 multi-storey blocks employing the same partially precast construction 
system. The complex, located in high mountain at an altitude of about 1400 m2, found inspiration from the high-
quote urbanistic nuclei devoted to the development of the ski sport market realised in that period in the alpine 
regions of Italy, France, and Switzerland, building touristic premises destinated to be occupied only in holiday time 
directly close to the ski lift facilities, so far destressing the urbanistic development of the historical valley villages. 
 
The structure is made with a brutalist architectural style, with exposed reinforced concrete and large windows. All 
complexes are made with a multi-storey frame system coupled with wall cores, conceived to easily adapt to the 
steep level variation of the mountain. Each block is made by several parallel sub-blocks separated by an expansion 
joint and having elongated rectangular plan, strictly being it 15 m wide and with variable length up to 96 m, eventually 
even longer but jointed with an orthogonal further expansion joint. Columns have square cross-section with side of 
either 50 or 60 cm rotated by 45° with respect to the main directions of the building, and they are strictly distanced 
by an interaxis of 9 m in both directions. At each storey, a large square solid capital with side of 210 cm, itself 
oriented inclined by 45°, is placed to transfer the slab load to the column avoiding punching shear. The waffle slab 
is cast in continuity with the capitals with a strict modular square rib grid having 3 m of side. Hence, the slab ribs 
are strictly distanced by an interaxis of 3 m in both directions. Fig. 1 shows pictures of typical views of the buildings 
at study. A partially precast concrete system was used for the construction of these buildings, consisting in the 
prefabrication of the square slab plates 8cm thick before lifting them, positioning them over the modular mould, and 
completing the casting of the slab by pouring the 37cm deep trapezoidal ribs up to the top level of the slab plates, 
which were conglobated with special reinforcement welded to steel plates inserted during the production of the slab 
plates. A schematic drawing of the slab cross-section is shown in Fig. 2. To be noted that the slab is drawn with an 
assumed effective collaborative width of slab plate equal to 120 cm, whilst the modulus is always 3 m.  
 
The original calculation report and shop drawings of the structural system were found in the archives of the province 
of Trento, containing full information about the conception of the structure and all structural details. An example of 
excerpt of the shop drawings is shown in Fig. 3, specifically describing the waffle slab reinforcement. Is it outstanding 
to note that the designer, Eng. Perini, employed in 1972 the Method of Limit States to proportion the structure, 
employing pioneering computational analysis to obtain the actions in the complex bi-directional structure, even 
accounting for the stress hardening of steel in the structural checks. 
 
Concrete class C28/35 (cubic nominal characteristic strength of 35 MPa) and pioneering high-strength steel 
delivered in octagonal ribbed rebars equivalent to what will be later classified as class FeB44k steel (nominal 
characteristic yield strength of 440 MPa) was employed for the reinforcement. Traditional non-invasive testing 
techniques were employed to check the strength of concrete with rebound-hammer and the position of rebars with 
pacometre. The 160 rebound-hammer measurements carried out gave all results associated to at least one 
concrete class higher than what prescribed, with mean cubic strength evaluated to be 52.0 MPa. On the safe side, 
also in absence of destructive tests, the nominal strength is considered in the further analyses. Moreover, 
pacometric measurements allowed to confirm the position and the diameter of the designed rebars, although the 
concrete cover was measured to have variations larger than what typically allowed in modern construction. The 
design position of rebars was considered in the further analysis. 
 
According to the specifications found in the calculation report of the original design, the concrete cover of rebars 
type A, B, and E is 30 mm from the bottom (and from the side for type A) concrete surface to the rebar centre; the 
cover of rebars type C, and D is 40 mm from the top concrete surface to the rebar centre, being these relatively 
small concrete covers representative of the typical praxis of the time. Correspondence between the letter code and 
the specific rebars is shown in Fig. 2. Moreover, the specific rebar diameter for each waffle slab grid element is 
attributed in Table 1. For the sake of brevity, the position of the 12 cross-sections analysed with different 
reinforcement arrangement (section S1 to section S12) is shown later when the numerical model is presented. 
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a) b) 
Figure 1: Structural system at study based on waffle slabs supported on square columns - a) view of a typical 

slab; b) view of a typical building 
 

Figure 2: Cross-section of a slab rib with typical position of rebars 
 

Figure 3: Excerpt from the original shop drawings dated 1972 
 

Table 1: Reinforcement layout per each cross-section 
POS S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 

A 1Φ12 1Φ20 1Φ12 1Φ20 1Φ20 1Φ20 1Φ20 1Φ20 1Φ16 1Φ12 1Φ20 1Φ16 
B - - - - 1Φ16 1Φ16 1Φ20 1Φ20 - - - - 
C 1Φ16 1Φ12 1Φ20 1Φ12 1Φ24 1Φ12 1Φ24+1Φ20 1Φ12 1Φ12 1Φ24 1Φ20 1Φ20 
D 1Φ16 1Φ12 1Φ20 - 1Φ24 - - - 1Φ12 1Φ24 - 1Φ20 
E 3Φ8 3Φ8 3Φ8 3Φ8 3Φ8 3Φ8 3Φ8 3Φ8 3Φ8 3Φ8 3Φ8 3Φ8 
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3. THERMAL MAPPING 
 
To map the temperature distribution in the slab elements, a transient thermal analysis was carried out with the finite 
element software Straus7 [14] employing the nominal standard ISO834 temperature time history. 
Following the instructions provided in Eurocode 2 [8], both convection and radiation thermal flues were considered 
in the surfaces of the elements, either exposed to fire (right) or to eternal temperature of 20 °C (left). The conductivity 
flux was evaluated by the finite element solver based on the non-linear thermal properties of concrete again 
described in [8], considering density, conductivity (curve 2), and specific heat (calcareous aggregates – 1.5% of 
base moisture). Possible spalling phenomena have not been taken into account. 
It is to be noted that thermal modelling included not only the 370 mm thick structural depth, but also further 80 mm 
non-structural screed allowing for the installation of MEP systems in the apartments, due to its unsafe effect with 
regards to the increase of temperature in the structural concrete element. On the safe side from the thermal point 
of view, the physical properties of this non-structural sand-cementitious layer were set similar to those of the 
structural concrete. Moreover, not the whole slab modulus was modelled, but only half of it, thanks to the geometry 
around the vertical ais, and an upper slab portion limited to 600 mm since it was not relevant to do more due to the 
distance from the rib, and this mirrored cross-section was actually considered to be the structurally-collaborating 
slab part. 
The thermal maps are shown in Fig. 4 for growing exposure times. As expected, the temperature rises rapidly in 
the exposed perimeter, concentrating the higher temperature in correspondence of the sharp corners, exposed 
from two sides. In the meantime, most of the top of the cross-section where the upper main reinforcement layer is 
placed remains at relatively low temperature. 
 

 

 a)  b) 
Figure 4: Thermal mapping of a slab modulus for exposure to ISO834 curve of a) 120 minutes, b) 240 minutes 

 
 
4. THERMO-MECHANICAL CROSS-SECTIONAL ANALYSIS 
 
The thermo-mechanical performance of the slab rib members was evaluated on the basis of a cross-sectional 
analysis [5,15-18] with the aim to check the demand over capacity ratio of the slab when exposed to fire. The 
material constitutive laws variable with temperature described in Eurocode 2 [8] were implemented in a self-written 
code in Mathcad 15 [19] following the nominal characteristic material strengths described above. It is reminded that 
the Eurocode 2 [8] constitutive law formulations consider implicitly the effect of transient thermal creep [20]. 
After having introduced the geometry of the elements, the algorithm solves the sectional equilibrium equations of 
translation and rotation, as shown in Eq. 1 and 2, respectively, under the assumption of plane sectional deformation. 
To be noted that the temperature in the slab evolves in a 2D plane, both along the bottom-top and the transverse 
directions. Formally, the problem should be solved by adopting a resolution algorithm considering a bi-dimensional 
problem. However, a simplified assumption was made, resulting in a much easier solution algorithm, where the slab 
cross-section was ideally divided into n = 11 stripes having same width along the outer-inner direction. The 
temperature distribution was then derived based on output adjusting and interpolating operations for each stripe, 
as shown in Fig. 5 for the single time exposure of 240 minutes. Finally, the problem was solved in pure bending 
following Eq. 1 and Eq. 2 by considering the n cross-sections in parallel. It is pointed out that this simplified 
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procedure allows to fully account for the self-equilibrated stress generated by the thermal strain in the direction of 
the procedure, as well as the resulting global sectional curvature and mean elongation, whilst it neglects this 
contribution in the transverse direction, which however is deemed not to mine the affordability of the results. 
The problem is defined by four variables, two of which are defined by the eternal loads (N,M) and the remaining 
two of which by the strain diagram (εctop,χ). By imposing null the eternal axial load N (thus neglecting possible axial 
load distribution induced by the lateral stiffness of the columns) and by setting specific progressive values of the 
curvature χ, the system of two equilibrium equations can be solved finding out the two remaining variables, both 
associated to the strain diagram per each imposed curvature. This operation is carried out through the numerical 
solution techniques implemented into the software. 
    

a) b) 
Figure 5: Material constitutive laws in tension (+) and compression (-) as a function of the temperature following 

Eurocode 2 [8]: (a) concrete C28/35; (b) steel FeB44k (Stress in MPa) 
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where: 
N is the external axial load;               
M is the external bending moment; 
ε is the total longitudinal strain as a function of y;                
εctop is the longitudinal strain of the top concrete chord; 
χ is the sectional curvature;               
σc is the concrete longitudinal stress; 
σs is the steel longitudinal stress;               
Δθ is the temperature gradient; 
ns is the number of steel rebar levels;              
H is the total depth of the concrete cross-section; 
y is the coordinate through the thickness of the element starting from the eternal side; 
n is the number of stripes in which the cross-section is divided; 
εcθ is the thermal strain of concrete as defined by EC2 law; 
εsθ is the thermal strain of steel as defined by EC2 law; 
b is the chord width of the concrete cross-section; 
yg is the centre of gravity of the idealised cross-section; 
A is the area of the steel rebars for a specific level. 
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Figure 6: Temperature functions for each of the n stripes in which the cross-section is discretised for the single 

exposure of 240 minutes 
 
The resulting non-linear moment-curvature diagrams are collected in Fig. 7 for the three considered exposure time 
windows. It can be clearly observed that there is a generalised reduction of strength with the exposure time, as well 
as a stretch in the strain ais due to the increased deformability of the cross-section. Nevertheless, the temperature 
effect over the strength reduction is not symmetric: it can be clearly observed that the strength reduction for hogging 
moment (sign “+” in Fig. 7), mainly depending upon the degradation of the bottom concrete layer in compression, 
is much less severe than the one for sagging moment (sign “-” in Fig. 7), which depends upon the degradation of 
the bottom steel rebars highly exposed to the temperature gradient. Indeed, the resistance for sagging moment 
becomes practically negligible for an exposure of 240 minutes. Moreover, it can be observed that, whilst the 
moment-curvature diagrams for cold condition all pass through the axes at their origin, an increasing sagging 
curvature is imposed to the cross-section for null moment, induced by the thermal curvature generated by the 
temperature gradient differential between exposed and unexposed sides. 
 

 a)  b)  c) 
Figure 7: Non-linear moment-curvature diagrams calculated for the different reinforcement arrangements of the 
considered cross-sections under exposure time of a) 0 minutes, b) 120 minutes, c) 240 minutes (strain axes not 

on same scale) 
 
 
4. NUMERICAL FINITE ELEMENT ANALYSIS 
 
Numerical models were set to analyse the effect of fire to the waffle slab system. To this aim, it is recalled that the 
slab is strictly 15m wide (3 moduli between the columns and 1 cantilevering modulus per each side), but having 
variable number of moduli in length, from a minimum of 5 (square configuration) to a maximum of up to 32 (see 
also the general structural model in Fig. 8a, used for global structural check purposes). In order to encompass all 
the critical configurations, two models were developed, one consisting of a square arrangement (5 moduli x 5 
moduli) shown in Fig. 8b, and one consisting of a rectangular arrangement (5 moduli x 8 moduli). The square and 
compact rectangular configurations maximise the sagging (positive) and hogging (negative) bending moment, 
respectively, and are therefore deemed to represent extreme conditions for all slabs.  
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a) b) c) 

Figure 8: Numerical models – a) general model of a typical building unit, b) single bay model, c) double bay model 
 
Figs. 8b and 8c also contain the denomination and the map of the different cross-sections attributed to the different 
grid members, all modelled with beam elements. Perfect vertical support was considered for all the nodes 
associated to the column centres of mass. Moreover, to a single one of these nodes was attributed lateral restraint 
in both horizontal directions and torsional rotation restraint. Thus, the stiffening contribution of the column 
deformation is neglected in the models, simulating an external simple-support static scheme and the absence of 
indirect axial compression actions caused by partial restraint of beam elongation. The non-linear moment-curvature 
diagrams previously evaluated were attributed to the structural model developed again in Straus7 environment [14]. 
To be noted that the square capitals were also modelled with equivalent beam elements, to which non-linear 
moment-curvature diagrams were also attributed based on the actual reinforcement layout located at the interface 
with the column. Since this reinforcement is fully located in the top part of the solid thick capital, which is assumed 
to be only slightly affected by the exposure to the fire, their moment-curvature diagrams were not modified in the 
analysis considering fire exposure. The solver automatically distributes plasticity along the beam elements during 
the analysis through embedded discrete Gauss-Lobatto integration points. The effect of the thermally-induced 
curvature is taken into account automatically, and hence the flexural indirect actions are accounted for. The loads 
are included diffusely in the structural models. In particular, the structural self-weight of the waffle ribs is attributed 
to the beam elements; the non-structural dead weight induced by windows and bow windows (270 kg/m) is attributed 
on the peripheral beam elements as a distributed load; the structural dead weight due to waffle precast solid plates, 
as well as the non-structural distributed dead loads (200 kg/m2) and live load (60 kg/m2 in the pertinent exceptional 
combination), are modelled through load patches plate elements supported on all sides. 
 
Non-linear static analysis including mechanical non-linearity was carried out by attributing an increasing value of 
distributed live loads up to failure (non-convergency). Analyses at cold condition (exposure to 0 minute), 120 
minutes, and 240 minutes of exposure to the nominal standard ISO834 curve were carried out. Fig. 9 and Fig. 10 
show the state of bending action and deformation of the square and rectangular slab, respectively, in the load 
condition associated with exceptional load combination following Eurocode approach and for both cold condition 
and 120 minutes of exposure to fire. The analysis on both models assuming 240 minutes of fire exposure did not 
converge even at the first load step, meaning the slabs are not able to sustain even only their dead weight. 
 
It can be observed that the exposure to fire causes the slab to deform remarkably towards the fire compartment 
below, passing from a maximum displacement of 40 mm in cold condition to 247 mm at 120 minutes of exposure 
for the square model, and from 34 mm in cold condition to 197 mm at 120 minutes of exposure for the rectangular 
model. It is recalled that the deformed shape of the single bay square slab model is not symmetric despite the 
geometry due to asymmetry in the reinforcement layout of the rib members. Both models present for 120 minutes 
of fire exposure an overstrength factor of around 1.9 with respect to the live load (failure is expected at around 115 
kg/m2 of live load), much lower than that associated to the cold condition. This trend is also depicted in Fig. 11 
resuming the capacity over demand ratii from the non-linear static analyses. 
 
Regarding the bending moment distribution, it can be observed that the exposure to fire tends to reduce the 
maximum sagging (positive) bending moment in the centre of the slab, as a result of the redistributive effect induced 
by the non-linear combination of damage distribution and indirect actions caused by the thermal curvature. This 
redistribution is however thresholded by the attainment of rebar plasticisation in the rib members conveying in the 
capitals, subjected to strong hogging (negative bending moment). 
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a) b) 

  
Figure 9: Results of non-linear static analysis on single bay model in terms of displacement profile and bending 

moment distribution under fire load combination at different exposures – a) 0 minutes, b) 120 minutes 
 

a) b) 

  
 Figure 10: Results of non-linear static analysis on double bay model in terms of displacement profile and bending 

moment distribution under fire load combination at different exposures – a) 0 minutes, b) 120 minutes 

Figure 11: Capacity over Demand multiplier of the live load for different fire exposure time 
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5. CONCLUSIONS 
 
The advanced calculation method employed to investigate the waffle system at study allowed to characterise its 
structural behaviour, identifying its performance under exceptional load combination for different fire exposure 
times, as well as failure modes and overstrength factors. A classical simplified calculation method based on the 
actions coming from elastic modelling would have attributed to the slab a resistance class R60, mainly due to the 
strong damaging of the bottom rebars acting in sagging (positive) moment, whilst the non-linear static analysis 
allowed to account for the coupled effects of mechanical non-linearities, thermal curvature, and moment 
redistribution effects, thus characterising a resistance class R120, also showing that however these effects are way 
far from attributing to the structure the ability to get to R240. Further advances of this work are planned to be carried 
out by analysing further intermediate fire exposure time steps, by implementing in the model the effect of the 
columns and of the partial axial restraint component, and by proposing an engineering interpretation of the results 
based on the plastic hinge method. 
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ABSTRACT  

 

The structural elements must be checked according to a fire resistance rating (R) established in regulations. Based 

on the European fire standard, Brazil’s standard presents tabulated data for checking reinforced concrete (RC) 

beams. Although simple to use, the tabular method offers only four solutions for each pre-set R, with demands to 

raise this ceiling. Moreover, the Brazilian tables do not follow the Eurocode strictly, with the maximum temperature 

for longitudinal reinforcements being 500°C. The purpose of this research project was thus to find an alternative 

design method offering more solutions, which was also safe and easy to use. More than 2300 RC beams were 

studied, through a finite element software. The findings of these thermo-structural analyses underpinned the 

development of the TRFVIG application (app). Just as practical as the tabular method, this software allows more 

accurate design for beams in fire. The goal of this paper is to present details of the study proving the accuracy of 

the app. As noted in some examples, the TRFVIG app may indicate more economical fire resistances, compared 

to the tables. Thermal analyses and fire-specific software are not necessary for using the app, making it a feasible 

alternative for most engineers. 
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1. INTRODUCTION 

 

The behavior of structural elements at high temperatures must be verified for a fire resistance rating (R), which is 

established by standards and codes. Developed on the basis of European Standard EN 1992-1-2 [1], Brazil’s ABNT 

NBR 15200 Standard [2] presents tabulated data for checking reinforced concrete beams. If the tabular method is 

used, designing beams for exposure to high temperatures is quite simple. However, this method is very restrictive 

for use in project, as it offers only four solution options for each pre-set standard fire resistance level, imposing 

limits on the activities of engineers. There was a demand for this figure to be increased. Moreover, although the 

ABNT NBR 15200 [2] tables are based on EN 1992-1-2 [1], they do not follow its recommendations strictly, with the 

maximum temperature for longitudinal reinforcements being 500 °C.  

 

The purpose of this research was thus to find an alternative design method offering more solutions, which was also 

safe and easy to use. Consequently, more than 2300 reinforced concrete beam cross-section models were studied, 

with different widths, heights, covers and reinforcement arrangements (with varying diameters, number of layers 

and moment positions, both positive and negative) through a software based on the finite element method. 

Presented in full in Albuquerque [3-4] and Silva [5], the findings of these thermo-structural numerical analyses 

underpinned the development of the TRFVIG application (app). This was made available to members of the 

Brazilian Concrete Institute (IBRACON) and the Brazilian Structural Engineering and Consulting Association 

(ABECE), as a technical and scientific contribution to the fire prevention field. Just as practical as the tabular 

method, this software allows more accurate design of beams in fire situation. The goal of this paper is to present 

details of the study proving the accuracy of the TRFVIG app. 

 

 

2. METHOD 

 

The fire resistance results provided by the TRFVIG app come from an alternative method for designing reinforced 

concrete beams in a fire situation, called the Graphical Method (Albuquerque; Silva and Rodrigues [6]). This method 

was developed on the basis of numerical analyses performed by the Swedish Temperature Calculation and Design 

v. 5 – TCD software [7]. The TCD software performs transient bi-dimensional thermo-structural analyses using the 

finite element method. This section of the paper presents the graphical method, starting with the approach used in 

the MRd,fi parameter validation study, which represents the design resistance to bending moment of the cross-

section of a reinforced concrete beam exposed to high temperatures. The MRd,fi parameter consists of the main 

graphical method variable.  

 

2.1 Resistance to bending moments analysis 

 

Since the fire resistance to bending moment (MRd,fi) obtained by the TCD is the main variable used for conceiving 

the graphical method and consequently the TRFVIG app, its validation was very important. For this, some reinforced 

concrete beam cross-sections were adopted so that their respective resistances to bending moments were 

determined based on different methods and then compared to the TCD values. In Albuquerque; Silva and Rodrigues 

[6], several procedures were analyzed to calculate the resistant bending moments of these beams subjected to high 

temperatures and it was found that all procedures lead to very close results. Table 1 summarizes the findings for 

some cross-sections selected as representative.  

 

For the thermal analysis of the four section models (a – d) and the five procedures, the TCD [7] software was used. 

The heating rate compliant with ISO 834 Standard fire [8] was applied on three faces (sides and bottom). For safety 

reasons, the face not exposed to fire was considered adiabatic (Figure 1). The physical and thermal parameters of 

the concrete variable with the temperature – thermal conductivity (λc,𝜃), specific heat (cp,𝜃) for moisture content at 

1.5%, and density (ρc,𝜃) with ρ = 2400 kg/m3 at ambient temperature, compliant with ABNT NBR 6118 [9] – were 

determined by the equations shown in [1] and [2]. A coefficient of heat transfer by convection (αc) was adopted 

equal to 25 W/(m2 oC), and the resultant emissivity (εr) on faces exposed to fire is equal to 0.7, the values 

recommended in [1] and [2]. The domain was discretized with a mesh of four-node rectangular elements with sides 

measuring 0.005 m. A time step was assumed equal to 0.002 h. From these input data, the Super Tempcalc thermal 

module of the TCD determines the results: temperature field and isotherms, both as a function of the time of 

exposure to fire (Figures 2 and 3). The design resistant moments (MRd,fi) were determined from the thermal field.  
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Table 1 – Results of resistances to bending moments in fire, calculated using different methods, for the cross-
sections of reinforced concrete beams a – d. 

 

 Representation of analyzed cross-sections * 

            a             b             c             d 

    

Section  

Fire 

exposure 

time [min] 

Design resistance to bending moment in fire (MRd,fi) [kN m] 

1 2 3 4 5 

Direct 
result of 

TCD 

Calculation 
based on 

mean strength 

Calculation 
based on 

mean 
temperature 

500 °C 

isotherm 

method 

Advanced 
method 

a 90 45.24 45.25 45.38 45.26 44.12 

b 60 37.42 38.44 38.65 35.40 37.38 

c 120 57.47 58.39 58.14 53.58 56.87 

d 120 138.26 138.29 138.89 138.23 135.88 
* Stirrups with diameter of 5 mm, fck = 25 MPa and fyk = 500 MPa. 

 

   

 

 

Figure 1: Beam model adopted 

for thermal analysis in TCD. 

Figure 2: Temperature fields for the 90 

min interval of exposure to fire. 

Figure 3: Isotherms for the 90 min 

interval of exposure to fire. 

 

Column 1 of Table 1 presents the results obtained through the CBeam tool of the structural module of the TCD 

(called Fire Design), which calculates the resistance to bending moment in fire of the section discretized with finite 

element mesh, based solely on the equilibrium of forces, as shown in Figures 4 and 5. The software considers the 

full plastic strain of both concrete and steel, and does not impose limit strains for the materials. For the calculation 

of the resultant force in the reinforcement (Equation 1), the TCD determines the temperature on the axis of each 

bar and, depending on this, the respective steel strength reduction coefficient. 
 

𝐹𝑠𝑑,𝑓𝑖 =
𝑓𝑦𝑘

𝛾𝑠,𝑓𝑖
 ∑ 𝑘𝑠,𝜃𝑖  𝐴𝑠𝑖

𝑛

𝑖=1

 
(1) 
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where Asi is the cross-sectional area of reinforcing bar i [cm2]; Fsd,fi is the design resultant force in the reinforcement 

in fire [kN]; fyk is the characteristic tensile strength of reinforcing steel at ambient temperature [kN/cm2]; ks,i is the 

reduction coefficient of the strength at temperature θ of steel bar i [non-dimensional] and γs,fi is the partial safety 

factor for steel strength in fire [non-dimensional]. 

 

For the resultant force in the compressed concrete block (Equation 2), the axis temperature is determined for each 

finite element and then the respective material strength reduction coefficient, as a function thereof. 

 

Fcd,fi =  𝛼𝑓𝑖  
𝑓𝑐𝑘

𝛾𝑐,𝑓𝑖  
∑ 𝑘𝑐,𝜃𝑗 

𝑚𝑓𝑖

𝑗=1

𝐴𝑐𝑗 
(2) 

 
 

where Acj is the area of compressed concrete finite element j [cm2], Fcd,fi is the design resultant force in the 

compressed concrete area of the cross-section in fire [kN], fck is the characteristic compressive strength of concrete 

at ambient temperature [kN/cm2], kc,j is the reduction coefficient of the strength at temperature  of compressed 

concrete finite element j [non-dimensional], γc,fi is the partial safety factor for concrete strength in fire [non-

dimensional] and αfi is the reducer of design compressive strength of concrete in fire [non-dimensional]. 

 

 

Figure 4: Reinforced concrete section discretized by a finite element mesh. 

 

Figure 5: Equilibrium of resultant forces in the section. 

 

When the resultant force in the compressed concrete block is equal to the resultant force in the reinforcement, i.e., 

when equilibrium is reached (Equation 3), the TCD determines the resistance to bending moment of the section 

exposed to fire (Equation 4), multiplying the resultant force in each compressed finite element by its respective lever 

arm. 
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Fcd,fi = Fsd,fi (3) 

 
MRd,fi = 𝛼𝑓𝑖  

𝑓𝑐𝑘

𝛾𝑐,𝑓𝑖  
∑ 𝑘𝑐,𝜃𝑗 

𝑚𝑓𝑖

𝑗=1

𝐴𝑐𝑗  𝑧𝑗,𝑓𝑖  
(4) 

 

 

where MRd,fi is the design value of resistance to the bending moment of the section in fire [kN cm] and zj,fi is the 

distance of the centroid of compressed finite element j from the horizontal line that goes through the centroid of the 

reinforcement in fire [cm]. 

 

It is noteworthy that the TCD software [7] performs these calculations on input data. The following factors are 

adopted in this paper: the characteristic compressive strength of the concrete (fck) is 25 MPa and 500 MPa for 

tensile steel (fyk); strength partial safety factors (γc,fi and γs,fi) at 1.0 for both materials in a fire situation and the 

reducer of the design value of the compressive strength of the concrete in fire (αfi) is 1.0, by [1] and [2]; the reduction 

coefficients of the strengths due to high temperatures (kc,𝜃 and ks,𝜃) accepted are also compliant with [1] and [2]. 

 

In column 2 of Table 1, the moments were found using the recommendations in the Brazilian ABNT NBR 15200 

Standard [2]. In one of the hypotheses of its simplified method, this standard states that resistant internal forces 

and moments in fire may be calculated by adopting for the materials the "high temperatures mean mechanical 

strength" and that this average can be obtained by evenly distributing the total loss of mechanical strength by the 

heating of the materials throughout the compressed part of the concrete section and the total reinforcement. 

Comparing the method proposed by the TCD [7] to that in the Brazilian Standard [2] leads to the conclusion that 

the software adopts a more refined calculation procedure, once it applies point-to-point strengths values instead of 

mean strengths. 

 

For column 3 of Table 1, a simplification of the recommendations in ABNT NBR 15200 [2] was adopted. The authors 

[6] felt that it would be easier to work with mean temperatures instead of mean mechanical strengths. In other 

words, mean temperatures are determined by strips, then the respective reduction coefficients of the mechanical 

strengths of concrete due to fire exposure and, finally, the mean strengths of the section compressed area would 

be found. As seen in the results, when starting from either the mean temperature (simplified calculation hypothesis) 

or the point-to-point strength (TCD [7]), similar values are found. Therefore, the recommendation in the Brazilian 

Standard may possibly be replaced by that of the mean temperature, or indicate it as an alternative.  

 

In column 4, the 500°C isotherm method was used, indicated in the EN 1992-1-2 [1]. The method simulates the 

heated concrete strength decrease from the reduction of its resistant area. The discarded region is where the 

temperature in the concrete is higher than 500 °C. The reduced section is surrounded by the 500°C isotherm and, 

according to the hypothesis adopted in the method, the characteristic compressive strength of concrete in this 

region is the same as at ambient temperature, i.e., in the calculations, the reduction coefficient of the strength of 

this material due to high temperatures is disregarded.  

 

According to the European standard, the fire resistance to bending moment may be determined from the 

conventional calculation methods, that is, by the balance of forces in the section, applying the reduction coefficients 

of the steel strength. To do so, the temperature on the axes of the bars must be determined. Although strength 

reduction is considered only in steel, when calculating the resultant forces in both materials, both the strength partial 

safety factors and the reducer of the design value of the compressive strength of the concrete should be applied to 

the fire situation.  

 

Finally, in column 5, an advanced analysis method was used. In order to evaluate the resistance to bending moment 

values calculated by simplified methods, additional analyses were performed using the FNC-FIRE computational 

procedure developed by Klein Júnior [10], based on the guidelines in Annex B.3 of EN 1992-1-2 [1]. In this method, 

the beam section is discretized in a fiber matrix, subjected only to uniaxial tensile or compressive stresses. From 

previously calculated temperature fields, the temperature in the center of each fiber is determined using two-

dimensional linear interpolation. The thermomechanical properties of each fiber, as a function of its temperature, 

are calculated according to the guidelines of [1].  
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The next step is the calculation of resistant internal forces and moments of the section (NRd,fi – design value of the 

axial force in fire and MRd,fi – resistance to bending moment in fire) for a given axial strain pair 0 in the center of the 

stresses and 1/r curvature. Bernoulli's hypothesis is assumed for the total specific linear strain (tot), in which the 

section remains plane after thermal and mechanical strains. For the determination of the specific mechanical strains 

(), the thermal strains (th) are deducted from the total specific linear strain tot. Several NRd,fi and MRd,fi pairs may 

be calculated by varying the 0 and 1/r parameters. Joining the points of the same curvature 1/r gives the             

NRd,fi-MRd,fi diagram. Interpolating a given applied axial force in fire NSd,fi for each curvature 1/r, gives the moment-

curvature graph. For simple beam bending, NSd,fi is considered as 0. The FNC-FIRE does not limit values for section 

deformations. The moment-curvature graph shows the maximum value of the resistance to bending moment of the 

section and the drop in its value as the curvature increases. This decrease is due to the depletion of the strength of 

materials to large deformations, represented by the descending branch of the stress-strain curves for steel and 

concrete given by [1].  

 

For design purposes, the results using both the simplified methods and a more advanced method were very close 

(see Table 1). Thus, the determination of the resistance to bending moment in fire (MRd,fi) with the aid of TCD [7] is 

justified for the continuation of this research project, as carrying out these calculations manually for so many cases 

of beams adopted for the construction of the alternative design method would be impracticable. 

 

2.2 Results 

 

The software TCD [7] provides the design resistance to the bending moment of a given heated section through 

graphs, which relate these values to the fire exposure time. Another graph provided by the software has two curves, 

shown in Figure 6. The solid line indicates the relationship between the design resistance to bending moment in 

fire and the design resistance to bending moment in fire determined for the initial temperature (ambient, at 20°C), 

respecting the fire exposure time. The dotted line shows the relationship between the design resistance to bending 

moment in fire and the design resistance to bending moment at ambient temperature, calculated without imposing 

limit strains on either material, as a function of the fire exposure time.  

 

 

Figure 6: Curves of relative resistances to bending moments, as a function of the fire exposure time,  

provided by the TCD. 

 

This research project used the dotted line curve, which provides the µ parameter, as shown in Equation 5, for 

constructing the alternative design method. Safety is assured when MEd,fi ≤ MRd,fi. Consequently, by admitting MEd,fi 

= MRd,fi into parameter μ, it is possible to find the maximum time for fire resistance (TRF) of the structural element. 

Equation 5 thus becomes Equation 6. 

 

𝜇 =
𝑀𝑅𝑑,𝑓𝑖

𝑀𝑅𝑑
 

 

(5) 
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𝜇 =
𝑀𝐸𝑑,𝑓𝑖

𝑀𝑅𝑑
 

 

(6) 

 

 

where MRd is the design resistance to the bending moment of the section at ambient temperature [kN cm]; MEd,fi is 

the design applied bending moment of the section in fire [kN cm] and µ is the relative moment [non-dimensional].  

 

With an extremely short duration and a low probability of occurring during the useful life of a construction, thermal 

action may be treated as an accidental action. Consequently, calculation of applied actions for fire situations may 

encompass an accidental combination of actions. In other words, the applied actions in an exceptional fire condition 

are reduced, in relation to the values normally used at ambient temperature. Brazil’s ABNT NBR 8681 Standard 

[11] recommends Equation 7 for the accidental ultimate combination of actions, with the 2 value reduced to 0.72 

in a fire situation. 

 

𝐹𝑑,𝑓𝑖 = ∑ 𝛾𝑔,𝑓𝑖  𝐹𝐺𝑖,𝑘

𝑚

𝑖=1

+ 𝛾𝑞,𝑓𝑖  𝐹𝑄,𝑓𝑖  + 𝛾𝑞,𝑓𝑖 ∑ 𝜓2 𝐹𝑄𝑗,𝑘

𝑛

𝑗=1

 

 

(7) 

 

where Fd,fi is the design value of accidental combination action [kN] (equivalent to Ed,fi); FGi,k is the characteristic 

value of permanent action i [kN]; FQ,fi is the representative value of the thermal action (accidental action) [kN]; FQj,k 

is the characteristic value of variable action j [kN]; γg,fi is the partial factor for permanent actions in fire, according to 

ABNT NBR 15200 [2] [non-dimensional]; γq,fi is the partial factor for variable actions in fire according to [2] [non-

dimensional] and 2 is the combination factor used to determine the reduced values of the variable actions 

according to [2] [non-dimensional]. 

 

Equation 7 is similar to the expression for the accidental combination of actions proposed by EN 1990 [12]. Although 

both are recommended by the Brazilian ABNT NBR 8681 [11] and European EN 1990 [12] Standards, respectively, 

to determine the design effect of actions in fire situation, they have different combination factors. This does not 

prevent them from being applied to use the alternative method for design presented here. Since the MEd,fi  consists 

of an input data for the graphs (and for the app, as explained ahead), the engineer decides the most appropriate 

expression for it to be determined, with this choice depending on the country and the respective standards that 

must be followed. 

 

After the thermo-structural analyses and the validation of the main variable provided by TCD [7], MRd,fi, more than 

two thousand and three hundred curves that provide the ratio between the resistance to bending moments in fire 

and at ambient temperature, depending on the fire exposure time, were generated. These curves, illustrated earlier 

by the dotted line in Figure 6, are representative of the beam sections with different geometries and reinforcement 

configurations, which were adopted when preparing the alternative method for design.  

 

Rectangular cross-section beams were assumed, with widths of 14, 19, 25, 30 and 35 cm and heights of 40, 50, 60 

and 70 cm, all overlaid by a slab 5 cms thick and 60 cms wide. Reinforcement bars with diameters of 10, 12.5, 16, 

20 and 25 mm diameter, arranged in one and two layers, positive and negative, with covers of 25, 30 and 40 mm 

were considered. 5 mm diameter stirrups were adopted, which is the minimum value allowed by the ABNT NBR 

6118 Standard [9]. The amount of steel, as much as possible, was inserted in the sections for each width complying 

with the values of free minimum spacing between the faces of the longitudinal bars, proposed in [9].  
 
For the thermal analysis of these T-shaped sections, the same parameters were adopted as presented previously 

for the beam models used for the MRd,fi study (see the second paragraph of section 2.1 Resistance to bending 

moments analysis). On the boundary conditions, ISO 834 Standard fire scenario [8] was considered on the side 

and bottom faces of the beam and under the slab. The non-exposed faces (side and upper faces of the slab), for 

safety purposes, were set as adiabatic. The parameters adopted for the structural analysis were also the same: fck 

equal to 25 MPa, fyk equal to 500 MPa, etc. For more information, see section 2.1 again.  

 
Thus, the height, width, layers of reinforcements (1 or 2), position of reinforcements (positive or negative) and cover 

varied for each cross-section. Extracting the values of the relation of moments found for each case by the TCD 

software [7] from the graphs, 204 tables were constructed, similar to Table 2. Based on all the data present in the 

tables, an application was devised for determining the fire resistance of reinforced concrete beams. 

430



Table 2 – µ parameter as a function of the characteristics of the cross-section of a beam and fire resistance time. 

1 
positive 

layer 

Beam 14x40 (cover = 2.5 cm / ϕstirrups = 5 mm) 

μ 

ϕ [mm] t [min]/ϕ 0 15 30 45 60 75 90 105 120 135 150 165 180 

10 
2ϕ10 1.0000 1.0000 1.0000 1.0000 0.7228 0.4479 0.2605 0.1804 0.1203 0.0955 0.0738 0.0634 0.0566 

3ϕ10 1.0000 1.0000 1.0000 1.0000 0.8188 0.5458 0.3370 0.2236 0.1505 0.1114 0.0857 0.0714 0.0607 

12.5 
2ϕ12.5 1.0000 1.0000 1.0000 1.0000 0.7714 0.4857 0.2907 0.1966 0.1314 0.1014 0.0793 0.0656 0.0585 

3ϕ12.5 1.0000 1.0000 1.0000 1.0000 0.8580 0.5804 0.3642 0.2418 0.1617 0.1187 0.0908 0.0741 0.0627 

16 2ϕ16 1.0000 1.0000 1.0000 1.0000 0.8343 0.5449 0.3398 0.2199 0.1491 0.1100 0.0872 0.0690 0.0614 

20 2ϕ20 1.0000 1.0000 1.0000 1.0000 0.9062 0.6168 0.3985 0.2509 0.1727 0.1201 0.0965 0.0758 0.0647 

 

 

3. TRFVIG APP 

 

3.1 Inserting the database into the App 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

The results of an alternative method for the design of reinforced concrete beams in a fire situation, the graphical 

method [6], enabled the development of software, more specifically an application (app) called TRFVIG. The 

acronym TRFVIG comes from the Portuguese phrase for Fire Resistance Time of Reinforced Concrete Beams 

(Tempo de Resistência ao Fogo de VIGas de Concreto Armado). TRF refers to Fire Resistance Time (in 

Portuguese: Tempo de Resistência ao Fogo). TRF is equivalent to “design fire resistance”. VIG refers to Beams (in 

Portuguese: VIGas). 

 

The database was fed into the app for calculating the fire resistance of reinforced concrete beams as follows: input 

data were previously stored in the Excel v.2007 software [13], illustrated as an example in Table 2, and the first 

step was thus to reorganize and transfer this data to text files in table format.  

 

In order to be readable by the app, each table was reconfigured as follows (see Figure 7): the top line shows the 

characteristics of its data, namely the width (bw) and height (h) of the cross-section of the beam in question, the 

cover (c) of the reinforcements, the number of layers into which these reinforcements are distributed (one or two) 

and the position of the bending moment (whether positive or negative), with the dimensions of this line indicated in 

centimeters. The second line presents the fire resistance values established as a basis for obtaining the results 

from the thermo-structural analysis performed using the TCD software [7], with these times indicated in minutes. 

The subsequent rows show the µ parameter values from the TCD for each of the pre-established fire resistances. 

The first column of these rows indicates the corresponding reinforcement, i.e., 2f10 indicates that this line refers to 

the µ values for a 2ϕ10 reinforcement, meaning two 10 mm steel bars; the μ values have no dimensions, as they 

represent relative bending moments.  

 

 Figure 7: Example of the layout configuration of one of the tables in the text file with the app database,  

for calculating the fire resistance time of reinforced concrete beams. 

  

It is important to mention that an order was established for uploading these tables into the database. Furthermore, 

they were uploaded little by little, in order to run app operating tests at various data input stages. For example, each 

set of nine or twelve tables saved in the text file were confirmed for the number of new tables and new data 

characteristics, together with multiple checks of the fire resistance results produced by the app.  
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The tables were uploaded in the following order: (1) beams with positive reinforcements distributed in one layer; (2) 

beams with positive reinforcements distributed in two layers; (3) beams with negative reinforcements distributed in 

one layer and (4) beams with negative reinforcements distributed in two layers. Figure 8 presents an outline showing 

the relationship among the existing tables for these four cases, indicating the characteristics of their data, as defined 

in the first line of each of them, shown in Figure 7 and explained in a previous paragraph. Figure 8 also presents 

the total number of tables (204) in the database, in addition to the number of solutions for design. This is reflected 

in the number of rows represented by the rebar arrangements (number of bars/bar diameters) with the respective 

μ parameter values (the rows are also explained above). 

 

3.2 Implementation of the TRFVIG App 

 

The entire implementation of the TRFVIG app was handled in the C# language under the Microsoft. NET® 

Framework platform. The graphical interface was built on Windows Presentation Foundation® (WPF). It is thus 

expected that the app is compatible with the recent versions of the Windows operating system (version 7 or later), 

provided that the Framework platform is properly installed on the computer. The app installer was written on Inno 

Setup®. The main challenge for implementing this app was defining how the massive results dataset (with more 

than 2300 beam models) would be uploaded into its database. After some initial analyses, it was decided to convert 

these values into spreadsheet format (tables), in a formatted text file, which was later converted into a binary file. 

Initially, only a few tables were converted and tested. It was only after confirming the efficiency of the methodology 

for adapting the results of the work for use in the application that all the tables were gradually converted.  

 

During the app development stage, designing a simple, logical and intuitive user interface was also a matter for 

close attention. All the input data and results are gathered in a single window. For the µ values, a linear interpolation 

is adopted when the user-defined value differs from the values that were originally available. No extrapolation was 

considered. Figure 9 shows the main app window, with input data on the left. An initial message with warnings, 

credits, etc. is displayed in the right panel as soon as the app loads. Optionally, µ may be calculated by entering 

the MEd,fi and MRd bending moments value. A query methodology was defined for the app database, optimizing 

calculation times. Once the data is entered, processing is started by a single Calculate Fire Resistance button, with 

the results displayed instantly in the right panel. In addition to these fire resistance time values, the μ vs fire 

resistance graph is also presented, as shown in Figure 10. Although countless tests have been run, the authors 

accept no liability for results obtained through the app. Users must thus run their own validation checks.  

 

The TRFVIG app is available for free to members of the Brazilian Concrete Institute (IBRACON – Instituto Brasileiro 

do Concreto) and the Brazilian Association of Structural Engineering and Consulting (ABECE – Associação Brasileira 

de Engenharia e Consultoria Estrutural). It may be downloaded from the following websites: https://site.ibracon.org.br/ 

or https://site.abece.com.br/, after logging in to the Members areas. At the time of the submission of this paper, the 

development of the English version of the TRFVIG app is concluded and it is expected to be released in the near 

future. Figures 9 and 10 present a look-up of the English version (the currently available version is in Portuguese). 

 

 Figure 8: Schematic with characteristics of the concrete beams, quantities of tables and design solutions in the 

TRFVIG app database. 
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Figure 9: Main window of the TRFVIG app. 

 

 

4. CONCLUSIONS 

 

Based on isotherm distribution shapes in rectangular beams, fire resistances to bending moments (MRd,fi) do not 

change much, when shifting between simplified procedures for defining them. The TRFVIG app may be used for 

around 2300 cross-section/reinforcement alternatives for each standard fire resistance rating (R). This paper 

presents the hypotheses that guided the development of this app for determining the fire resistance time (TRF). 

This encompasses the inclusion of the cross-section and reinforcement characteristics of a reinforced concrete 

beam, and the relationship between applied and resistant bending moments. The fire resistance time (TRF), which 

is equivalent to “design fire resistance”, must be greater than or equal to the standard fire resistance rating (R), 

which is equivalent to “required fire resistance time” (TRRF, in Brazil). 
 

When determining fire resistance time, the app does not establish a temperature limit on reinforcements, but rather 

an equilibrium of resistant forces on reinforcements and the compressed concrete block, in order to lead to more 

accurate results than the tabular method. This is why the app may occasionally indicate more economical fire 

resistance values, compared to figures from the tables, as noted in certain application examples that were analyzed 

[3-4, 6]. 

 

Although not as streamlined as the tabular method, the use of this app is also relatively simple. This is because it 

needs only six cross-section characteristics of the beam under analysis, defined in the design at ambient 

temperature. The only input datum that really needs to be calculated by the engineer is the μ parameter. In turn, 

this μ parameter is defined from MEd,fi and MRd, which are also easy to determine. Thermal analyses and specific 

fire area software are not required when using the TRFVIG app, thus making it a feasible alternative for most 

structure design professionals.  

 

The TRFVIG app may be applied to design beams overlaid by slabs (T cross-sectional shapes), concrete with 

compressive strength (fck) between 25 MPa and 50 MPa, reinforcing steel with tensile strength (fyk) equal to 500 

MPa, ISO 834 Standard fire scenario and heat exposure on the three faces of the beams (sides and bottom) and 

under the slabs. The other parameters and properties of the materials used in the thermal and structural analyses 
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drawn up to develop the app, might also need to be analyzed in order to ascertain its applicability, in terms of the 

design standards in effect in each country.  

 

 Figure 10: Graph showing µ vs fire resistance presented in the TRFVIG app. 
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ABSTRACT 

  

The work presented in this paper is part of a larger French project, POSTFIRE, developed following the Notre-

Dame Cathedral fire. Six fire resistance tests were performed on 3 m x 3 m x 20 cm thick masonry walls. The tests 

were performed on 3 stones: Saint Leu (soft stone), Tervoux (firm stone) and Massangis (hard stone). The nature 

and compressive strength of the mortars were adapted to each stone. The walls were exposed to the standard 

834-1 temperature curve for two hours followed by a 24-hour cooling phase. For each stone, one wall was tested 

without mechanical loading and one with mechanical loading. The applied mechanical loads during the fire test 

correspond to 50% of the allowable loads calculated according to Eurocode 6. The tests were very extensively 

instrumented: thermocouples, displacement sensors, digital image correlation, thermal camera and endoscopes. 

The recordings were made during the heating and cooling phase. At the end of the cooling phase, the walls were 

loaded again until failure to determine their residual wall bearing capacity. The walls were stored for at least 2 

weeks for further observations. The results of the test campaign on the 6 walls made with the 3 stones will be 

presented. 
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1. INTRODUCTION 

 

Masonry construction has been used for centuries due to its durability and resistance to the elements. However, 

when exposed to fire, masonry structures can experience significant damage. The recent, devastating fire of Notre 

Dame de Paris has enlightened once more the vulnerability of historic architectural heritage and the general 

concern for the residual stability of the monument. As a fact, many ancient buildings and monuments have 

withstood violent fires during their history; structural masonry often survives fires. This can be explained by the 

generally high thickness of these structures and the tendency of the stones to show lower temperature degradation 

compared to other building materials. On the other hand, the residual structural capacity of masonry walls, pillars, 

columns and vaults is difficult to quantify [1]. Generally, only destructive tests (DT) can provide quantitative 

assessment of mechanical properties; but the need for heritage preservation generally forces post-fire surveyors 

to rely mainly upon non-destructive tests (NDT) [2]. On the other hand, even performance-based codes for the fire 

resistance assessment of masonry structures – like Eurocode [3] and the USA code NFPA 914 [4]– do not contain 

specific strength calculation methods for post-fire situation. 

 

In the field of civil engineering, the high temperature behaviour of stones is much less known and investigated than 

that of steel or concrete. At high temperatures, microscopic physical and chemical transforms trigger macroscopic 

changes in the physical, thermal and mechanical properties of masonry units and mortars [5]. In carbonate rocks, 

e.g. limestone, decarbonisation is the cause for material contraction beyond 800°C, while the formation of 

Portlandite brings on a volume increase during the cooling phases [6] [7]. Damage increase can show up even 

days after the fire event [8],[9], having major consequences on the safety of buildings after fire.  

Additionally, the composite nature of masonry brings on the problem of interface cohesion deterioration, which is 

a crucial parameter especially in the shear response [10]. Among the exposure characteristics, the maximum 

temperature is the most relevant parameter for the property decay [11]. As well, the cooling regime can also be 

crucial [12]. Finally, high heating rates (which are typical of real fires) can also be linked to damage increase and, 

depending on the stone nature, spalling [13]. 

Despite the importance of understanding how masonry behaves in fire situations and after the fire, the available 

research on these topics is limited and the very heterogeneous results claim for increasing scientific contributions. 

However, we can mention the work carried out at the CSTB (Centre Scientifique et Technique du Bâtiment) over 

the last few years, including the performance of fire resistance tests on masonry walls [14][15]. The tests were 

performed on Saint-Vaast limestone which is very close to the soft stone Saint Leu studied in the present paper. 

This work is currently being continued and includes detailed work on the modelling of the failure behavior under 

fire.  

 

In this context, the French POSTFIRE project – Safety and Preservation of cultural heritage stone masonry 

buildings after fire events – aims at understanding and examine the multi-scale mechanical behaviour of traditional 

stonework, during the fire and, with a particular focus, after the fire. This project includes the carrying out of a fire 

resistance test campaign on the 6 walls in CSTB. This work also completes the ongoing research on Saint Vaast 

stones [14][15] which focuses mainly on the masonry behavior under fire and little on the behavior after cooling. 

The tests were very extensively instrumented: thermocouples, displacement sensors, digital image correlation, 

thermal camera and endoscopes. This paper presents the program, equipment, test procedures and the main tests 

results and analysis. 

 

 

2. EXPERIMENTAL PROGRAM 

 

In order to investigate the behavior of Limestone in fire situations, six masonry wall tests were conducted (Table 

1). Tests were carried out on 3 m x 3 m x 20 cm thick masonry walls and performed on 3 three types of limestone 

from the French Rocamat company: Saint Leu (soft stone), Tervoux (firm stone) and Massangis (hard stone). Mean 

values of the stones compressive strengths achieved by testing 10 cubic 10 cm-side samples according to NF EN 

772-1 are given in the table. 
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Table 1: Experimental program 

Wall Stone 

Stone 

compressive 

strength 

(MPa) 

Mortar 

Mortar 

compressive 

strength (MPa) 

Curing 

time 

(months) 

Applied compressive load on 

the walls 

LEU NL Saint-Leu 

7.3 ± 1 
350 kg 

NHL2 

Hor. : 0.67 

Vert. : 0.65 

4 
Lightly loaded – 14 tonnes (0.23 

MPa) 

LEU L Saint-Leu 4 
Loaded – 36.3 tonnes 

(0.61 MPa) 

TER NL Tervoux 

37.3 ± 1 

250 kg 

NHL3.5 + 

100 kg 

cement 

Hor. : 1.5 

Vert.: 1.75 

2 
Lightly Loaded– 30 tonnes (0.5 

MPa) 

TER L Tervoux 2 
Loaded – 141 tonnes 

(2.35 MPa) 

MAS NL Massangis 

102.4 ± 6 

200 kg 

NHL3.5 + 

150 kg 

cement 

6.7 

3 
Lightly Loaded – 26 tonnes (0.43 

MPa) 

MAS L Massangis 3 
Loaded – 375 tonnes 

(6.25 MPa) 

 

The nature and compressive strength of the mortars were adapted to each stone. In order to reproduce site 

practices, the fluidity of the mortars, and therefore their water content, was adapted for the filling of horizontal and 

vertical joints. The water content of the mortars for vertical joints was higher (Table 1). Then, Saint-Leu stone was 

bonded with mortar made of sand and natural hydraulic lime NHL 2 with a compressive strength of 0.65 – 0.67 

MPa. Mortars used for Tervoux and Massangis stones were made of sand, cement, and natural hydraulic lime NHL 

3.5. Their compressive strengths was respectively 1.5 – 1.75 MPa and 6.7 MPa. The curing time was adapted to 

the strength kinetics of the mortars. A longer curing time (4 months) was applied for the Saint-Leu limestone walls 

bonded with the mortar made with natural hydraulic lime NHL 2. 

The walls were exposed to the standard 834-1 temperature curve for two hours followed by a 24-hour cooling 

phase. For each stone, one wall was tested unloaded (in practice with a very low mechanical loading in order to 

ensure a good fit of the wall in the concrete frame) and one with mechanical loading. The applied mechanical 

vertical loads during the fire test correspond to 50% of the bearing capacity at ambient temperature calculated 

according to Eurocode 6. In the table and the rest of the paper, the stones from Saint Leu, Tervoux and Massangis 

are referred to as LEU, TER and MAS respectively. The unloaded and loaded tests are denoted by NL and L. 

The recordings were made during the heating and cooling phase. At the end of the cooling phase, the walls were 

loaded again until failure in order to determine their residual bearing capacity. The walls were stored for at least 2 

weeks for further observations. 

 

 

3. TEST PROCEDURE 

 

The walls were erected by Rocamat company within a reinforced concrete frame. The blocks sizes were: 72 cm x 

36 cm x 20 cm (length x height x thickness). The mortar layer thickness was: 10 mm. A layer of mortar was applied 

between the wall and the top and bottom beams. Their thickness was respectively of 55 mm and 20 mm. A 60 mm-

wide rock wool strip was positioned between each lateral side of the wall and the RC frame in order to ensure 

thermal insulation and prevent any mechanical action on the lateral sides of the walls (free edges). 

To accurately characterize the behavior of masonry walls in fire situations, we employed a comprehensive 

instrumentation and measurement protocol that enabled us to monitor the temperatures, displacements and visual 

changes: thermocouples, displacement sensors, digital image correlation (DIC), thermal camera and endoscopes 

(Figure 1). 

The structure was placed in front of a furnace and exposed to a conventional ISO 834-1 fire (EN 1991-1-2) on one 

side for 120 minutes according to NF EN 1365-1. The temperature was uniformly increased on the surface of the 

wall until it reached 1050°C after 120 minutes (Figure 2). The wall was held against the furnace during the cooling 

phase. During this phase, the exhaust fans were kept running at high speed and openings were made in the sealing 

of the furnace to accelerate the cooling rate. During both phases, the temperatures in the furnace were measured 

using 9 plate thermometers positioned 10 cm from the walls. An example of the results is given in Figure 2. 
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Figure 1: Fire resistance test on the Massangis stone block wall with the cameras of the digital image correlation, 

the thermal camera, the speckles applied on the wall, the mechanical loading frame (left). Example of contours of 

horizontal displacement in the non-exposed side after 120 minutes of heating (right top). Example of image 

captured with the thermal camera. The higher temperature at the cracks are visible (rigth bottom). 

 

Vertical compressive load was applied through hydraulic jacks placed under a reinforced concrete frame. A 

mechanical loading test was carried out the next day to determine the residual capacity of the wall. 

In each wall, 3 stones were instrumented with 6 thermocouples positioned at different depths from the face exposed 

to the fire: 1, 2, 5, 8, 12 and 17 cm. The evolution of temperature fields of the unexposed side was recorded by 

using 5 thermocouples and a thermal camera. 

 

Three different techniques were employed to accurately measure the masonry wall displacement during the test. 

Seven Linear Variable Differential Transformers (LVDTs) were placed at different heights and locations on the non-

exposed side of the wall to measure the out-of-plane displacement. Additionally, the vertical displacement of the 

wall at the top of both the right and left sides were recorded using two sensors. Furthermore, the Digital Image 

Correlation (DIC) technique was used to obtain displacement fields in three directions of the wall using two cameras, 

without any contact. To achieve this, a painted speckle pattern was applied to the unexposed surface of the wall, 

which enabled the system to determine the displacement of a set of points by comparing pictures taken at two 

different times. The position of the two cameras was calibrated before the test to calculate the displacements in the 

three directions by triangulation. The measurements obtained using these techniques facilitated the wall 

determination of the deflection, displacement, cracks and other relevant data. 

In addition to all these measurements, the endoscopic cameras were placed inside the furnace to film the changes 

that occurred to the exposed surface during the heating. 

 

  
 

Figure 2: The measured temperature in the furnace during the heating and cooling phase in comparison to the 

ISO 843-1 curve for the test 3, Unloaded Tervoux 
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Figure 3: Measured temperature in the wall versus the time and the distance to the exposed side (example of the 

2 Tervoux walls) 

 

4. TEST RESULTS AND DISCUSSION 

 

4.1 Temperature distribution 

 

The measured temperature in the wall versus the time and the distance to the exposed side are illustrated in Figure 
3. This graph shows the temperatures in both unloaded and loaded Tervoux limestone walls. This graph is 
representative of the results obtained on the other two walls. 
 
For depths greater than or equal to 8 cm, we can observe the appearance of a vaporization plateau. This type of 
plateau is frequently observed during fire tests on concrete specimens. The length of the plateaus is less than that 
observed during tests on Saint-Vaast walls [14]. This can be explained by the longer drying time and the lower water 
content in the stone in the walls tested in this project. These plateaus result from the energy consumed by the water 
from the exposed surface to the depth of the measurement. Therefore, the presence of the plateaus, and their length 
increases with depth. 
We can observe that the curves show a greater dispersion of results at shallower depths. This is due to the 
positioning errors of the thermocouples. Indeed, near the surface, the temperature measurements are more 
sensitive to positional deviations. 
 
The Figure 4 represents the profiles of temperatures versus the distance to the exposed side determined on the 6 
walls at 2 different times: 15 min et 120 min. The actual depths (not the theoretical depths) are plotted on the x-axis. 
This representation allows the effect of the thermocouple position error to be eliminated and the profiles obtained 
for the three stones under the 2 mechanical loadings to be compared. 
The analysis shows that, for each of the 3 stones, and as expected, mechanical loading has no influence on the 
temperature profiles. 
Although in this representation, the temperatures of the 3 stones are very close at both test times we can observe 
a trend. The measured temperatures are generally ordered as follows: Saint-Leu, Tervoux and Massangis from the 
lowest to the highest temperatures. 
This agrees with the thermal conductivity measurements determined on the 3 stones [16]. This is also consistent 
with the compactness and compressive strengths of the limestones (Table 1).  
 

4.2 Out-of-plane displacement distribution 

 

Masonry walls out-of-plane displacement and deflection can fluctuate significantly in response to high 

temperatures. In the situation of high temperatures, the limestones experience thermal expansion. Because of the 

temperature gradient, this thermal expansion varies through the thickness of the wall, which leads to an increase 

in their overall deflection. Such a deflection, also known as thermal bowing, tends to add additional bending 

moments to the initial compressive stresses borne by the wall, which might trigger its collapse. 

440



IFireSS 2023 – International Fire Safety Symposium 

Rio de Janeiro, Brazil, 21st-23rd June 2023 

 
Figure 4: Profile of temperatures versus de depths determined on the 6 walls after 15 and 120 minutes. 

 

The deflection values of the walls during heating and cooling were determined by using five LVDTs and DIC 

techniques. Positions of the LVDTs are shown in Figure 5-left. Out-of-plane displacement in the middle of the wall 

versus the time during the heating phase and the beginning of the cooling phase are displayed in the Figure 5-

right. Among all the LVDTs, the ones placed in the middle of the wall recorded the maximum out-of-plane 

displacement in all cases. 

Moreover, the results indicated that the unloaded walls had higher out-of-plane displacement compared to the 

loaded walls, except for the Saint-Leu limestone walls. Thus, the maximum value of out-of-plane displacement was 

observed for the unloaded Tervoux wall (39 mm). The deflections of the unloaded walls from largest to smallest 

are as follows: Tervoux (39 mm), Massangis (33 mm) and Saint-Leu (24 mm). The ones of the loaded walls are: 

Saint-Leu (27 mm), Tervoux (22 mm) and Massangis (6 mm). The 2 Saint-Leu walls out-of-plane displacement 

values were very close. This small variation can be attributed to the low difference in load between the “unloaded” 

and the loaded tests (Table 1). On the contrary, the loaded Massangis wall shows a very low deflection compared 

to the unloaded wall. This is consistent with the very high load applied to the loaded wall (375 tonnes). The rate of 

increase of out-of-plane displacement was highest during the first 30 minutes and gradually decreased thereafter 

(Figure 5). 

The DIC method is a versatile tool that can offer important information regarding the out-of-plane displacement of 

the walls. The contours of out-of-plane displacements in the non-exposed side after 120 minutes of heating in 5 of 

the walls are displayed in Figure 6. Values from the unloaded Saint wall test are not available due a technical 

problem. From these figures, it can be observed that the maximal deflection occurs very generally near mid-height 

or a bit above for all walls. For both Tervoux walls, the maximal deflection did not occur at mid-width but was a bit 

off-center. This is attributed to the asymmetric development of the major vertical cracks (see below). 

 

  
Figure 5: Positions of the LVDTs on the non-exposed side (left); Out-of-plane displacement in the middle of the 

wall versus the time during the heating phase and the beginning of the cooling phase (right). 
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Figure 6: Contours of out-of-plane displacements in the non-exposed side after 120 minutes of heating in Loaded 

Saint Leu (a); Unloaded Tervoux (b); Loaded Tervoux (c); Unloaded Massangis; Loaded Massangis (e) 
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In Figure 7, as an illustration, deflection profiles determined from the DIC recorded data on the unloaded Tervoux 

wall at different times during the heating phase are displayed. Profiles are given along the width at the mid-height 

(top) and along the height at mid-width (bottom). Curves are compared with the values determined by the 5 LVDTs 

and represented by colored dots. The results show a relatively good correlation between these two measurement 

methods. These 2 figures picture well the increase in deflection on both sides during the heating phase. These 

curves can be usefully compared with those obtained on the Saint-Vaast walls studied by Pham et al [14]. The 

maximum deflection thus determined after 120 minutes on the unloaded wall was 39 mm. 

 

Figure 8 shows the deflection of the central vertical and horizontal lines of all the walls at the end of the heating 

phase (120 minutes). These figures also illustrate well the creation of a circular bulge toward the fire. 

 

At the beginning of the cooling phase, the value of out-of-plane displacement started to decrease for all walls. 
Figure 9 shows a comparison between the values at the end of the heating phase (120 minutes) and the end of 
the cooling phase (1 day). The ratios between the 2 values are given above in % in the figure. The values are 
between 6 and 54 %. We can then observe that the deflection is partially reversible. It is almost completely 
reversible in the case of the unloaded Massangis wall. 

 

 

 

 

 
 

 
 

Figure 7: Deflection profiles determined on the unloaded Tervoux wall at different times during the heating phase. 

Profiles are given along the width at the mid-height (top) and along the height at mid-width (bottom). 
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Figure 8: Comparative deflection profiles determined on the walls at the end of the heating phase (120 minutes). 

Profiles are given along the width at the mid-height (top) and along the height at mid-width (bottom). 
 

 
Figure 9: Out-of-plane displacements at the end of the heating phase and at the end of the cooling in all six walls. 

The ratios between the 2 values are given above in %. All the values have been determined from the DIC 
measurements except the one determined on the unloaded Saint-Leu wall. This value was determined by LVDT  
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4.3 Residual load capacity  

 

All six walls, after being subjected to 120 minutes of fire in both unloaded and loaded tests, remained intact and did 

not fail. To assess their residual mechanical behavior, the day after the heating test, when the temperature in all 

thicknesses of the walls had stabilized, the walls were loaded again until failure to determine their residual bearing 

capacity. The compressive vertical load was applied at a gentle speed over ten minutes and increased the load until 

the walls failed. Values of the calculated load capacity according to Eurocode 6, the applied load during the fire 

tests and the determined residual capacity are given in the Figure 10. The upward pointing arrows indicate that the 

applied loads allowed by the equipment used for each test were not high enough to break the walls. Both Saint-Leu 

walls failed at a load of 100 tonnes. For the Tervoux walls, the wall which was loaded during the fire test wall failed 

at 200 tones. The unloaded wall was able to withstand a load greater than 200 tonnes. The Massangis walls 

(unloaded and loaded walls), with the highest compressive strength among the three types of limestone, had a 

residual capacity exceeding 375 tonnes and did not fail (Figure 10).  

These results are among the most important findings of this work. They show that even after fire exposure, the 

limestones masonry walls can retained a significant amount of their load-carrying capacity.  

 
 

Figure 10: Calculated theoretical load capacity, applied load during heating and residual load capacity after 

cooling. Arrows are displayed when failure have not been reached when the load was applied after cooling 

 

4.4 Visual changes and cracks during the heating and cooling phases 

 

The evolution of the face exposed to fire was observed and recorded by means of endoscopes. Few changes were 

observed. In some tests we observed small delamination. None of the three stones exhibited any spalling 

phenomena. 

 

Cracks development on the unexposed side 

The observed cracking patterns on the non-exposed side of the masonry walls after 120 minutes of heating are 

displayed in Figure 11. It is noteworthy that vertical cracks were prevalent in comparison to horizontal cracks and 

indeed, in all cases, the cracks emerged from the vertical joints and propagated vertically through the stones, 

originating from the center of the wall. The first cracks appeared within the first ten minutes of heating in all six 

tests. The depth of the cracks varied from 5 mm to 17 mm across the length of the wall, and transverse cracks 

were present in all walls. In loaded walls, the presence of cracks in the top angles and lateral sides was more 

pronounced compared to not-loaded walls. In some cases, a large horizontal crack was observed at the bottom of 

the wall, between the blocks and the mortar bed (Figure 11). 

The number of vertical cracks was similar in all cases. In most of the cases the number was between 7 and 9. 

However, we can note that the number of cracks in the case of the Massangis walls was lower (about 6 for the 

unloaded case) and higher (about 14 for the loaded wall case). Interestingly, these observations can be compared 

with the horizontal displacement measurements determined by means of the DIC. An example of contours of  
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Figure 11: crack patterns on the exposed side of wall after 14 days in Not-loaded Saint-Leu (a); Loaded Saint-Leu 

(b); Not-Loaded Tervoux (c); Loaded Tervoux (d); Not-Loaded Massangis (e); Loaded Massangis (f) 

a 

446



IFireSS 2023 – International Fire Safety Symposium 

Rio de Janeiro, Brazil, 21st-23rd June 2023 

  

  

  
Figure 12: Pictures of the exposed sides of the walls after 14 days in unloaded Saint-Leu (a); Loaded Saint-Leu 

(b); Unloaded Tervoux (c); Loaded Tervoux (d); Unloaded Massangis (e); Loaded Massangis (f) 
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horizontal displacement is given in Figure 1. The measurements showed that the total horizontal elongations for all 

the walls after 120 minutes of heating were all between 20 and 24 mm. Therefore, the width of the cracks was in 

the majority of cases of the order of 2.5 mm. In the case of the two unloaded and loaded Massangis walls, they 

were respectively of the order of 3.5 and 1.7 mm. The images recorded with the thermal camera also allow the 

visualization of cracks. The cracks show locally higher temperatures during the heating phase (Figure 1). The 

detailed analyze of the data from the DIC system and the thermal camera which have not been presented in this 

paper will be presented in a future article. 

 

4.5 Observations after the tests 

 

After one day of cooling and mechanical load assessment, the reinforced concrete frame containing the wall was 

removed from the furnace to inspect the exposed side of the wall. Figure 12 illustrates the condition of the exposed 

side of all six walls after 14 days. Notably, the walls that failed due to the applied mechanical load exhibited a more 

severe cracking pattern. The observations also showed that some stones showed cracking parallel to the plane of 

the wall. This was particularly noticeable in the Saint-Leu stones. It was relatively easy to detach large blocks of 

about 3 cm thickness by tapping the surface with a hammer. In addition to the cracks, a visible change in the color 

of the limestone blocks was observed. Indeed, limestones exposed to high temperatures experienced a color 

change at different temperatures [7]. For temperatures greater than 730 degrees of Celsius, decarbonization of the 

calcite in these stones occurs, and upon exposure to the humidity in the air, it transforms into lime and eventually 

falls apart. Based on the evaluation of temperature distribution across the wall, it is estimated that approximately 1 

cm of the thickness of the wall failed during this time. 

 

 

CONCLUSIONS 

 

In conclusion, this study investigated the behavior of masonry walls made of three different types of limestone with 

different compressive strengths subjected to fire exposure for 120 minutes, followed by the assessment of their 

residual capacity. In this paper, we mostly present the study of the out-of-plane displacements, residual mechanical 

behavior, and cracking patterns of the walls. 

The results indicate that the unloaded walls experienced more significant out-of-plane displacement toward the fire 

– in comparison to the loaded ones - during heating, with the highest displacement occurring in the center of the 

walls and decreasing along the boundaries. The DIC analyses showed that the out-of-plane displacements for the 

majority of the tests had relatively high symmetry. However, we have noted that for both Tervoux walls, the maximal 

deflection did not occur at mid-width but was a bit off-center. 

After heating, all six walls remained intact and did not fail. The walls with the higher value of compressive strength, 

retained a significant amount of their load-carrying capacity, as demonstrated by the residual mechanical behavior 

tests. The compressive strength of the limestone and the amount of load during heating differed, resulting in varying 

residual loads for each case. The Massangis walls demonstrating the highest residual capacity exceeding 375 

tonnes. 

Cracking patterns on the non-exposed side of the masonry walls after 120 minutes of heating showed that vertical 

cracks were prevalent, originating from the vertical joints and propagating vertically through the stones, more 

specifically in the center of the walls. Transverse cracks were present in all walls, and in loaded walls, the presence 

of cracks in the top angles and lateral sides was more pronounced compared to unloaded walls. 

In addition, the study found that the exposed side of the walls shows a visible color change of the limestone blocks 

after exposure to high temperatures. The study estimated that approximately 1 cm of the thickness of the wall failed 

during heating due to the decarbonization of the calcite in the limestone blocks. 

 

This work highlights the importance of considering the behavior of masonry walls under fire exposure and the 

potential impact on their load-carrying capacity and structural integrity. Results show that, even after fire exposure, 

the limestones masonry walls can retain a significant amount of their load-carrying capacity. which can inform the 

development of more resilient and fire-safe building designs. 

 

Supplementary analysis of the experimental data (DIC system, thermal camera …) which have not been presented 

in this paper and numerical simulations of the effect of high temperature on the behavior of limestone masonry walls 

are under way and will be presented in future articles.  
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ABSTRACT 

 

The present research focuses on comparing the structural performance of cold-formed fire-resistant structural 

steel with that of cold-formed plain carbon structural steel at elevated temperatures. The present fire-resistant 

steels (YSt-355-FR (0.1% Mo) and YSt-355-FR (0.126% Mo)) used in this study have 0.1% and 0.126% Mo 

content by weight, respectively; whereas, the plain carbon steel (YSt-355) have no presence of Mo in its 

metallurgical composition. The finite element analysis was performed using Abaqus tool to estimate the buckling 

strength of the YSt-355-FR (0.1% Mo), YSt-355-FR (0.126% Mo), and YSt-355 structural steel columns at 

elevated temperatures, and the results obtained were compared to buckling strength obtained using the provision 

of EC3 and AS 4100 to judge their competence pertaining to newly developed fire-resistant steel. The finite 

element analysis has confirmed the superior performance of fire-resistant steel columns at the structural level as 

compared to that of plain carbon steel columns at elevated temperatures, driving the designers, architects, and 

structural engineers to use fire-resistant steel in lieu of plain carbon steel. 
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1. INTRODUCTION 

 

In the present time, structural steels are the main structural material used in the construction industry that offers 

high strength, strength to dead weight ratio, and ductility to the structures compared to other structural materials. 

In addition to its capabilities to mould in any shape with fast erection of structural members at constructional site, 

the structural steels are widely used in the prefabricated structures and providing aesthetic pleasing steel 

structures. Commercially, structural steels are available in the market depending on the rolling, forming, grade 

(strength), alloying elements, heat treatment; moreover, majority of the fire standards [1–5] categorizes the 

structural steel based upon the grade and rolling of the structural steels. Therefore, recommendations in these 

fire-design standards of structural steels are based on the grade and rolling process. The detailed discussion 

were made by the researchers [6–9] regarding the characterization of steel based on the grade and rolling.  

 

In order to achieve higher performance of structural steel at elevated temperatures, several elements like carbon, 

silicon, manganese, chromium, molybdenum, niobium, etc., were micro-alloyed with plain carbon steel to produce 

super-alloy fire-resistant structural steel [10–15]. The fire-resistant structural steel is the steel that retains 67 

percent of the specified room-temperature yield strength at 600°C. The purpose of adding microalloying elements 

in the plain carbon steel was enumerated in Table 1. Most of the previous researchers [8,10–16] micro-alloyed the 

plain carbon steel with Mo and Nb to achieve high strength and retention factor at room- and elevated- 

temperatures. Further, the heat-treatment and cooling condition also influence the mechanical properties of the 

structural steels. The present fire-design standards [1–5] did not categorize the structural steels based on 

presence of the key alloying elements and their percentage composition that influences the mechanical properties 

drastically. Authors [17] compared the mechanical properties of various grade of structural steels in terms of 

reduction factors.  

 

In terms of performance at the material level, these structural steels [8,15,16] have proven higher performance in 

terms of strength properties; and yield- and ultimate- strength reduction factors at elevated temperatures 

compared to plain carbon structural steel. Further, the researchers [12,15,16] have compared the mechanical 

properties of fire-resistant steel and plain carbon steel; however, both the structural steels used by the 

researchers belong to different grades that resulted in a vague comparison of both the steels having different 

grades. However, the researchers [8,9,18] compared the mechanical properties of fire-resistant steel and plain 

carbon steel having same grade and reported a significant improvement in the mechanical properties of fire-

resistant steel over the plain carbon steel. Coming to comparison of structural performance of plain carbon steel 

and fire-resistant steel, a few authors [12,13,16,19] conducted experimental and numerical investigation to report 

the performance of both the steels at elevated temperatures. The authors reported that the performance of fire-

resistant structural steel members is superior to plain carbon structural steel members, however, both the 

structural steel members have different grade of structural steels, that makes comparison of structural 

performance of both the structural steels insignificant. Therefore, a huge void is left in the literature regarding the 

structural performance of fire-resistant steel and plain carbon steel at elevated temperatures, that makes the 

motivation of the present study. 

 

 

Table 1: Alloying element used in Fire-resistant steel 

Element Description 

Carbon Alloying the steel with carbon increases the yield strength and hardness; however, 
reduces ductility and weldability of the steel. 

Silicon Increasing the percentage of silicon in the steel increases the strength at high 
temperatures. 

Manganese Manganese is used as a deoxidant in the steel and its presence contribute to 
temperature embrittlement. 

Chromium Presence of chromium makes the steel corrosion-, oxidation-, and heat- resistant. 
Molybdenum Molybdenum is the key alloying element in fire-resistant steel that enhances the 

high-temperature strength, creep, and corrosion resistance of steel. Further, it 
reduces temper brittleness in steel. 

Niobium Presence of Niobium in the steel enhances the strength at room- and elevated- 
temperature with marginally affecting weldability. Further, it also improves the 

creep strength. 
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2. RESEARCH SIGNIFICANCE 

 

The present study is constituted to show the effect of Mo addition on the structural performance of the structural 

steels at elevated temperatures. Toward this end, the compression tests were conducted on the structural steel 

tubes to validate the finite element model, and the buckling strength of fire-resistant and plain carbon steel 

columns at elevated temperatures is estimated by using a finite element tool. The fire-resistant steels reported in 

the literature have Mo content greater than 0.2% by weight; however, the newly developed fire-resistant steels 

(YSt-355-FR (0.126% Mo) and YSt-355-FR (0.1% Mo)) have Mo content less than 0.126% by weight. Further, the 

plain carbon steel (YSt-355) and fire-resistant steel (YSt-355-FR (0.126% Mo) and YSt-355-FR (0.1% Mo)) of 

same grade (355 MPa) used in this study. 

 

 

3. CHEMICAL COMPOSITION 

 

The chemical composition of the structural steels under consideration (YSt-355, YSt-355-FR (0.126% Mo), and 

YSt-355-FR (0.1% Mo)) have been listed in Table 2. It is clear from Table 2 that Mo is the principal alloying 

element present in the fire-resistant steel (YSt-355 (0.126% Mo) and YSt-355 (0.1% Mo)), while the amount of Mo 

content in the conventional steel (YSt-355) is negligible. 

 

 

Table 2: Metallurgical composition (% wt.) of structural steels.  

Alloying 

element 

YSt-355 YSt-355-FR 

(0.1% Mo) 

YSt-355-FR 

(0.126% Mo) 

C 0.056 0.055 0.053 

Mn 0.920 1.051 1.042 

P 0.023 0.022 0.020 

Si 0.290 0.189 0.202 

Al 0.035 0.045 0.049 

V 0.017 0.051 0.064 

Ti 0.056 0.002 0.002 

Nb 0.044 0.004 0.001 

Mo 0.001 0.100 0.126 

Cr 0.025 0.029 0.028 

Ni 0.018 0.020 0.020 

 

 

4. METHODOLOGY 

 

4.1 Structural steel tube dimension 

 

The cross-sectional dimensions and length of structural steel tubes taken for the present study are 180 x 180 x 8 

mm and 3.0 m, respectively. 

 

4.2 Geometric Imperfection 

 

The geometric imperfection of the YSt-355, YSt-355-FR (0.126% Mo), and YSt-355-FR (0.1% Mo) structural steel 

tubes were measured using the testing arrangement built of LVDTs and levelled surface. The maximum 

geometric imperfection reported for the YSt-355, YSt-355-FR (0.126% Mo), and YSt-355-FR (0.1% Mo) structural 

steel tubes were L/1691, L/1734, and L/1808, respectively. 

 

4.3 Numerical validation 

 

The finite element validation is carried out using ABAQUS, a finite element tool. The finite element model is 

verified through the ref.  [9,18,20]. The estimation of the buckling strength of the structural steel tube column was 
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carried out by performing two types of finite element analysis. The *BUCKLE and non-linear load-deformation 

procedure was performed from the ABAQUS library to find the different buckling shapes and buckling strength of 

the structural steel tube column, respectively. The *BUCKLE procedure is first performed to estimate the probable 

buckling shape of the structural steel tube column. The *BUCKLE procedure incorporates elastic modulus of 

structural steel, and the buckling shapes of the column depend on the cross-section, elastic modulus, and end 

boundary conditions. The non-linear load-deformation analysis is the next analysis which utilizes the first (lowest 

mode) buckling shape from the previous analysis (*BUCKLE) to evaluate the buckling strength of the structural 

steel tube column. The first buckling shape of the column is the lowest buckling mode. Initial data like initial 

geometric imperfection and material non-linearity (true stress-strain data points) were fed to the model. The 

engineering stress-strain data points presented in ref. [8,9,18] were converted to true stress-strain data points 

using calibration module from the ABAQUS library. The non-linear geometry parameter was incorporated in the 

column model using *NLGEOM module from the ABAQUS library. The end boundary conditions taken for this 

study were fixed-fixed with vertical deformation allowed at top. The rate of deformation of 0.0167 mm per second 

is applied at the top of the finite element model as compressive load. 

 

4.4 Mesh optimization 

 

Optimization of mesh was carried out to obtain good results comparable to experimental test. The mesh sizes of 

10 mm, 15 mm, and 20 mm were taken for this study. It is observed that the finite element models with mesh size 

of 10 mm have a good match with the results of the experimental test. The results of the mesh optimization 

analysis are matched with the experimental test conducted in ref. [18]. Therefore, the C3D8R mesh with size of 

10 mm is chosen for highly efficient and low-cost analysis. 

 

 

 

 

 

Figure 1: Buckling shape of the finite element model (Structural steel tube column). 
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5. RESULTS AND DISCUSSION 

 

The buckling strength-deformation curve of the YSt-355, YSt-355-FR (0.126% Mo), and YSt-355-FR (0.1% Mo) 

structural steel tube columns at 20°C,100°C, 200°C, 300°C, 400°C, 500°C, 600°C, 700°C, and 800°C is presented 

in Figures 2, 3, 4, 5, 6, 7, 8, 9, and 10, respectively. The buckling strength is defined at the maximum axial load 

carrying capacity of the column. The buckling strength of the structural steel tube columns were noted from Figure 

2 – 10 and presented in Table 3. 

 

From Figure 2, it can be observed that the buckling strength of YSt-355-FR (0.1% Mo) structural steel tube 

column is highest, followed by YSt-355-FR (0.126% Mo) and YSt-355 structural steel tube columns. Despite of 

being same grade of structural steel, the fire-resistant steels (YSt-355-FR (0.126% Mo) [9] and YSt-355-FR (0.1% 

Mo) [18]) have higher nominal yield strength compared to plain carbon steel (YSt-355 [8]), and this can be 

attributed to the higher buckling strength of fire-resistant steels compared to plain carbon steel at 20°C. Further, 

the presence of Mo in the chemical composition of fire-resistant steels resulted in higher nominal yield strength 

compared to plain carbon steel, which is ultimately reflected in increased buckling strength. It can be observed 

from Table 4 that the buckling strength of YSt-355-FR (0.126% Mo) and YSt-355-FR (0.1% Mo) columns is 

10.44% and 14.32% higher than that of YSt-355 column, respectively. Moreover, from Figure 2, the buckling 

strength of YSt-355-FR (0.1% Mo) is higher than that of YSt-355-FR (0.126% Mo) despite of being less amount of 

Mo content. This can be reasoned to higher amount of cold-forming in the YSt-355-FR (0.1% Mo) steel leading to 

increased nominal yield strength compared to YSt-355-FR (0.1% Mo). In Table 4, the buckling strength of YSt-

355-FR (0.1% Mo) is 3.51% higher than that of the YSt-355-FR (0.126% Mo) column. Similar observations are 

made for the structural performance of fire-resistant steels and plain carbon steel columns up to 400°C (Figures 3, 

4, 5, and 6). The buckling strength of fire-resistant steel columns is almost 6-14 percent higher than that of plain 

carbon steel columns up to 400°C (Table 4). Further, the buckling strength of YSt-355-FR (0.126% Mo) is higher 

than that of the YSt-355-FR (0.1% Mo) column beyond 200°C as the effect of higher cold-forming diminishes up to 

200°C in YSt-355-FR (0.1% Mo). 

 

 

 

Figure 2: Comparison of buckling strength – deformation curve of YSt-355, YSt-355-FR (0.126% Mo), and YSt-

355-FR (0.1% Mo) structural steel tube columns at 20°C 
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Figure 3: Comparison of buckling strength – deformation curve of YSt-355, YSt-355-FR (0.126% Mo), and YSt-

355-FR (0.1% Mo) structural steel tube columns at 100°C 

 

 

 

Figure 4: Comparison of buckling strength – deformation curve of YSt-355, YSt-355-FR (0.126% Mo), and YSt-

355-FR (0.1% Mo) structural steel tube columns at 200°C 

 

 

 

Figure 5: Comparison of buckling strength – deformation curve of YSt-355, YSt-355-FR (0.126% Mo), and YSt-

355-FR (0.1% Mo) structural steel tube columns at 300°C 
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Figure 6: Comparison of buckling strength – deformation curve of YSt-355, YSt-355-FR (0.126% Mo), and YSt-

355-FR (0.1% Mo) structural steel tube columns at 400°C 

 

 

Table 3: Buckling strength of structural steel tube columns at 

elevated temperatures estimated by finite element analysis 

 Buckling strength (kN)  

 T  YSt-355 YSt-355 YSt-355 

(˚C) (0.126% Mo) (0.1% Mo) 

20 2689.16 2969.51 3074.38 

100 2592.69 2903.70 2950.75 

200 2515.73 2768.06 2824.66 

300 2429.43 2692.62 2588.33 

400 2243.05 2522.11 2451.76 

500 1665.00 2170.09 2125.83 

600 1056.09 1617.67 1601.60 

700 602.49 1025.11 899.02 

800 299.50 450.19 429.58 

 

 

Table 4: Percent increase in the buckling strength of structural steel tube 

columns at elevated temperatures estimated by finite element analysis 

 Percent increase in buckling strength 

   YSt-355  YSt-355   YSt-355 

(0.126% Mo) (0.1% Mo) (0.1% Mo) vs. 

T  vs. vs. YSt-355 

(˚C) YSt-355 YSt-355 (0.126% Mo) 

20 +10.44 +14.32 +3.51 

100 +12.00 +13.83 +1.63 

200 +10.15 +12.38 +2.03 

300 +10.80 +6.54 -3.85 

400 +12.42 +9.26 -2.81 

500 +30.30 +27.61 -2.06 

600 +53.07 +51.57 -0.97 

700 +69.76 +49.21 -14.02 

800 +50.33 +43.43 -4.79 
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From Figures 7-10, it can be observed that the buckling strength of YSt-355 structural steel tube column 

drastically reduced compared to YSt-355-FR (0.126% Mo) and YSt-355-FR (0.1% Mo) structural steel tube 

columns beyond 400°C. Higher yield strength and strength retention factor of fire-resistant steels compared to 

plain carbon steel at material level enhance the structural performance of fire-resistant steel columns beyond 

400°C. Enhanced yield strength and retention factor of fire-resistant steels compared to plain carbon steel at 

elevated temperatures can be contributed to the presence of Mo in its chemical composition. At 500°C, the 

buckling strength of YSt-355-FR (0.126% Mo) and YSt-355-FR (0.1% Mo) columns is 30.30% and 27.61% higher 

than that of YSt-355 column, respectively. Further, the buckling strength of the fire-resistant steel columns is fifty 

percent greater compared to YSt-355 column at 600°C. At 700°C, the buckling strength of YSt-355-FR (0.126% 

Mo) and YSt-355-FR (0.1% Mo) columns is 69.76% and 49.21% higher in comparison with YSt-355 column, 

respectively. Moreover, the buckling strength of YSt-355-FR (0.126% Mo) and YSt-355-FR (0.1% Mo) columns is 

50.03% and 43.43% higher in comparison with YSt-355 column, respectively, at 800°C. Therefore, it is clearly 

observed that the presence of Mo in the chemical composition of structural steels drastically improves the 

buckling strength of steel columns at elevated temperatures. 

 

The fire-design parameters recommended in standards [1–5] are for plain carbon steel and cannot be applicable 

for super-alloyed fire-resistant steels. The use of fire-design parameters recommended in these standards for the 

evaluation of the structural capacities of the fire-resistant structural members will give very conservative and 

uneconomical design strength values. Therefore, the new design parameters will be incorporated in the present 

fire standards for safe and economical design of the super-alloyed fire-resistant structural steel members. 

 

 

 

Figure 7: Comparison of buckling strength – deformation curve of YSt-355, YSt-355-FR (0.126% Mo), and YSt-

355-FR (0.1% Mo) structural steel tube columns at 500°C 

 

 

 

Figure 8: Comparison of buckling strength – deformation curve of YSt-355, YSt-355-FR (0.126% Mo), and YSt-

355-FR (0.1% Mo) structural steel tube columns at 600°C 
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Figure 9: Comparison of buckling strength – deformation curve of YSt-355, YSt-355-FR (0.126% Mo), and YSt-

355-FR (0.1% Mo) structural steel tube columns at 700°C 

 

 

 

Figure 10: Comparison of buckling strength – deformation curve of YSt-355, YSt-355-FR (0.126% Mo), and YSt-

355-FR (0.1% Mo) structural steel tube columns at 800°C 

 

 

6. CONCLUSION 

 

At material level study, it earlier was marked that the fire-resistant steel has higher strength properties and 

strength retention ability compared to plain carbon steel at room- and elevated- temperatures due to the presence 

of Mo in their chemical composition. The present study extended the limits and incorporated the influence of 

addition of Mo on the structural performance of structural steels. Up to 400°C, the structural performance of fire-

resistant steels is 10 percent higher compared to plain carbon steel. However, a drastic improvement in the 

structural performance of fire-resistant steels (greater than 50 percent) is observed in comparison with plain 

carbon steel beyond 500°C. Therefore, it can be observed that the presence of Mo in the structural steels 

enhances their structural performance at room- and elevated- temperatures. Further, the present fire design 

standards cannot be used for designing the super-alloyed fire-resistant structural steel members. 
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ABSTRACT 
 
One of the challenges encountered in timber construction is the safe design of timber connections in fire 
conditions as their fire behaviour depends on many factors. This paper investigates the effect of load ratios and 
bolt patterns on the failure time of minimally fire-protected wood-steel-wood (WSW) bolted connections reinforced 
with self-tapping screws (STS). Four full-size fire experiments were conducted on glulam beam end connections 
loaded perpendicular-to-wood grain to develop shear and bending moment on the connections. Two connection 
configurations were studied, each utilizing six bolts arranged in two different patterns. The glulam beam end 
connections were reinforced perpendicular to wood grain with eight STS and exposed to elevated temperatures 
that followed the CAN/ULC S101-19 [1] standard fire time-temperature curve, while subjected to load ratios of 
100% and 130% of the maximum moment designed capacity of the weakest unreinforced connection 
configuration. The test results showed that the connections’ failure time exceeded 50 minutes, which surpassed 
the 45-minute minimum fire resistance rating recommended in applicable building codes. However, increasing the 
load ratio from 100% to 130% reduced the failure time of the connections. Importantly, reinforcing the connections 
with STS prevented splitting or row shear failures, which are frequently encountered in unreinforced WSW 
connections. 
 
Keywords: Failure time; load ratio; wood-steel-wood connections; standard fire; self-tapping screws. 
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1. INTRODUCTION 
 
In North America, the use of timber as a construction material has been on the rise over the past few decades 
owing to its abundance in the region, renewability, sustainability, and availability of innovative high-quality 
engineered products such as glued-laminated timber (Glulam) and Cross-Laminated Timber (CLT). Among many 
other benefits of using wood as a construction material is its distinctive high strength-to-mass ratio over other 
construction materials (i.e., concrete and steel) and good fire-endurance performance due to the formation of 
char. In high-rise buildings, mass timber members such as glulam are used as structural members (i.e., columns 
and beams) to transfer loads among the members of the structure. These members are linked together using 
connections that comprise fasteners (i.e., steel bolts or dowels) and steel plate sections. Timber structures are 
susceptible to fire because of the combustible nature of wood material. In the event of a fire, connections are the 
most vulnerable structural components due to the presence of metal connecting elements, which aids the transfer 
of heat to the inner core of the wooden component of the connection. As a result, the wood chars with an 
increased charring rate around the metal connecting components in the connections [2]. Thus, the connections 
are the weakest link and most critical structural component of any timber structure under fire exposure. 
 
Bolted wood-steel-wood (WSW) connections are used in high-rise buildings by designers due to their good 
aesthetic appearance and their ability to transfer shear forces since wood is well recognized to be weak in 
longitudinal shear and tension perpendicular-to-grain [3]. Beam-to-column WSW connections are widely used in 
tall buildings to provide rigidity to the structure where they can sustain bending moments that can be developed 
due to lateral loads [4]. Also, moment-resisting beam-to-column connections with high capacity are vital in portal 
frame structures susceptible to earthquake excitations [5]. Previous studies had shown that the predominant 
failure modes of moment-resisting bolted wood-steel-wood connections loaded perpendicular to wood grain at 
ambient temperatures are parallel-to-grain row shear and perpendicular-to-grain tensile splitting. In the past few 
decades, various reinforcing techniques have been employed to improve the capacity of wood connections and 
strengthen them against brittle and ductile failures. One of the solutions to strengthen connections against brittle 
failures as well as to retrofit existing wood structures is to employ fully threaded self-tapping screws (STS) as 
perpendicular-to-grain reinforcement. This technique of reinforcing connections is widely used due to its simple 
installation and economic benefit over other traditional reinforcement methods [6].  
 
Extensive studies have shown that self-tapping screws can be effectively used to prevent or fully control brittle 
and ductile failure modes frequently encountered in connections. Bejtka and Blaß [7] strengthened dowel-type 
connections with self-tapping screws to enhance their load-carrying capacity. It was reported that placing the 
screws in contact with dowel fasteners increased the stiffness and the load-carrying capacity of the connections 
by up to 120% when compared to the unreinforced connections [7]. Zhang et al. [8] used partially threaded self-
tapping screws to improve the mechanical performance of dowel-type WSW connections in timber portal frames. 
Test results showed that the screws effectively controlled splits propagation and increased the moment-resisting 
capacity of the connections as well as their ultimate rotation by 31% and 51%, respectively. In another study, 
Petrycki and Salem [5] investigated the behaviour of beam-to-column bolted wood-steel-wood connections 
reinforced with self-tapping screws, while subjected to monotonic loading in a column removal scenario. It was 
reported that the screws increased the moment-carrying capacity of the reinforced connections by a factor 
ranging between 1.3 and 2.4. 
 
Studies reported in [3] and [4] demonstrated that ductile and high-capacity moment-resisting bolted WSW 
connections can be achieved by employing self-tapping screws. The test results showed that the capacity of 
moment-resisting beam-to-column connections subjected to reverse cyclic loading increased by a factor of 1.7. In 
another study, Lam et al. [9] studied the influence of self-tapping screws in the performance of bolted glulam 
connections with slotted-in steel plates, subjected to monotonic and reverse cyclic loadings. In that study, failed 
unreinforced connections were also retrofitted with self-tapping screws. It was reported that the capacity of the 
reinforced connections increased by a factor of 2 and 1.7 under monotonic and reverse cyclic loading, 
respectively; while an increase by a factor of 1.87 and 1.53 was observed in the capacity of the retrofitted 
connections when subjected to monotonic and reverse cyclic loading, respectively.  
 
Despite the extensive studies to understand the behaviour of self-tapping screws as reinforcement in connections 
experimentally tested at ambient temperatures, limited experimental studies have been conducted at elevated 
temperatures to investigate the fire performance of such reinforced connections. Thus, further research is needed 
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at elevated temperatures to better understand the influence of self-tapping screws on the fire performance of 
beam-to-column WSW connections in order for such connections to comply with the prescribed fire-resistance 
rating in applicable codes for combustible buildings, and also promote high-rise timber construction. 
 
In the past decade, extensive studies have been conducted both experimentally and numerically to investigate the 
behaviour of various connection configurations at elevated temperatures. A number of papers have been 
published on connections subjected to perpendicular-to-grain [10] and parallel-to-grain [11] tensile loading; 
however, limited studies exist on the fire performance of beam-to-column WSW connections loaded to develop 
shear and bending moment on the connections. Recent studies [12–14] had shown that perpendicular-to-grain 
tensile splitting and parallel-to-grain row shear are the major failure modes of connections tested at elevated 
temperatures. Other failure modes reported on WSW connections are hole elongation (ductile failure) and edge 
shear out [15], with splitting being the most frequently encountered failure mode. In an effort to control or prevent 
such brittle failure modes at elevated temperatures, Petrycki and Salem [16] and Palma et al. [17] strengthened 
wood-steel-wood connections in a perpendicular direction with self-tapping screws. Petrycki and Salem [16] 
reported that the screws enhanced the failure time of the connections, while Palma et al. [17] observed a 
reduction in the fire resistance of some connections due to the premature exposure of the screws to fire, which 
caused an increase in the charring rate of the connections. Both authors reported that the tensile splitting failure 
frequently experienced in the unreinforced connections was prevented and the failure time of the connections 
reported was below the minimum fire-resistance rating of 45 minutes recommended in the current National 
Building Code of Canada (NBCC) [18] for combustible construction.  
 
Other studies by Peng et al. [15] and Akotuah et al. [19]  investigated the effect of load ratio on hybrid steel-timber 
connections. Both authors reported that increasing the load ratio reduced the time to failure of the connections. To 
further improve the fire resistance of WSW connections, Owusu et al. [12] and Peng et al. [15] investigated the 
effect of metal protection on the fire performance of WSW connections. Owusu et al. [12] protected the metal 
connecting components (i.e., bolt heads and nuts, and steel plate edges) using the same glulam material and 
reported a failure time of 23 minutes more than that of the unprotected connections. Peng et al. [15] employed a 
single layer of 15.9 mm Type X gypsum board and a double layer of 12.7 mm plywood to protect the connecting 
metal components of the connections. Test results reveal that the Type X gypsum board improved the failure time 
by about 30 minutes, while the double-layer of 12.7 mm plywood increased the failure time of the connections by 
15 minutes. 
 
To further improve the fire performance of WSW connections, the research reported herein focuses on the 
evaluation of the behaviour of bolted WSW connections reinforced perpendicular-to-grain with STS and exposed 
to CAN/ULC-S101-19 [1] Standard time-temperature curve. Variables that affect the fire performance of 
connections, such as the applied load ratios, bolt patterns and influence of STS, were experimentally examined. 
The test results provide a better understanding of the rotational behaviour of the connections in standard fire 
conditions. 
 
 
2. EXPERIMENTAL PROGRAM 
 
2.1 Materials 
 
In all tests, a Canadian black spruce pine (SP) with a stress grade of 24f-EX and an architectural grade was used 
for the wooden members of the connections. The glulam beam sections had rectangular cross-sectional 
dimensions of 184 mm wide x 362 mm depth x 1600 mm long. The beams were conditioned indoors at 20℃ and 
60% relative humidity (RH). Some of the beams experienced shrinkage of about 2 mm in depth due to the 
reduction of moisture content. The test assemblies were supported on one beam end by a W200 steel column of 
grade 300 W, having a flange and web thickness of 8 mm and 6 mm, respectively. The steel column was fire-
protected with ceramic fibre blankets before the start of the fire test. The mechanical properties of the glulam 
sections were obtained from the Canadian Construction Materials Centre (CCMC) Evaluation Report 13216-R 
[20]. 
 
In this study, the two steel T-stub connectors considered were manufactured from a 12.7 mm (1/2") thick steel 
plate of grade 300W.  Both T-stub connectors’ flanges had a height of 302 mm in order to accommodate the 
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protection of a 30 mm rectangular glued-in wood strip at both the top and bottom side of the steel T-stub 
connector. The dimensions and bolt pattern of the individual T-stub connector depend on the test connection 
configuration. The steel bolts used were made of 19.1 mm (3/4”) diameter A325M high-strength structural steel 
bolts and thus, all the bolt holes on the T-stub connectors were sized to be 1 to 2 mm (1/16 inch) larger than the 
bolts’ diameter as per CAN/CSA 086-19 [21]. Therefore, all the steel connector holes were 20.6 mm (13/16 inch) 
in diameter and a weld size of 6 mm was used to join the connector’s knife plate to its flange that was flushed with 
the cross-section of the glulam beam. SWG ASSY VG plus CSK self-tapping screws (STS) were employed to 
reinforce the connection specimens from top to bottom in a perpendicular-to-grain direction. The fully threaded 
self-tapping screws were produced from carbon steel and had a bending yield strength of 1,015 MPa and an 
unfactored shear strength of 641 MPa. The screws were 300 mm long and 8 mm in outer thread diameter. 
 
2.2 Test Specimens 
 
2.2.1 Connection configuration types and test matrix 
 
To investigate the effect of applied load and bolt patterns on the performance of minimally fire-protected glulam 
WSW connections reinforced with self-tapping screws, two different connection configurations were tested, with 
one similar specimen per configuration but under different load ratios. A monotonic transverse load was applied 
on the beam-to-column connections at the beam-free end to develop shear and bending moment on the 
connection. The first connection configuration (bolt pattern P1) had two of its bolt rows symmetrically positioned 
near the top and bottom sides of the beam cross-section, while the second connection configuration (bolt pattern 
P2) had the bottom row shifted upward to the mid-height of the beam to be in the tension side and as a result, 
further contribute to the moment-resisting capacity of the connection. Consequently, the unloaded edge distance 
of the connections with bolt pattern P1 was 91 mm, and for those with bolt pattern P2 was 181 mm. All the metal 
connecting components of the connections, that is, bolt heads and nuts, and steel plate edges were fire protected 
with glued-in wood plugs and strips, respectively. The WSW connection configurations were designed to satisfy 
the Canadian Engineering design in wood standard CSA O86-19 [21]. The dimension and details of the bolt and 
self-tapping screws layout of the tested beam-to-column WSW connections are presented in Figures 1 and 2. 
Table 1 summarizes the test matrix of the fire tests presented in this paper.  
 

  
 

 

a) Front view b) Cross-section c) STS layout d) Six-bolt P1 

 
Figure 1: Self-tapping screws layout details of 6BP1 connection configuration 

 

  

a) Front view b) Cross-section c) STS layout d) Six-bolt P2 
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Figure 2: Self-tapping screws layout details of 6BP2 connection configuration 
Table 1: Test matrix of all fire tests 

Connection 
configuration ID. 

Bolt 
pattern 

Applied 
moment (kN.m) 

Number 
of bolts 

Number of Self-
tapping screws 

Initial wood cover underneath 
the bottom row of bolts (mm) 

6BP1-LR100 P1 14.8 6 8 91 
6BP2-LR100 P2 14.8 6 8 181 
6BP1-LR130 P1 19.3 6 8 91 
6BP2-LR130 P2 19.3 6 8 181 

Note(s): 6B for six bolts; P1 and P2 for the first and second bolt pattern, respectively; LR for load ratio. 
 
2.2.2 Test assembly details and fabrication process 
 
Each of the four full-size test assemblies consisted of a 1600-mm long glulam beam that was structurally 
connected via a steel T-stub connector at one end to a sturdy supporting steel column. In each glulam beam, a 
vertical slot was made using a portable bandsaw in order to sandwich the T-stub connector between the wood 
side members. The slot for the 12.7 mm (1/2") T-stub plate was cut to a width of 15 mm in order to allow for a 
fabrication tolerance of 1 to 2 mm as required in the Canadian Engineering design in wood standard CAN/CSA 
O86-19 [21]. Circular holes were drilled into the glulam beam faces with the use of a 30 mm diameter spade bit to 
embed the bolt heads and nuts, as well as to accommodate the wood plug protection. After, the inner 19.1 mm 
bolt holes were milled using a 20 mm drill bit to allow for a minimum 1 mm fabrication tolerance as specified in 
CAN/CSA O86-19 [21]. The T-stub plate was slotted into the 184 mm x 362 mm beam cross-section, thereby 
sandwiched between two wood members with side thickness of 84.5 mm each and fastened together with 19.1 
mm (3/4”) diameter A325M high-strength structural steel bolts. Subsequently, the metal components of the 
connections were protected with glued-in wood plugs and strips. Thereafter, the STS were installed from the top 
to bottom of the glulam beam section in a perpendicular-to-grain direction. The test specimen was connected to 
the supporting steel column via the T-stub connector using 19.1 mm (3/4”) diameter structural steel bolts and 
tightened with nuts. The spacing of the fasteners was designed in accordance with CAN/CSA O86-19 [21]. 
 
2.2.3 Tests setup and procedure 
 
A hydraulic cylinder supported by a steel frame mounted around the furnace was used to apply a monotonic 
transverse load on the specimen at the free end of the beam at 1400 mm away from the beam support. Figure 3 
shows one of the specimens installed inside the fire testing furnace located at Lakehead University Fire Testing 
and Research Laboratory (LUFTRL). Each specimen was gradually pre-loaded to the targeted load level in four 
increments, each of 25%, to allow for the stabilization of deflections after each increment in accordance with 
CAN/ULC S101-19 [1]. The test commenced 30 minutes after the full transverse load was applied. During the fire 
test, the load level on the specimen was measured and maintained constant until the failure criterion was 
reached. An LVDT installed outside the furnace was used to continuously measure the beam’s vertical 
displacement throughout the fire test. 
 
 
 
 
 
 
 
 
 
  
 
 

 
 

Figure 3: A test specimen installed inside the fire testing furnace at LUFTRL 
 

The test specimens were exposed to elevated temperatures that followed the CAN/ULC S101-19 [1] standard 
time-temperature curve on all sides except the top one simulating the existence of a slab on top of the beam. The 
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top of the beam and the supporting steel column was protected from fire using a 1.0-inch thick ceramic-fibre 
blanket. The failure criterion for the connections occurred when the beam-end deflection corresponds to the 
rotational limit of magnitude 0.1 radians. However, the tests continued beyond this point until the test assembly 
could not sustain the applied load, and a significant load drop with no recovery was observed, at which the test 
was terminated, and the cooling phase of the furnace commenced. The time to failure and the thermal 
measurements of each test specimen were recorded and the temperatures measured by the different 
thermocouples installed at different depths inside the wood were used to determine the average charring rates of 
the wood at the connection location since there was a complete burnout of the remaining beam section when it 
was possible to open the furnace door after it was completely cooled down. 
 
 
3. EXPERIMENTAL RESULTS 
 
The experimental results presented in this paper describe the effects of applied load and bolt patterns on the 
rotational behaviour, failure modes and time to failure of the four minimally fire-protected WSW connections 
reinforced with self-tapping screws. Furthermore, time-temperature curves were developed and analyzed from the 
thermal measurements recorded from the thermocouples, and the charring rate was determined for each 
connection configuration. 
 
3.1 Load and connection rotational limit 
 
Figure 4 shows the applied load, failure criterion and connection rotation with respect to time curves for the first 
bolt pattern (P1) connection with a 130% load ratio applied. The failure criterion for the connections was 
determined when the beam-end deflection corresponds with the maximum connection’s rotational limit of 0.1 
radians. However, the tests continued beyond this point for a few more minutes and until the test assembly could 
not sustain the applied load, and a significant load drop with no recovery was observed. This is represented on 
the time-load curve by a significant fall in the load magnitude with no recovery. 
 

    
 
 
 
 
 
 
 
 
  
 
 
 

 
 
Figure 4: Applied load and connection rotation vs. time relationships for the six-bolt connection configuration with 

the first bolt pattern (6BP1-LR130) 
 

3.2 Time-temperature curves 
 
Figure 5 illustrates the time-temperature curves for the connection configuration of 6BP1-LR100. The time-
temperature curves were plotted from the thermal measurements recorded from twelve (12) metal-shielded Type 
K thermocouples installed at different locations within the beam end connection. As shown in Figure 5, at the 
early stage of all fire tests, thermocouples TC9 and TC10 inserted at 20 mm depths from the fire-exposed face of 
the beam recorded a temperature of 100°C after about 5 minutes. As the temperature continues to increase 
above 100°C, the moisture in the wood started to evaporate and as a result, at around 180°C to 200°C the wood 
starts to decompose and subsequently char at 300°C at about 20 minutes into the fire test. In all tests, it was 
observed that the temperature of the steel plate recorded by TC2 and TC6, as well as that of thermocouples TC4 
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and TC5 installed at a depth of 60 mm into the wood were all below 300ºC. This indicates that the char layer 
thickness of the beam section did not reach the 60 mm depth from the fire-exposed surface, and the steel plate 
did not contribute to the charring of the wood due to the 30-mm thick glued-in wood plugs and strips which 
protected the metal connecting components within each connection. However, it was observed that the bolt head 
temperature had risen above 300ºC at approximately 35 minutes, which assisted in accelerating the charring 
around the bolt holes later in the fire test. This also led to noticeable elongation of the holes that further increased 
the rotation of the connection. Thermocouples TC3 and TC7 installed at 40 mm inside the wood recorded 
temperatures that correspond with the wood’s charring temperature (i.e., 300 ºC) at approximately 47 minutes, at 
which the char layer progressed to the location of the STS embedded inside the glulam section. At the failure time 
of the connection, thermocouples TC9 and TC10 installed at a depth of 20 mm measured temperatures as high 
as the furnace temperature, whereas thermocouples TC2 and TC6 installed at the face of the steel plate 
measured temperatures below 300ºC. 
 

 
 
 
         
  

 
 
 
 
 
 
 
 

 
Figure 5: Time-temperature curves for the six-bolt connection configuration with bolt pattern P1 at 100% load ratio 
 
3.3 Charring rates 
 
Charring rate can be defined as the rate at which wood turns to char (or the rate of advance of char into the 
wood). It is also referred to as the dimensional rate, i.e., the ratio of charred depth to exposure time (mm/min). 
Charring rate is an important factor in structural fire safety design for timber structures since the strength and 
stiffness of the structural components under fire exposure depend largely on the uncharred cross-sections 
(residual sections). The thermal measurements recorded during the fire tests presented in this paper were used to 
calculate the charring rate of the connection configurations. The charring rate was determined from the position of 
the 300ºC isotherm, which implies that the charring rates of the connections were calculated from the times at 
which the temperatures measured by thermocouples TC3 and TC7 (installed at 40 mm depth), and TC9 and 
TC10 (installed at 20 mm depth) reached 300ºC, using Equation (1). This was the only method that could be used 
to determine the average charring rate of the connections since the glulam beam sections were burnt out 
completely before it was possible to open the furnace door after it was cooled down. 
 

    β= C /t                  (1) 
 

Where,  β is the rate of charring (mm/min) 
  C is the depth difference for the char front to reach depths of 40 and 20 mm 
  t is the time difference for the thermocouples at depths 20 mm and 40 mm to  

  reach 300ºC  which is the wood charring temperature. 
 
The time to reach 300ºC at the two selected depths inside the wood (i.e., 20 and 40 mm) from the fire-exposed 
surface of the beam section was analyzed to calculate the actual charring rates of the connections as 
summarized in Table 2. Based on the temperatures measured by the thermocouples installed at different depths, 
it was found that the protection applied to the metal components (i.e., bolt heads and nuts, and steel plate edges) 
significantly slowed down the transfer of heat into the wood core section and thus, reduced the charring rates. 
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           Table 2: Charring rates estimated for the four connection configurations (mm/min) 

Connection configuration ID. TC3 and TC9 20-40 mm TC7 and TC10 

6BP1-LR100 0.79 0.71 (Avg.) 0.62 

6BP2-LR100 0.73 0.64 (Avg.) 0.55 

6BP1-LR130 0.59 0.67 (Avg.) 0.74 

6BP2-LR130 0.73 0.79 (Avg.) 0.85 

Note(s): 6B for six bolts; P1 and P2 for the first and second bolt pattern, respectively; LR for load ratio. 
 
3.4 Failure time 
 
The main results of the fire tests for the four reinforced WSW connections are summarized in Table 3. In this 
study, the time to failure is described as the time from the start of the fire test to the time the failure criterion was 
reached, which is when the deflection of the beam’s free end corresponds with the rotational limits of 0.1 radians. 
Overall, the failure times of all four connection configurations exceeded 50 mins, which is more than the minimum 
fire-resistance rating of 45 minutes prescribed in the current National Building Code of Canada (NBCC) [18] for 
combustible construction. 
 
From Table 3, it is observed that increasing the load ratio from 100% to 130% in the first and second bolt patterns 
(P1 and P2), decreased the failure time by 11 mins (approximately 17% decrease) and 9 mins (approximately 
15% decrease), respectively. Therefore, the effect of load ratio significantly influences the time to failure of the 
connections. This confirms the test results reported by Peng et al. [15, 22], Ali [23] and Akotuah et al. [19]. In 
addition, it is noticed that connections with bolt pattern P1 performed better in failure time than bolt pattern P2. 
For the effect of bolt patterns, bolt pattern P1 with a failure time of 65 minutes performed better than bolt pattern 
P2 by 4 minutes (about a 6.6% increase) at a 100% load ratio. Similarly, at 130% load ratio, the failure time of the 
six-bolt pattern P1 was slightly higher than that of the six-bolt pattern P2 by only two minutes. The effect of load 
ratios on the failure time of the connections was more pronounced than the effect of bolt patterns which is almost 
insignificant. 
  
It is worth mentioning that none of the four reinforced connection configurations exhibited brittle failure such as 
wood splitting or row shear. The STS was effective in increasing the failure time of the connections when 
compared with the failure times reported by Owusu [24] on identical, but unreinforced connections subjected to 
the same applied load in standard fire conditions. In that prior study [24], lesser failure times were reported due to 
an earlier splitting failure that occurred at the glue line of the glulam beams at the connection location. 
 

Table 3: Summary of test results 
Connection 

configuration 
ID. 

Applied 
moment 
(kN.m) 

Time to 
failure 
(min) 

Failure mode 

6BP1-LR100 14.8 65 Excessive rotation due to deflection 

6BP2-LR100 14.8 61 Excessive rotation due to deflection 

6BP1-LR130 19.3 54 Excessive rotation due to deflection 

6BP2-LR130 19.3 52 Excessive rotation due to deflection 

Note(s): 6B for six bolts; P1 and P2 for the first and second bolt pattern, respectively; LR for load ratio. 
 
3.5 Connection rotations 
 
The measured vertical displacements of the beam’s free end were used to calculate the rotations of the 
connections and thus plot their time-rotation curves, shown in Figure 6. The time-rotation curves show similar 
trends of increased rotation with time for all four tested connection configurations. At the early stage of the fire 
tests, all the connections’ rotation curves remained constant for the first few minutes (about 5 minutes) before 
exhibiting a linear increase in rotation values with time. Subsequently, the curves rose significantly and rapidly 
until structural failure occurred. The gradual decomposition of the wood material caused the glulam beam to lose 
cross section and strength due to charring, which as a result increased the rotations of the beam-end connection. 
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During the fire tests, the applied load was kept constant until failure, after which the load dropped with no 
recovery. This is reflected on the time-rotation curves by a plateau at the end of the tests. All four connection 
configurations experienced a gradual failure. 
 
 
3.5.1 Effect of load ratio on the connection rotations 
 
The effect of increasing the load ratio from 100% to 130% on the connections’ rotation was pronounced, which 
resulted in an increase in the rate of the connection rotations. Figure 6a depicts the time-rotation curves for the 
six-bolt pattern P1 connection subjected to 100% and 130% load ratios. At both load ratios, it is observed that the 
connections exhibited a similar trend of increased rotations with time, whereas the connection subjected to a load 
ratio of 130% underwent a faster-increased rotation than that of the connection loaded to 100% load ratio. For the 
connection loaded to 100% load ratio, it is observed that the connection’s rotations linearly increased for about 32 
minutes, after which the rotational values increased gradually for about 23 minutes before rapidly increasing at 55 
minutes to failure. A similar increased rotation trend is observed for the connection loaded to 130%, but with 
lesser time intervals. The connection exhibited a faster rate of rotation and rapidly increased at 45 minutes to 
failure. This resulted in an 11-minute difference in the failure time of the connections with the connection 
subjected to a 100% load ratio performing better than the connection loaded to a 130% load ratio. 
 
Like the six-bolt pattern P1 connection, increasing the load ratio from 100% to 130% for the six-bolt pattern P2 
connection had a considerable effect on the connection’s rotational behaviour. Figure 6b shows the time-rotation 
curves for the six-bolt pattern P2 connection subjected to 100% and 130% load ratios. Both connections 
experienced a similar trend of increased rotations for about 17 minutes, after which the connection subjected to a 
load ratio of 130% exhibited a significant increase in its rotation values than those of the connection subjected to 
a 100% load ratio. This results in a reduction in the time to failure by 9 minutes. Figure 7 illustrates how the six-
bolt connection with the first bolt pattern (P1) at a 100% load ratio exhibited different rotations during the fire test. 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 

a) Effect of bolt pattern on six-bolt patterns P1 b) Effect of bolt pattern on six-bolt patterns P2 
 
Figure 6: Time-rotation curves illustrating the effect of load ratios on the six-bolt pattern P1 and P2 connections. 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 

 

a) (t = 30 mins) b) (t= 45 mins) c) (At failure, t = 65 mins) 
 
Figure 7: Six-bolt connection with the first bolt pattern (6BP1-LR100) undergoing standard fire testing. 
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3.5.2 Effect of bolt pattern on the six-bolt connection rotations at 100% and 130% load ratios 
 
Figure 8 shows the effect of the bolt patterns on the connection rotations for the six-bolt connection configurations 
subjected to 100% and 130% load ratios. For the six-bolt connections subjected to a 100% load ratio, the 
rotations of the connection configurations 6BP1 and 6BP2 stayed unchanged for the first few minutes (about 5 
minutes) before increasing linearly. The rotations of the connection configurations that employed bolt pattern P1 
increased linearly for about 27 minutes, and then significantly rises for about 23 minutes, while the rotations of the 
configuration with bolt pattern P2 gradually increased for about 29 minutes and subsequently increased 
significantly for about 13 minutes until failure. The rotations of the configurations that employed bolt patterns P1 
and P2 increased rapidly at 55 minutes and 50 minutes into the fire tests, respectively. Thus, the connection 
configurations with bolt pattern P1 performed better in terms of their failure time compared to those that employed 
bolt Pattern P2. 
 
While at 130% load ratio, the effect of the bolt pattern for the six-bolt connection configurations was almost 
negligible as the difference in time to failure of the connections with six-bolt patterns P1 and P2 was only 2 
minutes. As shown in Figure 8b, the time-rotation curve for the bolt pattern P2 connection had a greater slope 
than that of the bolt pattern P1 connection. Similarly, the rotations of the two connections were constant for the 
first 5 minutes, after which the connection with bolt pattern P2 rotated faster than that with bolt pattern P1. 
Thereafter, it is observed that the rotations of the connection with bolt pattern P1 gradually increased for about 33 
minutes, and after that significantly increased for about 7 minutes before it rapidly increased to failure. The six-
bolt pattern P2 connection experienced a similar trend but with lesser time intervals. This led to a reduction in time 
to failure for the 6BP2 connection, which is only 2 minutes lesser than that of the 6BP1 connection. No significant 
difference in failure time was observed between the two connection configurations. Figure 9 illustrates how the 
six-bolt connection with the second pattern at a 100% load ratio exhibited different rotations during the fire test. 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
a) Effect of bolt pattern on the six-bolt 

connections subjected to 100% load ratio 
b) Effect of bolt pattern on the six-bolt 

connections subjected to 130% load ratio 
 
Figure 8: Time-rotation curves illustrating the effect of bolt patterns on the six-bolt connections with different load 

ratios. 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 

 

a) (t = 30 mins) b) (t= 45 mins) c) (At failure, t = 61 mins) 
 
Figure 9: Six-bolt connection with the second bolt pattern (6BP2-LR100) undergoing standard fire testing. 

469



Overall, at both load ratios, it is observed that the bolt pattern P1 connection exhibited lower rotations than that of 
bolt pattern P2 connections and thus, had higher failure times. 
 
 
4. CONCLUSIONS 
 
This paper presents the results of an experimental study to investigate the effects of applied load ratios and bolt 
patterns on the fire behaviour of minimally fire-protected WSW connections reinforced with STS. Four full-size 
beam-to-column glulam connections, involving two different connection configurations were tested in the large-
size fire testing furnace under exposure to the effects of elevated temperatures that followed the CAN/ULC S101-
19 [1] standard time-temperature curve on three sides of the beams’ cross-section. Based on the experimental 
results, the following conclusions can be drawn on the fire performance of beam-to-column WSW connections 
reinforced with STS: 
 

 The experimental results show that the failure time of the four connection configurations surpassed 50 
minutes, which exceeded the minimum fire-resistance rating of 45 minutes recommended in the NBCC 
[18] for combustible constructions. 

 The tendency of brittle failures, such as wood splitting and row shear, frequently encountered in 
unreinforced timber connections were prevented by the application of self-tapping screws as a mean of 
perpendicular-to-wood grain reinforcement, and thus, all four STS-reinforced connection configurations 
had increased strength and stiffness and enhanced failure time compared to the respective connection 
configurations without reinforcement. 

 With the increase of the load ratio of the connections from 100% to 130%, the failure time of the 
connections significantly decreased. Thus, the behaviour of the connections in fire is largely influenced 
by the applied load ratio. 

 The connection configurations that employed the first bolt pattern (P1) exhibited greater failure time at 
both applied load ratios. It can be concluded that the connections which had two rows of bolts 
symmetrically positioned near the top and bottom sides of the beam cross-section (bolt pattern P1) 
performed better than those with their bottom row raised to the mid-height of the beam section (bolt 
pattern P2). 

 Although the new results are based on only four fire experiments due to budget and time constraints, it 
can be recommended that utilizing self-tapping screws for perpendicular-to-wood grain reinforcement in 
the connection configuration with the first bolt pattern (P1) can achieve a one-hour fire resistance rating. 

 
 
5. ACKNOWLEDGEMENTS 
 
The research study presented in this paper has been supported in part by the Discovery Grants awarded to the 
second and third authors by the Natural Sciences and Engineering Research of Council Canada (NSERC). The 
authors of this paper would like to thank lab technologist Cory Hubbard for his great assistance during the 
experimental testing stage of this project. 
 
 
6. REFERENCES 
 
[1] CAN/ULC S101, (2019). Standard methods of fire endurance tests of building construction and materials. 

Underwriters Laboratories of Canada, Fifth edition, Ottawa, Canada. 
[2] Peng, L.; Hadjisophocleous, G.; Mehaffey, J & Mohammad, M. (2010). Fire resistance performance of 

unprotected wood–wood–wood and wood–steel–wood connections: a literature review and new data 
correlations, Fire Safety Journal, vol. 45, no.6-8, p. 392–399. 

[3] Gehloff, M.; Closen, M. & Lam, F. (2010). Reduced edge distances in bolted timber moment connections 
with perpendicular-to-grain reinforcements. Word Conference on Timber Engineering, p. 1–8. 

[4] Lam, F.; Gehloff, M. & Closen, M. (2010). Moment-resisting bolted timber connections. Proceedings of the 
Institution of Civil Engineers - Structures and Buildings, no. 163, p. 267–274. 

[5] Petrycki, A. R. & Salem, O. S. (2020). Structural Integrity of Bolted Glulam Frame Connections Reinforced 
with Self-Tapping Screws in a Column Removal Scenario. J. Struct. Eng., vol. 146, no.10, p. 04020213. 

470



[6] Dietsch, P. & Brandner, R. (2015). Self-tapping screws and threaded rods as reinforcement for structural 
timber elements – A state-of-the-art report. Construction and Building Materials, Report 97, p. 78–89. 

[7] Bejtka, I. & Blaß, H. J. (2005). Self-tapping screws as reinforcements in connections with dowel-type 
fasteners, in: Proceedings of the CIB-W18 Meeting, vol. 38. 

[8] Zhang, C.; Guo, H.; Jung, K.; Harris, R. & Chang, W. S. (2019). Using self-tapping screw to reinforce 
dowel-type connection in a timber portal frame. Engineering Structures, vol. 178, p. 656–664. 

[9] Lam, F.; Schulte-Wrede, M.; Yao, C. C. & Gu, J. J. (2008). Moment resistance of bolted timber connections 
with perpendicular to grain reinforcements, in: Proceedings of the 10th World Conference of Timber 
Engineering (WCTE), vol. 2, p. 978-985. 

[10] Audebert, M.; Dhima, D.; Taazount, M. & Bouchaïr, A. (2014). Experimental and numerical analysis of 
timber connections in tension perpendicular to grain in fire. Fire Safety Journal, vol 63, p. 125–137. 

[11] Audebert, M.; Dhima, D.; Taazount, M. & Bouchaïr, A. (2012). Behaviour of dowelled and bolted steel-to-
timber connections exposed to fire. Engineering Structures, vol 39, p. 116–125. 

[12] Owusu, A.; Salem, O. S. & Hadjisophocleous, G. (2019). Fire performance of protected and unprotected 
concealed timber connections, in: Proceedings of the 3rd International Fire Safety Symposium (IFireSS), p. 
370–378. 

[13] Palma, P.; Frangi, A.; Hugi, E.; Cachim, P. & Cruz, H. (2016). Fire resistance tests on timber beam-to-
column shear connections. Journal of Structural Fire Engineering, vol. 7, no. 1, p. 41–57. 

[14] Hubbard, C. & Salem, O. S. (2019). Fire resistance testing of glulam beam end connections utilizing 
threaded steel rods in a pilot connection configuration, in: Proceedings of the 3rd International Fire Safety 
Symposium (IFireSS), p. 355–363. 

[15] Peng, L.; Hadjisophocleous, G.; Mehaffey, J. & Mohammad, M. (2012). Fire Performance of Timber 
Connections, Part 1: Fire Resistance Tests on Bolted Wood-Steel-Wood and Steel-Wood-Steel 
Connections. Journal of Structural Fire Engineering, vol. 3, p. 107–132. 

[16] Petrycki, A. R. & Salem, O. S. (2019) Structural fire performance of wood-steel-wood bolted connections 
with and without perpendicular-to-wood grain reinforcement. Journal of Structural Fire Engineering, 
Emerald Publishing, UK. 

[17] Palma, P.; Frangi, A.; Hugi, E.; Cachim, P. & Cruz, H. (2013). Fire resistance tests on steel-to-timber 
dowelled connections reinforced with self-drilling screws, in: 2nd CILASCI-Ibero-Latin-Amerian Congresso 
n Fire Safety Engineering, Eidgenösische Technische Hochschule Zürich. 

[18] NBCC (2020) The National Building Code of Canada. Commission on Building and Fire Codes, National 
Research Council of Canada, Ottawa, Canada. 

[19] Akotuah, A. O.; Ali, S. G.; Erochko, J.; Zhang, X. & Hadjisophocleous, G. V. (2015). Study of the Fire 
Performance of Hybrid Steel-Timber Connections with Full-Scale Tests and Finite Element Modelling, in: 
Applications of Structural Fire Engineering. 

[20] CCMC (2018). Evaluation Report: Nordic Lam. Canadian Construction Materials Centre, Report No. CCMC 
13216-R. 

[21] CAN/CSA O86 (2019). Engineering design in wood, Canadian Standards Association, Rexdale, ON, 
Canada. 

[22] Peng, L., (2010). Performance of heavy timber connections in fire, Ph.D. Thesis, Carleton University, 
Ottawa, Ontario, Canada. 

[23] Ali, S. G. (2016). Fire Performance of Hybrid Timber Connections, Ph.D. Thesis, Carleton University, 
Ottawa, Ontario, Canada. 

[24] Owusu, A. (2019). Structural Performance of Hybrid Timber Connections with Varying Bolt Patterns at 
Ambient and Elevated Temperatures, M.A.Sc Thesis, Carleton University, Canada. 

 

471



 

 

 

 

 

 

 

 

 

 

 

IFireSS 2023 – International Fire Safety Symposium 

Rio de Janeiro, Brazil, 21st–23rd June 2023 
 

 

NONLINEAR THERMAL ANALYSIS ON TIMBER CROSS-SECTIONS VIA CS-ASA/FA 
ENHANCED BY GID GRAPHICS PRE- AND POST-PROCESSORS 

 

 

Jackson S. Rocha Segundo(a), Caroline A. Ferreira(b), Ricardo A. M. Silveira(c), Thiago C. Assis(d),       
Lavínia L. M. Damasceno(e), Dalilah Pires(f), Rafael C. Barros(g), Ígor J. M. Lemes(h) 

 

 

ABSTRACT 
 

As timber is an anisotropic material, with irregular fibers, presence of knots, and flammable, and used in civil 

construction, it becomes a target for the study of realistic structural behavior in fire conditions. The main aim of this 

study is to perform a nonlinear analysis of timber cross-sections used in civil constructions, using a computational 

thermal module called CS-ASA/FA (Computational System – Advanced Structural Analysis/Fire Analysis), 

enhanced by GiD. Such analyses are essential for evaluating the performance of structures (beams, columns, 

trusses, and frames) during fire conditions, as the physical strength and properties of timber tend to deteriorate with 

increasing temperature. This promotes considerable losses in the bearing capacity and stiffness of the structural 

member or system. Considering the complexity of the timber sectional thermal problem and the nonlinear analysis 

to be performed, the input data flow and the visualization of the results can demand some time and effort from the 

analyst. Therefore, to increase the efficiency of the nonlinear sectional thermal analysis, a graphics pre- and post-

processor via GiD was developed and coupled to the CS-ASA/FA. The pre-processor will guarantee a friendly 

graphical interface for the modeling of the timber cross-section and for its subsequent thermal analysis via the Finite 

Element Method (FEM); the post-processor will allow the analyst to evaluate the results by determining the 

temperature at any point in the timber cross-section for any instant of time during the analysis. Therefore, it will be 

possible to investigate whether the CS-ASA/FA module can yield the necessary information for a thermo-structural 

analysis, considering the evaluation of strength and stiffness loss in the structural material when exposed to fire. 

 

Keywords: Thermal analysis, timber cross-section, pre- and post-processors, CS-ASA/FA, GiD. 

 

 

1. INTRODUCTION  
 

Timber is a material that is widely used in civil construction due to its good mechanical properties and good 

resistance in relation to its weight. It is also a thermal insulator that is easily machinable, renewable, and 

economically viable. However, it also has unfavorable characteristics, such as anisotropy, irregular knots and fibers, 

and flammability. When flammable materials such as timber are used, the concern of fire becomes quite relevant. 
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When wood is exposed to high temperatures, its resistance capacity and support of the structural elements or 

system get compromised because its physical and mechanical properties deteriorate with the increase in 

temperature. Therefore, it is essential to evaluate its structural behavior in a fire situation. 

 

Structural element thermal analysis involves determining the variation in the temperature field when they exposed 

to fire, as a function of the fire elapsed time. The main goal of this work is to test the performance of timber cross-

sections used in civil construction, through nonlinear analysis using the computational thermal module called CS-

ASA/FA (Computational System – Advanced Structural Analysis/Fire Analysis) [1] enhanced by GiD [2]. 

 

The thermal numerical analysis process can be divided into three main phases: the creation of the cross-section 

model, calculating the temperature of the model, and visualizing the results. The analysis process begins with 

defining the material used, the cross-sectional geometry and properties of the material, the applied thermal load 

and boundary conditions, and other such details. Subsequently, the numerical solution is determined and in the last 

phase, the results are presented in such a way that the user can verify the cross-section temperature response with 

all the necessary details. 

 

The use of a graphical pre-processor tool helps to reduce the efforts required to define a model, provides the 

necessary data for the analysis, and ensures greater accuracy and quality of the data that is to be used to describe 

the structural problem. The use of a graphical post-processor allows the user to evaluate the results quickly. 

Therefore, to ensure more efficiency in the nonlinear sectional thermal analysis, a graphical pre- and post-processor 

via GiD were developed and coupled to the CS-ASA/FA. 

 

A commercial software called SAFIR [11] was used to validate the transient thermal analysis implementations of 

the timber cross-sections in the CS-ASA/FA module. It was possible to verify that the answers of this computational 

module were very satisfactory and consistent. 

 

 

2. INTEGRATED SYSTEM GID/CS-ASA 
 

The computer program called GiD [2] is widely used in computational mechanics as a pre- and post-processor, as 

it meets the needs of numerical solutions in the phases of data creation and results visualization. This tool provides 

a simple and intuitive interface for the elaboration of customized input files. The interaction between GiD and CS-

ASA/FA for pre-processing was made possible through computational implementations in the GiD Problem Type 

(Figure 1), which include a set of text files that were used to customize the modeling. In the case of timber cross-

section thermal analysis, a file containing information related to the materials used, boundary conditions (exposed 

faces), cross-section geometry, and other parameters necessary for the thermal analysis was generated. During 

the integration of the CS-ASA/FA module with GiD for post-processing, implementations were also made to create 

a new results file that was compatible with the reading and graphical presentation of GiD. 

 

Next, the three phases of the numerical simulation (pre-processing, analysis, and post-processing) were 

exemplified according to the computational interventions that were performed to make the CS-ASA compatible with 

the GiD. A timber cross-section was used to elucidate each step of the transient thermal analysis. 

 

2.1 Graphical Pre-processor 
 

Graphical pre-processor is a tool that assists and speeds up the representation of a structure model (geometry and 

material properties, loads applied, boundary conditions, and other such characteristics). It also allows the user to 

make direct and simplified changes in the data parameters that are necessary to perform a structural analysis. This 

computational tool is important and indispensable to structural analysis programs that are based on the Finite 

Element Method (FEM) or any other numerical method. It provides a user-friendly and intuitive interface that assists 

the analysts in editing and visualizing the structural model and conducting the analysis with greater efficiency. 

 

Figure 1 illustrates the operation of the GiD graphic-interactive interface that allows the proper creation of the input 

file for the CS-ASA/FA module. 
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Figure 1: GiD and CS-ASA/FA interaction flowchart 

 

The GiD pre-processor begins its work with the creation of the cross-section geometry and finite element mesh. 

Next, one must apply the model parameters using the CND, MAT, and PRB files (see Figure 2). The CND file 

(Figure 2a) is responsible for informing the boundary conditions imposed on the thermal problem (the faces that will 

be exposed to fire are assigned the value 1). The MAT file (Figure 2b) shows the thermal properties of timber (cross-

sectional material that is analyzed) with respect to exposure to standard fire as presented by Eurocode [5]. The 

PRB file (Figure 2c) lists all the other essential parameters that the analyst must provide to use the CS-ASA/FA. 

Based on the assignments specified by the user, the BAS file organizes the DAT input file according to the format 

accepted by the CS-ASA/FA computational module. Using this integration between GiD and CS-ASA/FA, it was 

possible to transform two data input files into just one [1]. Finally, with the BAT file is possible to run CS-ASA/FA. 

 

a) Conditions file (CND file) 

 

b) Materials file (MAT file) 

 

c) Control parameters file (PRB file) 

 

Figure 2: CS-ASA/FA pre-processor text file formats 
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To understand the operation of this pre-processor, the cross-section of a glued laminated timber beam previously 

studied by Dârmon and Lalu [4] was analyzed. The temperature was evaluated on the cross-section external surface 

(point P1), as shown in Figure 3, and two finite element meshes were used to simulate this thermal problem using 

the CS-ASA/FA module: the first with 396 quadrilateral (Q4) finite elements, which is the same amount used by [4]; 

the second, more refined, with 792 Q4 finite elements. 

Figure 3: Laminated timber cross-section under fire situation 

 

Figure 4a illustrates the geometric characteristics (180 mm wide and 440 mm high) of the timber cross-section and 

the 396 Q4 finite element mesh. Figure 4b presents the properties of the timber material: dry density equal to 338 

kg/m³ and moisture content of 11.6%, as presented by [4]; convection coefficient of 25 W/(°Cm2) and emissivity 

coefficient of 0.8, taken from Eurocode [5]. Figure 4c indicates the faces of the timber that were exposed to fire in 

red color. Figure 4d presents the type of solution that was used: incremental simple, film coefficient of 25 W/m°C, 

time increment equal toof 15 seconds, fire time exposure of 7200 seconds, and the ISO 834-1 [6] standard fire 

curve. 

 

2.2 Processor CS-ASA/FA 
 

The computational program CS-ASA was designed such that new formulations and new types of finite elements 

could be developed and adapted easily and quickly to the system [3]. This computer system runs static and dynamic 

analyses of structures and considers nonlinear effects. To perform nonlinear timber thermal analysis in a transient 

regime, the CS-ASA/FA (Fire Analysis) module was adapted. This module is a part of the CS-ASA system and was 

developed based on the FEM. It performs the thermal analysis of the timber cross-section in a transient and steady 

state. When coupled with the CS-ASA/FSA (Fire Structural Analysis) module, it allows the thermo-structural analysis 

of the structures. 

 

In the FEM context, the equilibrium equation that governs the transient heat transfer problem is described below in 

matrix form: 

 

 ��� � �� �  � (1) 

 

where � and � are the capacitance matrix (thermal capacity) and the thermal conductivity matrix, respectively; � 

and � are, respectively, the nodal heat flux vector and the nodal temperature vector to be calculated; ��  is the partial 

derivative of temperature with respect to time. To obtain the solution for Eq. (1), an integration numerical model 

based on the Finite Difference Method was adopted. This model was previously presented and used by Lewis et 

al. [7], Rigobello [8], and Nunes [9]. Due to the material properties’ dependence on the temperature, the transient 

heat transfer problem presents a nonlinear character. 

 

The CS-ASA/FA module has two procedures for solving the discrete equation system: simple incremental strategy 

and incremental-iterative strategy. In the second option, the iteration process can be performed using the classical 

Newton-Raphson method or the Picard algorithm (Successive Approximation Method). 
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In this study, the simple incremental strategy proved to be quite adequate, even considering the nonlinear aspect 

of the problem. The solution algorithm based on this numerical procedure is shown in Table 1. The parameter θ, 

which appears in Table 1 defines, within each time interval, the instant at which Eq. (1) will be satisfied. By varying 

the parameter θ, different time integration schemes can be obtained. In CS-ASA/FA, the parameter θ is defined by 

the user, and in general, the value of 0.9 is adopted just as given in the SAFIR software [11]. 

 

 

 

a) Geometry and mesh  

 

b) Definitions of materials 

 

c) Exposed faces 

 

d) General problem data 

 

Figure 4: GiD and CS-ASA/FA integration (graphical pre-processor) 

 

Table 1: Simple incremental strategy algorithm 

1. Set input data, initial conditions, and boundary conditions 

2. Do: Tn = Tn+1 = T0 = 20°C 

3. INCREMENTAL PROCESS: inc = 1, 2, 3..., nmax 

4. Calculate the capacitance matrix: Cn+θ 

5. Calculate the thermal conductivity matrix: Kn+θ 

6. Calculate the heat flux vector: Rn+θ 

7. Get: n n nt+θ +θ +θ= +θ∆K̂ C K  

8. Get: ( )n n n n n
ˆ 1 t+θ +θ +θ +θ

 = − − θ ∆ + R C K T R  

9. Solve the equation system: ( ) −
+ + θ + θ= ˆ ˆ1

n 1 n nT K R  

10. GIVE A NEW TIME INCREMENT AND GO TO STEP 3 
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For the example adopted in Subsection 2.1, after the pre-processing step (model creation), an input file (INPUT. 

DAT) is created and used by the CS-ASA/FA thermal module for solving the transient heat transfer problem. In 

sequence, an output file (POST.RES) is generated with the results obtained. 

 

2.3 Graphical Post-processor 
 

A graphical post-processor is a tool that is used for verifying and visualizing the results obtained by a processor. 

This tool helps to reduce the effort and time required by the analyst to visualize the results, thus facilitating the 

interpretation of the data generated by the analysis program. 

 

Figure 5 illustrates the GiD interactive interface operation that allows the visualization of the results obtained by the 

CS-ASA/FA module. An output file is created with the temperature values of each nodal point of the cross-section 

over time, in text format, according to the GiD post-processor compatibility. 

 

   

Figure 5: CS-ASA/FA and GiD interaction flowchart 

 

Figure 6 presents the results obtained from the transient thermal analysis of the laminated timber cross-section 

presented in Subsection 2.1. This illustrates the operation of the post-processor. It is possible to visualize the 

temperature elevation as a function of time at a specific nodal point (in this case, point P1) using the Temperature 

versus Time curve provided by the post-processor (Figure 6a). In addition, the temperature field variation can be 

studied at each instant of time, by observing the color gradient variation (blue color for lower temperatures to red 

color for higher temperatures; Figure 6b). 

 

 

a) Temperature versus Time: P1 

 

 

b) Temperature variation in 30 minutes 

 

Figure 6: Visualization of results obtained through CS-ASA/FA-GiD integration: post-processor 

 

Figure 7 shows the similar behavior of the Temperature versus Time curves for the two finite element meshes that 

were adopted, namely, the 396 and 792 Q4 elements. The curves show good conformity with the behavior of the 

timber properties as described by EN 1995-1-2:2004 [5], presenting the same ranges of behavior change. In 

addition, good agreement was observed between the results obtained using the SAFIR software [11] and those 

given by the CS-ASA/FA module. 
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Figure 7: Thermal analysis for laminated veneer lumber cross-section (CS-ASA versus SAFIR) 

 

 

3. ADDITIONAL EXAMPLE 
 

As an additional example, this research analyzed a laminated veneer lumber panel. Thi et al. [10] studied the 

behavior of this timber cross-section experimentally and numerically (using finite element tests) under standard fire 

situations. 

 

The experimental configuration was set up using a cross-section measuring 146mm wide and 60mm thick, with a 

length equal to 1000 mm and all sides exposed to fire. For the finite element, model symmetry was used to model 

a quarter of the total cross-sectional area (73mm wide and 30mm thick). Figure 8 illustrates this model. 

Temperatures were calculated for depths of 5 mm and 15 mm vertically (P1 and P2, respectively) and horizontally 

(P3 and P4, respectively) on the faces that were not exposed to fire. 

 

 

Figure 8: Laminated veneer lumber cross-section 

 

The moisture content of the timer used for this experiment was equal to 12% and the dry density was equal to 570 

kg/m³. The results of the thermal analyses are shown in Figures 9a, 9b, 9c, and 9d, in the form of Temperature 

versus Time graphs. Two meshes were used to numerically simulate this problem using the CS-ASA/FA module: 

the first one with 348 Q4 elements and the second, more refined, with 876 Q4 elements. The time increment for the 

analysis was 15 seconds. In addition, the SAFIR software numerical solution was used to validate the 

implementations made in the CS-ASA/FA module. 
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By observing Figures 9 and 10, it is possible to perceive a good agreement between the results found (CS-ASA/FA 

versus SAFIR). Another positive indication is the fact that the Temperature versus Time curves present similar 

behavior for the different points when their locations in the cross-section are placed in perspective. It can also be 

noticed that the curves present well-defined levels in the initial heating phase and similar behavior for the two 

meshes. This fact may be related to the behavior change in the thermal properties of the timber as described in the 

previous sections, which evidences the model’s conformity with the expected behavior. 

 

a) Temperature versus Time: P1 

 

b) Temperature versus Time: P2 

c) Temperature versus Time: P3 

 

d) Temperature versus Time: P4 

Figure 9: Thermal analysis for laminated veneer lumber cross-section 

 

4. FINAL COMMENTS 
 

The integration between the CS-ASA/FA module and the GiD graphical capabilities indicate that the 

implementations of this study were successful. These numerical procedures reduced the effort required for the 

modeling and visualization of the CS-ASA/FA results to a great extent. This allowing the program user to make 

direct and simplified changes in the parameters necessary for the thermal analysis and facilitating the interpretation 

of the data generated. 

 

Two timber cross-sections were considered under fire situation through the expansion made in the CS-ASA/FA 

module. The examples were determined considering their practical applications. With this, it was possible to 

perceive the difference in behavior between timber species under high temperatures and different fire scenarios. 

The results obtained were compared with those from SAFIR, and the answers were found to be satisfactory and 

consistent. This shows the program’s ability to perform nonlinear transient thermal analysis of timber cross-sections. 

 

This research will continue with the thermomechanical analysis of timber structural members and their systems. 

Therefore, future research should concentrate on the following: (1) determining the behavior of the stiffness and 

resistance of timber materials at high temperatures (2) considering more complex thermal effects (such as 

carbonization), and (3) assembling the material degradation that is compatible with the finite element formulations. 
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a) 5 minutes: GiD/CS-ASA 

 

b) 5 minutes: Diamond/SAFIR 

 

c) 20 minutes: GiD/CS-ASA 

 

d) 20 minutes: Diamond/SAFIR 

 

e) 30 minutes: GiD/CS-ASA 

 

f) 30 minutes: Diamond/SAFIR 

Figure 10: Temperature variation over the timber cross-section (CS-ASA/FA versus SAFIR) 
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ABSTRACT 
 
Composite steel-concrete slabs are commonly used in steelwork construction, particularly in tall commercial and 
retail buildings as well as industrial and warehouse buildings, due to their rapid construction and high structural 
performance. However, the interaction between the concrete and the steel-deck profile in fire conditions is not yet 
fully understood. 
Several studies [1-11] have highlighted that the fire calculation methods of the European standard EN 1994-1-
2:2011 [6] and the Brazilian standard ABNT NBR 14323:2013 are overly conservative as they fail to consider the 
realistic behaviour of composite steel-concrete slabs at high temperatures. 
This paper presents a parametric numerical study of the structural behaviour of composite steel and concrete 
slabs using the Abaqus/Explicit software package. The results of thermal and mechanical numerical modelling are 
compared with experimental results [1,2]. The parameters analysed in the numerical analysis include the hogging 
bending moment and the anti-crack mesh steel reinforcements on the upper surface of the continuous composite 
slab. The reinforcement ratio can influence the development of tensile membrane action, and therefore must be 
evaluated, along with the behaviour of the composite steel-deck concrete floor system. 
 
Keywords: steel and concrete composite slab; membrane action; fire resistance; structural performance. 
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1. INTRODUCTION 
 
Composite steel-concrete slabs consist of a concrete layer cast on top of a cold-formed steel formwork, 
commonly referred to as steel decking. Once the concrete has hardened, the resulting composite system exhibits 
a high load-bearing capacity at ambient temperatures, behaving as a unified material. During the casting process, 
the steel decking serves as a formwork, and upon hardening, it functions as continuous positive reinforcement. 
The use of this system not only provides high load-bearing capacity but also reduces waste and construction time 
by eliminating the need for wooden formwork [1]. 
 
Fire represents one of the most severe events that a structure can encounter during its use, and it can be 
considered an exceptional action that modifies the material behavior by reducing their mechanical properties, 
decreasing their compressive and tensile resistance, and reducing their ductility. When a fire occurs, the heat 
affects the steel decking beneath the concrete layer, causing a rapid degradation of its mechanical properties. 
Consequently, the steel decking loses its ability to function as continuous positive reinforcement, resulting in the 
behavior of the slab being similar to that of non-reinforced concrete [2,3]. 
 
Traditionally, the design of structures for fire situations has followed a prescriptive-based approach, which 
provides simple rules based on the assessment of isolated elements of the building such as columns, beams, or 
slabs. These elements are typically evaluated under standard fire curves and at a reduced scale, which makes it 
difficult to assess the actual level of safety of a real structure. This is because a building does not perform as an 
isolated small-scale element, and a fire does not necessarily follow a time-temperature relationship that is similar 
to those used during tests [4, 5, 6].  
 
Current design codes predict that structural collapse will occur at approximately 680°C, which is significantly lower 
than temperatures measured during real-scale tests such as those conducted at Cardington [6]. In these tests, 
some elements experienced temperatures exceeding 1000°C without experiencing imminent structural collapse. 
Therefore, the current composite slab design codes do not accurately predict the behavior of buildings under fire 
situations [7, 8]. 
 
During a fire, slabs can undergo significant vertical displacements, which can result in in-plane forces that 
generate membrane action within the depth of the concrete slabs. Tensile membrane action can occur in floor 
slabs that are vertically and horizontally restrained or in two-way floor slabs that are vertically supported but 
horizontally free, leading to the formation of a compression ring in the perimeter of the slab (as shown in Figure 
1). This compression ring anchors the tensile membrane action that occurs in the middle of the slab [4, 5, 9, 10]. 
 

 

Figure 1: Membrane action and compression ring formation in a floor slab with no horizontal restraint (Author). 
 
Under large displacements, the loading-carrying capacity of the floor slab significantly increases, which is 
dependent on the deflected geometry of the slab. However, in normal use of the building, there is no practical use 
for this phenomenon as the deflections are limited by the serviceable limit-states. In fire situations, the focus is on 
maintaining the structure stable for a sufficient period to save lives. Therefore, the mobilization of tensile 
membrane action is only possible if properly designed and the deflections are not limited by the serviceability 
criteria. 
 
Several experimental studies [1-11] have been conducted to fully understand the behavior of composite steel-
concrete structures under high temperatures, motivated by the results of the Cardington Test [6]. Bailey, White, 
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and Moore [7] tested a composite steel-concrete slab measuring 10.5 m in length, 7.45 m in width, and 150 mm in 
average depth. The concrete slab was composed of Grade C35 lightweight concrete cast onto a "PMF F60" steel 
profile shuttering, and an A12 anti-cracking mesh was placed on the upper surface of the slab with a 15 mm 
cover. After the concrete had hardened, the steel formwork was removed to simulate the loss of steel strength 
due to heating, and then, a uniformly distributed load was applied until the slab failed at 4.81 kN/m², slightly higher 
than double the load-carrying capacity of 2.3 kN/m² calculated using the classic yield line analysis.  
 
Huang et al. [5] conducted a parametric study using the computer program Vulcan to analyze a 36 m x 36 m 
composite steel-concrete floor slab under a uniform fire load, considering different fire protection regimes and slab 
reinforcement details. The study used A142 and A393 anti-cracking mesh and tested three different fire protection 
regimes: (i) all primary beams protected (with a span of 9 m between each one) and secondary beams left 
unprotected; (ii) primary beams protection in each 18 m and all secondary beams unprotected; and (iii) all internal 
beams left unprotected. For the protection regime 'i', the tensile membrane action was mobilized, and the floor 
slab maintained its structural stability even for displacements of L/15, which is much greater than the L/30 
typically proposed in the design codes. These results support the findings of the Cardington test [6]. 
 
Bednár et al. [8] studied the membrane action of composite floors with steel fiber-reinforced concrete slab 
exposed to high temperatures. They tested six simple-span composite floor slabs of 4.5 m x 3 m, with four of 
them at ambient temperatures and the remaining two under high temperatures. The slabs tested under the fire 
situation exhibited cracking patterns typical of those in which the compression ring is formed during the 
mobilization of tensile membrane action to simple-span floor slabs that are vertically supported. 
 
NGUYEN et al. [10] conducted an experimental study to investigate the impact of slab continuity and secondary 
beams on the performance of composite steel-concrete slabs under fire conditions. Three one-quarter scale 
specimens were tested, where the concrete slab, four columns, and steel beams were enclosed in an electric 
furnace. The specimens were categorized into three groups: (i) no secondary beams and corners beams with 
freely rotations, (ii) two unprotected secondary beams and corners beams restrained, and (iii) no secondary 
beams with corners beams restrained. The tests were terminated upon the occurrence of "failure," and all three 
specimens exhibited diagonal cracks near the beam-to-column joints at the four corners, followed by additional 
cracks along the protected beams. The compression ring formation was observed in all specimens, and the 
reinforcement near the protected edge beams fractured due to the increase in hogging moment, caused by the 
stiffness losses occurring at the bottom of the slab under high temperatures, as proposed by Bailey [4]. 
 
Bolina et al. [1,2] conducted a parametric study, validating a numerical model developed in ABAQUS software 
with the experimental results of eight composite steel-concrete floor slabs under high temperature and different 
reinforcement details. The specimens with high upper reinforcement ratio (hogging moment) exhibited lower 
vertical displacement values and higher load-carrying capacity, indicating that the behavior of composite steel-
concrete floor slabs is more sensitive to upper reinforcement (hogging moment) than to bottom reinforcement 
(sagging moment). This could be attributed to the lower temperatures measured in the upper reinforcement, 
provided by the thermal barrier offered by the concrete. 
 
2. PLASTIC DAMAGE MODEL 
 
It is well established that the concrete surrounding cracks in reinforced concrete elements still has residual 
strength and is capable of carrying tensile stresses due to the bond between the reinforcing bars and the concrete 
matrix [11]. 
 
Modeling reinforced concrete within the finite element theory is a complex task, as the material exhibits 
heterogeneity and non-linear behavior beyond its plastic peak stress. A finite element model must accurately 
represent the compressive and tensile behavior of the material in both its elastic and plastic phases [12]. A variety 
of constitutive models have been proposed to represent the tension and compression behavior of concrete, 
ranging from simple to highly sophisticated models of great complexity [13-18]. 
 
The Concrete Damaged Plasticity (CDP) model, implemented in ABAQUS software, is a constitutive model based 
on the models proposed by Lubliner et al. [18], with modifications proposed by Lee and Fenves [19]. This model is 
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suitable for quasi-brittle materials and has the potential to represent the inelastic behavior of the material during 
compression and the cracking behavior of the material during tension, including its damage characteristics. 
 
The CDP model assumes that the reduction of the elastic modulus is given by equation 1, where ‘E0’ represents 
the undamaged modulus of the material and ‘d’ represents the damage factor, which ranges from zero for 
undamaged material to 1 for fully damaged material. 
 
 E = (1 – d) E0 (1) 
 
The stress-strain relations for the general three-dimensional multiaxial condition are described by equation 2, in 
which ‘D0

el’ denotes the undamaged elasticity matrix, ‘ε’ represents the total strain (both elastic and plastic), and 
‘εpl’ represents the plastic strains. 
 
 σ = (1 – d) D0

el : (ε – εpl) (2) 
 
The Figure 2 illustrates the concrete response to uniaxial loading in tension (a) and compression (b). 
 

 
 
 

 
 
 
 
 
 
 

a) Tensile response; b) Compressive response. 

Figure 2: Response of concrete in the CDP model (Abaqus manual). 
  
The compression damage ‘dc’ and the tension damage ‘dt’ can be computed using the equation 3 [20]: 
 
 dc = 1 – (σc / fc)  
 dt = 1 – (σt / ft) (3) 
 
Where ‘σc’ is the compressive stress considered, ‘fc’ is the concrete compressive strength, ‘σt’ is the tensile stress 
considered and ‘ft’ is the concrete tensile strength. 
 
In order to define the elastic behavior of the material, the user must input the Young's modulus (E0) and a 
constant value for Poisson's ratio (ν), even for cracked concrete. To define the stress-strain relation of the 
concrete under compression, the compressive stresses (σc), inelastic strains (εin) corresponding to a compressive 
stress value, and damage properties corresponding to inelastic strains (dc) must be provided in a tabular format. 
For the concrete under tension, the inputs should be the tensile stresses (σt), cracking strain (εcr) corresponding to 
a tensile stress value, and damage properties corresponding to a cracking strain (dt). To complete the plastic 
damage model, the dilation angle (Ψ) in the p-q plane, flow potential eccentricity (ξ), the ratio of biaxial 
compressive strength/uniaxial compressive strength (fb0/fco), and the ratio of tensile/compressive meridian (Kc) 
must also be inputted. As ABAQUS/Explicit was used, the viscosity parameter 'μ' is ignored by the software. 
 
3. NUMERICAL SIMULATIONS 
 
A parametric study was conducted using the ABAQUS/Explicit software to analyze the behavior of composite 
steel-concrete floor slabs, considering the contribution of the anti-cracking mesh typically used but not considered 
structurally significant in design approaches at ambient temperatures. 
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The model was validated using the results of the experimental research [1, 2], and subsequently, a parametric 
study was conducted. The material properties of concrete, reinforcing bars, steel decking, and anti-cracking mesh 
are detailed in the following sections. 
 
3.1 Concrete Damage Plasticity 
 
The dilation angle ‘Ψ’ in p-q plane, flow potential eccentricity ‘ξ’, ‘fb0/fc0’ relation, ‘Kc’ ratio and viscosity parameter 
‘μ’ used in the model are informed in Table 1. 
 

Table 1: CDP model Inputs 
Ψ ξ fb0/fc0 Kc μ 

30° 0.1 1.16 0.667 0 
 
Based on the material tests conducted by Bolina [1,2], the characteristic compressive and tensile strength of the 
concrete were assumed to be 42 MPa and 4 MPa, respectively. The Young’s modulus (E0) was determined to be 
36.292 GPa and the Poisson’s ratio (ν) was 0.2. The plastic behavior of the concrete under compression and 
tensile stress was modeled using the approach proposed in EN 1992-1-2 [14], which is illustrated in Figure 3. 
 

a) Compressive behavior; b) Tensile behavior. 
Figure 3: Concrete compressive and tensile behavior (Author). 

 
The concrete compressive damage parameter is illustrated in the following figure. 
 

 

Figure 4: Compressive damage parameters (Author). 
 
 
3.3 Plastic Model 
 
The steel formwork considered was Polydeck 59S, produced by AcelorMittal, with a characteristic yield stress ‘fpy’ 
of 280 MPa. The rebars were classified as C-class according to EN 1992 1-1 [21] and had a tensile strength ‘fy’ of 
500 MPa. The plastic parameters used for both materials considered the strain-hardening behavior as proposed 
in EN 1993-1-2 [22] and are illustrated in Figure 5 bellow. 
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a) Steel formwork Polydeck 59S; b) Rebars. 
Figure 5: Plastic parameters (Author). 

 
3.3 Thermal Simulation 
 
The thermal simulation was performed using the heat transfer package of ABAQUS/Standard, with input 
parameters governing thermal diffusion such as specific heat, thermal conductivity, and density. These 
parameters were obtained from EN 1992 1-2 [14] for concrete and from EN 1993 1-2 [22] for rebars and steel 
formwork. The specific heat of concrete was obtained with consideration of 3% moisture content. The 
thermophysical properties of the concrete adopted in this study are shown in Figure 6. 
 

 Specific Heat; Thermal Conductivity; Density (specific mass). 
Figure 6: Concrete thermal parameters (Author). 

 
Steel formwork and rebars were assumed to have a constant density of 7850 kg/m³ across all temperatures. The 
specific heat for both steel formwork and rebars were also assumed to be the same, with variations depending on 
temperature ( Figure 7).  
 

Specific heat for rebars and steel formwork; Thermal conductivity. 
Figure 7: Thermal parameter for rebars and steel formwork (Author). 

 
During the experimental tests conducted by Bolina [1,2], it was observed that the steel formwork detached from 
the concrete during the initial stages of the fire exposure. This phenomenon created an air layer, which acted as 
an insulating material, affecting the isotherms in the slab cross-section. The numerical model considered this 
effect by incorporating a 1 mm-thick air layer. The thermal properties of air were obtained from Çengel and Ghajar 
[23] and are presented in Table 2. 
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Table 2: Air thermal properties (Çengel, Y. A.; Ghajar, A. J.). 
Temperature (°C) Cp [J/(kg.K)] λ [W/(m.K)] ρar (kg/m³) 

20 1007 0,02514 1,2040 
30 1007 0,02588 1,1640 
60 1007 0,02808 1,059 

100 1009 0,03095 0,9458 
200 1023 0,03779 0,7459 
300 1044 0,04418 0,6158 
400 1069 0,05015 0,5243 
500 1093 0,05572 0,4565 
600 1115 0,06093 0,4042 
700 1135 0,06581 0,3627 
800 1153 0,07037 0,3289 
900 1169 0,07465 0,3008 

1000 1184 0,07868 0,2772 
1500 1234 0,09599 0,199 

 
The absolute zero considered was –273.15 °C, and the Stefan-Boltzmann constant was 5.67x10-8 W/(m².K4). The 
initial temperature was set to 25°C, and the emissivity of the steel element was assumed to be 0.4. The heat 
transfer coefficients for convection for the exposed and unexposed faces were 25 W/(m2.K) and 9 W/(m2.K), 
respectively. The heating curve was based on the ISO 834 standard. 
 
3.4 Thermomechanical Simulation 
 
The thermomechanical analysis was conducted using an uncoupled procedure, in which a thermal model was 
executed to obtain the nodal temperature distribution through time across the cross section. Subsequently, the 
obtained data were incorporated into a new model, which accounted for the mechanical properties of the material 
as a function of temperature. A constant distributed load of 1.5 kN/m² was applied to the model. 
 
The compressive strength of the concrete at increasing temperatures (Figure 8-a) was obtained from the 
experimental results of Bolina [1,2] and was used to calculate the stress-strain relationship of the concrete under 
compressive and tensile stresses (Figure 8-b,c) [14]. The thermal elongation and coefficient of thermal expansion 
of the concrete were determined based on EN 1992-1-2 [14] and are presented in Figure 8-e,f. 
 

a) Compressive concrete strength; b) Compressive stress-strain behavior; 
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c) Tensile stress-strain behavior; d) Damage compressive parameter. 

e) Thermal elongation; f) Coefficient of thermal expansion. 
Figure 8: Thermomechanical concrete properties (Author). 

 
The thermomechanical properties of rebar (Figure 9-a) and steel formwork (Figure 9-b) were obtained from EN 
1992-1-2 [14] and EN 1994-1-2 [24], respectively. 
 

a)  Rebar stress-strain behavior; b) Steel formwork stress-strain behavior. 

c) Thermal elongation; d) Coefficient of thermal expansion. 

Figure 9: Thermomechanical steel properties (Author). 
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3.5 Elements and Geometry 
 
The concrete was modeled using a solid element C3D8R available in the ABAQUS library, which is an eight-node 
brick element with reduced integration. A shell element S4R suitable for large-strain analysis was used for the 
steel formwork, while beam element B31 was used for the mechanical approach and truss element was used for 
the thermal approach to model the rebars and the cracking mesh. 
 
The optimal mesh size for the cross-section was determined through a mesh sensitivity analysis, and the resultant 
mesh is presented in Figure 10. The mesh spacing along the slab was set at 25 mm. 
 

 

Figure 10: Mesh used in the numerical model (Author). 
 
4 NUMERICAL VALIDATIONS 
 
The numerical results obtained from ABAQUS was compared with the experimental results obtained by Bolina 
[1,2] to validate the numerical simulation. 
 
4.1 Mechanical Simulation 
 
Six numerical models were simulated in ABAQUS and then compared with the experimental results to validate the 
accuracy of the simulation. The simulations were conducted to replicate the five-point bending test with two 2.3 m 
spans exactly as carried out in the experiment. 
 
The primary discrepancy between the numerical and experimental results was observed in the first model (Figure 
11-a), which can be attributed to the highly nonlinear behavior of unreinforced concrete. However, in models with 
rebars, this nonlinearity was better controlled, and the results were found to be in close agreement with the 
experimental data. All the comparisons are presented in Figure 11 (a-c) and ‘LA’ refers to the experimental tests 
and ‘NM’ refer to the numerical analysis. 
 

a) No rebar and 6.3 mm positive rebar diameter;  b) 6.3 mm negative rebar diameter and 6.3 mm 
positive and negative rebar. 
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c) 10 mm positive rebar diameter and 10 mm negative rebar diameter. 
Figure 11: Numerical and experimental mechanical results (Author). 

 
4.2 Thermal Simulation 
 
The numerical thermal results used for comparison with the experimental results were those obtained during the 
experimental research, as shown in Figure 12 (a-d). The results obtained from the numerical simulations showed 
good agreement with the experimental results, except for the temperatures of the rebars, which showed a 
significant difference. 
 
This difference can be explained by the placement of thermocouples on the bars, which are placed on the surface 
of the rebars while in numerical analysis, the value collected refers to the center of the bar. This positional 
difference can affect the temperature and could result in significant temperature differences. 
 

a) Temperature in the upper slab flange; b) Temperature in the ribs; 

c) Polydeck 59S; d) Rebars. 
Figure 12: Experimental and numerical thermal results (Author). 

 
4.2 Thermomechanical Simulation 
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The thermomechanical modelling results were similar to those obtained in the experimental program up to 100 
minutes of heating. However, beyond this time, the numerical results were more conservative, with lower 
displacement values than those measured during the experimental tests. The results are presented in the 
following figures. 
 

a) Experimental Tests vs. Numerical Modelling 
(No rebar and only positive rebars); 

b) Only negative rebars and both positive and 
negative rebars. 

 
 
 
 
 
 
 
 
 
 

 
 

c) Error comparing numerical and experimental results. 
Figure 13: Thermomechanical modelling results (Author). 

 
As seen in Figure 13, the numerical approach showed significant differences during the first 30 minutes of 
heating. Afterward, the results indicated a difference of less than 10% in approximately 120 minutes. 
Subsequently, the difference started to increase again, reaching around 20% until 140 minutes and exceeding 
30% at 180 minutes of heating. Therefore, the numerical model can be considered suitable for structures 
requiring fire resistance times of up to 120 minutes. 
 
5. PARAMETRIC ANALYSIS 
 
An analysis was conducted to investigate the influence of the anti-cracking mesh commonly used in Brazil, 
specifically the EQ45, EQ61, and EQ138, on the behavior of composite slabs with only positive reinforcement and 
those with both positive and negative reinforcement (as depicted in Figure 14). The geometric properties of the 
anti-cracking mesh are presented in Figure 15 and Table 3. 
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Figure 14 – Slab transversal section (Author). Figure 15 – Anti-cracking mesh (Author). 
Table 3: Anti-cracking geometric properties (Author). 

Anti-cracking mesh Space (s) Diameter (Φ) 
EQ45 20 cm X 20 cm 3.4 mm 
EQ61 15 cm x 15 cm 3.4 mm 

EQ138 10 cm x 10 cm 4.2 mm 

 
5.1 Results 
 
The inclusion of anti-cracking mesh in the composite slab resulted in a 14% reduction in displacement for EQ61 
and a 22% reduction for EQ45 and EQ138, in cases where no negative rebar was used (Figure 16-a). To 
minimize computational demands during analysis, only two ribs (half of the specimen - Figure 10) were modeled, 
resulting in no difference in the transversal area between EQ45 and EQ61 in the model, as both mesh 
specifications have the same diameter. Therefore, the different behavior observed in the two models can be 
attributed to the position of the longitudinal wires within the anti-cracking mesh, which led to varying temperatures. 
 
For models which included negative rebar, an increase in displacement at mid-span was observed (Figure 16-b). 
This can be explained by the increase in temperature experienced by the negative rebar due to the presence of 
the anti-cracking mesh. Since steel is a better conductor of temperature than concrete, it allowed heat to be 
transmitted through the concrete to the negative rebar, which resulted in decreased performance. 
 

a) Only positive rebar and anti-cracking mesh; b) Positive and negative rebar and anti-cracking 
mesh. 

Figure 16 – Parametric analysis results (Author). 
 
6. CONCLUSIONS 
 
The use of anti-cracking mesh has the potential to enhance the performance of concrete-steel composite slabs in 
situations where negative reinforcement bars are not present. However, in cases where negative reinforcement 
bars are included, the position of the anti-cracking mesh becomes crucial. This is because the position of the 
longitudinal wires within the concrete can significantly impact the insulation of the negative reinforcement bars, as 
the mesh can function as a temperature conductor and elevate the temperature of the negative rebar. As a result, 
the higher temperatures experienced by the reinforcement bars can lead to decreased mechanical properties of 
the steel, ultimately affecting the behavior of the entire composite slab. 
 
Further research is needed to explore the influence of the positioning of the longitudinal wires within the anti-
cracking mesh on the performance of concrete-steel composite slabs. The objective of such studies would be to 
identify an optimal position that can maximize the performance of the composite slab when utilized as a structural 
material. These investigations should focus on the thermal behavior of the composite slab and take into account 
various factors such as the dimensions and properties of the reinforcement bars and the position of the 
longitudinal wires of the anti-cracking mesh. 
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ABSTRACT 
 
The aim of this study is to determine several aspects on the performance of steel load-bearing beams protected 
with intumescent coatings subjected to a natutal cellulosic fire. Thus, fire resistance tests were carried out at the 
training field of the Military Academy of the Fire Departament of Minas Gerais to test steel beams, with three 
different cross-sections, protected with dry thickness of intumescent film for the required fire resistance time of 60 
minutes.  The materials used in the tests had their properties characterized. Then, this test aided in understanding 
the expansive behavior of the intumescent paint when exposed to a natural fire similar to those that occur in 
residential occupancies. The temperature of the protected surface and the fire were measured, as well as the 
displacements throughout the entire beam section. 
 
Keywords: Intumescent painting, fire, steel beam, natural fire. 
 
 
1. INTRODUCTION 
 
The use of intumescent coatings for passive fire protection has been increasingly used in recent years. Features 
such as good quality surface after application and good performance as a thermal barrier have led researchers to 
develop studies to characterize this type of material for protecting steel elements in case of fire [1]. The fire 
resistance mechanism of intumescent paint is closely tied to the dry thickness of the applied coating and the 
temperature exposure. This process relies on the foaming effect, where the low thermal conductivity material 
undergoes volumetric expansion due to the presence of a polymer matrix during the fire event. As the burning 
process concludes, a carbonaceous layer remains. This layer is inert to fire resistance. During this heating curve, 
the paint can generate a carbonaceous foam up to 200 times its original volume [1]. 

                                                           
a,* Master Science Student – UFMG, Belo Horizonte, Brazil (marcuscquintao@ufmg.br), Corresponding author. 
b Professor – UFMG, Belo Horizonte, Brazil (jpcrod@ufmg.br).  
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As characterized by Lucherini [2], the chemical composition of intumescent coatings is designated by an acidic 
source called a catalyst, a carbonaceous compound, and a foaming agent. The functions of each active 
component are well defined and act in different phases of the intumescence process, as it can be observed in 
thermogravimetry (TG) and differential scanning calorimetry (DSC) tests. During heating, the first reaction that 
occurs is the decomposition of the catalyst at temperatures around 150 and 250 [ºC]. Above 200 [ºC], the acid 
reacts with the carbonaceous compound, releasing pure water (H2O) and forming a carbonaceous residue. 
Simultaneously, the foaming agent is consumed, producing gases that expand the carbonaceous residue 
generated in the previous reaction. These actions are endothermic, thus promoting the cooling of the generated 
heat, which in turn limits the heating of the protected surface. In summary, the combination of the chemical 
compounds forms a polymeric matrix that plays a fundamental role in reducing the heating rate of a steel profile 
exposed to a fire condition. 
 
For beams subjected to bending and protected with intumescent coatings, fire resistance tests provide 
parameters that describe the behavior of the tested materials. In these tests, it is possible to analyze the 
development of the intumescent layer, the influence of edge effects, and establish a relationship between the 
profile's massiveness factor and the thickness of the applied paint layer. Additionally, critical temperature and fire 
resistance time for the metal element, as well as critical displacements, can be determined. As the compartment 
temperature rises, the steel undergoes a significant loss of mechanical strength, and the temperature measured 
at the moment of collapse is known as the critical temperature. 
 
 
2. EXPERIMENTAL PROCEDURES 
 
Initially, it should be noted that the main objective of the adopted methodology is to extract data for validating and 
calibrating a numerical model for testing fire protected steel beams with intumescent painting. In order to 
determine the fire load acting in a natural fire situation, based on ABNT NBR 14432:2001 [3], the typical 
occupation of residential units was considered, with a fire load equal to 300 MJ/m². In order to obtain such fire 
load, pine wood pallets were used to ignite the fire. Per test, 160 kg of wood was used.  
 
Due to the test conditions, the heating of the steel beam was done all over its bending moment region, since the 
external loading applied was carried out by point loads at the ends, as represented below in Figure 1. The 
maximum bending moment that the beam can withstand corresponds to 30% of its load-bearing capacity at 
ambient temperature. 
 
 

Figure 1. Squemathic design of the experimental test. 
 
In order to adapt the test to real conditions, openings of 50cm x 30cm will be made in the side wall of the maritime 
container to allow for the positioning of the beams in the desired configuration. During the execution of the test, 
the opening will be closed with a ceramic wool blanket to concentrate the heat inside the test environment. The 
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beam profiles will be simply supported on steel columns fixed on the floor. The support should allow for 
longitudinal displacement of the profile during the test. Therefore, a circular plate bracket will be positioned on top 
of the column to create the labeled support, as this allows for the longitudinal displacement of the profile. 
 
2.1 Characterization of the intumescent painting 
 
Initially, for the characterization of the steel profiles (ASTM A572-Gr.50 and ASTM A36), four samples of each 
steel type were subjected to tensile testing at room temperature. The procedures described in ASTM E8/E8M-21 
[4] were followed to extract the test specimens from the existing profiles. The obtained values for yield stress and 
Young modulus from each test are described in Tables 1 and 2, respectively. It can be observed that the obtained 
values are higher than the values specified by the steel manufacturer. 
 

Table 1: Results of samples of ASTM A572-Gr.50 submitted to tensile test at room temperature  
Sample Yield Stress (MPa) Young Modulus (MPa) 

V1 424,97 181,31 
V2 415,98 183,19 
V3 398,18 179,20 
V4 413,32 183,98 

 
Table 2: Results of samples of ASTM A36 submitted to tensile test at room temperature  

Sample Yield Stress (MPa) Young Modulus (MPa) 

V5 380,17 197,37 

V6 383,78 199,13 

V7 377,23 194,65 

V8 375,14 192,00 

 
 
To characterize the intumescent paint used, the thermogravimetry and differential scanning calorimetry tests were 
conducted. This test involves determining the mass loss and temperature variation of a sample exposed to 
different programmed heat flows. The sample mass is approximately 10 [mg], and for this test, heat flows of 5, 10, 
15, and 25 [ºC/min] were used in both air and nitrogen atmospheres for comparison purposes. The results are 
exposed in Figures 2 and 3. 
 

 
Figure 2: TG curves for differentes heating rates. 

 

498



Figure 3: DSC analysis of intumescent paint. 
 
Based on these results, it can be observed that the deterioration of the paint begins in the temperature range of 
150-250 [ºC], which is where the foaming reaction initiates. From the DSC test, it is noticeable that the 
degradation of intumescent paints starts around 170 [ºC]. 
 
2.2 Preparation of test samples 
 
The tested beams and their characteristics are described in Table 3. To prepare the metallic surface, a primer 
epoxy was initially applied, with 75 [µm] dry thickness. Then, StopTherm 600 intumescent paint was applied. 
Made in Brazil, this paint is water based and require eight hours to dry. Once the paint had fully cured, a synthetic 
enamel was meticulously applied to provide a final touch to the surface. This procedures are similar to the 
conventional process application of intumescent coatings in constructions. 
 

Table 3: Tested steel profiles and their characteristics 

Steel Profiles Squemathic 
Representation of 

Profiles 

Section Factor 
(cm/cm²) 

Dry Thickness of 
Intumescent Film (μm) 

W150X13  404 500 

W200X31,3  231 300 

TB100X100X4,75  219 275 

 
To ensure the application of the correct thickness of intumescent paint, a wet thickness gauge was used, as 
shown in Figure 4. 
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Figure 4: Measurement of applied intumescent paint thickness. 
 
2.3 Test instrumentation 
 
As instrumentation, 10 probe thermocouples were used to measure the gas temperatures in the container, with 
similar positioning to Figure 5. Thermocouples were strategically positioned at a quarter of the span on one side 
of the container, while on the other side, they were placed at half of the span to ensure comprehensive 
temperature monitoring. This was adopted to verify the internal temperature uniformity. 
  
 

Figure 5: Position of thermocouples to measure the container temperature  
 
To measure the temperature of fire protected profiles, 6 type K thermocouples were welded to the metallic 
substrate. In addition, 2 LVDT’s (Linear Variable Differential Transducer) were placed, 1 at each cantilevered end 
of the beams. The thermocouple and displacement meters placement configuration are illustrated in Figure 6. 
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Figure 6: Position of welded thermocouples on beams and displacement gauges for instrumentation. 
 
 
3. RESULTS AND DISCUSSION 
 
From conducting the tests, the following notable points can be highlighted for the analysis of the results: 

a) The average temperatures of the ambient and beam thermocouples were taken to construct the graphs; 
b) Measurement of displacements required the adaptation of a metal rod to prevent overheating of the 

LVDT’s, highly sensitive measurement equipment (Figure 7); 
c) The fire load was evenly distributed in the internal compartment area of the container to avoid localized 

flames acting on the beam (Figure 8); 
d) Wooden pallets were disassembled to standardize the fire load; 
e) The test duration was 90 minutes, with results displayed for 60 minutes; 
f) The overall behavior of the structure met initial expectations, and the results were satisfactory. 
 

 

Figure 7: Internal view of the container before the test. 
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Figure 8: Adaptation for measuring displacements. 
 
3.1 Temperatures 
 
Given the above, graphs were constructed that relate the temperature of the internal environment of the 
container, the temperature of the protected metal substrate, and an estimate of the temperature of the beam. The 
beam temperature was subjected to the same fire curve as the test, but without fire protection. This estimate was 
made based on the equation described in item 8.5 of the ABNT NBR 14323:2013 standard. 
 
For the test of the square tubular beam, TB100X100X4.75, the graph in Figure 9 was obtained. 

 

Figure 9: Temperature profiles for TB100X100X4.75 test. 
 
For the test of  W150x13, the graph in Figure 10 was obtained. 
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Figure 10: Temperature profiles for W150X13 test. 
 
For the test of  W200x31.3, the graph in Figure 11 was obtained. 
 
 

Figure 11: Temperature profiles for W200X31.3 test. 
 
From the illustrated graphs above, it can be observed that the temperature of the protected metal substrate 
remains below approximately 150 to 200 ºC compared to the fire temperature and the estimated temperature of 
the unprotected beam. This confirms the effectiveness of the intumescent paint in the different phases of the fire, 
preventing temperature escalation. 
 
3.2 Displacements 
 
Displacements were measured during the test using an LVDT (Linear Variable Differential Transformer) 
equipment. After the cooling of the beam, final displacement measurements were manually taken using a tape 
measure at the designated points indicated in Figure 12. The values obtained for each test are displayed in Table 
4. 
 
During the measurements throughout the tests, inconsistencies were observed in the data for the W150X13 and 
W200X31.3 beams, and the results were disregarded. For the TB100x100x4.75 beam, it was possible to 
determine the vertical displacement of the deflected end, as illustrated in Figure 13. 
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Figure 12: Manual measurement points of displacements after testing.  
 
 

Figure 13: Displacement measured via LVDT after test – TB100x100x4,75. 
 

Table 4: Displacements of beams tested. 
 h1 (mm) h2 (mm) h3 (mm) h4 (mm) h5 (mm) LVDT (mm) 
TB100X100X4,75 27 11 33 10 24 38 
W150X13 3 4 5 3 2 N/A 
W200X31,3 2 5 7 5 3 N/A 
 
 
 
3.3 Expansion of intumescent paint 
 
After the test, it is possible to analyze the volumetric expansion process of the intumescent paint for different 
geometric sections. The following figures show the final result after heating and cooling of the tested beam. 
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(a) (b) 
Figure 14: Expansion of intumescent paint on TQ100X100X4.8 

 
  

(a) (b) 
Figure 15: Expansion of intumescent paint on W150x13 

 
  

(a) (b) 
Figure 16: Expansion of intumescent paint on W200x31.3 
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4. CONCLUSIONS 
 
In these tests, it was possible to evaluate the aspects of the behavior of the intumescent painting on steel beams 
with different cross-sections, the influence of the localized fire on the volumetric expansion process of the 
carbonaceous layer, as well as the action of the paint under more rigorous fire curve conditions, such as natural 
fires. 
 
Regarding the temperature profile obtained in each of the tests, it can be concluded that the behavior of the 
intumescent paint was similar in all tests, remaining between 150 to 200 [ºC] below the fire temperature. This 
demonstrates the effectiveness of the paint in protecting the steel profile, as seen in comparisons with the 
unprotected steel profile. As for displacements, considering the maximum allowable deflection for beams equal to 
L/350, only the TB100x100x4.75 beam exceeded the permissible limits in terms of the maximum deflection 
observed after the test. 
 
Regarding the formation of paint expansion, it can be observed that the paint did not perform adequately at the 
edges of the TB100x100x4.75 profile, which is a critical region for absorbing heat from the profile. It is 
recommended, therefore, to exercise greater technological control over the application processes in these areas 
to ensure that the recommended dry thickness is achieved. For the W150x13 profile, which has a higher 
massiveness factor, a thicker layer of intumescent paint was applied, and in this case, an excellent expansion 
behavior of the paint process was observed. In the case of the W200x31.3 profile, the volumetric expansion 
process was unsatisfactory. The faster heating rate (as seen in the slope of the curves in Figure 11) compared to 
the other tests was one of the contributing factors to this outcome. 
 
Therefore, it can be concluded that the results of the experiments were satisfactory for the intended purpose, 
allowing for result analysis and obtaining parameters that will be crucial for the creation of a numerical model to 
simulate the behavior of intumescent paints in steel structures. 
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ABSTRACT 

 

Hot-dip galvanization (HDG) reduces the emissivity of component surfaces, thereby slowing down the temperature 

increase of structural components in a fire situation. However, it is unclear, how HDG secondary structural 

components impact conventionally protected main beams. Therefore, the temperature increase and distribution 

through steel connection details was investigated for a variation of main beams, secondary beams and connection 

types in the test fire situation according to ISO 834. The secondary beams were all hot-dip galvanized, while the 

main beams were either hot-dip galvanized or protected with an intumescent coating. The shading between the 

adjacent structural components at the connection point as well as the additional mass of material from plates and 

angles appear to retard the temperature increase. These effects intensify for more bulky connection types with 

thicker material dimensions. The temperature insertion into the main beams depends on the connection type. It is 

small for long or mass-loaded connection details, but cannot be neglected for short connection types. 
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1. Introduction 

 

At small scale, hot-dip galvanizing according to [6] has shown to reduce the emissivity of steel both in a test furnace 

[9, 10] and in the fire situation in the research project IGF 18887 N at the Technical University of Munich [1]. Instead 

of the current global emissivity specification of 𝜀 = 0.70, as in [3] and [4], those results led to a proposal of a 

temperature-dependent definition of the emissivity ε [2] in two steps: ε = 0.35 for a component temperature up to 

500 °C and ε = 0.7 for a component temperature above 500 °C. The proposal has since been included in German 

regulation of steel construction and is adopted in the current revision of [3] and [4].  

 

In an ongoing research project, the effect of hot-dip galvanization in fire is investigated at real scale in order to verify 

the transferability of the small-scale results to full-size structural elements (research project IGF 21536 N, 2021-

2023 [12]). In this project, the global structural behavior of mechanically loaded composite beams in the fire situation 

was investigated. Beams were also fitted with numerous thermoelements to measure the heating of all elements of 

the composite section. In addition, each beam had a secondary beam allocated at mid-span, transverse to the 

longitudinal direction, connected to the main beam with different connection details. This paper presents the result 

data of the temperature increase through the connection detail in the test fire situation.   

 

Current design guidelines state that in a system of similarly protected main and secondary beams, the temperature 

increase throughout the connection detail is slower than in the general span situation because of shading and 

additional material mass located around the connection point. [3] specifies temperature reduction parameters that 

may be assumed for connections. However, if an unprotected secondary beam is connected to a main beam that 

is protected with capsulation or intumescent paint, [11] requires a 300 – 600 mm continuation of the protection onto 

the unprotected component in order to control the temperature insertion through this gap of the protective measure. 

In a second test series of this project, HDG secondary beams are connected to intumescent coat protected main 

beams. In the test fire situation, the temperature development of the secondary beams, various connection details 

and the main beams was monitored to investigate if those connections require additional protection on the 

secondary beam or if the temperature insertion through the connection is acceptable, so that no further protection 

measures has to be required. 

 

 

2. LARGE SCALE FIRE TESTS 

 

2.1 Hot-dip galvanized beam tests 

 

A series of six composite beams with hot-dip galvanized steel sections, subjected to the ISO 834 standard fire 

curve, were tested with mechanical load in the slab testing furnace (dimensions 9.0 m x 4.0 m) at the iBMB of the 

Technical University of Braunschweig. Each beam was 9.0 m long, designed with a trapezoidal sheet (Holorib 

HR51) on the bottom face of the concrete deck and had a secondary beam connected at mid-span. The concrete 

deck (class C35/45) and steel beam were connected with stud shear connectors (SD 1, d=22 mm, l=125 mm) 

welded through the pre-punched trapezoidal sheets directly onto the flange of the steel profile. Between the beams, 

the steel section dimensions and construction method varied from hot-rolled standard sections (HEB300 and HEB 

450), welded I-sections (approximate “HEA300” and “HEA450”) to optimized sections (halved standard IPE500 

section welded to a 30 mm lamella as the bottom flange). The secondary beams were standard hot-rolled sections 

(IPE200 and IPE330) connected with flag-sheets or equal length angle profiles (L80x8 and L100x10). The steel 

grade was chosen as S460M and S690QL as well as S355 for connection elements and secondary beams. For the 

evaluation in this paper, four connection details (Table 1) with similar beam height were selected whose results 

could be compared to the unloaded test series (see description below). 

 

 

 

 

 

 

 

 

508



 

Table 1: Connection details to the composite beams  

Connection  

Detail 

Main beam Secondary beam Connection 

description 

Sketch 

C-1 HEB300 IPE200 Long flag-sheet,  

t = 10 mm 

 

 

 

 

 

C-2 Welded 

“HEA300” 

IPE200 Equal length angle 

profile L80x8  

(both sides) 

 

 

 

 

 

 

C-3 Optimized 

profile  

½ IPE500 

with bottom 

flange 

IPE200 Short flag-sheet 

t = 10 mm 

 

 

 

 

 

 

C-4 Optimized 

profile  

½ IPE500 

with bottom 

flange 

IPE200 Short flag-sheet 

t = 20 mm 

 

 

 

 

 

 

 

During the fire tests, the temperature measurement in the furnace was conducted by surface plate thermocouples, 

which were arranged uniformly in the furnace directly underneath the steel sections. Type K thermocouples 

recorded the temperatures throughout the composite beam sections. For the hot-dip galvanized beams, 

thermocouples were placed in small boreholes (3 mm diameter) at a depth of half of the thickness of the respective 

section element. In the concrete, temperatures were measured with thermocouple-ladders, so that temperature 

development over the deck height can be recorded. Thermocouple ladders were placed in both the high and low 

rib locations for concrete decks with trapezoidal sheets. The measurement was carried out on several sections over 

the beam length. The arrangement of the thermocouples on the steel profile was staggered over the length of the 

beam in order to compensate possible temperature differences due to shadowing effects. Some stud shear 

connectors were modified with a borehole so that the temperature could be recorded near the connection point to 

the beam inside of the connector (connector height: 125 mm, borehole depth from the top: 100 mm). An additional 

amount of thermocouples was placed throughout the connection details. The positioning of thermoelements on the 

secondary beam (both flanges and web), flag-sheet, main beam web and bolts for connection detail C-1 is shown 

in figure 1. The analysis of the results considered only the temperature in the web for main and secondary beam. 

Beam deformation, end rotation and slip between concrete deck and steel section were recorded but will not be 

discussed in this paper.  
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Figure1: Exemplary beam geometry and positioning of the temperature measurements at connection detail C-1 

(TU Munich) 

 

The beams were supported on hinges on both ends above the furnace wall (Fig. 2). Gas concrete elements were 

placed on the upper side of the concrete beams to close the top side of the furnace, as two beams were tested in 

every experiment. The beams were mechanically loaded with three presses aligned in the longitudinal centerline 

and placed at mid-span and both quarter-span points. All beams were loaded before the start of the fire. After 20 

min of mechanical loading, the ISO 834 fire was introduced for all beams. The target duration was 30 min of ISO 

fire. The results of the load bearing behavior of the construction method will be published in future. 

 

 

a) 

 

b) 

Figure 2: Large-scale fire test setup: furnace and composite beams (a) and temperature measurement at 

connection detail (b) (TU Braunschweig) 

 

In order to avoid excessive deformation, leading to uncontrolled heat leakage and subsequently damage to the 

furnace and the load application devices, sand-lime bricks were placed centrally under the beams, limiting the 

maximum deformation of the beams for the case of total failure. Fig. 2 illustrates the test setup. 

 

2.2 Fire tests on connection details between hot-dip galvanizing beams and with intumescent paint 

protected beams  

 

Another series of two real-scale fire tests was conducted at the TU Munich. Here, two main beams were connected 

to two secondary beams, so that in each test setup four connection details could be investigated in the fire situation 

(Fig. 3). The structure was not loaded mechanically, as temperature spread and distribution was the main focus of 

the investigation. HEB, HEA and IPE profiles (steel grade S235JR) were used in different dimensions for the main 

and secondary beams for the two experimental setups. The secondary beams were connected to the main beams 

by different connection details consisting of double angles or plates of different thicknesses and lengths. The length 

of the main beams was 3.50 m whilst the secondary beams were approximately 1.50 m long. The connections were 

positioned at 1.30 m from each other and 1.10 m from each end of the main girder. All main beams were protected 

with intumescent paint R30, while the secondary beams were hot-dip galvanized. Connecting details that were part 

of the main beam, such as flag-plates, were coated with the beam itself. All other components (angle profiles, bolts, 

etc.) were hot-dip galvanized.  
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Figure3: Experimental setup unloaded beam tests (TU Munich)  

 

The furnace produced the test fire according to ISO 834 for 60 minutes so that temperatures could be recorded. In 

the following evaluation the temperatures after 30 minutes of standard fire are considered. All temperature 

measurements were obtained with thermocouples type K, located in small boreholes distributed evenly throughout 

the beams and connection elements, so that the requirement in [11] can be investigated for this type of connections.  

The measuring points in the secondary beam were placed on the web and both flanges at 100 mm from the edge 

of the connection plate. The measuring point in the connection plate was positioned centrally between the edge 

and the axis of the bolts. On the main beams, five measuring points of the web were defined in the area of the 

connections as one measuring point directly behind the connection part and four measuring points at 200 mm 

between the points.  

 

 

3. TEMPERATURE DEVELOPMENT IN CONNECTION DETAILS 

 

3.1 HDG beam experiments  

 

The connection details were fitted with thermocouples (type K) on the secondary beam, flag sheets or angle profiles, 

bolts and with several distances on the main beam. The oil-burners in the furnace produced the ISO 834 standard 

fire until the load bearing capacity of the beams (constant mechanical load throughout the experiment) was reached 

and the test had to be terminated. The test duration for beams with connections C-1 & C-2 was 24 minutes and 31 
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minutes for C-3 & C-4. The temperature profile plot shows the maximum temperature value recorded directly before 

the end of the fire test. The temperature profile plot shows both the longitudinal and transverse directions from the 

connection point of the beam (Fig. 5 & 6). One sided connection details therefore have a single temperature profile 

extending outwards from the center-point in the transverse direction, while two-sided connections as well as the 

main beam have two profile trajectories. In the longitudinal direction, two trajectories are plotted as temperatures 

were recorded on the main beam on both sides of the connection point (Fig. 4). 

 

 

 
a) 

 

 

b) 

Figure 4: Trajectory orientation in temperature plots (TU Braunschweig) 

 

 

 

 
a) 

 

b) 

Figure 5: Temperature development in connection details C-1 and C-2 (TU Braunschweig) 
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a) 

 

b) 

Figure 6: Temperature development in connection details C-3 and C-4 (TU Braunschweig) 

 

For all tested connection details, the temperature increase in the area of the contact points of the two beams is 

slower than for the other temperature measuring points along the main beam. The deformation limitation 

(longitudinal length under the beam of 800 mm) may lead some shading, but any influence is assumed to be similar 

for the main beam length from -300 mm to +300 mm around mid-span, so that the relative temperature distribution 

is evaluated. Because of the difference in test duration, the comparison is drawn after 24 minutes of ISO 834 fire in 

Fig. 7. 

 

 
 

Figure 7: Temperature development in connection details C-1 to C-4 after 24 minutes (TU Braunschweig) 

 

The web temperature of the main beam of connection C-1 (HEB300) remains slightly cooler than the beams of C-

2 to C-4, but for all beams the connection point temperature is lower than in the surrounding beam elements. It can 

also be seen, that the temperature in the short, thin flag-sheet is the highest, while the temperature in the short, 
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thick flag-sheet and the long flag-sheet are around 50 K and 100 K lower respectively. The temperatures in the 

angle profiles are also relatively low, as they are only bolted to the other components. There is no direct heat 

transfer, so there is a small temperature difference between the angles and the beam. Especially for more bulky 

connection types with thicker flag-sheets or angle profiles, the temperature difference at the connection point 

increases compared to the beam temperature at a regular span and the heating occurs slower.  

 

 

3.2 HDG and protected beams experiments  

 

Similar connection details were examined in the tests with the protected main beam. Connections C-1, C-2, C-3 

and C-4 (all elements HDG) correspond respectively to connections No.1, 2, 3 and 4 (secondary beam HDG, main 

beam protected with intumescent paint). The following diagram shows the temperature after 30 min in connection 

details 1, 3 and 4. 

 

 
Figure 8: Temperature development in connection details No.1, 3 and 4 after 30 minutes  

 

In the connections details of this experimental series, a greater difference can be identified between the temperature 

of the main beam and that of the secondary beam, as the intumescent paint retards the temperature increase 

significantly more intensely than the hot-dip galvanization. Looking at the temperature transfer through the 

connection from the uncoated elements, the increase for the long flag-sheet (Connection No. 4) appears to be small 

as the temperature in connection point of the main beam does not significantly deviate from the temperature of the 

span in the vicinity of the connection point. For the short angle profile (Connection No. 1) and the short thick flag-

plate (Connection No. 2, not shown), a small increase in temperature can be identified compared to the neighboring 

measurement points. However, for the short flag-sheet (Connection No. 3), a significant temperature gradient from 

the connection point was recorded in the main beam. 

The experimental results of connection investigation (Fig 8) show, that through the connection, especially for more 

bulky connection types with longer, thicker flag-sheets or angle profiles, rather small amounts of heat are transferred 

to the main beam. However, small connections with relatively low material mass (short, thin flag-plate) act as a 

weak point in the fire protection and heat can be transferred to the main beam. For these connection details, 

additional protection measures for the main beam extending to the secondary beam should not be omitted. 
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3.3 Numerical study and simplified temperature distribution estimation formula  

 

With the original experimental data presented in this paper, a numerical model of the thermal behavior of the 

connection details is currently being established and validated, which includes a variation of connection types, 

geometry of the beams and hot-dip galvanization of the main and secondary beams. Subsequently, numerical 

investigations with a wide range of connection detail configurations are intended in the research project so that a 

general conclusion for connections with hot-dip galvanized structural elements can be established.  

Based on the experimental results and regression analysis, a formula is currently being developed to estimate the 

temperature distribution throughout the connection detail at the Technical University of Munich. The aim is to include 

different connection types, dimensions and materials in the formulation so that it can be easily applied in design 

practice. 

 

 

4. CONCLUSIONS 

 

The temperature distribution through steel connection details was studied for a variation of main beams, secondary 

beams and connection types in the test fire situation according to ISO 834. The shading between the adjacent 

structural elements in this point as well as the additional mass of material from plates and angles appear to retard 

the temperature increase. These effects intensify for more bulky connection types with thicker material dimensions. 

The corresponding guideline, which assumes lower temperatures at the connection compared to the free span, can 

be confirmed. 

In the connection situation, where HDG secondary beams are connected to an intumescent paint protected main 

beam, the amount of temperature transferred to the main beam is dependent on the connection detailing. For long 

and bulky flag-sheets or angles, the temperature transfer is low. For connections with short elements and low mass, 

the heat transfer to the main beam cannot be neglected and further protective measurements should be taken to 

ensure structural reliability in a fire situation.  
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ABSTRACT 

 

Steel trusses are widely used in public and industrial buildings. Fire-induced collapses of steel trusses result in 

significant property loss and pose a great threat to the lives of firefighters and trapped people. This paper proposes 

a real-time method to predict the evolution of key physical parameters for early-warning collapse of steel trusses in 

fire based on the deep learning (DL) model. The easily measured parameters, rotations and temperatures, which 

can reflect uncertain structural parameters and fire scenarios are set as inputs. The displacements that are hard to 

measure but of great importance to early warn fire-induced collapse of steel trusses are set as the physical 

parameters of outputs. The long short-term memory network is used in the DL model, which can be trained offline 

in a large numerical database. Results indicate that predicted displacement-time curves are highly closed to the 

real curves. A numerical case study is presented to illustrate the application process of the proposed method for 

the early-warning collapse of steel trusses exposed to fire. Combined with the early-warning theory, the predicted 

and actual remaining time to collapse of the steel truss case agree with each other satisfactorily, which indicates 

the effectiveness of the proposed method. 

 

Keywords: early warning; intelligent firefighting; deep learning; fire-induced collapse; steel truss 

 

 

1. INTRODUCTION 

 

Steel trusses are widely used as roof structures in public and industrial buildings. However, fire-induced collapse 

cases of steel trusses are frequently reported worldwide since the low redundancy and the significant loss of 
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strength and stiffness of steel at high temperatures [1]. Unexpected fire-induced collapses of buildings pose a great 

threat to the firefighters and people trapped inside. Therefore, it is urgent to develop early-warning methods for the 

fire-induced collapse of buildings. Song et al. [2] defined the refined critical temperature of the concrete-filled steel 

tubular columns and used refined critical temperatures to prewarn against the fire-induced failure of the columns. 

Jiang et al. [3] monitored the collapse state of the steel truss structures based on the critical temperatures of the 

truss members. However, real critical temperatures, closely related to the real loads and material properties, differ 

from the values calculated by design loads and material properties. Besides, these parameters, i.e., real loads and 

material properties, which can be called uncertain structural parameters, are hard to be determined rapidly in real 

fire scenes. Therefore, it is insufficient to prewarn the collapse of structures in fire based on temperatures only. 

 

Recently, Li et al. [4-6] proposed early-warning methods for fire-induced building collapses based on real-time 

measurement of displacements and velocities, as these parameters can reflect uncertain structural parameters. 

However, displacements are hard to be measured directly at real fire scenes because of the dense smoke, which 

limits the application of the proposed method. Though microwave radar can be used in real fire scenes to monitor 

displacements [7, 8], finding a suitable place to set up the radar stably and quickly is challenging. Besides, the radar 

has limited vision and cannot detect the displacements of the top or interior joints of the buildings. 

 

With the development of computer science, deep learning (DL) is widely used in structural fire engineering for fire 

detection [9,10] and reducing the computational cost of thermal-structural analysis [11,12]. Besides, Ye et al. [13] 

trained a long short-term memory (LSTM) network to predict structural fire responses in the immediate future based 

on the coupled computational fluid dynamics (CFD)–finite element (FE) framework. Xiao et al. [14] proposed a new 

approach to predict the post-fire load-displacement curves of high-strength steel plate girders based on LSTM 

networks. Ji et al. [15] obtained the hard-to-measure parameters of steel portal frames by the easily measured 

parameters based on the DL model to prewarn the collapse state of steel portal frames in the fire. However, the 

displacements at the eaves of the steel portal frames still need to be measured by radar directly.  

 

Inclinometers, which can be easily pre-embedded in the key positions of the structure, can easily measure the 

rotations. They have been widely used in monitoring bridge deflection [16] and building deformation[17, 18]. This 

paper tackles the problem of real-time prediction of key physical parameters for early warning of the fire-induced 

collapse of steel truss structures based on easily measured rotations and temperatures. Rotations and temperatures 

can reflect the uncertain structural parameters and fire scenarios. The paper starts by presenting a FE model of the 

steel trusses, presenting the process of the dataset for training, discussing the development of the DL model for 

predicting the displacements at key joints, and then presenting a numerical case study to demonstrate the 

application process. 

 

 

2. FE MODEL AND DATA GENERATION 

 

2.1 FE model 

 

A planar steel trapezoid truss designed according to the Chinese code [19] is shown in Figure 1. The truss roof is 

fully pinned to the reinforced concrete columns on both sides without fire protection. This truss structure consists of 

8 planar trusses with an interval of 6 m. The span of each planar truss is 24 m. All of the truss members are made 

of Q235 steel, and the cross-sectional information of the members is tabulated in Table 1. 

 

 
 a) 3D model. b) Geometric characteristics of each planar truss (unit: mm). 

Figure 1: Geometric model of the planar steel trapezoid truss. 
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The datasets used for training the DL model are generated based on thermal-structural analysis in the general FE 

software ABAQUS utilizing the explicit module. The Timoshenko beam element B31 is adopted to simulate the steel 

members. An element mesh size of 0.05 m is used for truss members through careful mesh sensitivity analysis. 

The FE analysis includes two load steps: apply random loads, which will be explained in Section 2.2, at ambient 

temperature, then heat the truss members at the same loads. The detailed validation of the FE model can be 

referred to in literature [4]. 

 

Table 1: Cross-sectional information of the members. 

Member type or number Section dimensions (unit: mm) 

Top chord Φ159×4.5 

Bottom chord Φ140×4.5 

Tie bar Φ89×3 

Supports Φ83×2.5 

1, 10-13 (and symmetric members) Φ70×2 

2 (and symmetric member) Φ121×3.5 

3, 4 (and symmetric members) Φ102×2.5 

5-9 (and symmetric members) Φ83×2 

 

2.2 Uncertain structural parameters and fire scenarios 

 

Since the quality of steel for all truss members is Q235, the quality of Q235 will meet the requirements when the 

yield strength fy is no less than 235 MPa, and the ultimate strength fu is between 370-500 MPa at ambient 

temperature according to the Chinese code GB/T 700-2006 [20]. Therefore, the real values of fy and fu are assumed 

to obey uniform distribution. The scope of the probability distribution of fy and fu is determined as 235-350 MPa and 

370-500 MPa, respectively. The surface loads of the truss structure are considered by concentrate loads applied at 

each joint of the top chords according to their tributary areas. The loads at different joints of the top chords are set 

as different random values since the loads may vary during the service stage of the structure. The intensity of 

concentrate load at the ith joint qi, as shown in Figure 1, is assumed to obey uniform distribution U(0.3qu,i, 0.6qu,i), 

where qu,i is the ultimate concentrate load of the ith joint under uniform load distribution at ambient temperature. 

 

The gas temperature field is obtained by the simplified parametric curve. Since the steel trusses are often used in 

large spaces where the temperature field is non-uniform, the temperature-rise curve of large-space building fires 

proposed in literature [21] is used to simulate the gas temperature field:  

 

 ( ) ( ) ( ) ( )
−

−
− −

 
− = − − + − 

  

0.1

g,0 g,max, , 1 0.8e 0.2e 1 e

x b

βt βt μT x z t T T z η η  (1) 

 

where Tg,0 is the ambient temperature, which can be taken as 20°C; Tg,max(z) is the maximum temperature at height 

z; η and μ are the factors dependent on the floor area and ceiling height; b is the distance from the edge of the fire 

surface to the central axis of the fire; x is the horizontal distance from the central axis of the target point to the 

central axis of the fire; β is a constant related to the fire growth types. Once the temperature field can be obtained, 

the temperature of steel members can be calculated according to Chinese code GB 51249-2017 [22]. 

 

For simplicity, the fire is assumed to be ignited at the fourth bay of the truss, as shown in Figure 1. A total of 10 fire 

development conditions (denoted as F1-F10), which are the random combinations of five heating conditions along 

the span (S1-S5) and two heating conditions along the bays, are considered as shown in Figure 2. The red members 

in the red dotted line box are heated while the others remain at ambient temperature. The non-uniform temperature 

field along the span is calculated by Eq. (1), and the β is assumed to obey uniform distribution U(0.0004, 0.002), 

i.e., the fire growth rate is between slow fire and ultra-fast fire [21]. In this way, 500 fire scenarios are generated to 

establish the dataset. 
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Figure 2: Fire development conditions. 

 

2.3 Key data involved in the DL model 

 

Note that the paper aims to obtain hard-to-measure displacements of steel trusses in fire based on the easily 

measured parameters, i.e., key rotations and temperatures. Therefore, the inputs of the DL model are rotations and 

temperatures in key positions, while the outputs are displacements used for early warning. The steel truss structure 

shown in Figure 1 comprises 8 relatively independent trusses. Therefore, the rotations and temperatures reflect the 

structural states and fire scenarios of the corresponding truss, respectively. In this way, the different trusses shown 

in Figure 1 should share the same DL model since they have the same geometric characteristics and boundary 

conditions. To obtain the structural data as much as possible, inclinometers are symmetrically placed at key joints 

of top chords, as shown in Figure 3. Gas temperatures can reflect the fire development and non-uniform 

temperature field. Therefore, the other inputs are the gas temperatures at different parts, including G1-G5, as shown 

in Figure 3. 

 

 
Figure 3: Arrangements of inclinometers and thermocouples. 

 

According to the early-warning method for the fire-induced collapse of planar steel trapezoid trusses proposed by 

Li et al. [4], the displacements uyP, uyL, and uyR which are of great importance to early warning are set as outputs of 

the DL model. Since the fire is assumed to be ignited from the truss T4, the data for training the DL model are 

extracted from the truss T4. Five hundred samples are established by thermal-structural analysis in ABAQUS. 

Figure 4 shows the detailed procedure of the dataset generation. Note that the random parameter matrix A stores 

fy, fu, fire development conditions, and β in Eq. (1), respectively. Random load matrix B stores the load at each joint 

of the trusses. Matrixes R, G, and D store rotations, gas temperatures, and displacements at key positions of the 

truss T4, respectively. 
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a) Five heating conditions along the span.

b) Two heating conditions along the bays.
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Figure 4: Flow chart of the dataset generation. 

 
 

3. DEVELOPMENT OF THE DL MODEL 

 

3.1 Network architecture and training 

 

The DL model aims to learn the complex non-linear temporal relationship between rotations, temperatures, and 

displacements. The LSTM network, which consists of a chain of repeated cells with various gates, is adopted in this 

study since it can not only handle the problem of long-term dependencies well but also resolve the gradients 

vanishing and exploding problems [23]. The LSTM layers are incorporated with fully connected (FC) layers and 

different activation functions to form the network in this study, as shown in Figure 5. 'ReLU' is the activation function 

for strengthening the non-linear ability. 'Dropout' indicates that a certain percentage of neurons within the network 

will be omitted during the current training step to avoid overfitting, which is adopted as 0.2 in this study. 

 

 
Figure 5: Network architecture 

 

The 500 samples are randomly divided into three subsets, including the training dataset with 300 samples, the 

validation dataset with 100 samples, and the test dataset with 100 samples. Only the training and validation datasets 

will be involved in updating the learnable parameters. The test dataset can be regarded as a completely unknown 

dataset for the evaluation of the trained agent. The DL model is developed in Python by Pytorch [24]. Before training 

the model, the inputs and outputs are all scaled within the range of [-1, 1] to avoid numerical problems. The mean 

squared error is adopted as the loss function. The training phase consists of 50,000 epochs with a batch size of 

128. The adaptive moment estimation optimizer Adam is used to train the DL model because of its robustness on 

complex optimization problems, fewer requirements of memory, and ease of implementation [25]. The history of the 

losses is shown in Figure 6 on a logarithmic scale. It can be observed that the value of loss converges at a low 

value after 20000 epochs. 
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Figure 6: Training history. 

 

3.2 Performance of the DL model 

 

This section will evaluate the model performance by comparing the actual and predicted displacement–time curves 

of the test dataset. Here we note again the test dataset has not participated in the training process and can be 

regarded as a completely unknown dataset. To quantitatively evaluate the performance of the trained agent, the 

following indices are introduced: 

 

1) Root mean squared error RMSE 
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2) Coefficient of determination R2 
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where subscript j represents the jth evaluated sample, superscript '(t)' denotes the tth element of the time series, 

and subscript 'true' and 'pred' indicate the actual and predicted time series, respectively. y  is the average value of 

the time series data, and tmax is the length of the time-series data. When the values of RMSE and R2 are close to 0 

and 1, a satisfactory prediction can be concluded. 

 

The test samples are fed into the DL model to predict the uyP, uyR, and uyL, as shown in Figure 3. The distribution 

histograms of RMSE and R2 are shown in Figure 7. It can be observed that the R2 and RMSE of most test samples 

are larger than 0.9 and less than 5 mm, respectively. Note that uyP has a larger RMSE than uyR and uyL for most test 

samples, while the R2 of uyP performs well. Further analysis shows that the value of uyP reaches a considerable 

value when the truss collapses. Therefore, even a little error will cause a large RMSE at the collapse time of the 

truss. But this large error has little influence on the R2. As opposed to uyP, the value of uyL is relatively small when 

the truss collapses. Therefore, the RMSE of uyL is small for most test samples, while the R2 performs not as well as 

uyP. Figure 8 shows 4 typical cases of the actual and predicted displacement–time curves. Results show a 

satisfactory agreement between the predicted and true curves. 

 

(a) (b)
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Figure 7: Distribution histograms of RMSE and R2. 

 

 
Figure 8: Typical comparison cases between actual and predicted displacement–time curves. 

 
 

4. CASE STUDY 

 

To illustrate the application process of the proposed method, a numerical case study is presented in this section. In 

this example, the fire is still ignited at truss T4. Assume that the inclinometers and thermocouples are all pre-

embedded in the truss structure, as shown in Figure 3 in practice. In this way, the rotations and temperatures can 

be real-time obtained, as shown in Figure 9. Figure 10 shows the vertical displacements of the key joints predicted 

by the DL model synchronously based on the real-time measured rotations and temperatures. 
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Figure 9: Real-time monitored rotations and temperatures. 

 

After fire ignition, the air temperature rises, and the steel members are heated. According to the early-warning 

method proposed by Li et al. [4], when the maximum temperature of the bottom chord reaches 50 °C at 320 s, the 

early-warning system is activated. At about 462 s, the rotations in some nodes vary suddenly, and uyP develops 

downwards at the same time. Therefore, the post-buckling collapse mode (collapse mode B) can be identified [4], 

and the 1st early-warning level is given. At this time, the truss has been influenced by the fire, and the risk of 

collapse is increasing, while there is still a relatively long time before the truss collapses, so the firefighters can 

continue to rescue trapped people. When the uyP reaches the peak value at 1735 s, the 1st warning state is 

converted into the 2nd warning state. In this case, the firefighters should speed up their rescue process and prepare 

for evacuation. When the uyR reaches the peak value at 2098 s, the 3rd early-warning level is given. At this time, 

the truss is very dangerous, and firefighters must evacuate as soon as possible to avoid second causalities. At 

about 2290 s, the truss collapses. 

 

 
Figure 10: Predicted vertical displacements of key joints in real-time. 

 

The comparison of the predicted and real remaining time to collapse according to the method in literature [4] is 

shown in Table 2. It can be observed that the predicted time is more and more closer to the actual one as the early-

warning level is higher, which is identical to the previous conclusions [4], since the collapse state is more apparent 

as the temperature rises. The remaining time to collapse will be updated once a new early-warning level appears. 

In this case, when the 3rd early-warning level is given, there is a satisfactory agreement between the real and 

predicted values, whose error is only 2%. Therefore, the proposed framework can be successfully used for early 

warning of fire-induced truss collapse. 
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Table 2 Comparison of predicted and actual remaining time to collapse. 

Warning level E

it  Predicted R

it  Actual R

it  

Activated 320 s / / 

1st 462 s 450 s 1828 s 

2nd 1735 s 382 s 555 s 

3rd 2098 s 196 s 192 s 

 
 

5. CONCLUSIONS 

 

This paper proposes a real-time prediction method to obtain key physical parameters for early-warning collapse of 

steel trusses in fire based on the deep learning (DL) model. The random FE models with uncertain structural 

parameters and unlimited fire scenarios are considered to generate the numerical dataset for training the DL model. 

The LSTM network is adopted in the DL model to fit the complex relationships between the easily-measured 

rotations and temperatures and hardly-measured displacements at key locations of the truss in fire. The good 

performance of the DL model is illustrated in this paper. A case study is presented to demonstrate the effectiveness 

of the method for early warning the fire-induced collapse of planar steel trapezoid trusses. The conclusions of the 

study can be summarized in the following points: 

 

1 The displacements at key joints of steel trusses can be real-time obtained by the well-trained DL model based 

on easily-measured rotations and temperatures at key positions of steel trusses. Rotations and temperatures 

can reflect the effects of uncertain structural parameters and fire scenarios, respectively. 

2 Combined with the approach for early-warning fire-induced collapse of planar steel trusses, the proposed 

method can be employed to predict the real remaining time to collapse of steel trusses. A case study 

demonstrated that the predicted remaining time to collapse agrees with the actual one satisfactorily. 

3 So long as the inclinometers and thermocouples are pre-embedded at the key positions of trusses, the 

collapse process can be monitored, and the real remaining time to collapse can be predicted. The proposed 

method can increase the practicability of the available early-warning method for steel trusses in real fire 

conditions. 
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ABSTRACT 

 

Steel-concrete composite connections are those in which the transfer of efforts between the structural elements are 

guaranteed, simultaneously, by components and elements in steel and concrete. In addition to the importance of 

connections, it is worth mentioning that the safety of structures in fire situations is becoming an increasingly recent 

concern worldwide. This paper aims to research, through numerical analysis, the behavior of composite double 

web-angle connections at ambient temperature and in a fire situation. Once the numerical models were adjusted, 

a parametric analysis was performed. From the results, it was verified that the composite double web-angle 

connections at ambient temperature were classified as semi-rigid. In addition, it was found that the fire caused a 

change in the failure mechanism of the connections. From the parametric analysis, it is noteworthy that the negative 

reinforcement rate equal to 0.75% resulted in the highest stiffness value at room temperature and in the greatest 

variation in rotational capacity, in a fire situation. Such values were up to 4.1% and 160% higher, respectively. 

Furthermore, the slab type, the degree of interaction of steel-concrete, the direction of the bending moment, and 

the resistance of steel and concrete exerted a significant influence on the connection behavior. 

 

Keywords: steel-concrete composite structures; composite connections; fire situation; numerical analyses; design. 

 

 

1. INTRODUCTION 

 

Structures, in general, must be designed to resist all active actions during their useful life, simultaneously ensuring 

adequate levels of safety, performance, and durability with compatible construction and maintenance costs. In this 

context, the connections are essential to achieve these objectives, being responsible for promoting the union 
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between the parts of the structure or a part of it with an external element. In other words, connections are devices 

responsible for transferring efforts between the elements that make up the structure and/or between its supports. 

Thus, the correct design, fabrication, and assembly of the connections have an essential importance in the structural 

behavior, since, in addition to transferring the efforts, they ensure that the design hypotheses are valid. 

 

In this context, steel and concrete composite connections are those in which the transfer of efforts between 

structural elements, as well as stiffness and resistance are guaranteed, simultaneously, by steel and concrete 

components and elements. Such connections can be used in beam-column and beam-beam connections. The main 

advantage provided by composite connections is the increase in strength and stiffness compared to the purely 

metallic connection. 

 

In addition to the importance of connections per se, it is worth mentioning that the safety of structures in fire 

situations is becoming an increasingly recent concern worldwide. The analysis of the safety of structures in a fire 

situation has two main objectives: to protect the lives of building users and to minimize property losses. Fire safety 

is highly dependent on knowledge of fire dynamics, while the proper interpretation of scenarios enables the designer 

to develop systems that result in better risk management. 

 

The fire dynamics, as well as the analysis of the behavior and safety of structures subjected to high temperatures, 

have been heavily studied, culminating in important results that confirm and complement the main normative codes 

and technical documents that are references on the subject in Brazil and the world. 

 

Given this and the importance of the connections for the behavior of the structure as a whole, knowing their behavior 

when they are subjected to a fire situation is very important, as temperature variation causes significant changes in 

the distribution of resistance and stiffness of the connections and the structural elements linked to them, and may 

even change the failure mechanisms concerning the behavior of the connection at room temperature. 

 

In short, even at room temperature, composite connections have complex behavior. However, especially in fire 

situations, the behavior of connections and their effects on the structure still needs to be better studied and 

understood. In this context, a widely used connection is the composite double web-angle connection, whose 

scheme is shown in Figure 1. 

 

 

Figure 1: Composite double web-angle connections. 

 

In composite double web-angle connections, it is the longitudinal steel reinforcement, the shear connectors, and 

the couple of forces in the angle that contribute to the strength and stiffness [1]. Figure 2 schematizes the transfer 

of efforts between the elements of the composite beam-column connection with a double web angle. In Figure 2, 

the stresses in blue are shear; compression stresses in red; and the tensile stresses in yellow. 
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Figure 2: Internal efforts in a composite double web-angle connections. Source: Adapted from Pires (2003). 

 

In this type of connection, they are considered double web-angle in the beam web, bolted to the support element, 

and can be welded or bolted to the beam to be supported. In this conception, the double web-angle is responsible 

for resisting all shear stresses and contributing to flexural strength along with the other components [1]. 

Furthermore, in the design of the connection, it is idealized that the plastic and elastic neutral lines of the composite 

connection are located in the double web-angle, so that the resulting effort in the pair of angles is only a bending 

moment, with tension above the neutral line, and compression below. If this situation does not occur, the region of 

the lower table becomes subject to high efforts, which may cause instabilities in the beam [2-3]. The design of this 

connection also results in high compressive forces in the reinforcement as well as high cracking in the concrete in 

the region of the connection. For this reason, Leon et al. [4] and SCI [5] recommend the use of reinforcing steel 

bars with a minimum diameter of 12.5 mm to avoid the occurrence of an effect called “tension stiffening”, which is 

characterized by the occurrence of cracks that reduce the load on the reinforcement bars and consequently reduces 

their axial deformations, causing the reinforcing steel bars to yield. 

 

The web angles, due to their great deformation capacity, do not reduce the rotation capacity of the composite 

connection, only accompanying the rotation imposed by the other components. In the steel-concrete composite 

beam-column connection with double web-angle, at room temperature, Pires [1] and Campelo [6] verified that the 

contribution of the web angles in the resistance of the composite connection to bending moment is not significant 

(less than 10% in the example studied). Tristão [7] found that, in connections with a column web stiffener, the 

application of compression force on the column reduced the initial stiffness by 11%, showing that the influence of 

the compression force on the initial stiffness was much greater for the connections without stiffener than with web 

stiffener. Bessa [8] observed that the increase in the secondary reinforcement rate of the composite beam (from 

0.2% to 1%) proved to be efficient in restricting the opening of cracks in the slab in the region close to the connection. 

However, no significant variations were noted in the stiffness and strength of the connections. 

 

In addition, no research was found dealing with steel-concrete composite beam-column connections with only the 

double web angle. All similar papers found also consider the presence of seat angles. In a fire situation, there is a 

lack of research for both configurations. 

 

Given this, this paper aims to research, through numerical analysis, the behavior of steel-concrete composite beam-

column connection with double web-angle at ambient temperature and in a fire situation. For that, a parametric 

analysis was carried out whose analyzed variables were: a combination of beam-column cross sections, the 

negative reinforcement rate of the composite connection, the steel-concrete interaction degree, the slab type, the 

orientation of the bending moment, steel strength, and concrete strength. 

 

 

2. METHODOLOGY 

 

The methodology section of this paper is divided into two sections. The first deals with the construction and 

validation of the numerical model of the composite double web-angle beam-columns connection. In turn, the second 

section details the parametric analysis performed. 
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2.1 Construction of the numerical model 

 

For the analysis of the models in a fire situation, it is initially necessary to process thermal models, whose main 

input data were, in addition to the geometry of the model, the behavior over time of the specific heat, thermal 

conductivity, and density of the materials present in the model. 

 

In addition, at this stage, it must also be informed which regions of the model are exposed to fire. To simulate these 

phenomena, the standard fire curve of ISO 834 [9] was used. To model the fire action, the recommendations of EN 

1991-1-2 [10] were considered and, more specifically: 

 

• Convection heat transfer coefficient equal to 25 W/m²K on exposed faces; 

• Convection heat transfer coefficient equal to 9 W/m²K on unexposed faces; 

• Emissivity factor equal to 0.70 to consider heat transfer by radiation on exposed faces; 

• Zero emissivity factor on unexposed faces. 

 

It is worth noting that the thermal properties of concrete, structural steel, and reinforcement steel were considered 

based on the recommendations of EN 1992-1-2 [11]. In this regard, it is worth noting that: 

 

• EN 1994-1-2 [12] presents lower and upper limit values for thermal conductivity. In numerical modeling, 

average values between the two were adopted; 

• The thermal elongation values proposed for concrete with calcareous aggregate were used; 

• A moisture content of 3.0% of the weight of the concrete was considered for the consideration of the 

specific heat; 

• The Stefan-Boltzmann constant was assumed to equal to 5.67·10-8 W/m²·°C4 and the temperature 

corresponding to absolute zero was equal to -273 °C. 

 

Then, thermostructural models were designed. In this step, in addition to geometry, the main input data were 

binding, loading, material properties (density, modulus of elasticity, constitutive model, and thermal elongation), 

and, finally, the thermal analysis results file. Thus, when processing the thermostructural model, the effects of 

temperature are considered simultaneously with the actions acting on the model. 

 

It is worth mentioning that, for the analyzes at room temperature, an analysis similar to that of the thermostructural 

models was carried out, however, without the association with the thermal analysis results file. 

 

In short, the thermal models consist of a single processing step in which the structure is heated based on the 

standard fire curve. The thermostructural models are submitted to two processing steps. The first, is when the 

external load is applied, and the second, is when the temperature effects are applied.  

 

In the thermal models, the “Heat Transfer” type analysis was used, with a total time of 3,600, initial increment of 1 

s, minimum and maximum increments of 0.0001 s and 60 s, respectively, and maximum temperature variation per 

increment of 500 °C. 

 

In turn, in the thermostructural models, the external loading processing step was modeled with “Static, General” 

analysis, using an initial increment of 0.01, minimum and maximum increments respectively equal to 0.00001 and 

0.1. Finally, the structure heating step was performed using “Mistletoe” analysis. The processing step size and 

increments were adopted equal to those of the thermal models, to maintain consistency with the temperature input. 

In both steps of the thermostructural models, the “Dissipated Energy” stabilization method was used with a 

coefficient equal to 0.002; effects of geometric nonlinearities were included. The Newton-Raphson resolution 

method was adopted and the processing error due to the loss of resistance of the structural element was the 

stopping criterion. 

 

In all processes, initially, it is necessary to model the geometry of the parts that constitute the numerical model and 

define the type of finite element. In the thermal analyses, DCD20R diffusive heat transfer elements were used for 

the discretization of beams, columns, slabs and connection elements. These are prismatic, three-dimensional, with 

20 nodes each and reduced integration. As for the steel reinforcement bars and connectors, the DC1D2 element 

was used, which is a heat transfer element with 2 nodes, I recommend it for linear objects. As for the 
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thermostructural and structural analyzes at room temperature, to form the mesh of the beams, columns, slabs and 

connecting elements, the solid element C3D8R was used, which has 8 nodes with 3 degrees of freedom per node 

(translations in the x, y and z), as this element supports plastic analysis with high deformations and displacements, 

in addition to being possible to insert reinforcement bars inside it. For longitudinal and transverse reinforcement, 

T3D2 truss elements were used, which have 2 nodes with 3 degrees of freedom per node (translations in the x, y 

and z directions), which is a great element to represent the behavior of bars, trusses and cables subjected to axial 

forces. Finally, for the stud bolt shear connectors, B31 beam elements were used, characterized by having 2 nodes 

with 6 degrees of freedom per node (translations in the x, y and z directions and rotations around such exist), due 

to the cost of calculation of such an element when compared to solids. 

 

Steel elements could be discretized using shell element, requiring less processing time. However, the use of shell 

elements does not match the degrees of freedom properly. Thus, knowing that the best finite element to discretize 

the concrete is the hexahedral element and this element achieves better results for the steel member, the finite 

element C3D8R was chosen to discretize the steel and concrete components. Furthermore, in all models, 

clearances of 2 mm were considered in the holes of the connecting elements in relation to the diameter of the body 

of the bolt. 

 

The steel cross sections, reinforcements and shear connectors were described by a constitutive stress-strain 

relationship with perfect elastoplastic behavior and Von Mises plasticity criterion. Specifically, the Earls model 

(1999a, 1999b) was used. 

 

For concrete, the constitutive model of Concrete Damaged Plasticity (CDP) by Carreira and Chu [13-14] was 

adopted, as this model predicts with great precision the behavior of concrete and other brittle materials such as 

rock and mortar, in addition to considering the cracking effects. 

 

The reinforcement and the slab were linked using the “embedded constraint” tool of Abaqus®. Thus, the degrees 

of freedom of the reinforcement nodes were restricted to translation. The connectors, in turn, had their base nodes 

coupled to the steel cross section using the “tie constraint” tool, which restricts all degrees of freedom between the 

elements. Finally, the interaction between the connectors and the concrete slab was also modeled using the 

“embedded constraint” command, to efficiently simulate the action of the connector against shear forces inside the 

concrete. As for the region of contact between the concrete slab and the upper tables in steel beam, tangential 

contact of the “Hard contact – Penalty” type was considered, which uses the classic Lagrange multiplier method to 

impose the restrictions and normal contact with a coefficient of friction equal to 0.4 between steel and concrete 

materials [15]. 

 

Figure 3 shows the application position and the typical boundary conditions of the models. In turn, Figure 4 presents 

the numerical model interactions. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Boundary conditions typical of numerical models. 
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Figure 4: Numeric model interactions. 

 

Furthermore, Figure 5 illustrates the regions of the model where the temperature variation was imposed. 

 

 

Figure 5: Faces exposed to fire in thermal numerical models. 

 

For the construction of the numerical model steel-concrete composite beam-column connection with double web-

angle, experimental tests from the literature with increasing complexity were modeled and verified. 

 

Initially, the tests by Ostrander [16] and Figueiredo [17] of beam-column steel connections at room temperature 

were modeled. Next, the tests by Figueiredo [17] and Haremza et al. [18] of steel-concrete composite beam-column 

connections at room temperature. Finally, the experimental test by Haremza et al. [18] in steel-concrete composite 

beam-column connection. Table 1 presents the order of the tests reproduced and verified, as well as their 

characteristics. 

 

Table 1: Experimental tests used to verify the behavior of the built numerical model. 

Order Author Description Situation 

1º Ostrander [16] Steel beam-column connection Room temperature 

2º Figueiredo [17] Steel beam-column connection Room temperature 

3º Figueiredo [17] Steel-concrete composite beam-column connection Room temperature 

4º Haremza et al. [18] Steel-concrete composite beam-column connection Room temperature 

5º Haremza et al. [18] Steel-concrete composite beam-column connection Fire situation 

 

2.2 Parametric analysis 

 

To investigate the influence of the position of the column on building floor and the influence of the level of loads, six 

combinations of beam-column cross sections were defined. For the composite beams, the VS 350 x 38 cross 

section was pre-dimensioned, which is coherent for spans of 8 m, which are usual in steel structures. In turn, for 

the columns, representative connections of the corner, lateral and central columns were sought. In addition, to verify 

the influence of the loading level, loads are consistent with buildings with 10 and 3 floors. Thus, considering a 

532



distance between columns of 8 m, steel with the yield strength of 25 kN/cm², and a distributed load on the slabs of 

10 kN/m², six sections of columns were designed, which are shown in Table 2. 

 

Table 2: Pre-dimensioned steel column sections. 

nfloors Column position Influence area [m²] Cross-sectional area [cm²] Profile 

10 Corner 0,25 128 CS 350 x 144 
10 Lateral 0,50 256 CS 450 x 280 
10 Central 1,00 512 CS  600 x 546 
3 Corner 0,25 38,4 CS 250 x 49 
3 Lateral 0,50 76,8 CS 300 x 92 
3 Central 1,00 153,6 CS 400 x 155 

 

Table 3 presents the sets of beam-column profiles studied. 

 

Table 3: Combinations of beam-column cross sections used in parametric analysis. 

# Beam Column 

C1 VS 350 x 38 CS 350 x 144 
C2 VS 350 x 38 CS 450 x 280 
C3 VS 350 x 38 CS  600 x 546 
C4 VS 350 x 38 CS 250 x 49 
C5 VS 350 x 38 CS 300 x 92 
C6 VS 350 x 38 CS 400 x 155 

 

In addition to the combination of beam-column cross sections, the parametric analysis variables were the negative 

reinforcement rate of the composite connection, the degree of steel-concrete interaction between the composite 

beam and the slab, the slab type, the orientation of the bending moment, steel strength and concrete strength. For 

that, 17 models were needed for each combination of cross sections. Table 4 illustrates the characteristics of these 

models, exposing the parameterized variables and their values. 

 

Table 4: Models analyzed for each combination of profiles. 

# 

Negative 

reinforcement 

steel rate 

Degree of 

interaction 
Slab type 

Bending moment 

orientation 

Steel strength 

[MPa] 

Compressive 

strength of concrete 

[MPa] 

1 0.50% 100.00% Steel deck Positive fy = 250 and fu = 400 30 

2 0.75% 100.00% Steel deck Positive fy = 250 and fu = 400 30 

3 1.00% 100.00% Steel deck Positive fy = 250 and fu = 400 30 

4 1.25% 100.00% Steel deck Positive fy = 250 and fu = 400 30 

5 0.75% 50.00% Steel deck Positive fy = 250 and fu = 400 30 

6 0.75% 75.00% Steel deck Positive fy = 250 and fu = 400 30 

7 0.75% 100.00% Steel deck Positive fy = 250 and fu = 400 30 

8 0.75% 100.00% Solid Positive fy = 250 and fu = 400 30 

9 0.75% 100.00% Steel deck Positive fy = 250 and fu = 400 30 

10 0.75% 100.00% Steel deck Positive fy = 250 and fu = 400 30 

11 0.75% 100.00% Steel deck Negative fy = 250 and fu = 400 30 

12 0.75% 100.00% Steel deck Positive fy = 250 and fu = 400 30 

13 0.75% 100.00% Steel deck Positive fy = 345 and fu = 450 30 

14 0.75% 100.00% Steel deck Positive fy = 600 and fu = 800 30 

15 0.75% 100.00% Steel deck Positive fy = 250 and fu = 400 30 

16 0.75% 100.00% Steel deck Positive fy = 250 and fu = 400 50 

17 0.75% 100.00% Steel deck Positive fy = 250 and fu = 400 70 

 Default variable 

 

In Table 4, fy is the yield strength of the steel and fu is the ultimate tensile strength of the steel. 

 

3. RESULTS AND DISCUSSION 

  

Figure 6 presents the initial stiffness of the 102 models analyzed at room temperature. In Figure 6, it is observed 

that only 15 of the 102 connection models were classified as rigid connections according to the criteria of NBR 8800 
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(ABNT, 2008). Of these 15, 13 are from set 6, and the other 2 are from set 2. Both are characterized by having 

columns with CS cross sections with heights equal to or greater than 450 mm. Most of the models in set 2 presented 

a failure mechanism with the local buckling of the beam web in the connection region and the local buckling of the 

beam flange in the middle of the span. In turn, most of the models in set 6 failed due to reinforcement yielding any 

excessive damage to the slab. 

 

 

Figure 6: Distribution of initial stiffness of all numerical models of connections at room temperature. 

 

Figure 7 presents the distribution of the resistant moment of the numerical models of connections. 

 

Figure 7: Resistant bending moment distribution of all numerical models of connections at room temperature. 

 

From Figure 7, of the analyzed sets, the ones that presented the highest average of resistant bending moment were 

sets 3 and 5, in that order. These sets are lateral and/or central columns, which receive efforts from two directions. 

In the analysis of isolated connections, it was also noted that 31 of the 34 models analyzed (91%) presented lateral 

buckling of the beam web in mid-span as a failure mechanism. In the other assemblies, the main failure mechanisms 
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were, in that order, local buckling of the flange in the middle of the span, local buckling of the web in the connection 

region, and reinforcement yielding excessive damage to the slab in the connection region. 

 

As for the stiffness analysis, it was noted that the position and cross-section of the column exert great influence. 

The set of models that presented the highest maximum rotation and, consequently, the lowest stiffness, was the 

C4 set. This set is characterized by having a column with a slender section and by being a corner column. Thus, 

the bending moment that the beam induces in the column occurs on only one side of the column, which favors the 

rotation of the beam since the column also rotates. Figure 8 shows the influence of parametric variables on the 

resistance moment and connection stiffness of the models from set 1, at room temperature. 

 

  

  

  

Figure 8: Influence of parametric variables on the resistant moment and connection stiffness of numerical models 

of connections from set 1, at room temperature. 
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In the analyzes of set 1, 14 of the 17 models presented local buckling of the flange in mid-span as a failure 

mechanism. The models that disagreed were the one with a negative bending moment, which failed due to 

excessive damage to the slab in the middle of the span; and models with a concrete compressive strength greater 

than 30 MPa, which fail due to local web buckling in the connection region, possibly due to a change in the position 

of the neutral axis. In addition, from Figure 8, it is observed that: 

 

• The negative steel reinforcement ratio was directly related to the resistant bending moment of the 

composite connection. However, the negative steel reinforcement rate equal to 0.75% resulted in the 

highest stiffness value, however, the greatest variation was 4.1%, concerning the model with a negative 

reinforcement rate equal to 1.25%. In addition, it is worth mentioning that the model that presented the 

highest rotation capacity until failure was the one with the highest negative reinforcement rate, with a 

rotation value of 49.24 mrad. The models with a negative reinforcement rate equal to 0.50%, 0.75%, and 

1.00% presented a maximum rotation capacity of, respectively, 40.95 mrad, 39.80 mrad, and 40.88 mrad. 

Therefore, the average variation concerning the model with a 1.25% negative steel rate was approximately 

21%; 

• The connection stiffness was directly influenced by the degree of steel-concrete interaction. The model 

with total interaction (degree of steel-concrete interaction of 100%) presented a stiffness value of 44.1% 

and 19.5% higher than the models with interaction degrees of 50% and 75%, respectively. Regarding the 

resistant moment, the model with a degree of interaction of 75% was the one that presented the highest 

moment. Its value was 3.3% higher than that of the model with total interaction and 14.7% higher than that 

of the model with a degree of interaction of 50%; 

• The model with solid concrete slab showed higher stiffness and bending moment values than the model 

with steel deck slab (variation of 4.9% and 15.0%, respectively). Furthermore, it is worth mentioning that 

the rotation capacity of the model with solid slab was 25.0 mrad, while that of the model with steel deck 

slab was 39.8 mrad – a difference of 59.2%; 

• The direction of the bending moment in the connection exerted a significant influence on both the stiffness 

and the resistant bending moment. The model whose connection was subject to a positive moment 

presented better behavior, resulting in values of the resistant moment and stiffness higher by 126.7% and 

49.3% in relation to the model with a negative moment in the connection. Such results can be explained 

by the fact that concrete has a low tensile strength, mainly. This caused the model to fail earlier, due to 

excessive damage to the slab in the connection region. It is also worth mentioning that the maximum 

rotation capacity of the model subject to a negative bending moment was 53.91 mrad, a value 35.4% 

higher than that of the model subject to a positive bending moment, whose maximum rotation capacity 

was 39.80 mrad; 

• As for the parameterization of steel resistance, it was observed that the greater the resistance, the greater 

the resistant bending moment, but the lower the stiffness. The model with fy = 600 MPa presented moment 

resistance with values 69.3% and 33.2% higher than the models with yield strengths of 250 MPa and 345 

MPa. Furthermore, in relation to the same models, the stiffness was 33.0% and 26.0% lower. Finally, it is 

worth noting that the maximum rotation capacity increases with the increase in flow resistance from 250 

MPa to 345 MPa (direct variation of 27.6%). However, there was practically no difference between the 

models with fy = 345 MPa and fy = 600 MPa (indirect variation less than 3%); 

• Finally, there was no clear behavior of the influence of the strength of concrete on the behavior of the 

connection. The model with C30 concrete presented local buckling of the flange in mid-span as a failure 

mechanism. In addition, this model, compared to those that used C50 and C70 concrete, was the one that 

presented the highest rotation capacity and bending moment. In turn, the model with C50 concrete had 

the highest stiffness and the lowest moment resistance. Both this last model and the one with C70 concrete 

failed due to local buckling of the beam web in the connection region. A possible justification for the change 

in the failure mechanism is the increase in the height of the neutral line, which became closer to the position 

of the concrete slab in the cross-section. 

 

As for numerical analyzes in fire situations, in all models, the fire resistance time was approximately 26 min, with 

variations of less than two minutes between models. During this time, due to the expansion of the materials, the 

main phenomenon observed is the development of compressive stresses in the lower region of the beam and tensile 

stresses in the upper region, causing a rotation in the opposite direction to that previously caused by the loading of 

service (considered as 30% of the load that caused the failure in the structural model. Table 5 shows the rotation 

variation of the connection of the models of set 1, in a fire situation. 
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Table 5: Variation of connection rotation of models from set 1, in fire situation. 

Model θi [mrad] θf [mrad] Δθ [mrad] 

1 -2.52 -2.83 0.31 

2 -2.52 -1.65 0.86 

3 -2.51 -2.84 0.33 

4 -2.51 -2.84 0.33 

5 -2.52 -3.22 0.70 

6 -3.26 -3.80 0.54 

7 -2.52 -1.65 0.86 

8 -2.51 -2.84 0.33 

9 -2.52 -1.65 0.86 

10 -2.52 -1.65 0.86 

11 -2.51 -2.84 0.33 

12 -2.52 -1.65 0.86 

13 -2.53 -2.07 0.46 

14 -2.53 -2.66 0.13 

15 -2.52 -1.65 0.86 

16 -2.19 -1.64 0.55 

17 -1.97 -2.42 0.45 

 

From the parametric analysis of the models of set 1 in a fire situation, it was verified that: 

 

• The model with a negative steel reinforcement rate of 0.75% resulted in the greatest variation in rotational 

capacity (and consequently, better redistribution of efforts). The percentage difference was approximately 

160% in relation to the other models; 

• The model with solid slab presents a variation in rotation capacity around 160% lower than the model with 

steel deck slab; 

• The greater the strength of the steel and the strength of the concrete, the smaller the variations in rotation 

capacities. For the models with higher resistances, the failure also happened more prematurely. In such 

models, the resistance capacity at room temperature is higher. However, at high temperatures, the 

reduction of the beam's bearing capacity due to the degradation of the materials will also be greater. The 

model that used steel with a yield strength of 600 MPa showed a rotation variation 84.6% lower than the 

model that used steel with a yield strength of 84.6%. In turn, the model with class C70 concrete showed a 

rotation capacity 47.9% lower than that of the model with class C30 concrete; 

• From the analysis of the degree of steel-concrete interaction, the simulated models did not allow for 

obtaining any clear behavior. 

 

Figure 9 illustrates the variation of connection deflection as a function of temperature for model 2 of connection set 

1. The temperature was measured at the end of the beam, at the geometric center of the cross section. 

 

 
Figure 9: Deflection behavior as a function of temperature of model 2 of set 1 of connections. 

 

Figure 10 presents the axial displacement of the beam for different loading situations, corroborating and illustrating 

the phenomenon described above. 
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Composite connection without loading 

  

Composite connection with failure loading 

  
Composite connection with service load (equal to 30% of failure load) 

  
Composite connection with service load after failure by fire 

Figure 10: Axial displacement of the connection beam for various loading situations. 

 

In addition, Figure 11 shows the connection elements with axial tensile stresses before the start of the fire and after 

its occurrence. From Figure 11, a change in the direction of stresses can be observed. Before the fire, the tensile 

stresses were mostly located in the beam, with greater magnitudes in the middle of the span. However, after the 

fire, tensile stress values occurred in the concrete slab, especially in the connection region. This phenomenon 

explains the variation in connection rotation as well as the change in failure mechanisms. 

 

 

 

(a) Before the fire 

 
(b) After the fire 

Figure 11: Axial tensile stresses in the connection (a) before the fire and (b) after the fire. Units in kN/m². 
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Due to the expansion of materials and the change in the resistant capacity of materials as a function of temperature, 

the mechanism of failure of connections also changed. Set 1, at room temperature, failed predominantly due to 

local buckling of the beam flange mid-span. However, in a fire situation, all models had the processing interrupted 

due to the failure of the bolts that held the double web-angle in the beam web. In some cases, in addition to the 

failure of the bolts, there was also the tearing of the holes in the beam. 

 

In particular, the bolts' failure can be explained by the fact that they were previously stressed by a prestress equal 

to 70% of their strength. Thus, with the reduction of resistance due to temperature, the bolts closest to the fire 

constitute a critical point in the efficiency of the composite connection. 

 

 

4. CONCLUSIONS 

 

Based on the moment-rotation curve of the numerical models and the criteria of NBR 8800 [1], the composite double 

web-angle connections at ambient temperature were classified as semi-rigid. Through parametric analysis of model 

set 1 at room temperature, it was found that: 

 

• The negative steel reinforcement ratio was directly related to the resistant bending moment of the 

composite connection. However, the negative reinforcement rate equal to 0.75% resulted in the highest 

stiffness value; 

• The stiffness of the connection was directly influenced by the degree of steel-concrete interaction; 

• The model with solid slab presented higher values of stiffness and bending moment in relation to the model 

with steel deck slab; 

• The direction of the bending moment in the connection exerted a significant influence on both the stiffness 

and the resisting moment. The model whose connection was subject to a positive moment performed 

better; 

• As for the parameterization of steel resistance, it was observed that the greater the resistance, the greater 

the resistant bending moment, but the lower the stiffness; 

• Finally, there was no clear behavior of the influence of the strength of concrete on the behavior of the 

connection. Including, the variation of the concrete resistance had an impact on the change of the 

connection failure mechanism. 

 

At room temperature, most of the models in set 1 presented local buckling of the beam flange in mid-span as a 

failure mechanism. In turn, in a fire situation, it is worth mentioning that the models of set 1 presented as prevailing 

failure mechanisms were the failure of the bolts located in the beam's web and/or the tear of the hole in this region. 

 

In a fire situation, all analyzed models failed due to the rupture of the bolts that held the double web-angle in the 

beam web. In some cases, in addition to the failure of the bolts, there was also the tearing of the holes in the beam. 

This can be explained by the fact that the bolts, before the fire, already had a pretension of 70% of their resistant 

capacity. With the reduction of its resistance due to the increase in temperature, the bolts closest to the fire 

constituted a critical point composite connection efficiency. Moreover, due to the expansion of the materials, the 

main phenomenon observed is the development of compressive stresses on the lower edge of the beam and tensile 

stresses on the upper edge, causing a rotation in the opposite direction to that previously caused by the service 

load (considered as 30% of the load that caused the structural model to fail. 

 

Furthermore, from the analysis in a fire situation, it was noticed that the model with a negative steel reinforcement 

rate of 0.75% resulted in the greatest variation in rotational capacity concerning steel rates of 0.5%, 1.0%, and 

1.25%. In addition, the use of a solid slab also resulted in a rotation capacity variation of around 160% less than 

that of the model with a steel deck slab. Furthermore, it is worth noting that the greater the strength of the steel and 

the strength of the concrete, the smaller the variations in rotation capacities. 

 

Finally, in the context of structural analysis, knowing the behavior of connections subjected to fire is very important, 

since temperature variation leads to changes in the distribution of strength and stiffness of connections and 

structural elements attached to them, and may even change failure mechanisms concerning connection at room 

temperature. 
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ABSTRACT 

 

Currently in Brazil, there are no performance and fire safety standards for structural masonry. Internationally, there 

are EUROCODE 6 Part1.2:2005, ACI/TMS 216.1-14:2014, and AS 3700:2011. Adopting the ultrasound test for 

characterization of concrete blocks is an excellent alternative, as it improves both the representativeness of results 

in relation to the batch, and also "in loco" measurements to determine their residual resistance. However, there is 

a shortage of studies on the subject, which requires adaptations of concrete standards (ABNT NBR8802:2019, 

ASTM C597:2016, BS EN12504 Part4:2021, RILEM NDT1:1972, ABNT NBR 15630:2008, BS 1881 Part203:1986) 

for concrete blocks, reducing the accuracy of the results. Present literature has a lack of information to define a 

methodology for ultrasound tests on concrete blocks. Therefore, this study intends to propose a first version of test 

procedures, considering the main factors that interfere both in the blocks and in the ultrasound tests. This can 

enable the first step towards a future standard and an experimental basis for studies on the subject, which are being 

developed by the MATS Research Group (Sustainable Materials and Technologies), linked to the Graduate 

Program in Civil Engineering at UNICAMP. 
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1. INTRODUCTION 

 

To ensure the safety of people in a burning building, the mechanical strength of the concrete has to be enough to 

prevent the structure from collapsing, in addition to preventing the passage of gases and guaranteeing thermal 

insulation. Resistance and compartmentalization projects must meet the Required Fire Resistance Time (RFRT), 

established by the fire department, according to Technical Instruction No. 08/2015 [1] and NBR 14432 - Annex A 

[2]. The RFRT corresponds to the shortest time between the time limit for rupture to occur (mechanical resistance), 

the passage of gases (tightness) and the face not exposed to fire to reach between 140 °C to 180 °C (thermal 

insulation). The main Brazilian standards (NBR 5628 and NBR 10636 [3] [4]) and international standards (ASTM 

E119 and ISO 834 [5] [6]) establish the test conditions for the RFRT determination. 

 

However, some construction techniques, for example, structural masonry, still require studies to establish the 

specific RFFT, in addition to other parameters related to mechanical properties. At the international level, the 

requirements on the design of structures in fire situations, built in structural masonry, are specified in EUROCODE 

6 [7], where the RFRT is determined from the type of block, component materials and types of coating. The 

American standard ACI:TMS 216.1 [8] specifies minimum values for the effective thickness of the walls, and thus 

guarantees safety in fire situations, taking into account the type of block (configuration of the voids) and the finish 

used. 

 

When considering the scarcity of national standards to obtain parameters related to structural concrete masonry 

building elements, under fire conditions, it shows a gap to be studied. However, tests and analyzes still need to be 

developed, considering the complexity and variety of factors that can interfere with the residual properties of this 

type of structural element. To reduce such difficulties, non-destructive tests can be indicated, with emphasis on the 

ultrasound technique, already consolidated for other cementitious materials such as concrete and mortar. Through 

Ultrasonic Pulse Velocity (UPV) it is possible to obtain the mechanical properties (resistance to compression, 

dynamic modulus of elasticity), considering national and international standards (ABNT NBR 8802:2019, ASTM 

C597:2016, BS EN 12504-Part 4 :2021, RILEM NDT 1:1972, ABNT NBR 15630:2008 [9] [10] [11] [12] [13]). As 

these parameters are essential to define the residual strength of structural concrete masonry, after being subjected 

to high temperatures, the hypothesis of using ultrasound for this purpose is valid. However, there are no specific 

standards or procedures (technical bulletins) for this purpose, the closest being a recent standard for monitoring 

and inspection of solid masonry panels (ABNT NBR 16805:2020) [14]. Therefore, studies on test methodologies 

are needed to characterize the structural concrete blocks and, additionally, consider the specificities of those 

exposed to high temperatures. 

 

Some studies available in the literature indicate that ultrasound tests on concrete blocks need their own 

methodology, considering the geometry (holes), molding process (homogeneity), and moisture content. Regarding 

the test method, the frequency and type of transducers and ultrasonic pulse transmission method should be 

considered (direct, indirect or semi-direct) [15] [16] [17] [18] [19]. Nevertheless, only Santos [9] carried out 

ultrasound tests on concrete blocks subjected to high temperatures. In this scenario, there is a lack that needs to 

be studied and thus obtain necessary parameters to validate the use of this non-destructive method in estimating 

the residual mechanical properties of concrete blocks. 

 

Therefore, the main objective of this work is to gather information available in the literature on ultrasound testing in 

structural masonry blocks, which can help in proposed methodologies for the same test and material, however, 

after exposure to high temperatures. 

 

 

2. ULTRASOUND TESTS ON CONCRETE BLOCKS 

 

Santos [15], Sombra and Haach [16] and Gondim [17] studied the mechanical behavior of structural masonry with 

ultrasound at room temperature. Rodrigues et al [18] and [19] evaluated with ultrasound the mechanical behavior 

of non-structural concrete blocks at room temperature and at elevated temperatures, respectively. 

 

Santos [15] carried out a study to correlate the characteristic compressive strength (fbk) with the Ultrasonic Pulse 

Velocity (UPV) in hollow structural concrete blocks, with nominal strengths ranging from 3 to 8 MPa and in 3 types 

of blocks (150x200x400 mm; 150x200x540 mm and 150x200x300 mm), considering 6 samples for each type. The 
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tests were carried out at the factory and on construction elements, following the procedures adapted from NBR 

8802 [9], using TICO and PUNDIT equipment and flat 54 KHz transducers. Ultrasound tests were performed by 

indirect transmission, with a distance between transducers of 200 mm (Figure 1), considering the longest side (400 

mm; 540 mm; 300 mm). The mean correlation factor (ratio between axial compressive strength and UPV: K1=fbk/v) 

obtained for the PUNDIT device was 2.90 and for the TICO device it was 3.82. According to the results obtained 

for K1, the author noted that the type of device used influences the ultrasound tests performed on concrete blocks, 

requiring the adoption of a correlation factor for each type of device. He points out that this fact was also observed 

by Gomes [20] in the tests carried out on the reinforced concrete material. Santos [15] also observed that the 

correlation factors (K1=fbk/v) provide finer and closer adjustments to the compressive strength when the blocks are 

isolated and obtained from the same production, batch, class, type and origin. The author did not statistically 

evaluate the UPV results, but he provides the UPV obtained for each type of block in his dissertation. Table 1 shows 

some of these results. Using the Origin 2018 software, through the Tukey test (ANOVA) for a confidence interval 

equal to 5%, it is possible to verify that there are no significant differences in the UPV values between the 3 readings 

(Figure 1), which were taken in different positions at the along the height of the longitudinal face of the block. 

 

Table 1: UPV results (Km/s) of tests performed in the Laboratory via TICO and PUNDIT equipment [15]. 

 
fbk  

(MPa) 
Measurement 

Samples 

Mean 

Significant 

Measurement 

differences 
1 2 3 4 5 6 

P
u

n
d

it
 

8.0 

1 2.98 3.21 3.00 3.73 2.92 2.98 

3.01 ± 0.33 

1-2: nonexistent 

2 3.05 3.04 3.03 3.01 2.73 2.74 1-3: nonexistent 

3 2.92 2.91 2.91 2.48 2.74 3.87 2-3: nonexistent 

6.0 

1 2.53 2.38 2.08 2.48 1.81 1.94 

2.25 ± 0.36 

1-2: nonexistent 

2 2.75 2.30 2.51 2.38 1.83 1.50 1-3 nonexistent 

3 2.76 2.48 2.46 1.81 2.46 2.02 2-3: nonexistent 

4.0 

1 3.97 3.80 2.61 2.36 3.50 2.50 

3.13 ± 0.64 

1-2: nonexistent 

2 3.85 3.57 2.54 2.47 3.73 2.70 1-3: nonexistent 

3 3.80 3.60 2.41 3.81 2.59 2.48 2-3: nonexistent 

10.0 

1 2.97 2.75 2.42 2.41 2.76 2.33 

2.71 ± 0.24 

1-2: nonexistent 

2 2.78 2.78 2.81 3.00 2.99 2.86 1-3: nonexistent 

3 3.00 2.79 2.82 2.30 2.42 2.57 2-3: nonexistent 

T
IC

O
 

4.5 

1 1.64 1.91 1.93 2.03 1.69 1.70 

1.79 ± 0.14 

1-2: nonexistent 

2 1.61 1.90 1.73 1.80 1.69 1.69 1-3: nonexistent 

3 1.86 2.12 1.70 1.70 1.80 1.93 2-3 nonexistent 

6.0 

1 1.99 2.46 1.97 1.97 1.70 1.72 

1.92 ± 0.20 

1-2: nonexistent 

2 1.80 2.34 1.81 1.78 1.76 1.81 1-3: nonexistent 

3 1.93 1.99 1.96 1.81 1.84 1.86 2-3: nonexistent 

4.0  

1 1.90 2.10 2.03 2.19 2.34 1.83 

1.97 ± 0.14 

1-2 nonexistent 

2 1.88 1.78 1.94 2.14 1.92 1.91 1-3: nonexistent 

3 1.86 1.85 1.97 1.98 1.93 1.98 2-3: nonexistent 

 

 

 

 

 

 

 

 

 

 

 

543



  
a) b) 

Figure 1: (a) Used position of the transducers on the concrete block (b) Test being performed on the blocks 
directly on the wall [15]. 

 

Sombra and Haach [16] estimated the elastic properties (Ed; Gd and µ) of concrete blocks (fbk 14 MPa), with 

ultrasound tests, adapting the procedures of the NBR 8802 (ABNT, 2019) and ASTM C597 (2016) standards, and 

also obtained correlations between UPV and uniaxial compressive strength. The ultrasound tests were performed 

with 54 kHz (longitudinal wave) and 250 kHz (transverse wave) transducers, using direct transmission, as shown 

in Figure 2. Table 2 shows the results of the mechanical properties (fbk; E; Ed; Gd, µ and UPV), in addition to 

statistical analysis, using the Tukey test (ANOVA), with the aid of the Origin software (2018). Statistically, no 

significant variations were noted for UPV values. However, both 2 types of blocks showed UPV variations in the 

height direction, suggesting a non-homogeneity associated with the molding process. The estimated value for 

Poisson's coefficient (using the average velocities of primary and secondary waves), both for full-block and half-

block samples, was close to 0.20, a value normally adopted for concrete of different classes. Even though the 

nominal resistance of the entire block and half-block were the same, the static modulus of elasticity (E) differed 

from each other, (15.35±1.13 GPa and 21.26±3.73 GPa, respectively). Ed was also different for the two types of 

samples, which confirm this behavior. Comparing the static and Ed, there is a big difference between the values for 

each type of sample. To calculate the Ed through the UPV, it is necessary to know the value of the Poisson 

coefficient. The Poisson coefficient was calculated using the average velocities of longitudinal and transverse 

waves, in this case this parameter is subject to two sources of error. In addition, E is influenced by the geometry, 

the type of capping or its absence, the form of instrumentation for the acquisition of deformations (without 

standardization), among other factors. For concrete, Mehta and Monteiro (apud [16]) predict an increase of up to 

40% for the Ed in relation to the static one, depending on the resistance class. 

 

 
Figure 2: Position of the transducers in the ultrasound test for the whole block and half-block, respectively, 

evaluated by [16]. 
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Table 2: Results obtained for characteristic compressive strength (fbk), static modulus of elasticity (E) (according 
to ACI 530-05), dynamic modulus of elasticity (Ed), dynamic shear modulus (Gd), Poisson coefficient (µ) and UPV 

for longitudinal and transverse wave in transverse (T), longitudinal (L) and axial (A) directions [16]. 

fbk 

(MPa) 

E 

(MPa) 

Ed 

(GPa) 

Gd 

(GPa) 
µ 

UPV – 

longitudinal wave 

(m/s) 

UPV – 

transverse wave 

(m/s) 

T L A T L A 

Whole block 

14.22 
15.35 

± 1.13 
38.24 15.53 0.23 

4,430.3 

±34.3 

4,306.9 

±45.3 

4,356.6 

±44.9 

2,606,1 

±16.7 

2,552.0 

±29.8 

2,601.1 

±43.6 

Significant differences between measures. 

Homogeneous groups - P-value <0.05 
a b a c c c 

Half-block 

15.39 
21.26 

± 3.73 
47.05 18.91 0.24 

4,830.0 

±33.2 

4,806.5 

±24.5 

4,708.2 

±133.7 

2,792.3 

±27.9 

2,793.6 

±22.2 

2,783.3 

±15.3 

Significant differences between measures. 

Homogeneous groups - P-value <0.05 
d d e f f f 

 

In order to evaluate the acoustoelastic effect, Gondim [17] carried out ultrasound tests, following the 

recommendations of NBR 8802 (ABNT, 2019), in blocks with 10 MPa of nominal resistance, 3 filled with grout and 

3 unfilled. The author used shear wave (S) transducers with a frequency of 250 KHz, which also emit longitudinal 

waves. The points analyzed, by direct arrangement of the transducers only in the transverse direction of the block, 

are indicated in Figure 3. Through the characterization tests, the average axial compression strength of the hollow 

blocks (unfilled) was 17.45±2.21 MPa and of the filled blocks 24.42±4.04 Mpa. The average E of the hollow blocks 

was 15.17±1.97 GPa and of the for the filled blocks was 26.11±7.12 GPa. Table 3 and 4 show the obtained results 

for blocks without and with grout, respectively. The author noted that when positioning the transducers on the block 

in the grouted region, it is possible for the wave to deviate from the grout, passing only through the concrete region. 

Therefore, even in filled elements, it is preferable that the transducers are positioned only in the septa regions of 

the blocks (not in the voids region). 

 

 
Figure 3: Points measured with ultrasound [7]. 

 

Table 3: UPV and wavelength in unfilled blocks [17]. 

Block UPV transverse wave (m/s) UPV longitudinal wave (m/s) Wavelength λ (mm) 

Ext. septum Int. septum Ext. septum Int. septum Ext. septum Int. septum 

1 4,215.6 4,055.6 2,578.7 2,542.2 16.9 16.2 

2 4,448.7 4,387.3 2,674.8 2,662.1 17.8 17.5 

3 4,423.4 4,477.1 2,670.7 2,714.8 17.7 17.9 

Mean 4,334.6±164.9 2,640.6±65.7 17.33±0.7 
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Table 4: UPV and wavelength in filled blocks [17].  

Block UPV transverse wave (m/s) UPV longitudinal wave (m/s) 

Ext. septum Int. septum Grout Ext. septum Int. septum Grout 

1 2,710.5 2,719.5 2,574.9 4,492.9 4,485.7 4,086.4 

2 2,652.5 2,714.8 2,552.4 4,402.5 4,490.1 4,392.8 

3 2,675.8 2,787.2 2,568.3 4,455.8 4,662.0 3,834.6 

Mean 2,710.1±45.9 2,565.2±11.6 4,498.2±87.2 4,104.6±279.5 

 

Rodrigues et al [18] evaluated the mechanical properties of concrete blocks (140X190X390 mm) using ultrasound 

tests, with an average characteristic strength (fbk) of 3.5 MPa after 28 days of curing. The UPV was obtained with 

Steinkamp ultrasound equipment (BP7 model) and 45 KHz exponential transducers. Measurements by direct 

transmission were taken at 7, 14, 21 and 28 days after manufacture, considering the three directions (axial, 

longitudinal and transverse). In each direction, 6 measurement points were considered, as shown in Figure 4. Table 

5 shows the results obtained. Statistical analysis showed that, for the longitudinal and axial directions, the UPV 

presents a statistically significant difference, while for the transverse and longitudinal directions, the UPV does not 

present a statistically significant difference. The authors point out that for the length and width directions, there is a 

wall mold confinement effect, which does not happen with the height direction. 

 

Table 3: UPV, in Km/s, measured after 7, 14, 21 and 28 days of concreting [18]. 

 7 days 14 days 21 days 28 days 

Transverse 2.06 2.09 2.15 2.08 

Longitudinal 2.14 2.10 2.19 2.15 

Axial 2.02 2.12 2.09 2.05 

 

 

Figure 4: Direction and points measured with ultrasound [18]. 

 

Santos [19] used ultrasound, following the recommendations of NBR 8802, to identify changes in the mechanical 

strength of non-structural hollow concrete blocks, with 5.4 MPa of characteristic strength, after being heated to 500 

°C, with a heating rate of 1°C/min. The author produced 14 blocks, 7 of which were subjected to high temperatures 

and 7 used to control, reference and enable the methodology used. The mix, by mass, was 0.935 Kg of Portland 

cement (type V ARI), 1.495 Kg of sand, 3.738 Kg of stone dust, 2.243 Kg of stone gravel (type 0), 1.639 Kg of water 

and 4.2075 g of additive. He used the USLab ultrasound machine and transducers with metallic encapsulation, 

exponential and flat, with a frequency of 45 KHz. For the readings, the transducers were positioned in relation to 

the height, width and length of the blocks. Table 6 shows the average UPV obtained using a flat and exponential 

transducer for room temperature and 500°C. For the author, the flat transducer is more suitable than the exponential 

one, because the it is more stable during the test and has greater contact with the surface of the faces of the blocks. 
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Table 6: Mean UPV values (Km/s) in blocks [19]. 

Transducer type Temperature Transverse Longitudinal  Axial 

Plan 
Room 3.46 ± 0.13 3.47 ± 0.17  3.18 ± 0.14 

500°C 2.43 ± 0.26 2.44 ± 0.18  2.31 ± 0.23 

Exponential 
Room 3.64 ± 0.16 4.18 ± 0.57  3.97 ± 0.65 

500°C 2.66 ± 0.26 3.43 ± 0.33  2.94 ± 0.25 

 

 

3. NORMATIVE RECOMMENDATIONS FOR RESIDUAL STRENGTH OF CONCRETE BLOCKS USING 

ULTRASOUND 

 

Structural masonry will have its fire resistance depending on how each of the materials that constitute it behaves at 

high temperatures [21]. This type of resistance is related to its mechanical strength, tightness and thermal insulation. 

The main national standards (NBR 5628 and NBR 10636 [3] [4]) and international standards (ASTM E119 and ISO 

834 [5] [6]) that establish the test conditions for determining this parameter, guide that the sample of the element to 

be tested is placed in an oven with the programmed temperature variation, observing the conditions of these three 

properties. 

 

Specifically regarding to the evaluation of the mechanical properties of structural masonry components, blocks and 

laying mortars, under high temperatures, it is necessary to emphasize the need for standardization of the 

methodology used. It is necessary to evaluate the national structural masonry components according to only one 

standard, so that the results can be compared to other similar national and international studies. Standardizing 

sample size, rate of rise in temperature over time, time for heating samples to that maximum temperature, and rate 

of cooling is necessary. As for concrete blocks, there is no international or national methodology for assessing 

residual mechanical strength. What can be done, in the same way as Medeiros et al. [22], is an adaptation of the 

cited international standard of RILEM-200 HTC [23]. To obtain the residual mechanical strength of the concrete, 

this standard establishes that the cylindrical concrete specimens are heated in an oven at a rate of 0.5 °C/min, 1 

°C/min, 2 °C/min and 4 °C C/min for specimens with 150 mm, 100 mm, 80 mm and 60 mm in diameter, respectively, 

until reaching the temperature of interest, remaining at the maximum temperature for 60±5 minutes and then cooling 

at the same rate. The concrete blocks evaluated by Santos (2017) were heated at a rate of 1°C/min, one of the 

rates recommended by RILEM-200 HTC [23]. 

 

Medeiros et al. [12] evaluated the effect of temperature on the mechanical properties of hollow structural concrete 

blocks with gneiss aggregate, 14 cm wide, 19 cm high and 39 cm long. The adopted test method was adapted from 

the RILEM TC 200-HTC [23] by the group of researchers in structural masonry in fire situation at the University of 

Campinas and Federal University of São Carlos. The blocks were heated at a rate of 1°C/min until reaching 

maximum temperatures of 100, 200, 300, 400, 500, 600, 700 and 800°C. Each maximum temperature of interest 

was maintained for 60 minutes before slow cooling and evaluation of the residual mechanical strength of the blocks. 

Figures 5 and 6, below, present the results of residual compressive strength and modulus of deformation, as a 

function of the maximum temperature of interest evaluated by Medeiros et al. [22]. The researchers report a loss of 

mechanical strength with increasing temperature and that, in the case of residual compressive strength, only after 

400 °C does this loss become significant. For the authors, the aggregate and cementitious materials chosen for the 

block can help to reduce these negative effects; emphasizing that the geometry of the blocks and the porosity of 

the concrete used in the execution of the units can be taken as parameters of relative influence on the evaluated 

residual mechanical properties. 
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Figure 3: Residual compressive strength X temperature [22]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Residual elastic modulus X temperature [22] 

 

To evaluate the post-fire mechanical behavior, a good alternative is to use the ultrasonic wave propagation test, as 

it is a non-destructive test (NDT) that is easy to perform. However, as already mentioned, studies to evaluate the 

residual resistance with ultrasound in structural concrete blocks are rare and there is no specific standard for this 

purpose. Also, there is no norm or standardized ultrasound test methodology for the characterization of concrete 

blocks, but there are normatives about ultrasound in concrete. The main standards are: NBR 8802:2019, ASTM 

C597:2016, BS EN 12504-Part 4:2021, RILEM NDT 1:1972 and NBR 16805:202016805. Table 7 compares some 

guidelines established by these standards [10] [14] [15] [16]. The frequency of transducers ranging from 20 to 100 

KHz satisfies all of them at the same time. RILEM NDT 1:1972 explains that transducers with higher frequencies, 

around 200 kHz, can be used especially in path lengths shorter than 500 mm to obtain a clearer pulse onset, as 

long as the provided device is designed for this use. In accordance with BS EN 12504-Part 4:2021 high frequency 

pulses (200 KHz) have a definite start but as they pass through concrete they become attenuated more quickly than 

lower frequency pulses (10 KHz). Therefore, it is preferable to use high frequency transducers (60 kHz to 200 kHz) 

for short path lengths (up to 50 mm) and low frequency transducers (10 kHz to 40 kHz) for long paths (up to a 
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maximum of 15 m). Transducers with a frequency of 40 kHz to 60 kHz are useful for most applications. These 

standards require the surface to be air-dried, clean and flat. As per BS EN 12504 Part 4: 2021, when the concrete 

surface is very rough and uneven, the surface area must be smoothed and leveled by grinding, or by using an 

epoxy resin. Regarding the number of samples, BS EN 12504-Part 4:2021 establishes that it is equal to 3, in 

addition, for each sample there must be at least three measurements of the UPV, spaced by the length of the 

specimen. Another important issue is that the wave propagation time through the concrete material must be within 

± 1% of the mean value of these three measurements, otherwise the sample must be rejected or the tests redo. 

Other standards specify UPV measurement accuracy in ± 1% (NBR 8802:2019) and 0.5% (ASTM C597:2016). For 

all standards, it is necessary to calibrate the ultrasound device using reference bars and use a couplant material to 

position the transducers in the solid to be tested. The minimum distance between the transducers placed in the 

concrete must be 100 mm for aggregates up to 20 mm and 150 mm for aggregates between 20 and 40 mm, 

according to BS EN 12504-Part 4:2021, and 100 mm for aggregates up to 30 mm and 150 mm for aggregates up 

to 45 mm, in accordance with RILEM NDT 1:1972. In Brazil, the most common approach has been to adapt NBR 

8802 to concrete blocks, a solution adopted by the aforementioned authors [15] [16] [17] [18] [19]. 

 

Table 7: Main standards for ultrasound testing on concrete 

Procedure NBR 8802/2019 
ASTM 

C597/2016 
BS EN 12504 
 Part 4: 2021 

RILEM 
NDT/1972 

Generator-
receiver circuit 

Ultrasonic low-

frequency electrical 

pulse apparatus, 

with high stability 

and reading 

resolution of at 

least 0.1 μs 

3 pulses per second - - 

Transducer 20 to 150 kHz 20 to 100 kHz 20 to 150 KHz 20 to 200 KHz 

Time meter 
circuit 

- 

Measurement 

resolution of at least 

0.1 μs 

- - 

Preparation of 
test specimens 

Air dried, clean and 
flat 

Air dried, clean and 
flat 

Air dried, clean and 
flat 

Flat 

 

Number of 
samples 

- - 3 - 

Calibration 

Calibrate the 
instrument using 

the reference bar or 
equivalent device. 

Reset time; apply 
coupling agent to the 

transducer faces 
and press the faces 

together; use 
reference bar. 

It should be able to 
measure transit times 
on the calibration bar 
with a limit deviation 
of ± 0.1 µs and an 
accuracy of 2%. 

External reliable 
electronic 

calibration, or by 
using stable 

standard prisms 
with known pulse 

travel time. 

Coupling 

Apply a thin layer of 
couplant. For shear 
wave transducers, 

the couplant 
material cannot be 

water-based 

Viscous material 
(such as oil, 

petroleum jelly, 
water-soluble 

petroleum jelly, 
moldable rubber or 

grease) 

Typical couplants are 
petroleum jelly, 

grease, mild soap, 
and kaolin/glycerol 

paste 

- 

Distance 
between 

transducers 
Accuracy ± 1% Accuracy 0,5% Accuracy ± 1% Accuracy ± 1% 

Velocity 
measurements 

Accuracy ± 1% Accuracy = 0,5% Accuracy ± 1% - 

Wave type 
Longitudinal and 

transverse 
Longitudinal 

Longitudinal and 
transverse 

Longitudinal 

Length of paths - 50mm to 15m - 
150mm for direct 
and 400mm for 

indirect. 
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4. CONCLUSIONS 

 

To write this work, references were sought that evaluated the mechanical behavior of structural concrete blocks 

with post-heating ultrasound. No studies were found that fully covered all the factors of this search, so the references 

used refer to parts of this theme, in different ways. Selected works include Santos [15], Sombra and Haach [16] 

and Gondim [17] who studied the mechanical behavior of structural masonry with ultrasound at room temperature, 

but without analysis at high temperatures. The works by Rodrigues et al [18] and Santos [19] were also part of this 

research. They evaluated, respectively, the mechanical behavior of non-structural concrete blocks at room 

temperature and at elevated temperatures using ultrasound, although none of them analyzed structural blocks. The 

research carried out by Rodrigues et al. [18] did not evaluate specimens at elevated temperatures, as well. In 

addition to these, it was mentioned the work by Medeiros et al. [22], which evaluated the effect of temperature on 

the mechanical properties of hollow structural concrete blocks through destructive tests, differing by not approaching 

ultrasound analysis (NDT). 

 

For ultrasound tests on concrete blocks, practically all references followed the recommendations of NBR 8802, 

except by Sombra and Haach [16], who also followed ASTM C597 instructions. Only Santos [15] positioned the 

transducers indirectly, while the other authors performed the tests with a direct arrangement. Virtually all used 

longitudinal waves. The frequencies used by these authors are in accordance with the recommendations of 

standards NBR 8802:2019 [9], ASTM C597:2016 [10], BS EN 12504-Part 4:2021 [11] and RILEM NDT 1:1972 [12]. 

Gondim [17] used a much higher frequency than the other authors. This variance was due to the differetnt objective 

of this study, where the author used the ultrasound test to determine the acoustoelastic effect in blocks. 

 

Santos [15] was the only reference that evaluated 6 samples for each type of block. The other studies evaluated 3 

samples for each type of block, demonstrating that this amount is sufficient to obtain reliable results. The tested 

blocks have thickness varying along the height and, also, there is a suggestion of non-homogeneity in the units 

along the height due to the compression process in the manufacture of the blocks, that is why the authors Santos 

[15], Sombra and Haach [16] and Rodrigues et al [17] measured the UPV in the longitudinal and transverse 

directions considering different layers in the height of the block. Statistically, the results of UPV with indirect 

transmission from Santos [15] do not show significant differences for the 3 measurements along the height of the 

longitudinal face of the block. However, for the test with direct transmission, Sombra and Haach [16] noticed that 

both the entire block and the half-block had UPV variation along the height. It is noteworthy that Gondim [17] 

considered only one layer at half the height (this layer was probably chosen to minimize and compensate for 

differences in readings that could occur in different layers along the height). 

 

Only Sombra and Haach [16] and Rodrigues et al [18] evaluated the UPV in the three directions (transverse, 

longitudinal and axial). Through Sombra and Haach [16] results for the whole block, there are significant differences 

only between the results for the longitudinal and transverse directions. Whereas Rodrigues et al [18] research 

identified differences for the results between the longitudinal and axial directions. Rodrigues et al [18] point out that 

there is a confinement effect of the wall mold for the length and width directions, which does not happen with the 

height direction. 

 

Still, Santos [15] noted that the type of ultrasound device influences the results, so he recommends that the 

correlation between the UPV and the axial resistance of concrete blocks be established for each type of device. For 

Gondin [17] it is preferable that the transducers are positioned only in the regions of the septa of the blocks (not in 

the region of the voids). Santos [19] recommends that the flat transducer is more suitable than the exponential one, 

because the flat transducer is more stable during the test and has greater contact with the surface of the faces of 

the blocks. 

 

As for Santos [19] results, it is noted a reduction in the UPV as the heating temperature increased, which can be 

explained by the progressive deterioration of the cementitious matrix and also the concrete aggregates of the 

blocks. These physical-chemical changes of the materials result in density reduction of the concrete, also reducing 

the UPV. 

 

It is noted the need for a standardization of the ultrasound test method in concrete blocks to favor the analysis of 

the results obtained by different authors and to guarantee the preparation and use of correlation tables of the UPV 

and static mechanical properties. 
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ABSTRACT 

 

Fire protection is crucial for saving lives and preserving properties and requires multiple systems working 

together. Passive fire protection is one of the main aspects of fire protection and is associated to architectural and 

constructive features of a building, including its components, and elements. Testing and specifications are 

necessary to ensure the efficiency of passive fire protection and are strongly associated to Standards worldwide. 

However, the body of Brazilian Standards related to passive fire protection was narrow and lacked several 

Standards which were existent worldwide. This started to change in the last decade with the review and 

publication of several Standards compatible with international documents and Standards. This paper presents an 

overview of the Brazilian Standards that were issued recently, aiming to publicize the work that has been done, 

and discusses the benefits brought to the fire safety and the next steps for the passive fire protection 

standardization in Brazil along with the importance of incorporating these Standards into the official Fire 

Departments' Regulations. 

 

Keywords: Standardization; Fire Safety; Fire tests, Passive fire protection. 

 

 

1. INTRODUCTION 

 

Saving lives and preserving property are important goals for fire protection, which are better accomplished 

through several fire protection systems working together. Each system must be designed, tested, and constructed 

according to requirements of specific standards. However, several fire protection existing systems in Brazilian 

buildings are malfunctioning or completely inoperable [1–4], which is a result of one or more of the following 

problems: poor designs, inadequate installation and maintenance, lack of inspection and testing. 
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Within the fire protection systems, the materials applied in claddings, finishing, ceilings, etc. must present a fire 

behavior consistent with minimum performance levels related to its usage in the building. Unfortunately, several 

materials applied in these building elements nowadays are still the same that promoted tragedies in other 

buildings like the Kiss nightclub and the Grenfell Tower [4]. This represents a great risk for building occupants, 

which increases due to existing problems in emergency exits [3]. Figure 1 presents the Kiss Nightclub (a) and 

Grenfell Tower (b) after the fire incidents in which several people died. 

 

 
a) 

  
b) 

Figure 1: Kiss Nightclub (a) and Grenfell Tower (b) after the fire incidents (source: Reuters) 

 

Until recently, the body of Brazilian Standards related to passive fire protection was narrow and lacked several 

Standards which were existent worldwide. Aiming to elevate the importance of passive fire protection in Brazil, an 

effort has been made in the last decade to review and issue several Standards compatible with international 

documents. 

 

This paper presents an overview of these Standards, aiming to publicize the work that has been done, and 

discusses the benefits brought to the fire safety, the next steps for the fire protection standardization in Brazil and 

the importance of incorporating these advances into the official Fire Departments' Regulations. 

 

 

2. BRAZILIAN STANDARDIZATION 

 

Standardization in Brazil is managed by the Brazilian Association for Standardization (ABNT), which is a non-

profit entity founded in 1940. The ABNT is divided in Committees for each field in which standardization is 

present. Each Committee is also divided in Study Commissions which cover specific topics within the Committee 

field. 

 

Fire Safety is covered by the Committee nº 24 of ABNT (CB-024), which contains Study Commissions concerning 

active fire protection systems: fire extinguishers, hydrants, sprinklers, detection, and alarm, etc.; and passive fire 

protection systems: testing and classification of the fire behavior of finishing and coating products, testing and 

classification of fire resistance of building elements, etc. In general, CB-024 has been producing several important 

Standards concerning fire protection. 

 

Passive fire protection systems are incorporated to the building and react passively during a fire limiting the 

spread of fire, facilitating evacuation, preventing structural collapse, etc. [5]. The two main topics relevant to 

passive fire protection in buildings are reaction to fire of materials and fire resistance of building elements. 

Reaction to fire determines the behavior that the building materials will present during a fire, facilitating the 

occurrence of fire, developing smoke, and contributing or not to the development and spread of fire. Fire 

resistance determines how long the building elements can maintain their function supporting the building loads 

and preserving the compartmentation to prevent the spread of the fire to the whole building. Both concepts have 

great impact in the speed in which the building occupants will be affected by the fire and how much of the building 
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will suffer the deleterious effects of the high temperatures. Therefore, both concepts have great importance for 

preserving lives and property. 

 

CB-024 has one Commission concerning reaction to fire: “Reaction to fire of materials” and another Commission 

concerning fire resistance: “Fire resistance of building elements”. The Standards presented in this paper were 

developed in these two Commissions.  

 

CB-024 is not the only Committee concerned with fire safety. The Committee nº 02 of ABNT (CB-02): “Civil 

Construction” also discusses some themes related to passive fire protection like the design of building structures 

for loadbearing capacity during a fire and of emergency exists of buildings for evacuation, which are important 

passive fire protection measures. 

 

It is important to highlight that the design of building structures for fire incidents is intrinsically related to the design 

in normal conditions, therefore CB-02 is an appropriate Committee for this theme. However, the design of 

emergency exits and evacuation of buildings is more related and dependent on other fire safety systems.  

 

3. OVERVIEW OF THE DEVELOPMENT 

 

A Standard to classify the reaction to fire of building materials was developed. Reaction to fire is the first thing that 

should be considered when analyzing combustible materials incorporated to building elements. The classification 

implemented in the Standard classifies the reaction to fire of a material based on the speed at which fire spreads 

through the material and on the optical density of the smoke that the burning of that material produces. A new 

classification was also provided for when a material generates flaming droplets, which is a dangerous behavior 

during a fire [6]. 

 

Standards to classify the fire resistance of building elements were developed. The classification consists in 

separating the fire resistance of a building element into several criteria, the main ones being: R for loadbearing 

capacity, E for integrity, I for thermal insulation and W for radiation reduction. Additional criteria for mechanical 

actions, self-closing devices and smoke control are also presented to complement the main classification [7]. 

Each criterion is determined through fire resistance tests in which the time that each criterion was attended is 

registered through different methods employed during the test. The full fire resistance classification of a building 

element is a result of the combination of these criteria into one expression: for example, an element that attends 

the R, E and I criteria for 90 minutes is classified as REI 90. 

 

The loadbearing capacity (R) is defined as the ability of a loaded element to maintain structural stability under fire. 

This criterion is verified through observation of the deformation of the specimen during the test. The time in which 

this criterion is attended is defined as when the deformation surpasses a limit that is defined according to each 

type and dimensions of the building element [7]. 

 

The integrity (E) is defined as the ability of a separating element to prevent the passage of flames or hot gases 

from the side exposed to fire to the other side that is not exposed to fire. This criterion is verified if any of the 

following events occur: appearance of cracks of certain dimensions in the specimen; appearance of flames in the 

unexposed side; or ignition of a cotton pad in the unexposed side [7]. 

 

The thermal insulation (I) criterion is defined as the ability of a separating element to limit the transmission of 

temperature from the side exposed to fire to the other side that is not exposed to fire. This criterion is verified 

through positioning of thermocouples that measure the temperature on several location in the side that is not 

exposed to fire. The increase in temperatures should not surpass 180°C in any position or 140°C in the average 

values measured by all thermocouples [7]. 

 

The radiation reduction (W) criterion is defined as the ability of a separating element to limit the transmission of 

heat radiation from the side exposed to fire to the other side that is not exposed to fire. This criterion is verified by 

measuring the radiation levels on the unexposed side. The time in which this criterion is attended is defined when 

the radiation level surpasses 15 kW/m² [7]. 
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The application of the test methods also requires several equipment and knowledge of procedures that are 

common to each method. To avoid repetitions, another Standard was created as a general guidance that would 

complement each test method, giving the basis for their procedures. This Standard is also important because it 

specifies the general equipment that is used for the conduction of fire resistance tests, which may contribute to 

the creation and development of laboratories across the country. 

 

Testing is one of the approaches for the evaluation of passive fire protection systems. The test methods must 

reproduce typical or critical fire conditions and test specimens that reproduce an end use application. 

 

Another important type of Standards are requirement standards, which guide manufacturers and consumers to 

produce, install, use, do maintenance and verify the performance of building elements to achieve minimum 

standards for that product. 

 

The scope of each Standard that was recently created is present briefly in the following sections along with a 

small description of the respective test or application of the Standard. 

 

3.1 Newly developed Standards in CB-024 

 

3.1.1 ABNT NBR 16626 – Fire reaction classification of building products 

 

Defines the reaction to fire classification for building elements: finishing, cladding, coatings, etc. [6].  

 

3.1.2 ABNT NBR 16945 – Fire resistance classification for building elements 

 

Defines the fire resistance classification for several building elements: non-loadbearing elements, loadbearing 

elements, coating products for structural building elements and elements for compartmentation with or without 

glass portions [7].  

 

3.1.3 ABNT NBR 16965: Fire resistance tests for elements of building construction — General guidance 

 

General guidance on the equipment and procedures required to conduct fire resistance tests. This Standard is a 

basis for all the test methods that are specific for testing each type of building element [8]. 

 

3.1.4 ABNT NBR 16841 – Fire performance of roof coverings subjected to an external source of ignition 

 

Test method for determining the fire behavior of roofs to an external ignition source. The specimen simulates a 

roof in which a flaming wooden straw is positioned. Several criteria must be attended to obtain a positive 

classification [9]. 

 

3.1.5 ABNT NBR 16944-1 - Requirements and fire resistance tests for linear and penetration seals – 

Requirements 

 

This Standard establishes the requirements for classification, application, performance, specification, 

responsibilities, testing, maintenance, and commissioning fire resistance seals that should be used in electrical, 

plumbing, mechanical, air-conditioning, communications (telephone, data) and all passages that allow 

communication between compartmentalized areas, including perimeter joints and construction joints.  

 

This Standard also offers some resources to verify supplementary information related to the environmental, 

mechanical, and physical properties of the sealing system; longevity; durability; and sealing system performance, 

as these characteristics can affect the installation and performance of the sealing system [10]. 

 

3.1.6 ABNT NBR 16944-2 - Requirements and fire resistance tests for linear and penetration seals – Fire 

resistance test for seals systems of service installations 
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This Standard specifies a test method and criteria for the evaluation (including field of application rules) of the 

ability of a penetration seal to maintain the fire resistance of a separating element at the position at which it has 

been penetrated by a service.  

 

Penetration seals used to seal gaps around chimneys, air ventilation systems, fire rated ventilation ducts, fire 

rated service ducts, shafts and smoke extraction ducts are excluded from this Standard except for mixed 

penetration seals, i.e. penetration seals installed in fire dampers. The fire resistance of those services itself 

cannot be assessed with the methods described in this Standard [11]. 

 

3.1.7 ABNT NBR 16944-3 - Requirements and fire resistance tests for linear and penetration seals – Fire 

resistance test for linear joints seals 

 

This Standard presents a test method for determining the fire resistance of linear seals, which are used to seal 

joints in construction [12]. 

 

3.1.8 ABNT NBR 16951 - Fire performance of external cladding systems for façades — Test method, 

classification and application of the results of fire spread in façade surfaces 

 

This Standard provides a test method for determining the fire performance characteristics of non-loadbearing 

external cladding systems, rainscreen overcladding systems, external wall insulation systems, curtain walling, 

glazed elements, in fill panels and insulated composite panels when applied to the face of a building and exposed 

to an external fire under controlled conditions.  

 

The fire exposure is representative of an external fire source or a fully-developed (post-flashover) fire in a room, 

venting through an opening such as a window aperture that exposes the cladding to the effects of external flames, 

or from an external fire source.  

 

This Standard also specifies procedures and rules used to evaluate variations and changes to products and some 

systems which have been tested and, where appropriate, defines options and limits for preparing reports based 

on the direct and extended application criteria provided. This Standard does not cover exposure to radiant heat 

from a fire in an adjacent building. 

 

This Standard is relevant because small scale common tests for determining the fire behavior of some materials 

may not represent well the behavior that would be seem in real conditions [13]. 

 

3.1.9 ABNT NBR 10636-2: Non-loadbearing building elements — Fire resistance test - Part 2: Ceilings 

 

Test method for determining the fire resistance of suspended or self-supporting ceilings. Includes fire exposure 

both from below and above, to simulate a fire in the cavity within the ceiling [14]. This Standard is not applicable 

to the determination of the contribution of protective horizontal membranes to the fire resistance of horizontal 

load-bearing elements. 

 

3.2 Standards reviewed in CB-024 

 

3.2.1 ABNT NBR 14925: Fire resistant glazed building elements for compartmentation 

 

Fire resistance classification for glazed elements, considering the new approach based on R, E, I, W criteria [15]. 

 

3.2.2 ABNT NBR 5628: Structural building components — Fire resistance test 

 

Test method for determining the fire resistance of walls, slabs, beams, and columns. Includes fire exposure on 

one side for walls, from the underside for slabs, three sides for beams and full exposure for columns [16]. 

 

3.2.3 ABNT NBR 6479: Doors and shutters – Fire resistance test 
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Test method for determining the fire resistance of hinged, pivoted, sliding, sectional, folding, tilting, rolling doors 

and shutters, openable windows, removable shutters, and operable curtains. General guidelines for mechanical 

pre-evaluation of the element before the conduct of the fire-resistance test are also part of this Standard [17]. 

 

3.2.4 ABNT NBR 10636-1: Non-loadbearing building elements ― Fire resistance test - Part 1: Walls and 

partitions for compartmentation 

 

Test method for determining the fire resistance of non-loadbearing internal or external walls with or without 

glazing portions. Includes fire exposure from one side. In the case of external walls, the exposure may be 

simulated with external fire curve which is less severe than the standard fire curve [18]. This Standard was 

originally a unique part, but was divided in three parts after the revision, contemplating not only walls, but also 

ceilings and curtain walling. 

 

3.2.5 ABNT NBR 15281: Entrance fire door for units entrances and specific compartments in buildings 

 

Requirements for manufacture, installation, functioning, performance, maintenance, and tests for fire doors for 

units entrances and specific compartments in buildings [19]. 

 

3.2.6 ABNT NBR 11711: Fire resistant doors and shutters with wood core for compartmentation in 

warehouses and industries - Requirements 

 

Requirements for manufacture, installation, functioning, performance, maintenance, and tests for fire doors for 

warehouses and industries. Several types of doors are covered: hinged, sliding, drill doors with vertical and 

horizontal displacement and fixed shutters. 

 

These doors are intended for opening protection of commercial and industrial environments. The separating 

elements in which these doors are inserted may have up to 240 min of fire resistance 

 

3.3 Standards currently being developed 

 

3.3.1 ABNT NBR 10636-3 – Non-loadbearing building elements – Fire resistance test – Part 3: Curtain-

walling – Full or partial configuration systems and perimeter seals 

 

Test method for determining the fire resistance of curtain walls and perimeter seals. The curtain walls may be 

tested in full configuration or in isolated parts. The fire resistance of curtain walling may be determined under 

internal or external exposure conditions. In the latter case the external fire exposure curve given in ABNT NBR 

16965 may be used. 

 

This Standard does not cover double skin façades, over-cladding systems and ventilated façade systems on 

external walls, neither deals with the reaction to fire behavior of curtain walling. 

 

3.3.2 Fire resistance test for fire dampers 

 

This Standard specifies the test method for determining the fire resistance of dampers installed in ventilation 

ducts that penetrate compartments and close under specific conditions, in order to maintain compartmentalization 

between environments. The damper may be installed in the separating element, on the separating element or 

adjacent to the separating element. 

 

This Standard is not suitable for testing dampers on suspended ceilings. This standard is not suitable for testing 

non-mechanical dampers, like intumescent grids that seal the opening of the duct during a fire. 

 

3.3.3 Fire resistance tests for membranes and coatings for protection of structural elements - Eight Parts 

covering steel, wood, concrete and mixed elements 

 

Test method for determining the contribution of a membrane or coating to the fire resistance of structural building 

elements. The building elements may be walls, slabs, beams, or columns and made of steel, wood, concrete or 
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mixed materials. The protective coatings may include paints, blankets, and boards in one or more layers. The 

protective coating can be partially or completely fixed to the elements.  

 

The Standards will evaluate the ability of the coating to delay the temperature rise in the structural element and 

the ability of the coating to remain adhered or fixed to the structural element during the test. 

 

It is important to highlight that the results provided from the tests with these Standards do not directly provide the 

fire resistance classification of the tested construction. The results are used to provide data that can be used to 

calculate the fire resistance of structural building elements according to the specific design Standards according 

to each type of construction. 

 

3.4 Standards currently being revised in CB-024 

 

3.4.1 ABNT NBR 11742: Fire-resistant door for emergency exit 

 

Requirements for manufacture, installation, functioning, performance, maintenance, and tests for fire doors for 

emergency exit in buildings. 

 

The revision of this Standard is associated to three important points: incorporate another Standard that covers 

doors’ hardware to ABNT NBR 11742; To adequate the requirements presented in the current Standard to the fire 

resistance classification; Divide the doors for emergency exit in two distinct types of fire-resistant doors;  

 

The new version of this Standard will divide doors that are used for enclosure of stairways and for 

compartmentation in refugee areas, which are an important requirement for the adoption of a progressive 

horizontal evacuation strategy. This strategy is a new implementation from the revision of ABNT NBR 9077, which 

is a currently being developed in CB-02. 

 

3.4.2 ABNT NBR 14432: Requirements for the fire resistance of structure and compartmentation in 

buildings 

 

Requirements for the fire resistance of building elements for the structure and compartmentation in buildings 

concerning the new classification proposed by ABNT NBR 16945. This Standard will be divided into two parts 

covering respectively the structure and the compartmentation. 

 

 

4. BENEFITS OF STANDARDIZATION AND THE NEW STANDARDS 

 

The standardization process is broadly democratic: any person from any group may participate with equal rights 

in the decision-making process. While this prevents the prevalence of interests of a singular group, the many 

interests of several people and groups can make the discussions difficult and lengthily, even halting the 

development of the documents, because achieving consensus among the specialists can be hard. This slow 

process may also result in uncertain conditions in the construction sector because changes in the industry and 

technological advancements usually happen at a faster pace.  

 

Standardization gives the basis for product manufacture or performance analysis. In general, this procedure 

brings several advantages. Specialists from several fields may contribute to standardization, which ensures that a 

Standard receives inputs from distinct perspectives and addresses the needs of various sectors. Moreover, the 

diverse field of specialists aid the development by providing information related to the latest research and best 

practices available. This means that Standards will promote more safety, quality, and innovation and will be better 

suited to the needs of end-users.  

 

Standardization also promotes innovation and healthy competition, because minimum requirements defined by 

the Standards must be attended by the whole market. Moreover, the Standardization allows comparison of 

different solutions available in the market, which ultimately benefits both producers and consumers alike.  
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The new fire testing and requirements Standards in Brazil mostly follow the already well stablished European 

Standards that are employed along with the Eurocode [20]. This harmonizes the sector not only internationally, 

but also in Brazil because most of its code design Standards were already based on the Eurocode. 

Internationally, this favors the producers which can import their products from abroad and favors consumers, as 

the products are manufactured to achieve international levels of performance. This is also one of the reasons for 

maintaining for each criterion the same letters that were already used abroad. 

 

A big contribution that the new Standards brought is certainly the possibility of providing results for a wider range 

of elements than that was tested, by means of the “direct field of application of results”. Each new testing 

Standard provides rules for the definition of the critical condition for the test concerning several parameters. If the 

test is executed in the critical condition, the results will be valid for elements within the range of variability the 

rules allow. This is done in succession to the test without the need of carrying out further tests. 

 

This means that the same classification that was obtained in the test with the critical condition may be applied to 

the same element with a range of variabilities. This wider application favors the producers and test sponsors, 

because it can reduce the number of tests required to launch a product or for it to be applied in the market. 

 

Additionally, the Standards permit the employment of the “extended application of results”. In this case there is 

the need to do additional tests and/or simulations and/or analysis to apply the results to an even wider scope or 

generate new classification for an element with other variabilities or in a range that is not covered by the rules of 

the direct field of application of results. 

 

The positive aspects of the new Standards certainly represent an improvement for the whole fire safety 

construction sector: laboratories may provide more detailed and better analyzes for the test sponsors and obtain 

better data from the tests; Test sponsors and producers may get more precise results for their products with fewer 

tests, and a wider scope of application; And the consumers get access to increased diversity and better products. 

 

 

5. ROLE OF THE STANDARDS IN BRAZIL 

 

One of the biggest obstacles for the improvement of the fire safety and its Standards is the absence of reliable 

statistics concerning the occurrence of fires in Brazil [21]. As a result, it becomes harder to justify increases in 

requirements, which would require an increase in investments in fire safety. Adequate statistics would lead to a 

better understanding of the major problems, which in turn, could lead to more directive and efficient measures to 

improve fire safety. Adequate statistics would also confirm in a broader aspect the existent problems in buildings, 

that, as already demonstrate by [1–4], are grave. 

 

A great issue still prevents a bigger advance of the fire safety and impact of the Standards in Brazil. In Brazil the 

Standards are not mandatory and mandatory guidelines are only given in Government's decrees and Fire 

Departments' Regulations. The guidelines of the current regulations do not fully adopt the Standards’ 

recommendations and do not produce an adequate safety level for the buildings [22]. 

 

A better path for the Regulations would be to fully adopt the Standards’ recommendations, since the Standards 

are documents approved by the whole society. Moreover, Standards are applicable across the country, while the 

Fire Departments and its Regulations are divided by state, which complicates the process of designing buildings 

in multiple states, since each state may require different obligations. Fully adopting the Standards would not only 

improve the current Regulations but also allow the Fire Department’s to focus on inspection and enforcement, 

which are also fragile in Brazil [22]. 

 

It is important to highlight that the implementation of performance-based design and fire safety engineering codes 

has several prerequisites [23,24] and are more effective in countries where the fire safety with a prescriptive 

approach is already in good condition [22]. Fire safety in Brazil still suffers from several problems, and, therefore, 

is not ready for the upgrade to a performance-based approach [22]. Nevertheless, the new Standards stablish the 

basis for the implementation of this approach in the Fire Department’s Regulations and, in the future, achieve the 

required level for the full implementation of a performance-based approach.  
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6. CONCLUSIONS 

 

The standardization process is often slow due to lengthy discussions, the distinct points of view and resistance to 

changes. Lack of reliable statistics on fire occurrences in Brazil makes it harder to justify new Standards for 

passive fire protection. Adequate statistics would also lead to a better understanding of the major problems and 

efficient measures to improve this field.  

 

The advancements made in Brazilian passive fire protection standardization represent a significant improvement 

and bring several benefits for producers and consumers alike. While the passive fire protection standardization in 

Brazil has been improving in recent years, they are not currently mandatory. Fire Department’s Regulations are 

the official mandatory documents, which are slow to incorporate the advancements that standardization presents. 

The full adoption of Standards in the Regulations would not only improve them, but also allow the Fire 

Department to focus on inspection and enforcement. It would also promote a better condition for the adoption of 

performance-based approach in the future. Only when the Fire Department’s Regulations fully adopt the 

Standards their importance will be entirely recognized by the construction sector. 
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ABSTRACT 

 

Governments around the world mandate Fire Safety through legislated standards and regulations. These standards 

and regulations reference a fire testing method to a specified test standard. Adherence to the fire test standard 

provides evidence that a product achieves a certain accepted fire performance for passive fire protection – and 

therefore complies with the legislated fire safety regulations.  This paper previews and compares key characteristics 

of the British, Australian, European and American test standards for non-loadbearing walls. The key characteristics 

compared include furnace set-up, heating regime, pressure regime, instrumentation, failure criteria and reporting 

requirements. This comparison is intended to initiate an exploration into the equivalency of the test standards, and 

in turn the potential equivalency of the fire ratings applied to products that are tested to them. Demonstrated 

equivalency between test standards would facilitate expansion of the tested fire rated product market. It is generally 

concluded that the European and Australian fire test standards are very similar to one another, the British fire test 

standard is similar but with more differences, and the American fire test standards are the most different. 

 

Keywords: fire resistance, fire testing, test standards, compliance 

 

 

1. INTRODUCTION 

 

Fire resistance is an essential feature of modern building design. Within a building, fire resistance is required of 

elements of construction to provide a level of protection to the building, its occupants, and attending fire brigade. 

For loadbearing structures, fire resistance is primarily concerned with maintaining structural stability. For non-
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loadbearing structure (e.g. non-loadbearing fire-resisting walls), it is concerned with reducing the potential for fire 

spread from one side of the element of construction to the other i.e. maintaining its integrity and insulation.  

A building is generally required to achieve some prescribed level of fire resistance under the legislation, regulation 

and/or design codes and practices enforced in its location.  The fire resistance of a building (or more specifically, 

the fire resistance of its constituent structural elements) is effectively implemented in the construction process via 

a three-pronged approach for demonstrating compliance to the accepted standard: 

 

1. Product compliance – fire testing to validate a product’s performance to the accepted standard; 
2. Design compliance – designing the product to be used in accordance with the certified fire performance, as 

evidenced through fire testing; and 
3. Installation compliance – installing the product in accordance with its designed arrangement. 

 

Testing, to a specified fire resistance test standard, is used as the means of demonstrating and evidencing that a 

building product achieves the fire resistance required. For a non-loadbearing fire resisting wall, fire testing involves 

the construction of the wall in a test furnace. The wall is then subjected to a heating regime and specific 

measurements are taken. The wall is evaluated continuously throughout the test against a set of specified failure 

criteria which, upon being exceeded, the wall is considered to have failed the test. The outcome of the test is then 

documented in a test report with the tested arrangement being given a performance classification specified as a 

duration in minutes e.g. 60 minutes fire resistance level (FRL). At this point, the specimen tested has achieved 

product compliance, in that its performance has been validated against a fire test standard.  

 

There are many fire resistance test standards consistently used around the world, all of which fundamentally aim 

to provide a quantified measure of fire resisting performance. However, products used within a building may only 

be deemed compliant if they have achieved the required fire rating when tested to the fire test standard or standards 

specified under the local/specific legislation. This restricts the available fire rated products that may be (compliantly) 

used in construction to those that have been tested strictly to the legislated fire resistance test, despite other fire 

rated products that may be available but that have been tested to other fire test standards. 

 

During the COVID pandemic, supply chain issues forced developers, designers and builders to widely source fire 

rated products tested to various standards. This led to challenges in demonstrating compliance with the relevant 

legislation. If the details between fire resistance test standards could be comprehensively compared to determine 

if any test standards could be deemed “equivalent”, or if any single standard could be considered as the most 

severe, there would be technical grounds for legislative bodies to consider endorsement of one or more test 

standards. Doing so would instantly expand the available market of fire rated products for the local construction 

industry. An expanded passive fire protection market would be more resilient to supply chain pressures, give 

suppliers more customers for their products and builders more products to use in construction. This would be 

especially helpful where designers and builders may be pursuing more sustainable products, but where roadblocks 

to compliance may currently inhibit their use more widely. 

 

To this end, this paper intends to initiate a broad discussion on the comparability of fire resistance test standards 

by comparing a selection of international fire resistance test standards. A focus has been drawn specifically to 

certain specific characteristics of the fire resistance testing for non-loadbearing fire-resisting walls. 

 

 

2. FIRE RESISTANCE TEST STANDARDS 

 

The fire resistance test standards from the European, British, Australian, and American standards have been 

considered. These standards have been selected for inclusion in this study based on the authors’ observation that 

these standards appear to be most consistently ratified under English-speaking national legislations. This list is not 

exhaustive; while many countries are known to adopt these standards by way of their relevant Legislation and 

Regulations, many countries either do not rely on these standards, employ their own locally-written standards, or it 

has not been confirmed what standard is adopted (see Figure 1). A more detailed study would benefit from 

expanding the investigation to consider more test standards.  

565



 

 

Figure 1: A global overview of where the European, American, Australian and British Standards are adopted. 

Countries where other standards are used on the standard(s) used has not been confirmed are also indicated. 

 

2.1 European test standards 

 

The European test standards are prepared by the European Committee for Standardisation (CEN) under a mandate 

by the European Commission and European Free Trade Association. The content relevant to the fire resistance 

testing of non-loadbearing walls within the European standards appears in EN 1363-1 Fire resistance tests Part 1: 

General Requirements [1] and EN 1364-1 Fire resistance tests for non-loadbearing elements Part 1: Walls [2]. The 

current versions at the time of writing, are EN 1363-1 (2020) and EN 1364-1 (2015).  

 

The International Standards Organisation (ISO) is a separate organisation that generates standards for use across 

the globe. The ISO 834 Fire resistance test series was first published in 1965 and pertains to fire resistance testing. 

In 1991, the Vienna Accord between CEN and ISO was reached to ensure technical harmonization between their 

respective test standards [3]. Accordingly, while the details of ISO 834 have not been analysed as part of this study, 

ISO 834 is generally understood to closely align with the testing criteria outlined in the European fire test standards 

developed by CEN.  

 

2.2 British test standards 

 

One of the relevant fire resistance test standards for non-loadbearing walls in the United Kingdom (the European 

Standards are also accepted in the UK) is the British Standard (BS) 476-20 Fire tests on building materials and 

structures Part 20: Methods for determination of the fire resistance of elements of construction (general principles) 

[4] & 476-22 Fire tests on building materials and structures Part 22: Methods for determination of the fire resistance 

of non-loadbearing elements of construction [5]. At the time of writing, the current versions of these standards are 

BS 476-20 (1987) and BS 476-22 (1987). 

 

The British test standards noted are developed by the British Standards Institute (BSI), who represent the UK 

interests in the International Organisation for Standardisation (ISO) and the European Standards Organisation 

(CEN, CENELEC and ETC). The first edition of BS 476 was published in 1932 [6]. The BS series of standards are 

published by the BSI standards limited under licenses from the British Standards Institute and are enacted through 

the relevant building codes within the United Kingdom. It is understood that the BS series are, or have been, also 

applied in other countries outside of the UK. 

 

2.3 Australian test standard 

 

In Australia, the relevant fire resistance test standard for non-loadbearing walls is Australian Standard (AS) 1530.4 

Methods for fire tests on building materials, components, and structures. Part 4: fire-resistance tests for elements 

of construction [7]. The current version at the time of writing is the 2014 issue.  

 

AS 1530.4 is published by Standards Australia and is enacted through the Building Code of Australia. Standards 

Australia are Australia’s member of the International Organisation of Standardisation (ISO). The earliest revision of 
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the Australian Standard (AS A30-1935) directly adopted the British test at the time (BS 476-1932). Future revisions, 

starting from 1958, formed their own separate documents and, while still corresponding in many respects to the 

British test, included additional provisions and differences in detail [8]. 

 

2.4 American test standards 

 

In the United States, the relevant fire resistance test standards for non-loadbearing walls are either ASTM E119 

Standard test methods for fire tests of Building Construction Materials [9] or UL 263: Standard for safety: Fire tests 

of building construction and materials [10]. Both test standards are enacted through the NFPA 101: Life Safety 

Code [11] and the International Building Code (IBC) [12]. The current versions at the time of writing is ASTM E119 

(2022) and UL 263 (2011). Originally published by the American Society for Testing and Materials (ASTM) in 1917, 

ASTM E119 has its origins in the earliest days of fire resistance testing. UL 263 is published by Underwriters 

Laboratories and its history runs parallel to that of ASTM E119, with the ASTM time-temperature curve first being 

published by UL in 1916 [13]. 

 

 

3. KEY CHARACTERISTICS FOR COMPARISON 

 

The following characteristics from each fire resistance test standards have been considered as related to non-

loadbearing fire-resisting walls: 

1. Furnace set up: the configuration of the furnace and the materials which it is made from. This relates to the 
size of the specimen being tested and the potential contribution of the test furnace to the conditions within the 
furnace [14] [15]. 

2. Heating regime: the heat applied within the furnace over a specified time period. This relates to the heat to 
which the test specimen is exposed to over the duration of the test. 

3. Pressure regime: the pressure conditions inside the furnace. This dictates the pressure that is applied to the 
test specimen across its area. 

4. Instrumentation: the measurement instruments used to monitor the failure criteria of the specimen. This 
equipment and its location provide the data used for analysing the performance of the test specimen. 

5. Failure criteria: the criteria which determines when a specimen has failed the test and therefore determines 
its fire resistance performance. This is the fundamental criteria for determining fire resistance performance. 

6. Reporting requirements: the required information to be presented in a test report. This information is what is 
presented as a record of the test and the means of evidencing the fire resisting performance of the specimen. 
The test report is the means of demonstrating product compliance and outlining the limitations of the test 
outcomes. 

3.1 Furnace setup 

 

The furnace setup is the arrangement and conditions in which the specimen is tested.  

Table 11 presents the requirements for the furnace’s size, geometry and furnace linings as outlined by the British, 

European, Australian and American Standards. 

 

Table 11: Summary of the furnace setup conditions required across the subject standards [1][4][7][9][10] 

Standard Size and geometry  Furnace linings 

European Standard 

BS EN 1363-1 

• No details on the furnace size or geometry 

requirements. 

• Furnace linings ρ <1000 kg/m3 

• Minimum thickness =50mm  

• Constitute at least 70% of the internally 

exposed surface of the furnace. 

British Standard 

BS 476-20 

• Furnace to be able to accommodate the full-size 

element. 

• Any space between the specimen and the 

furnace is to be filled by means of an associated 

construction or a furnace closure. 

• Vertical furnaces to have a chamber depth of 

not less than 600mm and not more than 

• Furnace lining thickness of at least 

50mm,  

• Materials with low thermal inertia where 

κρC< 500 Ws1/2/(m2K) at 500°C. 
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1300mm, excluding any areas where flues or 

other openings enter the furnace chamber. 

• Total area of flues and other openings to not 

exceed 25% of the surface area of the wall. 

• Furnace for testing columns to have a minimum 

horizontal dimension of 1.4m. 

Australian 

Standard 

AS 1530.4 

No details provided on the furnace size or 

geometry requirements. 

• Furnace linings ρ <1000 kg/m3 

• Minimum thickness =50mm  

• Constitute at least 70% of the internally 

exposed surface of the furnace. 

American Standard 

ASTM E119 

Does not provide specific construction detail (size, geometry nor furnace lining) of the furnace. 

Readers are urged to consult reference documents for a more comprehensive review of 

furnace design and performance [16].  

American Standard 

UL 263 

No details on the furnace size, geometry or furnace lining requirements.  

 

Across the five different standards, only the British Standard provides requirements for the dimensions of the 

furnace. Regarding furnace lining requirements, the British standard requires the furnace lining to have a minimum 

thickness of 50 mm and its thermal inertia, which is the ability of a material to conduct or store heat, to be less than 

500 Ws1/2/(m2K) at 500°C. The European and Australian standards also require the furnace lining material to have 

a minimum thickness of 50 mm, and both require a maximum density of 1000 kg/m3 The American Standards 

(ASTM E119 and UL 263) do not include any requirements for the furnace lining’s thickness, density, or thermal 

inertia. 

 

It is the authors’ understanding that at present the design of test furnaces, beyond what is nominated in the test 

standards, has not been formally standardised. It is understood that for non-loadbearing walls, a furnace that can 

accommodate a 3 m by 3 m specimen is generally used in fire resistance testing, but other characteristics of the 

furnace are less controlled. With no specification provided, the principles of a fire resistance test standard can still 

be met using furnaces that may differ in specific characteristics. Accordingly, variability in the potential test outcome 

may not be as result of variations within the test standards, but rather variations in the furnace set up. In other 

words, the same wall subjected to the same test standard may perform differently based upon the furnace in which 

it is being tested in [17]. 

 

3.2 Heating regime 

 

Heating regime refers to the temperature of the furnace as varied over the duration of the test. Generally speaking, 

the heating regime is intended to mimic an intense fire exposure that a building element may face. It is widely 

acknowledged that the standard fire resistance test heating regime i.e. the time-temperature fire curve is not 

reflective of a real fire [6] [13]. However, its consistent application has enabled a standardised approach for 

comparison. Table 2 presents the heating regime criteria as outlined in the British, European, Australian and 

American Standards. 

 

Table 2: Summary of the heating regime criteria required across the subject standards [1][4][7][9][10] 

Standard Heating Regime 

European Standards 

BS EN 1363-1 

The average temperature of the furnace is derived from the thermocouples 

specified in 4.5.1.1 shall be monitored and controlled such that it follows the 

relationship: 

T = 345 log10(8t + 1) +20 

Where, 

T is the average furnace temperature, in degrees Celsius. 

t is the time, in minutes. 

British Standards 

BS 476-20 

The temperature/time conditions shall be given by the equation 

T = 345 log10(8t + 1) +20 

Where, 
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T is the mean furnace temperature in (°C) 

t is the time (in min) up to a maximum of 360 min. 

Australian Standards 

AS 1530.4 

The temperature of the furnace shall be controlled to vary with time, as closely 

as possible, in accordance with the following relationship: 

T = 345 log10(8t + 1) +20 

Where,  

T = furnace temperature at time (t), in degrees centigrade 

t = time into the test, measured from the ignition of the furnace, in minutes 

American Standards 

ASTM E119 

 

 

The furnace temperatures shall be controlled to follow the standard time-

temperature curve…the points on the curve that determine it’s character are: 

• 1000 deg F (538 °C) at 5 min 

• 1300 deg F (704 °C) at 10 min 

• 1550 deg F (843 °C) at 30 min 

• 1700 deg F (927 °C) at 1 hr 

• 1850 deg F (1010 °C) at 2 hr 

• 2000 deg F (1093 °C) at 4 hr 

• 2300 deg F (1260 °C) at 8 hr or over 

American Standards 

UL 263 

The conduct of fire tests of materials and construction is to be controlled by the 

standard time-temperature curve…the points on the curve that determine its 

character are: 

a) 1000 deg F (538°C) at 5 min 

b) 1300 deg F (704°C) at 10 min 

c) 1550 deg F (843°C) at 30 min 

d) 1700 deg F (927°C) at 1 hr 

e) 1850 deg F (1010°C) at 2 hr 

f) 2000 deg F (1093°C) at 4 hr 

g) 2300 deg F (1260°C) at 8 hr or over 

 

The European, British and Australian Standards utilize the Standardized Fire Curve, which is defined as: 

 

 T = 345 log10(8t + 1) +20 (1) 

 

This equation-based definition of the fire curve appears in the ISO 834 standard and is thus more generally known 

as the ISO 834 curve [18]. 

 

By comparison, the time temperature curve employed by the American Standards (ASTM E119 and UL 263) is 

defined by specific defined points on the curve, rather than by an equation. This curve shall heretofore be referred 

to as the ASTM curve. Figure 2 presents both curves on the same plot: 

Figure 2: The Time-Temperature Fire Curves used within the subject standards. 

569



 

 

 

While the two curves are generally similar, there are noteworthy differences. At the 5-minute mark, the ISO 834 

curve reaches 576 °C, whereas the ASTM curve only reaches 538 °C (a difference of 38°C). Subsequently, between 

10-minutes and 30-minutes, the temperature under the ASTM curve exceeds that of the ISO 834 curve. 

Subsequently, the ISO 834 curve is consistently a higher temperature than the ASTM curve through the end of the 

heating regime. The maximum difference between the curves occurs at the 210-minute mark, when the ISO 834 

curve is 61 °C higher than the ASTM curve (1962 °C compared to 1072 °C). Between the 90-minute and 120-minute 

mark (1½ hr to 2hrs), the temperature of the ASTM curve lags behind the temperature of the ISO 834 curve by 

approximately half an hour. Between the 120-minute and 360-minute mark (2hrs to 6hrs), the temperature of the 

ASTM curve lags behind the temperature of the ISO 834 curve by approximately one hour. 

 

Accordingly, specimens tested to the British, Australian, and European Standards heating regime (the ISO 834 

curve) are exposed to higher temperatures earlier than specimens tested to the American heating regime (the 

ASTM curve) after 30 minutes. This may result in a greater chance of failure, particularly between 90 min and 360 

min - an important window of the test where specimens qualify for many fire resistance levels e.g. 90 min. 120 min. 

180 min and 240 min. 

 

3.3 Pressure regime 

 

The Pressure regime refers to the pressure conditions inside the furnace during testing. Table 33provides an 

overview of the differences between the pressure condition requirements in the furnace between the British, 

European, American and Australian Standards. Vertical test conditions apply to wall construction.  

 

Table 33: Summary of the pressure conditions required across the subject standards [1][4][7][9][10] 

Standard General Vertical Test Conditions 

European Standards 

BS EN 1363-1 

• Pressure gradient 8.5 Pa per meter height of the 

furnace. 

• Pressure to be monitored and controlled after 5 

min into the test.  

• Measurement variations for sensors within the 

range shall be limited to: 

5<t<10   + 5Pa 

t>10       + 3Pa  

of the nominal pressure specified for the 

particular element under test. 

• The methodology for processing the data shall be 

clearly explained in the test report If it is presented 

as fixed or floating average values. 

• The pressure at the top of a vertical 

test construction shall not exceed 20 

Pa at any time. 

British Standards 

BS 476-20 

• Pressure gradient 8.5 Pa per meter height of the 

furnace. 

• After the 5 min heating period, a positive pressure 

shall be achieved throughout the test. 

• The pressure condition shall be controlled to 

within +2Pa. 

• The pressure at the top of a vertical 

test construction shall not exceed at 

any time 20 Pa. 

• Vertical test to be determined with 

respect to the element’s positional 

height relative to notional floor level.  

Australian Standards 

AS 1530.4 

• Pressure gradient 8.0 Pa per meter height of the 

furnace. 

• Measurements to be taken after 5 min start of test 

• Measurement variations for sensors within the 

range of: 

5<t<10   + 5Pa 

t>10       + 3Pa 

Furnace to operate zero pressure at 

the height of 500 mm above the 

notional floor level.  

American Standards 

ASTME119 

• Requirements for furnace’s pressure is not specified, it notes that it can generally be slightly 

negative, and acknowledges that the pressure may have an effect on the test results, and 

the test conditions should always be carefully controlled. 
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American Standards 

UL 263 

Requirements for furnace’s pressure is not specified. However, pressure is to be recorded 

once per min and data included in test report. 

 

The European, British and Australian indicate that the pressure should be recorded after 5 mins of the start of the 

test. The European and British standard both indicate a pressure gradient within the furnace of no more than 8.5 

Pa per meter height, while the Australian standard requires a pressure gradient of 8.0 Pa per meter height of the 

furnace. The European and Australian standards indicate that the pressure measured should not deviate more than 

+ 5Pa between 5 and 10 min and + 3Pa after 10 mins. Both American standards do not indicate any maximum 

pressure gradient in the furnace. 

 

For vertical test conditions, the European and British standards require the pressure at the top of the furnace to not 

exceed 20 Pa at any time. The Australian Standard requires the furnace to have a pressure of zero at 500mm above 

the specimen’s notional floor level. American Standard ASTM E119 does not include any requirements regarding 

pressure in a vertical test. UL 263 does not either, however it does require the pressure to be recorded once per 

minute, and to be documented in the test report. 

 

In summary, the European, British and Australian standards provide very similar pressure requirements. Although 

some minor differences can be found, they are likely to be of negligible impact. Regarding the furnace vertical tests, 

the European and British standards have an equal approach for pressure conditions, which differ from those 

required under the Australian standards. The American standards do not provide explicit pressure requirements for 

furnace testing; however, the UL 263 test does include strict requirements for ensuring that pressure is recorded 

once per minute throughout the test.  

 

3.4 Instrumentation 

 

Each testing standard outlines the required instrumentation to measure key variables experienced by the test 

specimen, including temperature across the product, pressure across the furnace enclosure and, in most cases, 

the deflection of the product within the furnace enclosure because of thermal expansion. Table 4 provides an 

overview of the instrumentation requirements across the subject standards. 

 

Table 4: Summary of the instrumentation criteria required across the subject standards [1][5][7][9][10] 

Standard Temperature Pressure Deflection 

European 

Standards 

BS EN 1363-

1 

Average temperature measured via five 

thermocouples, one located at centre of 

specimen and one close to the centre of 

each quarter section. 

For specimens with discrete areas, at 

least two thermocouples for each discrete 

area to monitor average temperature rise. 

Additional thermocouples to measure 

maximum temperature rise at specific 

locations that are considered to have 

higher heat transfer. 

Pressure in the furnace 

measured via a 

specified sensor, to a 

precision of +/- 2 Pa. 

Measuring system to 

have the capacity to 

disregard rapid 

fluctuations. 

All significant 

deflection (i.e. > 5 

mm) to be measured. 

One deflection 

measurement at the 

centre of the 

specimen. 

If height or width >3m, 

additional 

measurement, at ¼ 

and ¾. 

British 

Standards 

BS 476-22 

Position five surface temperature 

measuring thermocouples with one placed 

approximately in the centre of the 

specimen and one in the centre of each 

quarter section. 

At least one thermocouple on each 

component material (when comprises of 

more than one material) 

Additional surface temperature measuring 

thermocouples at positions…where the 

temperature rise is likely to be higher than 

At least one pressure 

sensing head in the 

furnace such that the 

pressure conditions in 

the furnace are 

measured…and so 

that the sensing heads 

do not interfere with 

the deflection of the 

specimen. 

Locate the deflection 

measuring equipment 

at the anticipated point 

of maximum 

deflection. Where this 

position cannot be 

predetermined, take 

more than one 

deflection 

measurement and 
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elsewhere…which may be required for 

evaluation of the maximum temperature 

rise. 

report maximum 

deflection measured. 

Australian 

Standards 

AS 1530.4 

Five thermocouples – one thermocouple 

placed closed to the centre and the rest 

placed close to the centre of each quarter 

section. 

For specimens with discrete areas, at 

least two thermocouples for each discrete 

area to monitor average temperature rise. 

Additional thermocouples to measure 

maximum temperature rise at specific 

locations that are considered to have 

higher heat transfer. 

Roving thermocouple to measure 

maximum temperature at any point on the 

surface of the specimen during the test. 

Pressure in the furnace 

measured via a T 

sensor or Tube sensor, 

to a precision of +/- 2 

Pa. 

Measurements made 

at mid-height at the 

centre of the specimen 

and 50 mm from the 

free edge. 

American 

Standards 

ASTM E119 

 

Temperatures recorded at not fewer than 

nine points on the surface: Five 

symmetrically disposed, one to be 

approximately at the centre of the test 

specimen, and four at the centre of its 

quarter sections. 

Other four shall be located to obtain 

information on the performance of the test 

specimen. 

Furnace pressure not 

specified and is 

generally slightly 

negative. The pressure 

may influence the test 

results, and the test 

conditions should 

always be carefully 

controlled. 

Not required 

American 

Standards 

UL 263 

Temperatures recorded at not fewer than 

nine points on the surface: Five 

symmetrically disposed, one to be 

approximately at the centre of the test 

specimen, and four at the centre of its 

quarter sections. 

Other four shall be located to obtain 

information on the performance of the test 

specimen. 

≥ two pressure 

sensors, to not be 

subject to direct 

impingement of 

convection currents 

from flames or path of 

exhaust gases.  

Reading pressure to 

be within accuracy of 

0.01 in of water (2.5 

Pa) increments. 

Not required 

 

For the measurement of temperature, an array of thermocouples is arranged on the unexposed face to specifically 

measure the temperature across the specimen. Across the subject standards, five thermocouples are generally 

required: one placed close to the centre of the specimen and four others placed at the centre of each quarter 

section. Beyond this five-thermocouple array, additional thermocouples are also recommended. The American 

Standards recommend at least four additional thermocouples to be placed at the discretion of the testing authority 

to “obtain representative information on the performance of the test specimen”. These thermocouples are to be 

used along with the five-thermocouple array to determine an average temperature measurement across the 

specimen (unless a 30% rise over the specified limit of the test is measured at a single location). 

 

In the British Standard, the application of additional thermocouples beyond the five-thermocouple array is such 

worded that these be applied “at points on the surface where the temperature rise is likely to be higher than 

elsewhere due to lower levels of insulation & which may be required for evaluation of maximum temperature rise”. 

 

Most specifically, the European and Australian Standards specify that the five-thermocouple array are to specifically 

measure the average temperature across the specimen. Additional thermocouples are then to be attached to 

measure the maximum temperature rise at locations that are considered to have a higher heat transfer. The only 

difference in wording between the Australian and European standards regarding the location of these maximum 

temperature rise thermocouples relates to the thermocouple placed at the free edge. The Australian standard 
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specifies 100mm from the edge, whereas the European standard specifies 150mm from the edge. This 50mm 

discrepancy regarding the permitted placement of the free edge thermocouple is not expected to have a significant 

impact. 

 

For pressure, each standard identifies the placement of pressure sensors to confirm the pressures within the 

furnace. The British standards specifies one pressure sensing head in the furnace positioned so as not to interfere 

with the deflection of the specimen. The US standards require a minimum of two pressure sensors, located where 

they will not be subject to direct impingement of convection currents from flames or in the path of the exhaust gases. 

Similar to the location of thermocouples, the Australian and European Standards use near identical wording, stating 

that Pressure in the furnace is to be measured via a sensor as outlined in elsewhere in the standard, to a precision 

of +/- 2 Pa. 

 

For deflection, the British, European and Australian Standards advise that deflection measuring equipment is to be 

applied to the specimen. The US standards have no such requirement. With regards to where to take deflection 

measurements, the British Standard advises that measurement should be taken at the anticipated point of maximum 

deflection, or where this position cannot be determined, more than one deflection measurement report each 

maximum deflection measured. The European Standard advises one (1) deflection measurement be taken at the 

centre of the test specimen (and more if larger than 3m in width and/or height). The Australian Standard simply 

advises that measurement be taken at mid-height at the centre of the specimen and 50mm from the free edge. 

 

3.5 Failure criteria 

 

The determination of a non-loadbearing wall’s fire resistance is based upon set failure criteria being surpassed. The 

following failure criteria are relevant for non-loadbearing fire resisting walls: 

• Integrity: the ability of the specimen to restrict the passage of flames and hot gases and prevent occurrence of 

flames on the unexposed side. 

• Insulation: the ability of the specimen to restrict the temperature rise on the unexposed face.  

Table 5 below provides a comparison of the respective failure criteria across the subject standards.  

 

Table 5: Summary of the failure criteria required across the subject standards [2][3][7][9][10] 

Standard Integrity Insulation 

European 

Standards 

EN 1364-1 

• Flaming (for 10 seconds or longer) 

• Cotton pad test (where cotton pad is caused to 

glow or flame. Pad shall be applied for 30s if 

failure not reached). 

• 6mm gap gauge extends into furnace and can 

be moved for 150mm. 

• 25mm gap gauge can penetrate into the 

furnace. 

• Average unexposed face 

temperature increases by more 

than 140k above initial average 

temperature. 

• Temperature at any location on 

unexposed face exceeds 180k 

above initial average unexposed 

face temperature. 

British 

Standards 

BS 476-20 

• Specimen collapse. 

• Sustained flaming on the unexposed face (for 

10s or longer) 

• Cotton pad test (where cotton pad is caused to 

glow or flame. Pad shall be applied for between 

10 and 15 seconds) 

• 6mm gap gauge extends into furnace and can 

be moved for 150mm. 

• 25mm gap gauge can penetrate into the 

furnace. 

• Mean unexposed face 

temperature increases by more 

than 140oc above initial value. 

• Temperature on unexposed face 

exceeds 180oc above initial mean 

unexposed face temperature. 

• If integrity failure occurs 

Australian 

Standards 

AS 1530.4 

• Sustained flaming on the unexposed face (for 

10 seconds or longer) 

• Cotton pad test (where cotton pad is caused to 

glow or flame. Pad shall be applied for 30+or-

2seconds) 

• 6mm gap gauge extends into furnace and can 

be moved for 150mm. 

• Average unexposed face 

temperature increases by more 

than 140k above initial value. 

• Temperature on unexposed face 

exceeds 180k above initial mean 

unexposed face temperature. 
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• 25mm gap gauge can penetrate into the 

furnace. 

American 

Standards 

ASTM E119 

• Cotton pad test (where cotton pad is caused to 

glow, flame or smoulder. Pad shall be applied 

for 30+or-1 second) 

• Hose stream test (where hose stream applied 

immediately after test for duration of half the fire 

resistance period. Hose stream not required for 

fire resistance level of less than 1 hour) 

Average unexposed face temperature 

increases by more than 139°C. 

Temperature at any location on 

unexposed face exceeds 30% of 

139°C (i.e. 180°C).  

American 

Standards 

UL 263 

• Cotton pad test (where cotton pad is caused to 

glow, flame or smoulder. Pad shall be applied 

for 30+or-1 second) 

• Hose stream test (where hose stream applied 

immediately after test for duration of half the fire 

resistance period. Hose stream not required for 

fire resistance level of less than 1 hour). Failure 

if opening that permits projection of water from 

steam beyond unexposed face.  

Average unexposed face temperature 

increases by more than 139°C 

Temperature at any location on 

unexposed face exceeds 30% of 139°C 

(i.e. 180°C).  

 

For integrity, the sustained flaming criteria is the same for the British, Australian and European standards. The 

American Standard does not include criteria on sustained flaming. The cotton pad test is similar for each standard. 

The British Standard however does not require the pad to be applied for as long (approximately only half the time 

period) as the other test standards. This would suggest that there is potential that the cotton pad may ignite earlier 

in the European, Australian and American standards. The gap gauge criterion is the same for the British, Australian 

and European standards. The American Standard does not include any criteria using gap gauges. The American 

Standard appears to be the only standard that applies the hose stream test as a failure criterion.  

 

The insulation criteria is the same for all standards i.e. average temperature rise of 140°C or a single point rise of 

180°C. The British standard makes reference to failure of integrity also resulting in failure of insulation. It is 

considered that this would be an implied failure irrespective of being explicitly listed in the other standards.  

 

Accordingly, with respect to the failure criteria, the British, European, Australian and American standards are broadly 

equivalent. The British standard may be considered marginally less onerous as a result of its reduced required time 

for application of the cotton pad. The American test standard may be considered marginally less onerous in that it 

does not apply the gap gauges required by the other standards, however it does require a hose stream test to be 

administered which is not required by the other standards. 

 

Whilst deflection is not stated as a failure criterion, significant deflection of a non-loadbearing wall would impact on 

its fire resistance performance. It is assumed that deflection is not stated as a failure criterion on the basis that if 

the wall deflects sufficiently, the specimen will fail the sustained flaming, cotton pad, or in the case of European, 

British and Australian standards, the gap gauge criteria. In the British, European and Australian standards, 

deflection is noted as a criterion that may be measured. The purpose of this is for extending the potential application 

of the test results as this information is useful for evaluating increases in wall height for example. The American 

Standards do not appear to allude to measurement of deflection for non-loadbearing tests. 

 

3.6 Reporting requirements 

 

Understanding the test reports is important for assessing the specimens achieved fire resistance level, as this 

information is what is presented as a record of the test and the means of evidencing the fire resisting performance 

of the specimen, and is the information that will be used to determine if elements are compliant for use in a 

design.Table 6 6shows the main items required in the testing reporting of each of the standards. 

 

Table 6 6: Summary of the main reporting requirements across the subject standards [1][2][4][7][9][10] 

Standard 
British Standards 

 BS 476-20 

Australian 
Standards 
AS 1530.4 

European Standards 
EN 1364-1:2015 

(follows EN 1363-1) 

American 
Standards 

ASTM E119 

American 
Standards 

UL 263 
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Name, Date address of 
testing laboratory, 

accreditation 
Yes Yes Yes Yes Yes 

Name of manufacturer of 
specimen 

Yes Yes Yes Yes 
Not 

specified 

Description of the test 
specimen 

Yes Yes Yes Yes Yes 

Loadbearing elements 
and load applied to the 

test specimen 
Yes Yes Yes Yes Yes 

Support and restraint 
conditions employed 

and the rationale 
Yes Yes Yes Yes Yes 

Location of the location 
of the thermocouples 

Not specified Yes Yes Yes Yes  

Pressure measurements 
and deflection 

measurement devices 
Yes Yes Yes Yes Yes 

Laboratory Ambient 
conditions 

Yes Yes Yes Yes 
Not 

specified 

Pressure conditions 
within the furnace 

Yes Yes Yes 
Not 

specified 
Yes 

Temperature and time 
curves of the furnace 

hearing conditions 
Yes Yes Yes Yes Yes 

Description of any 
significant behaviour 

Yes Yes Yes Yes Yes 

Deflections Yes Yes Yes Yes Yes 

Disclaimer 

The results only relate to the 
behaviour of the specimen 

of the element of 
construction under the 

particular conditions of test; 
they are not intended to be 

the sole criteria for 
assessing the potential fire 
performance of the element 
in use or do they reflect the 

actual behaviour in fires 

Because of the nature of fire 
resistance testing and the consequent 
difficulty in quantifying the uncertainty 
of measurement of fire resistance, it is 
not possible to provide a stated degree 

of accuracy of the result. 

 

  

 

All five standards consider the same information in their test reports, with minor discrepancies. The European and 

Australian report exactly the same information, while the British standard, although is very similar, does not explicitly 

require the location of where the thermocouples were installed during the test to be reported. The American 

Standards are similar, except that ASTM E119 does not require pressure conditions within the furnace to be 

documented, and the UL 263 testing report does not require the name of manufacturer nor ambient pressure 

conditions of the tests, to be indicated. 

 

 

4. CONCLUSION 

 

The key findings from the review of key criteria from the subject tests standards are as follows: 

 

Furnace geometry: The British Standard provides the strictest requirements regarding the furnace build-up. The 

rest of the standards do not specify any requirements at all, which allows for a big variability between different 

furnace build-ups. The European and Australian standards require the same conditions for the material lining, while 

the British standard appear to be closely aligned, providing same material thickness but characterising the material 

in terms of the thermal inertia, rather than a density. The American standards do not prescribe any requirements in 

terms of the material lining, allowing for any material to be installed as the furnace lining, which could potentially 

affect the final outcomes of the tests. The lack of consistency between the requirements of furnace size, geometry 

and lining materials within the same standard may lead to a poor level of repeatable testing conditions among 

different furnaces. This variability can lead to changes to the heat transfer conditions that depend on the geometry 

and size of the furnace as well as the material wall linings, burner design, and fuel among other variables.   
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Heating regime: Specimens tested against the ISO 834 time-temperature curve (used in the British, Australian, and 

European Standards) will be exposed to higher temperatures earlier in the test than specimens tested against the 

ASTM curve used in the American standards. This may result in a greater chance of failure, particularly between 

90 min and 360 min when specimens qualify for many fire resistance levels. 

 

Pressure regime: The European, British and Australian standards generally provide similar pressure requirements. 

Although some minor differences are identifiable their impacts are expected to be negligible. The American 

standards do not prescribe explicit pressure requirements for furnace testing. The pressure received by a specimen 

tested against the European, British and Australian standards could be considered equivalent, as it can be assumed 

that similar conditions would be applied to any non-loadbearing wall fire resistance test. On the other hand, as no 

pressure criteria is provided for the fire resistance tests under the American standards, the specimen tested could 

be subjected to variable pressure conditions that could influence its performance. This variability could affect and 

compromise the failure criteria of the specimen tested.  

 

Instrumentation: A five-thermocouple array is required across all the standards to take an average temperature 

across the specimen. The American standards recommend at least four additional thermocouples to be placed at 

the discretion of the testing authority to help determine an average temperature measurement across the specimen, 

whereas the British, European and Australian Standards require additional thermocouples to measure the maximum 

temperature rise. The European and Australian Standards specify explicit locations in near identical terms, whereas 

the British Standard leaves it to the discretion of the testing authority. Regarding pressure readings, the Australian 

and European Standards again use near identical wording, the British standards deviates somewhat, UL 263 

provides detailed guidance and whereas ASTM E119 provides none. For deflection, the British, European and 

Australian Standards advise that deflection measuring equipment be applied to the specimen, with varying degrees 

of specificity but with the implied aim of measuring the maximum deflection experienced by the specimen. The US 

standards include no such requirement.  

 

Failure Criteria: The British, European, Australian and American standards all utilise similar failure criteria. The 

European and Australian standards are most closely aligned (utilising the same failure criteria) and both deviate in 

minor ways from the British standard, which does not require the cotton pad to be applied for as long a duration 

(10-15 in seconds instead of 30 seconds in European, American and Australian tests). The American standards do 

not include the use of gap gauges as a means of demonstrating failure of integrity, which the European, British and 

Australian standards do. The American standards require a hose stream test to be applied. The relevance of this is 

unclear. It is assumed that the application of the hose stream test is relevant for when fire brigade intervention 

occurs, at which point it is likely that occupants will have evacuated the compartment of fire origin. The hose stream 

test therefore offers additional information on the continued performance of the compartment wall that may relate 

to fire-fighting operations within a fire compartment, rather than for containment of a fire for occupant safety. 

 

Reporting requirements: The European and Australian standards require identical information in their test reports. 

The British standard, while very similar, does not explicitly require the report to document the location of where 

thermocouples were installed during the test.  The American Standards are similar, however ASTM E119 does not 

require pressure conditions within the furnace to be indicated, and UL 263 does not require the name of the 

manufacturer, or the ambient pressure conditions of the test, to be recorded.  

 

In sum, the European and Australian Standards are highly consistent with one another. This is suspected to be a 

result of their close respective relationships with the International Standards Organization and accordingly with the 

ISO 834 standard. A direct comparison to the ISO 834 standard would be required to confirm this hypothesis. The 

British Standard is also very similar to the European and Australian Standards but deviates more consistently in 

subtle ways from the other two. The American Standards differ the most relative to the other standards. While they 

correlate very closely with one another, the requirements under these tests are generally more discretionary when 

compared with the requirements outlined in the European, Australian and British tests for the test criteria 

investigated for non-loadbearing walls. 

 

This comparative review intends to launch a broader discussion on the comparability of the subject test standards, 

in order that the equivalency of the standards may be explored, which could open and avenue for jurisdictions to 

permit more than one test standard as a means demonstrating product compliance. To fully realise this objective, 

further research is needed to comprehensively expand upon this study’s conclusions. Other elements of 
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construction that are subjected to fire resistance testing should be compared, including loadbearing elements, 

floors, ceilings, windows, doors and service penetrations. Other potential variables within the testing regimes that 

could have an impact of the severity of the test should be scrutinized e.g. heat source and control e.g .fuel types, 

ventilation requirements, and specimen setup e.g. curing times. Other fire resistance testing standards could be 

included; for example, a focused comparison between the European and Australian Standards to ISO 834 (which 

is understood to be adopted in many countries) would be illuminating and would help to frame the global influence 

of ISO 834. It is expected that there are many nationally specific standards, akin to the Australian Standard explored 

in this study, that would have their roots in one of the standards investigated in this study. 
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ABSTRACT 
 
The present work aims to establish a comparative analysis between different horizontal separation requirements 
provided in Technical Resolution 04 of CBMRS [1] to evaluate their effectiveness to reduce or, ideally, prevent the 
fire spread between adjacent neighboring dwellings (horizontal fire spread) using numerical modeling. To carry 
out the numerical study the Fire Dynamics Simulator (FDS) software was used, going through a rigorous 
validation process, using experimental data to verify its ability to simulate the studied scenarios. The results 
showed that the case with the safest conditions was represented by Case 05, which introduces a wall of 0.9 m 
width between the adjacent doors acting as a passive fire spread barrier. For aligned doors, the increase from 1.2 
m (Case 01) to 2 m (Case 02) between the doors did not seem to be effective to maintain the fire safety level as 
fire loads increased from medium to high. Parallel/facing doors (Case 03), even distanced 5 m as required in RT-
04 of CBMRS, proved to be the most dangerous scenario, with the highest heat fluxes on the adjacent door. A 
performance-based design would be recommended for high risk buildings (e.g. buildings with high fuel and/or 
people densities, buildings difficult to evacuate, etc.).  
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1. INTRODUCTION 
 
The increase in world population brings as one consequence higher densities of people living in cities. It turn, this 
reveals a challenge for urban planners in terms of housing due to building agglomeration and higher fire risk. Fire 
Departments have been figuring out how to deal with such danger and in many cases, they provide regulations 
and technical instructions to guide engineers and architects to design safer buildings. One of these technical 
regulations [1] focuses on separation distances between buildings and specification of materials types and fire 
loads in order to avoid or minimize fire spread between adjacent buildings. 
 
The present paper aims to assess the effectiveness of the requirements specified by [1] to reduce or, ideally to 
avoid, fire spread between adjacent neighboring buildings (horizontal fire spread). This is performed using the 
software FDS [2] by means of numerical simulations and thermal engineering analysis based on fire spread 
mechanisms. 
 
2. METHODOLOGY 
 
Initially, the experimental study of [3] was numerically modeled as a validation step, to demonstrate the ability of 
the software to reproduce this kind of scenario and that the results provided are reliable by comparing 
experimental data to numerical results. A fire model software known as Fire Dynamics Simulator (FDS) was used, 
which is widely used by fire safety engineers worldwide to carry out numerical studies. After that, six different 
cases were considered, following the specification of [1], with the aim of evaluating the effectiveness between 
different requirements of horizontal separation used to reduce or, ideally, prevent the spread of fire between 
adjacent neighboring buildings (horizontal fire spread), through the analysis of temperature, heat flux and flame 
length measurements obtained numerically using FDS. 
 
FDS is a widely used and well established software for fire engineering applications. It is an open source CFD 
(computational fluid dynamics) software developed by the NIST/USA and VTT/Finland. FDS solves numerically a 
form of the Navier-Stokes equations for low Mach numbers (Ma < 0.3), using Large Eddy Simulation (LES) 
methodology as a turbulence modeling approach. A more detailed description of the software, equations and 
models can be found in [2]. 
 
2.1 Problem statement and numerical modeling 
 
To carry out the FDS numerical model validation step, part of the experimental study performed by [3] was used. 
The experiment had three different compartments, made of fiberboard walls, with a front face of 0.5 m x 0.5 m 
with depths of 0.5 m, 1.0 m and 1.5 m, in modules of 0.5 m x 0.5 m x 0.5 m. The openings, positioned in the 
middle of the front wall (façade), had four different sizes (width x height): 7.5 cm x 20 cm, 10 cm x 25 cm, 20 cm x 
20 cm and 30 cm x 10 cm. Propane and methane rectangular burners were the heat source with heat release rate 
(HRR) of 30 kW, 40 kW, 50 kW and 60 kW. Flame height was measured using a CCD camera facing the façade.  
 
As the purpose of the validation step is to verify the software ability to predict the studied parameters, which will 
be used to carry out the tests with the modeling described by [1], only one module was submitted to the validation 
process. The module was rectangular of size 0.5 m x 0.5 m x 0.5 m. The opening at the front wall (façade) was 
considered with three different sizes (width x height): 0.1 m x 0.25 m, 0.2 m x 0.2 m and 0.075 m x 0.2 m. All 
characteristics of the experimental setup of [3] were reproduced in FDS. The obstructions (walls and ceiling) were 
defined as "EXPOSED" in FDS, so that the model could calculate heat fluxes and temperatures. Thermal 
properties of the material are shown in Table 1.  
 

Table 1: Wall and ceiling thermal properties 
Material Density (kg/m³) Conductivity (W/m.K) Specific heat (kJ/kg.K) 

Fiberboard 200 0.1 1.0 
 

Temperatures and heat fluxes were obtained from FDS as outputs, while the numerical size of the venting flames 
(emerging from the door opening) was obtained from Smokeview, defining the temperature at 550 °C and opacity 
at 0.01 m.  
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2.2 Domain, Mesh resolution and Numerical model validation 
 
The influence of the computational domain extension in fire modeling has been studied by [4] and [5]. The studies 
showed that the domain extension produces a better agreement with the experimental data, recommending the 
extension in the value of one hydraulic diameter of the opening, in the perpendicular direction. Thus, the domain 
size for the validation cases was defined as 1.0 m x 0.7 m x 1.7 m, using a higher domain extension than 
recommended. 
 
The fire community uses a widely known method to estimate the mesh control volume size, called the 
characteristic fire diameter, D* [2]. According to [6], the ratio between the characteristic fire diameter and the 
mesh size, D*/δx, with values ranging between 4 and 16 provides an adequate mesh resolution.  
 

 D∗ = HRR/ρ T c g ^(2/5) (1) 
 
where HRR is the heat release rate, ρ  is the density of the ambient fluid, T  is the ambient fluid temperature, 
c  is the fluid specific heat and g is the acceleration of gravity. 
 
Table 2 presents the values of D* and D*/δx for the two evaluated meshes (δx = 5 cm and δx = 2.5 cm), 
considering four HRR's (30 kW, 40 kW, 50 kW and 60 kW), which were used in the numerical experiment, and 
Figure 1 represents the numerical model submitted to the validation process, using an opening of 0.1 m x 0.25 m 
and HRR of 50 kW, for a mesh of 2.5 cm. 
 

Table 2: Mesh analysis for the validation cases 

HRR (kW) D* (m)  
D*/δx 

δx = 5 cm δx = 2.5 cm 

30 0.24 4.7 9.4 
40 0.26 5.3 10.6 

50 0.29 5.8 11.5 

60 0.31 6.2 12.4 

 

 

Figure 1: Numerical model for a 0.1 m x 0.25 m opening and HRR of 50 kW, using a mesh of 2.5 cm 
 
As can be seen in Table 2, all tested meshes were adequate according to [6] criteria. As both meshes are within 
the suggested range of values, a sensitivity analysis of the meshes was performed, in which the numerical results 
of the flame heights were compared to the experimental data. The comparison between them is shown in Figure 
2. 
 
Analyzing the results presented in Figure 2, it is noted that both meshes (δx = 5 cm and 2.5 cm) provided similar 
results when compared to the experimental values, with deviations of less than 5% for scenarios with HRR 30 
kW, 40 kW and 50 kW, and of about 20% for the case with HRR = 60 kW. Thus, it can be considered that the 
numerical model represents the fire phenomenon with good precision with an acceptable computational effort, 
being suitable for carrying out the remaining of this numerical study. 
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Figure 2: Mesh sensitivity analysis of the flame height for a validation case 
 
2.3 Case study of RT-04 of CBMRS 
 
The case study of Technical Resolution 04 (RT-04) of CBMRS (Corpo de Bombeiros Militar do Rio Grande do 
Sul) [1] encompass numerical simulations to analyze the horizontal separation criteria between dwellings. 
 

Buildings geometries and fire loads are based on specifications provided in [1] regarding horizontal fire spread. 
Two adjacent dwellings are considered, each one with 25 m² of floor area and 3 m high; there is one wall that is 
shared between the dwellings. They have a door measuring 1.3 m x 2.2 m each. The room in which the fire load 
is placed will be called the fire room and the room next to it will be called the adjacent room. The problem was 
modeled considering brick walls and the ceiling and floor of concrete, thermal properties of the materials are 
presented in Table 3. In all cases, the fire was modeled as a square burner with dimensions of 3 m x 3 m 
(represented in red in the figures of Table 4), using propane as fuel with a heat of combustion of 46.46 MJ/kg.  
 

Table 3: Thermal properties applied to the numerical model to study RT-04 
Material Density (kg/m³) Conductivity (W/m.K) Specific heat (kJ/kg.K) 

Concrete 525 0.125 1.05 
Brick 1600 0.69 0.84 

 

For each fire scenario, fire loads are considered as 300 MJ/m² (low risk), 750 MJ/m² (medium risk), 1200 MJ/m² 
(high risk); thus, the HRRPUA (heat release rate per unit area) was calculated according to the fire loads: 231.481 
kW/m² (low), 578.703 kW/m² (medium), 925.93 kW/m² (high). The time used to calculate the HRRPUA was one 
hour. Table 4(a)-(f) illustrates six cases that will be studied in this paper, for each fire load, totalizing 18 scenarios. 
These 6 cases represents the 6 cases mentioned in Paragraphs 5.3.5 and 5.3.6 of RT-04 [1], as the 3 fire loads 
were also selected to encompass the full range of dwellings configurations and fire loads as mentioned in 
Paragraphs 5.3.5 and 5.3.6 of RT-04 [1].    
 

Table 4: Dwellings’ geometries and plan view of each case to study RT-04 

Case ID 
Numerical domain / Buildings 

geometries in FDS 
Plan view 

C
a

se
 0

1 
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C
a

se
 0

2 

 

 

C
a

se
 0

3 

 

 

C
a

se
 0

4 

 

 

C
a

se
 0

5 
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C
a

se
 0

6 
 

 

 

The temperature values were obtained through analysis/verification of slices. Heat flux was measured at the 
center of the adjacent room door. Measurements were performed at 900 s for low risk and 600 s for medium and 
high risks. The simulations were run until 1000 s for low risk cases and 700 s for medium and high risk cases. 
Since FDS computes all parameters temporally (transient model), all results shown and analyzed in this paper 
were time-averaged for a time-interval of 100 s after the parameter stabilized in time (after a quasi-steady state 
condition was reached). 
 
The mesh used in the studies of RT-04 was composed of two control volume sizes: 5 cm in front the fire room 
opening (door), and a coarser mesh, 10 cm, in the other regions of the domain, as shown in Figure 3. The most 
refined mesh in front of the door opening was chosen for more accurate results, as the objective was to analyze 
the venting flames through the door opening, its behavior and influence on the environment. This allowed the use 
of a coarser mesh in the rest of the domain, reducing the computational effort needed to run the simulations. 
Domain size was defined as 12.75 m x 9.5 m x 6.1 m, using domain extensions longer than that recommended by 
[4] and [5] in the direction in front of the door opening due to the venting flames. 

 
 
 
 
 
 
 
 
 

 
Figure 3: Numerical domain showing the two mesh refinements employed to study RT-04 (mesh is finer in front of 

the door opening and it is coarser in the remaining of the domain) 
 

3. RESULTS AND DISCUSSIONS 
 
For this study, the heat flux at the adjacent room door (𝐻 ), the distance from the flame tip (emerging from the 
fire room door opening) to the adjacent room door (𝐿 ), and the temperature in the fire (𝑇 ) and adjacent (𝑇 ) room 
doors, were evaluated for each of the 18 scenarios mentioned (6 cases as mentioned in Table 4 x 3 fire loads = 
18 scenarios). It is important to emphasize that Case 01 (see Table 4) configuration is valid for low and medium 
fire loads according to RT-04 CBMRS [1], not being applied for high fire loads; however, this condition was also 
simulated for comparison purposes. Table 5 presents the results obtained for each one of the 18 scenarios 
studied in this work. 
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Cases 1 and 2 have almost the same layout, the difference between them is the distance between doors on the 
same wall plane, the distance for Case 01 is 1.2 m and for Case 02 is 2 m. Analyzing the obtained results for 
these cases in Table 5, it can be noted that with the fire load increase there is a heat flux increase at the adjacent 
room door, for both cases, the measured values in Case 02 being smaller due to the larger separation distance 
between the doors. An illustration of the emerging flames for these cases is shown in Figure 4. Since RT-04 
CBMRS [1] specifies a distance of 1.2 m for low and medium fire loads, which is represented here by Case 01, 
and it specifies a distance of 2 m for high fire loads, which is represented here by Case 02, it is implied that [1] 
intends to keep the same level of safety in terms of fire spread by increasing the distance between the doors as 
the fire load increases. Comparing the heat flux of Case 01 for the medium fire load, 0.44 kW/m², and Case 02 for 
a high fire load, 0.92 kW/m², it can be seen that increasing the distance between the doors would not be enough 
to compensate the fire load increase as suggested in [1], although those relatively low heat fluxes would not be 
enough to ignite nearby materials. 
 

Table 5: Numerical data obtained for each case studied 

Case ID Fire load 𝑻𝒇 (°C) * 𝑻𝒂 (°C) 𝑳𝒂 (m) 𝑯𝒇𝒂 (kW/m²) 

C
a

se
 0

1 

  
 

Low 400 - 1.20 0.11 

Medium 700 - 0.96 0.44 

High 800 - 0.96 1.26 

C
a

se
 0

2 

  
 

Low 400 - 2.00 0.06 

Medium 750 - 1.01 0.25 

High 900 - 1.01 0.92 

C
a

se
 0

3 

 

 

Low 450 21.3 5.00 0.17 

Medium 800 25.9 2.68 1.29 

High 900 33.7 2.29 3.70 

C
a

se
 0

4 

 

 

Low 500 20.4 5.00 0.05 

Medium 700 21.7 4.66 0.31 

High 850 23.7 4.69 0.85 

C
a

se
 0

5 

 

Low 500 20.3 0.90 0.03 

Medium 750 21.1 0.90 0.11 

High 850 23.3 0.90 0.33 

C
a

se
 0

6 

 

Low 400 20.7 0.90 0.09 

Medium 750 22.7 0.90 0.39 

High 850 26.5 0.90 0.99 
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(a) Case 01, medium fire load (b) Case 02, high fire load 

 
Figure 4: Comparison between Case 01 (medium fire load) and Case 02 (high fire load) 

 
 
Evaluating the results for Case 03, doors on parallel-facing walls, distanced 5 m, it can be noted that the fire load 
increase leads to an increase in the temperature and heat flux at the adjacent room door. It is assumed that this 
behavior occurred due to the architectural configuration and the fire position in relation to the opening of the fire 
and adjacent room, since, with the fire load increase, the flame moves closer to the adjacent room, as illustrated 
in Figure 5, increasing the temperature and heat flux of the region. Considering a high fire load, the heat flux 
measured at the door in front of the fire room (adjacent room door) reached 3.70 kW/m² (the highest measured 
value in this work) and for a medium fire load 1.29 kW/m² was obtained. Comparing the heat flux results, for a 
medium fire load, between Case 01 (0.44 kW/m²), Case 02 (0.25 kW/m²) and Case 03 (3.7 kW/m²), it is evident 
that for Case 03 (doors on facing walls) the distance should be even greater than 5 m due to the high heat flux 
measured at the adjacent room door, which is almost fifteen times greater than that obtained in Case 02. 

      

 
Figure 5: Behavior of the fire load increase in Case 03 

 
The results obtained for Case 04, doors on perpendicular walls, distanced 5.0 m, presents the same trends as the 
other cases (heat fluxes, temperatures and flame lengths are increased as fire loads increase). Comparing heat 
fluxes between cases with high fire load, Case 01 (1.26 kW/m²), Case 02 (0.92 kW/m²), Case 03 (3.7 kW/m²) and 
Case 04 (0.85 kW/m²), it can be noted that, while the distance between doors for Case 03 should be greater than 
5 m, the distance between doors for Case 04 is adequate when compared to Case 01 and Case 02, because, 
even with the adjacent room door facing the flame, it is not facing the neighboring fire room door, so the distance 
between them compensated the fire load increase, as can be seen in Figure 6. 

(a) Low fire load (b) High fire load 
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Figure 6: Comparison between Case 02 and Case 04, with high fire load 
 
Case 05 is similar to Cases 01 or 02, but it includes a wall extension of 0.9 m width between the doors (which in 
turn are located in aligned walls). This case obtained the best results among those presented in Table 5 in terms 
of fire spread parameters. For instance, considering the heat flux for a medium fire load, Case 01 achieved 0.44 
kW/m² compared to Case 05 which obtained 0.11 kW/m². For a high fire load, Case 02 reached 0.92 kW/m² 
compared to 0.33 kW/m² in Case 05. This occurred because the extended wall separating the compartments acts 
as a passive fire spread barrier, preventing the direct heat exchange between the flame and the adjacent room. 
Figure 7 illustrates this behavior by depicting Case 02 and Case 05 for a high fire load. Therefore, the application 
of this configuration is considered effective. 

   

 
 

Figure 7: Comparison between Case 02 and Case 05, with high fire load 
 
Finally, results of Case 06 are discussed, in which doors are on parallel walls, but walls are shifted 0.9 m. The fire 
room, compartment on the left, had its façade moved forward, thus, there was no contact of the flames with the 
door of the adjacent room, as illustrated in Figure 8. However, the temperature increase measured at the adjacent 
room door was higher than in previous cases. The heat flux measured at the adjacent room door was 0.39 kW/m² 
for a medium fire load. Comparing these results with Case 01 (0.44 kW/m²) and Case 02 (0.25 kW/m²), it can be 
concluded that, for this scenario in which the fire is positioned in the compartment with the facade shifted 0.9 m 
forward, the configuration presents satisfactory results. However, if the fire was in the other room, the flame would 
be closer to the adjacent room door, which would significantly increase the temperature and heat flux measured, 
therefore, a wall shift greater than 0.9 m would be suggested (such scenario was not tested in the present work). 

(a) Case 02 (b) Case 05 

(a) Case 02 (b) Case 04 
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Figure 8: Case 06 flaming behavior for a high fire load  
 
4. CONCLUSIONS 
 
The Fire Dynamics Simulator (FDS) software was used to simulate different horizontal separation requirements of 
RT-04 CBMRS [1] to evaluate their effectiveness to reduce or prevent the fire spread between adjacent 
neighboring dwellings. It was found that the case with the safest conditions was represented by Case 05, which 
introduces a wall of 0.9 m width between the adjacent doors acting as a passive fire spread barrier. When 
comparing Case 01 (doors distanced 1.2 m, located in aligned walls) and Case 02 (doors distanced 2 m, located 
in aligned walls), it was shown that the increase from 1.2 m to 2.0 m would not be enough to maintain the fire 
safety in the adjacent room, so for high fire loads the distance should be greater. Case 03 (doors on parallel walls, 
distanced 5 m) was the most dangerous scenario, so attention should be paid when designing buildings with this 
topology; a fire barrier-like wall would be a recommended passive measure to protect neighboring rooms from 
fire. Despite these results are not final since other rooms/dwellings/fire configurations could be simulated, the 
presented results show that precaution should be taken when designing buildings based on requirements of RT-
04 CBMRS; a performance-based design would be recommended for designing high risk buildings (e.g. buildings 
with high fuel densities and/or high people densities, buildings difficult to evacuate, etc.).  
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ABSTRACT 

Mediterranean regions are characterised by areas where wildland vegetation intermingles with human settlements 

and industrial facilities, called wildland-urban interfaces (WUI) and wildland industrial interfaces (WII), respectively. 

Moreover, their climate conditions are prone to fire ignition and propagation in very flammable vegetation during 

specific periods of the year. In the current climate change and demographic expansion context, there is increasing 

attention on the WUI and WII, often considered one of the main drivers of fire risk to human lives and property. 

Therefore, improve fire safety measures in buildings in these areas are essential. After the 2017 forest fires in 

Portugal, one of the most critical aspects verified in studies post-fire relates to the type and location of structural 

ignition. More than 60% of the structures have been ignited due to incandescent particles (firebrands) depositions 

in different weak points, and more than 60% of these ignitions occurred on roofs. This occurs mainly because of 

the fire behaviour associated with the supporting structures and materials. This paper provides a comprehensive 

review of some studies and fire test methods to evaluate the fire performance in roof covering systems used in the 

US and EU standards for better understanding the test scenarios and their approaches. In addition, the underlying 

fire scenario, the test conditions, their criteria and application in local building regulations are discussed. 

 

Keywords: roof systems, roof coverings, fire spread, external fires, fire reaction. 

 

1. INTRODUCTION 

 

Mediterranean regions are characterised by areas where wildland vegetation intermingles with human settlements 

and industrial facilities, called wildland-urban interfaces (WUI) and wildland industrial interfaces (WII), respectively. 

Moreover, their climate conditions are prone to fire ignition and propagation in very flammable vegetation during 

specific periods of the year. In the current climate change and demographic expansion context, there is an 

increasing attention to the WUI and WII, often considered one of the main drivers of fire risk to human lives and 

property. Therefore, the improvement of fire safety measures in buildings in these areas is essential [1].  

 

WUI fires have also revealed severe consequences. The acceptable roofing systems’ behaviour towards fire to 

reduce the onset of fire in the building and avoid fire spread is a relevant topic. These fires have caused significant 

destruction to communities in Australia, Greece, Portugal, Spain, and US [2]. There have been relevant fire events 
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in California from 2003 to 2013 for example, the 2013 Cedar Fire. This fire resulted in 2 B$ in insured losses and 

destroyed over 3,000 homes [2]. The 2007 Southern California Fire displaced more than 300,000 people, destroyed 

over 1,000 structures, and resulted in 1 B$ paid by insurance companies [2].  

 

The 2017 Greatest Forest Fires in Portugal affected wildland industrial interface areas, with more than 500 affected 

companies and estimated damage and loss of revenue value of 275 M€ [3]. One of the most critical aspects verified 

after these fires was that more than 60% of the structures had been ignited due to incandescent particles 

(firebrands) depositions in different weak points. More than 60% of these occurred on roofs [3]. These occur mainly 

because of the vulnerability associated with the supporting structures and materials. The building envelope 

structures are the first parts affected by external fires (Fig. 1).  

 

  
 

a b 

Fig.1 – Damages in the building envelope in industrial sites affected by 

2017’ Greatest Forest Fires in Portugal [3] 

 

This paper summarises the fire exposure scenarios for standards that evaluate external fire exposure in roof 

systems and roof covering in Europe and North America. In addition, their main parameters and factors influencing 

the testing methods are reviewed and discussed. They will be also presented the current status of the most used 

external fire testing methods to classify roof systems and contribute for a better understanding and a practical 

application of these requirements in buildings located in WUI areas. 

 

2. EXTERNAL FIRE EXPOSURE SCENARIOS 

The spread of an external fire to a roof system can cause damage to both the interior and exterior of a building. 

Combustible roof covering materials may generate burning droplets, which can penetrate the roof system, 

propagate to exterior facades, or even ignite other exposed combustibles inside the building, causing new fires. 

Even during construction or rehabilitation, some roof components with combustible properties are particularly 

vulnerable to fire. Therefore, contractors using torch welding or any hot work during installation should be aware of 

the fire risks associated with handling or assembling these materials.  

 

Depending on where the roof system is installed, assessing external fire risks should consider the most likely fire 

exposure scenario. For example, in some standard test methods, roof decking and their underlying insulation are 

exposed to radiation heat or a small fire load consisting of an open flame and an airflow across the surface or 

combined. Also, these roofing systems are qualified and limited by the maximum slope in which it was tested.  

 

The existing test methods in Europe and North America have different parameters and characteristics, each 

intending to simulate specific exposure conditions [4]. These parameters are the fire scenario, fuel source, the 

radiant heat flux on the tested surface, the airflow across the specimen, specimen dimensions and the roof system 

slope conditions, as presented in Table 1. 

 

CEN/TS 1187 [5] fire tests have four different approaches, as following: Test 1 - burning brands only (Fig. 2.a); Test 

2 - burning brands with wind (Fig 2.b) ; Test 3 - burning brands, wind and supplementary radiant heat (Fig 2.c [6]); 

and Test 4 - Two stage method with burning brands, wind and supplementary radiant heat (Fig 2.d). 

 

ASTM E108 [7] is the primary test method used in North America to evaluate external fire exposure in roofing 

systems. The technical basis of UL790 [8], NFPA 256 [9] and CAN/ULC-S107 [10] standards are similar. There are 

four different fire exposure conditions in ASTM E108 test method to address the behaviour of roof coverings: 
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intermittent flame, the flame spread, burning brand and flying brand tests. The flame spread test consists in applying 

a luminous gas flame burner at the edge of the specimen (1.0 m side), and the specimen is installed inclined with 

an airflow of 5.3 m/s. The burning brand test simulates various sizes ranging from 9.25 g to 2000 g (depending on 

which class is intended to evaluate) of burning embers landing on the surface of the roof covering. The intermittent 

flame test is a series of on/off flame exposures over a specified period. The propensity of the roof covering burn-

through occurrence under the combustible deck is assessed with these two tests.  

 

Table 1 - External fire exposure to roofs: test details 

 ASTM E-108 
CEN / TS 1187 

Test 1 Test 2 Test 3 Test 4 

Fire 
Scenario 

Four fire exposure 
conditions: 
intermittent flame, 
spread of flame, 
burning brand and 
flying brand. 

Burning brand 
only and with 
no imposed 
airflow over 
the roof. 

Burning brand 
only and with an 
imposed airflow 
over the roof of 
either 2.0m/s or 
4.0m/s. 

Burning brand as 
well as radiation 
and with an 
imposed airflow 
over the roof of  
3.0 m/s. 

Burning brand (Stage 
1) and then a 
penetration test with 
burning brand, 
radiant heat and wind  
(Stage 2).  

Fuel Source   

Spread of flame 
and intermittent 
flame test: Gas 
Burner  
 
Burning Brand test: 
Class A:  
1 brand 2kg.  
Class B:  
2 brands 0.5kg.  
Class C:  
20 brands 9.25g  

650+50g of 
wood wool in 
a steel mesh 
basket 
suspended  
10mm from 
surface  

Wood crib 
consists of eight 
pieces 
10x10x100mm 
nailed together. 
Total weight 
40g  

Four fiberboard 
brands with 250 
kg/m3, with 
55x16x25mm 
soaked in heptane.  
Wood crib weight: 
82g. 
 
Radiant panel is 
positioned 500mm 
away parallel to the 
specimen.  

The burning brand 
(Stage 1) is a gas 
flame 230mm long.  
 
Radiant panel 
positioned in a plane 
parallel to the 
surface. (Stage 2) 
with 915mm2.  

Radiant  
Heat Flux  

- - - 12,5±0,5 kW/m2 12±1,5 kW/m2 

Length and 
width of 
specimen   

Intermittent 
flame/burning 
brand: 1.0m x 1.3m 
Spread of flame:  
A = 1.0m x 2.4m  
B = 1.0m x 2.7m  
C = 1.0m x 4.0m  

1.8m x 0.8 m 1.0m x 0.4 m 3.0m x1.2 m 0.84m x 0.84 m 

Roof slope   

Max slope 
specified by 
manufacturer: 
416mm/m  

15º apply for 
a slope 
between 0 – 
20º.  
45º apply to a 
slope higher 
than 20º  

30º 

15º apply for a 
slope between 0 – 
10º.  
30º apply for a 
slope higher than 
10º.  

0º apply for a slope 
between 0 – 10º.  
45º apply for a slope 
higher than 10º.  

 

The dimensions of the specimens and their assembling characteristics have a relevant influence on bench-scale 

methods and are different between them. For example, in ASTM E-108 tests, the specimen length can vary from 

2.4 m to 4.0 m according to the intended classification (A, B or C Class) and the width is 1.0 m. Otherwise, 

specimens need to be assembled in CEN TS 1187 Test 1 with a minimum of 0.8 m in width and 1.8 m in length and 

have a possibility to test roof lights with specific requirements. They shall be representative of all practical 

application details. In the Tests 3 and 4 apparatus the test specimen’s dimensions are limited to test setup, and 

some situations could be impractical to evaluate (e.g. roof lights in real scale). 
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a. b. 

c.  d.  

Fig. 2 – CEN TS 1187 test apparatus:  

a. Test 1 [11]; b. Test 2 [12]; c. Test 3 [6]; d. Test 4 [13] 

 

In the WUI areas, three types of forest fire attack must be considered when trying to prevent buildings against them: 

firebrand attack, radiant heat and/or direct flame contact from the forest fire. Firebrand attack is maybe the most 

important mechanism of fire propagation because it can occur even if the forest fire front is hundreds of meters 

away, and could severely affect the buildings’ roofs. Post-fire studies in forest fire events have observed building 

ignition mechanisms where tiny firebrands penetrate under the non-combustible tile roof covering. These studies 

show the firebrands accumulated under ceramic tiles/gaps during a period in a dynamic process [2], different from 

the wood crib’s ignition mechanism in the existing bench scale test methods described in Table 1. Despite this, 

firebrands generated by the wood crib could be blown off the roof during testing.  

 

Therefore, they could not represent a realistic simulation of a firebrand attack because they may not accumulate. 

Bench-scale experimental tests conducted by Manzello and Suzuki evaluated a firebrand attack in an ignition-

resistant roof system. These tests confirm the firebrand ignition mechanism (Fig. 4). ASTM E2726 [14] standard 

was developed based on this experimental system. However, this method only applies to determine the fire 

response of deck structures attached to or near primary structures.  

 

  

Fig. 3 – ASTM E 108 test [x] Fig. 4 – NIST/BRI Experimental tests [2] 

 

3. ROOF SYSTEMS EXTERNAL FIRE CLASSIFICATION AND LOCAL REGULATIONS  

3.1   Europe  

CEN/TS 1187 [5] technical specification is used in the European Union to conduct the external fire exposure in roof 
coverings and roof assemblies and consists of four different tests. Unfortunately, these are not harmonised or 
equivalent, so finding one test that could satisfy European regulators’ requirements was not possible. However, 
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each member state can determine in their regulation which test should be conducted to classify the roofing systems. 
These four tests were based on standards DIN 4102-7 [15]; NT FIRE 006/32 [16]; French test [17], and  
BS 476-3 [18] and are identified as Test 1, Test 2, Test 3 and Test 4 in CEN/TS 1187, respectively. The classification 
criteria for each test method are given in EN 13501-5 [19] and shown in Table 2. 

 
Table 2 – European classification for roofs and roof coverings according to CEN TS1187 tests 

Test Class Classification criteria 

1 
BROOF(t1) 

All of the following conditions shall be satisfied for any one test: 
- external and internal fire spread upwards < 0.7 m; 
- external and internal fire spread downwards < 0.7 m; 
- maximum burned length external and internal < 0.8 m; 
- no burning material (droplets or debris) falling from exposed side; 
- no burning/glowing particles penetrating the roof construction; 
- no single through opening > 25 mm2; 
- sum of all through openings < 4,500 mm2; 
- lateral fire spread does not reach the edges of fire measuring zone; 
- no internal glowing combustion; 
- maximum radius of fire spread on ‘horizontal’ roofs, external and  
   internal < 0.2 m. 

FROOF(t1) No performance determined. 

2 
BROOF(t2) 

For both test series at 2 m/s and 4 m/s wind speed: 
- mean damaged length of the roof covering and substrate ≤ 0,550 m; 
- max. damaged length of the roof covering and substrate ≤ 0,800 m. 

FROOF(t2) No performance determined 

3 

BROOF(t3) TE ≥ 30 min and Tp ≥ 30 min  

CROOF(t3) TE ≥ 10 min and Tp ≥ 15 min 

DROOF(t3) Tp ≥ 5 min 

FROOF(t3) No performance determined. 

4 

BROOF(t4) 
- No penetration of roof system within 1 hour. 
- In preliminary test, specimens burn for < 5 min after the test flame’s withdrawal. 
- In preliminary test, flame spread < 0,38 m across region of burning. 

CROOF(t4) 
- No penetration of roof system within 30 min. 
- In preliminary test, specimens burn for < 5 min after the test flame’s withdrawal. 
- In preliminary test, flame spread < 0.38 m across region of burning. 

DROOF(t4) 
- Roof system is penetrated within 30 min. but is not penetrated in the preliminary test. 
- In preliminary test, specimens burn for < 5 min after the test flame’s withdrawal. 
- In preliminary test, flame spread < 0.38 m across region of burning. 

EROOF(t4) 
- Roof system is penetrated within 30 min but not in the preliminary test. 
- Flame spread is not controlled 

FROOF(t4) No performance determined. 

TE = Time for external fire spread to the edge of the measuring zone; Tp = Time to fire penetration. 

 

In UK Regulation [20], roof systems’ performance against external fire exposure is measured by fire penetration 

through the roof and flame spread over its surface. Roof constructions are classified within the European system 

using Test 4 results and EN 13501-5 classification criteria. BROOF (t4) indicates the highest performance, and FROOF 

(t4) is the lowest. However, some products may be lawfully on the market using the classification system set out in 

previous editions. A transposition from EN 13501-5 classification to BS-476-3 classification in Section B18 of Annex 

B addressed this issue. Nordic Countries [21] use Test 2 results and EN 13501-5 [19] classification criteria, and 

their regulations nowadays are harmonised.  

 

Portugal only considers external fire exposure to roofs in the forest fire safety requirements for buildings near the 

WUI, made by National Authority for Emergency and Civil Defense (ANEPC) [22]. The Portuguese Fire Safety 

Regulation [23], which every building in Portugal must comply with, in the external fire exposure only mentions fire 

reaction classification accordingly to EN 13501-1 [24] and fire resistance classification from EN 13501-2 [25]. These 

forest fire safety requirements only apply to buildings implemented on land use classified as rural under articles 60º 

and 61º of Decree-Law N.º 82/2021 [26]. In this regulation, when the building is under 300 m from grassland and 

inside the Prevention and Protection Priority Areas classified according the Portuguese Agency for Integrated 

Management of Rural Fires (AGIF) [26], the external fire exposure performance need to be BROOF (t1), BROOF (t2), 

BROOF (t3) or BROOF (t4), the highest classification for each test method in EN 13501-5 [19].  

 

 

592



3.2 North America 

The classification of a roof system or roof covering is established in function of fire exposure, using the ASTM E108 

[6] standard. The classification could be A, B or C Class, and their severity is defined by the type of fire load required 

by the test method. Class A roof coverings are effective against severe fire test exposures, and Class B and C are 

effective against moderate and light fire test exposures, respectively. These can be conducted on a combustible 

wood deck (sheathing boards or plywood) or a non-combustible deck made of metal, concrete, or poured gypsum.  

 
One of the performance criteria to assess the roof system classification is the flame spread on the roof’s exposed 

surface. The flaming cannot spread beyond 1.8 m for Class A, 2.4 m for Class B and 4.0 m for Class C during the 

test. In addition, significant lateral spread of flame from the area directly exposed to the test flame is not permitted. 

For all three classes of fire exposure (A, B and C) at no time during intermittent flame, flame spread or burning 

brand tests can: any portion of the roof blow off in the form of flaming or glowing brands that continue to glow after 

reaching floor; the roof deck become exposed (except for non-combustible decks) and; portions of roof deck fall 

away that continue to glow when reaching the floor. Also, at no time during intermittent flame or burning brand test 

can there be sustained flaming under the deck. 

 

In International Wildland Urban Interface Code [27] proposed by International Code Council, are presented specific 
requirements for roof or roof coverings in forest fire-prone areas, using the ASTM E-108 [6] in the function of fire 
hazard severity, defensible space and water supply for fire-fighting availability. According to this code, these 
parameters will assess the Ignition Resistant Construction Type (IRC 1, IRC 2 or IRC 3) the building must comply 
with. IRC 1 is more restrictive, and roofs shall have a Class A roof covering or assembly. For IRC 2 type, roofs shall 
have at least a Class B roof covering or assembly or an approved non-combustible roof covering. IRC 3 is less 
restrictive, and roofs shall have at least a Class C roof covering or assembly or an approved non-combustible roof 
covering. For roof coverings where the profile allows a space between the roof covering and roof decking, the space 
at the eave ends shall be fire-stopped to preclude the entry of flames or embers.  

California Building Code [28], after relevant fire events in WUI areas over the years, included a specific topic for 

materials and construction methods for exterior wildfire exposure in Section 705A of Chapter 7A. This section 

presents the requirements for external fire exposure in roof assemblies and roof coverings and requires compliance 

according to Class A, B or C using the ASTM E108 [7] or UL 790 [8] test methods. In addition, fire-retardant-treated 

wood roof coverings shall be tested under ASTM D2898 [29] to evaluate the accelerated ageing effect in these 

constructive solutions. The minimum classification on this code the building roof coverings shall comply are based 

on the type of construction of the building. The roof covering shall be a fire-retardant Class A when the building is 

within Very High Fire Hazard Severity Zones, according to the following situations: the entire roof covering of every 

existing structure, where more than 50 % of the total roof area was replaced within one-year period; or the entire 

roof covering of every new structure; any roof covering applied in the alteration/repair or replacement of the roof of 

every existing structure. 

 

3.3 Other countries 

In Japan, it was adopted to evaluate the external fire exposure to roofs by ISO 12468-1:2013 [30], and this standard 

basically establishes the same test setup of CEN/TS 1187 Test 3 method. In Brazil, the ABNT Fire Safety Committee 

developed the ABNT NBR 16841:2020 [31] standard, based on CEN/TS 1187 Test 1 method. 

 

4. FINAL CONSIDERATIONS 

Construction requirements in codes and standards for building roof coverings systems are essential in building fire 

protection. When these buildings are inside forest fire-prone areas, they are relevant for building protection and 

resilience against external fires. The roof materials must be selected according to the fire severity that the building 

could be exposed. This issue must be addressed within the codes and regulations, supported by test methods that 

reproduce the most critical conditions for building protection against external fire action. The North American 

approach for the classification of roof systems is harmonised and currently required in codes and regulations for 

urban and WUI areas using the test method ASTM E 108. Since the test methods are not harmonised in EU 

countries, each country needs to establish their fire safety level for roof systems and identify which of the four testing 

methodologies inside the CEN/TS 1187 standard should be adopted. 

 

CEN TS 1187 Test 1 have the most simplified test apparatus of the four methods, proposing a qualitative approach 

to measure the fire propagation and penetration of the exterior fire in the specimen. This test method assesses in 

a feasible and realistic way the damages on the test specimen. Also, with this test method is possible to evaluate 

the damage on joints and layers in the roofing system and change specimens’ dimensions when needed. However, 

this test does not assess the exposure of the specimen to radiant heat, only the attack of direct flames on the roof 
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with the placement of the fire load, and this will be conducted in a draft-free area (without wind effect). The 

uncertainty sources assessment needs to be carefully verified. For example, the wood species used to make the 

wood wool and the expected burning time, assessed in a calibration test; the technician's knowledge of test criteria 

to verify the parameters and not missing any relevant information during the tests.  

 

ASTM E 108 and CEN/TS 1187 Tests 2, 3 and 4 test apparatus have ventilators to apply a wind flow effect on test 

specimen’ surface, a relevant issue to address the external fire spread in roofing systems. In addition, the radiant 

heat exposure by external fires could be simulated by CEN/TS 1187 Tests 3 and 4 test apparatus. The ignition 

mechanisms by the flame attack and radiant heat exposure combined with the wind effect in CEN/TS 1187’s Tests 

3 and 4 reflect a broader approach to evaluate the roofing systems' behaviour against external fires. 

 

The test results could not be available for the same roof assembly for different reasons (e.g. testing costs, product 

availability in the market, particular fire safety regulation requirements for external fires in each country, and others). 

This situation reflects an absence of testing data to engineers and architects select the appropriate roofing system 

for the building. Furthermore, different roof fire safety requirements in every country represent some trade barriers 

within EU countries today. However, the development of a single harmonised roof test method for EU market, 

suggested in RISE Report 2008:29 [18], combined with an experimental campaign to evaluate the most common 

roofing systems in European market is a way to break the technical barriers between countries and an opportunity 

to establish a reasonable fire safety level for roof systems in EU.  
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ABSTRACT 
 
Approaching fire safety design with a performance-based method addressing the entire building, requires the 
necessary assessments to be made using Fire Safety Engineering (FSE) tools. An enquiry on the FSE 
implementation status details was carried by the Joint Research Centre of the European Commission addressed to 
the principal fire regulators of the EU/EFTA countries, United Kingdom and Serbia. The enquiry has revealed that 
the FSE approach is not yet fully implemented in the national regulatory framework of the responding countries, 
even in cases of recently issued or updated national regulations. Moreover, when addressing the technical details 
within the FSE approach, prescriptive methods are largely prevalent in practice throughout the European countries, 
even if FSE approach is allowed. The lack of implementation tools, education and experience in FSE-related issues 
were noted as reasons for not incorporating the FSE approach in the regulatory system. The absence of an explicitly 
defined qualification framework for professionals involved in FSE practice or regulatory reviewers of the FSE 
approach in projects was noted in many European countries. The fire regulators commented on the need for FSE 
implementation supported by research for standardisation, especially for the benefit of professionals who are 
involved in fire safety design practice. 
 
Keywords: fire safety engineering; regulatory framework; standardization; education; training. 
 
 
1. INTRODUCTION 
 
1.1 Fire safety in the built environment – the EU policy and standardisation context 
 
Traditionally, most designs for the fire safety of structures have been based on prescriptive requirements set by 
building regulations, building codes and associated standards. Approaching fire safety design with a performance-
based method addressing the entire building, requires the necessary assessments to be made using Fire Safety 
Engineering (FSE) tools. The adoption of Fire Safety Engineering in fire safety design practices offers several 
benefits, including building-scale approach, a wider range of potential cost-effective fire safety measures, and 
innovative solutions not allowed by traditional prescriptive regulations. In the European Union (EU), fire safety in 
the built environment is a national competence and thus, regulated by the EU Member States (MS). Significant 
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improvements have been achieved in the implementation of fire safety strategies over the past decades in the 
European countries. Fire safety in the built environment is embedded in several EU initiatives and plans for action 
related to the construction ecosystem – the European Green Deal [1], the Renovation Wave for Europe [2] and the 
New European Bauhaus initiative [3]. Moreover, technological developments and the need for improved energy-
performing and climate-resilient buildings have changed significantly the built environment, bringing a new 
challenge for the European policy makers and regulators. 
The EU level regulation on fire safety of the built environment is exercised mainly through the Construction Product 
Regulation [4] and the related harmonised technical specifications. The review [5] of the Construction Products 
Regulation further ensures that the design of new and renovated buildings, at all stages, is in line with the needs of 
the circular economy, leading to increased digitalisation and climate-proofing of the building stock. The Commission 
proposal for revision of the Energy Performance of Buildings Directive [6] also brings attention to fire safety in the 
built environment requesting Member States to address fire and seismic safety for new buildings and existing 
buildings undergoing major renovations. In addition, the new EU strategy on adaptation to climate change [7] sets 
out how the EU can adapt to the unavoidable impacts of climate change and become climate resilient by 2050, as 
well as to improve protection from natural and human-made disasters (floods, heatwaves, fires, earthquakes, 
landslides). Following the updated EU Industrial Strategy, the Transition Pathway for Construction [8] was published 
in March 2023 and delineates a vision for a swift green and digital transition of the construction ecosystem. This 
means the use of new materials, products, and technologies, for which the experience and knowledge base are still 
limited – and which bring along also new types of risks. 
The European Commission also initiates and coordinates complementary activities to regulatory fire safety at the 
EU level. The most prominent of those in the construction sector was the establishment of the Fire Information 
Exchange Platform (FIEP) in 2017 with the aim to enhance cooperation among Member States, as well as to 
facilitate the exchange of knowledge, information and best practices, and cross-learning from fire safety activities. 
Five priority areas have been identified within FIEP΄s scope: statistics, fire prevention, innovation in products and 
applications including high-rise buildings, experience from fire accidents and fire safety engineering. 
Complementary to the EU policies in support of improvements in the construction ecosystem, European standards 
are fundamental for reaching such objectives. This is recognized in the new Standardisation Strategy [9] that 
enables global leadership of EU standards in promoting values and a resilient, green and digital Single Market. 
Within the standardisation framework for the construction sector, the Eurocodes have a prominent role as a series 
of 10 European Standards, EN 1990 to EN 1999, providing common technical rules for the design of buildings and 
other civil engineering works. The Eurocodes contain specific parts – the “fire parts” – dealing with the fire resistance 
of structures. The application of fire safety engineering approach is possible in the general framework of the 
Eurocodes. In particular, EN 1991-1-2 “Eurocode 1: Actions on structures - Part 1-2: General actions - Actions on 
structures exposed to fire” - Annex E “Fire Load Densities” introduces the fire safety engineering approach, which 
is based on design fire scenarios. It establishes links between active and passive fire protection measures and 
determines a procedure for the calculation of the design fire load density to be used in natural fire models. 
 
1.2 Activity at the EC Joint Research Centre to map the implementation of FSE in Europe 
 
Appreciating and acknowledging the advances in fire safety engineering approach and the opportunities this design 
approach may bring to cope with the societal challenges, the Joint Research Centre (JRC) of the European 
Commission explores the needs and options for further harmonisation of the FSE approach in the EU/EFTA Member 
States, having direct link to FIEP’s scope and activities. The activity also contributes to define the needs for guidance 
and training of professionals on FSE, as well as the standardisation needs, to be explored and discussed with 
relevant stakeholders. 
In the period November 2020-October 2021, JRC conducted an enquiry to map the implementation status of the 
FSE approach in the regulatory framework and design practice in Europe. The enquiry aims to support JRC’s work 
towards a proposal for the harmonisation of FSE application on European level, defining the needs for guidance 
and training of professionals, promote the acceptance and/or incorporation of the approach in the national regulatory 
frameworks and facilitate an increased awareness of the status across Europe. The enquiry focused on the built 
environment (housing, offices, theatres, shopping malls, hotels, airports, etc.;) and it did not deal with industrial 
buildings or plants. This paper presents the most important results and conclusions yielded by the JRC from the 
results of the enquiry, and elaborates the next steps of the activity focusing in particular on the education, training 
and standardisation needs towards a full implementation of the FSE approach in Europe. The full description of the 
results is available in a JRC Technical Report by Athanasopoulou et al. (2023) [10]. 
 

597



2. STATUS OF IMPLEMENTATION OF FSE APPROACH IN EUROPE 
 
2.1 Methodology of enquiry 
 
A questionnaire was developed by the JRC, inspired by previous work carried on by ISO/TC92 “Fire Safety” (survey 
on the performance-based fire safety design practices in different countries by its Sub-Committee 4 [11]), and 
CEN/TC127 “Fire Safety in buildings” (The Benefits of Fire Safety Engineering within the European Union – 
BeneFEU programme [12]). Principal national fire regulators from 32 countries provided responses to the enquiry 
for each country, namely: the 27 EU Member States, 3 EFTA Member States (Iceland, Norway and Switzerland) 
and 2 countries with National Standardisation Bodies members of the European Standardisation Committee (CEN), 
i.e., Serbia and United Kingdom. As far as the replies were collected in the period November 2020 – September 
2021, the analysis reflects the state of Fire Safety Engineering approach implementation in 2020-2021. 
Two countries (Belgium and Germany) provided one reply for the country and one for a specific region. This paper 
does not account for the results related to such regions, which were useful to propose comparisons between 
national and regional status, included in the report [10]. Thus, 32 responses (one per country) are accounted for in 
this paper. The questionnaire consisted of 24 questions divided into six parts, namely  
1) Responder’s general information; 
2) General information on the existing fire regulation(s) at national level; 
3) Allowance of Fire Safety Engineering approach (yes/no); 
4) [if relevant based on previous reply] Status of implementation of Fire Safety Engineering approach  / [if relevant] 
Reasons for not applying Fire Safety Engineering approach;  
5) Fire Safety Engineering training, education and research; 
6) Comments and recommendations. 
As the questionnaire part 4 aimed to provide a detailed description on the status of Fire Safety Engineering 
implementation in each country,12 main Technical Areas (TAs) or technical details were selected, in general 
agreement with the technical areas already used in the previous surveys by ISO, BeneFEU and CEN/TC127/WG8 
but providing more details. The selected 12 TAs are listed in Table 1, which also provides the abbreviations to be 
used in the following section of the paper and related figures. The TAs selected are used to describe the nature 
and extent of technical detail through the different countries or regions, obtaining a detailed mapping of the level of 
integration for the FSE approach in fire design regulations of the countries.  
 

Table 1: The 12 Technical Areas (TAs) referred in the JRC enquiry on the FSE implementation status. 
Definition Abbreviation 

Fire detection FireDete 
Early suppression / suppression systems EarlySup 

Evacuation routes EvacRout 
Smoke control systems SmokCoSy 

Structural fire safety StructFS 
Fire compartmentation FireComp 

Smoke compartmentation SmokComp 
Prevention of fire spread to neighbouring buildings PrFiSpre 

Material / system selection for facades MaSelFac 
Material / system selection for all other relevant areas (e. g. interior finishing, cables, internal 

insulation, furniture, etc.) 
MaSelOth 

Firefighting (fire brigade access and intervention FireFigh 
Building installation BuilInst 

 
2.2 Implementation of FSE approach through technical areas, assessment methods and coverage of 
construction types 
 
JRC published the results of the enquiry, with the support of its Fire Safety Engineering  expert network, in January 
2023 [10]. Generally, the enquiry has revealed that the FSE approach is not yet fully implemented in the national 
regulatory frameworks of the responding countries, even in case of recently issued or updated national regulations. 
However, only four countries (Portugal, Greece, Bulgaria and Slovakia) have responded that FSE approach is not 
allowed in fire safety design (Figure 1). Rather than related to any legal restriction, this fact seems due to the 
practical lack of tools, education and experience in FSE-related issues, also resulting in the insufficiency of 
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infrastructure components – legal, insurance, professional certification, education, etc. – that was indicated by all 
the four countries as a reason for not implementing the FSE approach. On the other hand, the reasons why the 
FSE approach is implemented are mostly related to innovation in technology, architecture and construction, and to 
structures or elements not covered by prescriptive fire design provisions. 

 

Figure 1: Reasons for allowance / non-allowance of FSE approach in fire safety design 
 

The questionnaire assumed the following underlying concepts of fire design solutions:  
1) Prescriptive solutions: application of minimum requirements to single building members, according to tabulated 
data, to comply with fire safety and performance standards; no further demonstration is requested to the designer; 
2) Deemed-to-satisfy solutions: application of methods that are deemed to meet the performance requirements; this 
type of solution is similar to prescriptive; 
3) Performance-based solutions: fire design deviating from prescriptive rules, performed with analytical methods, 
on single members, assemblies or whole buildings; the compliance of these solutions with fire safety and 
performance standards must be demonstrated with Fire Safety Engineering methods. 
To address the technical details, prescriptive methods are largely prevalent in practice throughout the countries 
responding to the enquiry, even if FSE approach is allowed. Through the different technical areas (Table 1), the 
shares of applicability of the different available approaches are almost the same. About 50% of the available fire 
safety solutions are prescriptive, 20-25% deemed-to-satisfy and 25-30% performance-based (Figure 2). The 
technical areas that performance-based design method apply the most are Structural fire safety (StructFS), 
Evacuation routes (EvacRout), Smoke control systems (SmokCoSy) and Smoke compartmentation (SmokComp). 

 

Figure 2: Shares of the different approaches to fire safety design through the selected 12 TAs for FSE approach 
(replies from countries allowing the application of FSE approach) 
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In FSE-allowing countries (i.e. 28 countries), performance-based design solutions are mainly available for all or 
most of the 12 TAs; only in 6 of these countries the use of performance-based design solutions is limited to certain 
technical areas. This point reveals a potentially wide implementation of FSE approach for the majority of countries. 
However, in 22 countries (65%), mainly only one approach is available per technical area, indicating a restricted 
choice for fire designers; about 30% of the countries allow, at least, for choice between two approaches (Figure 3). 
As far as it concerns the assessment methods in FSE-allowing countries, the enquiry has underlined the importance 
of building / fire regulations and international standards referenced in such regulations. Finally, the application of 
FSE-based assessment and design methods virtually covers any type of construction in most countries. Exceptions 
are mostly due to the availability of code-established prescriptive solutions – which often indirectly prevent the 
application of FSE approach to residential buildings – and any threshold of construction size or capacity (Figure 4). 
 

 

Figure 3: Number of TAs included in FSE approach and number of approaches available per TA 
 

Figure 4: Number of TAs included in FSE approach and number of approaches available per TA 
 
2.3 Liability for fire safety design 
 
Through all the responding countries, the liability for fire safety design – applying FSE approach or not – and 
compliance of the design to regulations shows significant differences. The 32 responding fire regulators indicate, 
as possible liable subject(s), the architect (23 responses), the fire safety engineer (21 responses) and the 
civil/structural engineer (21 responses). Other liable subjects are also very frequently indicated (13 responses). 
Two main groups can be identified based on the provided information, as follows (Figure 5): 
1) In 22 countries, the fire safety engineer can be liable for fire safety design; other subject(s) – architect, structural 

designer or others – can also be liable depending on different criteria, i.e. the complexity and/or size of the 
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building, the design competency and the occupancy. However, in many cases, the responders have not 
specified any criterion.  

2) In 10 countries, the fire safety engineer cannot be liable for fire safety design. A further distinction is 
recognizable between the cases where the liability for fire design remains on a designer figure and those where 
it transfers to the responsible for the construction or the service life of the building (builder, contractor or owner). 

 

Figure 5: Liable subjects for fire safety design for the construction in the responding countries 
 
2.3 Process of approval of a fire safety project  
 
The approval process of a fire safety project relies on three main actors, namely the local building authority (20 
cases), the fire brigade (13 cases) and the national building authority (7 cases). The approval mechanisms in place 
in the 32 responding countries can be grouped, as follows, by the roles of these authorities (Figure 6): 

 

Figure 6: Actors approving the fire safety design of buildings in the responding countries 
 

1) In 11 countries, only a certain authority approves the project. 
2) In 10 countries, two authorities acting in a complementary way are involved in the approval process. 
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3) In 6 countries, two authorities act in an alternate way, depending on the building occupancy, the entity of fire 
risk of the project, or sometimes on local regulations. 

4) In 5 countries, no approval is normally required (it involves an authority approval only in specific cases). 
Finally, in 5 cases, third bodies – private companies, a FSE expert, a technical commission or an independent 
controller – are also involved in the approval process, generally under specific circumstances like the size of the 
project, the fire risk or clauses in local regulations. Figure 7 shows the interacting involvement of all the bodies in 
the process of fire design approval. The interactions are very diverse throughout the responding countries. 

 

Figure 7: Bodies involved in the approval process of fire safety design of buildings 
 

2.4 Qualifications framework for practitioners and reviewers 
 
The FSE-allowing countries have indicated the qualification requirements for professionals and reviewers to be 
officially qualified to engage in FSE projects and review FSE-based projects, respectively (Figure 8).  

 

Figure 8: Qualifications framework for FSE-allowing countries 
 

The same types of requirements were considered for both categories, namely:  
1) certification or license released by the government,  
2) certification or license released by recognized professional society or nominated body, and  
3) minimum educational or professional experience acknowledged by the government.  
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Finally, the responders could also indicate  
4) the possibility that qualification is not explicitly defined, as well as,  
5) other types of requirements.  
As Figure 8 demonstrates, qualification issued or acknowledged by the government (certification / license or 
educational / professional experience) is the most frequent requirement for both categories, especially for 
professionals. However, the qualification remains not explicitly defined in 34% of cases for reviewers and in 25% of 
cases for professionals. Figure 9 compares the qualification framework for the two categories –design practitioners 
and reviewers for the FSE approach – accounting that the responding fire regulators could indicate more than one 
type of requirement. The majority (18 out of 28) of FSE-allowing countries sets symmetrical requirements; the 
largest group (10 countries) establishes that the qualification of both reviewers and practitioners dealing with FSE 
must be issued or acknowledged by the government. Contrary, in a group of 5 countries, the qualification framework 
is not explicitly defined for both categories.  

 
 

Figure 9: Comparison of required qualifications for practitioners and reviewers in FSE-allowing countries 
 

2.5 The role of the fire consultant / engineer in the fire design process 
 
In the large majority of FSE-applying countries, the engineer with fire design expertise has a key role in the most 
relevant tasks of fire design.  
In detail, the specification of fire scenarios relies mostly on the fire consultant, as indicated by 26 out of 43 responses 
(multiple choice was allowed in this case), as shown in Figure 10. Even when the responders have indicated the 
option “Other”, the fire consultant is nonetheless involved in this basic step of the building fire design, according to 
the information provided in the additional explanations.  
As well, the engineer – whose choice of method or calculation is subjected to the approval of competent authority 
– is the specifier of both design fires and safety criteria in the majority of cases (Figure 11). The engineer can rely 
on its own expert judgement or on the guidance of internationally recognized documents. Comparing the 
specification of design fire safety criteria shown in Figure 11, the different options have similar relevance; more than 
half of the responders indicate the engineer, with higher prevalence (64%) in the case of design fires, while the role 
of regulations and national guidelines / recommendations appears secondary but more relevant in the specification 
of safety criteria. Generally, the selection / determination / proposal of these fundamental parameters of the building 
fire design is a task of the designer rather than of the approving officers or building authorities. 
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Figure 10: Sources and actors for thespecification of fire scenario 
 

 

Figure 11: Specification of design fire and safety criteria 
 
3. DISCUSSION OF OPEN ISSUES 
 
3.1 The role of education and training 
 
Education and training for professionals and officers engaged in FSE design practice and review are mainly 
provided by governmental bodies. In particular, universities are the main FSE education providers, especially at 
postgraduate level [10].Secondary education institutions as well as other bodies (nominated or recognized by 
governmental bodies) can be also FSE-related training providers, as the qualification framework seems to indicate 
(see Figure 8 above). Generally, all the responding fire regulators have expressed the need for increasing and 
improving the education and training offered on FSE in their countries [10]. 
The results of the enquiry enlighten various paths connecting FSE-oriented education and training to the effective 
implementation of the FSE approach in the responding countries, and vice versa. This is supported by the finding 
through the survey that the lack of specific education for subjects involved at every step of fire safety projects for 
buildings is the main reason for not implementing FSE. These connections the enquiry has allowed to assess in a 
general way, should be clarified and elaborated in the next steps of the JRC activity. 
Education and training form the basis for the necessary qualifications of the different categories of subjects involved 
in building design, approval, construction and assessment process, namely: 
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 all the professionals who can legally design or certify the building fire safety (fire engineer / consultant, architect, 
civil / structural engineer, other professionals and technicians); 

 local authority officers and firefighters whose duties cover the review and approval of fire safety design projects, 
as well as private consultants who can be nominated as third reviewers. 

Throughout the countries, the liability profiles of the different actors within the fire design process, as well as the 
qualification framework, should be assessed in parallel to the FSE-related education and training offered. This 
comparison will allow to assess the extent of fire safety competency, as well as awareness and understanding on 
FSE that liable subjects achieve, especially focusing on the following cases: 
 where the liability for the fire safety of a constructed building lies on other subject(s) than the fire safety 

designer; 
 where the fire engineer or fire consultant is appointed to make the main fire design choices, i.e. specification 

of fire scenario(s), design fire and safety criteria;  
 where the qualification framework for professionals and reviewers is not explicitly defined or asymmetrical. 
Finally, the education-related reasons for the practical inapplicability of the FSE approach in construction projects 
– even in countries that allow for its application at the national regulations level – should be assessed within the 
mechanisms of fire design approval throughout the countries. The impaired implementation of FSE might be due to 
the lack of specific education of the approving officers or non-specialist designers (architects, engineers or other 
professionals) who are legally allowed to design a building project from the fire safety point of view.  
 
3.2 Standardization needs 
 
According to the views of the fire regulators of the countries that allow for the use of FSE approach in construction 
projects, the most important topics for standardisation to be further developed are, namely: the fire safety 
performance and acceptance criteria, and the selection of design fires and design fire scenarios (Figure 10). 
Standardised FSE assessment methods, definition of limits in simulation models, and objectives and functional 
requirements of fire safety designs are also identified as important topics. 

 

Figure 10: Topics in need of development by standardization organisations, according to the responders of FSE-
allowing countries 

 
In the countries that apply FSE approach in building fire design, the need for standardisation is particularly high in 
the selection of design fires and fire scenarios, as well as in the fire safety performance and acceptance criteria. In 
fact, such responsibilities currently rely on expert judgement, as shown by the responses about the specifiers of fire 
scenarios, design fires and fire safety criteria. The development of standards in such fields would increase the 
uniformity and objectivity in the processes of design and evaluation of FSE projects. 
The research needs identified by all responding countries / regions (FSE-allowing and not) are illustrated in Figure 
11. It is noted that according to the responders’ opinions, there are many areas of research in need of development 
to improve the implementation of FSE approach.  
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It seems that the fire safety design in innovative buildings might be the ideal target for the use of FSE based design 
methods (new materials and innovative solutions). Moreover, it is evident that the design procedures should be 
based on scientifically obtained data and models (i.e., fire science, such as fire spread, flame spread, smoke spread, 
smoke developments, smoke toxicity, other) and further focus on the users’ communities (Human behaviour and/or 
evacuation). 
Moreover, the objectives and functional requirements of fire safety design, the assessment methods for FSE 
approach (such as evacuation safety design, structural fire safety design, and smoke control) and the definition of 
limits in simulation models (e.g. gas concentration, visibility, shoot yield, walking pace) are indicated by the 
responders as topics of interest for standardisation. This indeed confirms the need of support, especially for 
designers in the use of advanced calculation methods. 
Finally, there is agreement about the importance of research for the future development of FSE-based approach. 
As the responses of all countries / regions indicate, research should deepen the knowledge in fire science and 
material behaviour in fire as well as human behaviour and/or evacuation and fulfil the need for innovative materials 
and solutions for fire design. This points out that the fire safety design of innovative buildings – especially featuring 
innovative materials or technological solutions – is seen as the main task of FSE; it must rely on scientifically 
obtained data and models from physics (of fire, materials etc.) as well as from human sciences. 

 

Figure 11: Research needs for FSE implementation, according to all the responders 
 
4. CONCLUSIONS 
 
The results here presented and elaborated will be useful to plan the next steps of the JRC’s activity in support of 
the incorporation of a FSE approach in Europe. The information collected through the JRC enquiry enlightened the 
main aspects of the fire design practice in building construction (excluding industrial buildings and plants) process. 
The JRC enquiry was carried by means of a questionnaire addressed to selected recipients (fire regulators of the 
EU/EFTA countries, United Kingdom and Serbia). Generally, it enlightened that the implementation of FSE in 
building fire design is not yet fully achieved, being the availability of performance-based solutions generally lesser 
than prescriptive ones throughout the considered FSE technical details or areas.  
The prospects for FSE implementation in the building fire regulations of the European countries appear positive, 
because FSE is virtually applicable in all or many FSE related technical areas, and to all or many types of 
constructions. However, mainly only one assessment approach for technical solutions per technical area is 
available, and the availability of assessment methods mainly depends on the availability of national regulations and 
standards. 
In most cases (22 countries), the liability for fire safety design can be undertaken by a subject with specific expertise 
in fire safety. Generally, this figure is seen as a specialist to be involved in the design of a building based on certain 
criteria – mainly related to the physical and functional characteristics of the project and to the principle that designers 
are responsible for what they design. However, further insight is necessary on such criteria (10 countries have not 
specified any of them). In the ten countries where the fire safety designer cannot be liable, there is the need for 
clarifying the level of specific fire safety expertise of the liable subjects – especially, the education and training of 
designers like the architect or the structural engineer. In the limited cases where other subjects are liable, further 
insight is needed to clarify how fire safety competency is granted in the whole process of project design, review and 
approval. 
A significant fact emerging from the enquiry result is the frequent absence of an explicitly defined qualification 
framework for professionals involved in FSE practice (4 countries) or regulatory reviewers of the FSE approach in 
projects (2 countries), or both (5 countries). On the other hand, in 10 countries the qualification of both actors of the 
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building fire safety process depends on acknowledgement by the government in different ways. These strong 
differences in approach deserve further study to explore their relationship with the level of FSE implementation in 
the different countries. 
Fire engineers / consultants generally undertake the basic tasks of fire safety design in construction projects. To 
perform their tasks, they need to be aware of internationally recognised documents as well as of the availability of 
data, tools and methods for applying FSE design. The construction of an effective dialogue between professionals 
and approving authorities, when it comes to FSE application – especially local authorities and fire brigade – is also 
very important to support implementation of FSE approach in practice. 
The effective implementation of a FSE approach in building fire design largely depends on the availability of FSE-
oriented education and training – particularly for design professionals and officers (including firefighters) called to 
review and approve fire design projects. The responders also agree on the need for FSE implementation supported 
by research for standardisation, especially for the benefit of professionals who are involved in fire safety design 
practice. 
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ABSTRACT 

 

Fires cause great disruption and damage, and it is necessary to adopt control measures to minimize their spread. 

For this reason, experimental and numerical research plays a fundamental role in advancing scientific knowledge 

on this topic. Experimental tests have high added value, and with the improvement of computer processing, 

computational numerical analyses are increasingly used for this type of research. The Fire Dynamics Simulator 

(FDS) is a computer program capable of performing computational numerical analyses of fluid dynamics, widely 

used by researchers worldwide. Thus, this research aims to numerically analyze with the aid of FDS, whether the 

control requirements (horizontal projection and projections summation), disposed in IT (technical instruction) 

09/2019 are effective in combating the external vertical fire propagation, by means of temperature measurements 

on the facade, comparing with ignition values of materials present in upper floors of buildings. The obtained results 

show that the models by projections summation do not present the same efficacy among themselves, and with the 

temperatures extracted from this study, it is concluded that for the models analyzed in this work, the fire propagation 

would not occur to the upper floors of the building under study. 

 

Keywords: Fire Dynamics Simulator; computational fluid dynamics; numerical analysis; vertical compartmentation; 

passive protection. 
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1. INTRODUCTION 

 

The increasing demand for different arrangements of openings in facades has left buildings susceptible to the risk 

of external flame propagation that emerges between floors. Therefore, countries have adopted specific standards 

that deal with horizontal and vertical compartmentation, presenting parameters to prevent the spread of fire to other 

environments. The study of vertical fire propagation on the facade aims to technically evaluate the requirements 

contained in current fire safety standards, in order to enable the verification of the effectiveness of these control 

requirements (spandrel, horizontal projection and summation of both). 

 

The Fire Dynamics Simulator (FDS) is a computer program that uses the finite volume method in computational 

fluid dynamics (CFD) and is viable for computational numerical analysis of fire propagation, being used by 

researchers worldwide. According to Zhang, Zhu, and Zhao (2016), there are financial and experimental limitations 

for fire safety research due to its high added value. However, with the rapid improvement in computer processing 

capacity, the use of computational numerical analyses is becoming increasingly viable. 

 

There are no ABNT (Brazilian Association of Technical Standards) standards on the topic of vertical 

compartmentation, leaving it up to each state to develop its own technical instructions (IT). Technical Instruction 

No. 09/2019 of the São Paulo State Fire Department deals with horizontal and vertical compartmentation and is the 

main reference for the development of technical instructions in other states. 

 

Technical Instruction No. 09/2019 of the São Paulo State Fire Department specifies that spandrel must offer a 

minimum separation of 1.20m between the openings of subsequent floors. In the case of the use of horizontal 

projections, this separation by extending the floors must have, at least, 0.90m beyond the facade alignment 

(CBMESP, 2019). The use of a combination of vertical and horizontal projections is also allowed, as long as the 

occupations of these buildings are low-risk, with a fire load of up to 300MJ/m², and have a minimum sum of 

horizontal and vertical dimensions of 1.20m. 

 

The main objective of this analysis is to numerically evaluate the requirements for containing external vertical fire 

propagation contained in IT 09/2019 in force, in order to enable the verification of the effectiveness of these control 

requirements (spandrel, horizontal projections, and summation of both), through the comparison between 

temperatures on the upper floor facade with auto ignition temperatures of typical materials on facades of buildings. 

Other models similar to those contained in IT 09/2019 were also analyzed for greater research coverage. 

 

 

2. REGULATORY STANDARDS FOR VERTICAL COMPARTMENTATION IN BUILDINGS 

 

In this research, safety regulations against fire were used, which deal with the sizing of vertical compartmentation 

in buildings, for the containment of vertical fire propagation to other environments, from four countries: Brazil, 

Portugal, the United States of America, and England. 

 

2.1 Brazil 

 

In Brazil, each state has its own regulatory safety standards against fire, called Technical Instructions (or Technical 

Standards), which are different from the Brazilian Standards (NBR) that regulate the entire national territory. The 

Technical Instructions of the Military Police Fire Brigade of the State of São Paulo are known for their quality, and 

because other states in the federation adopt their text. Therefore, in this work, Technical Instruction No. 09/2019 

from São Paulo is considered, which deals with the horizontal compartmentation and vertical compartmentation of 

buildings. 

 

Spandrel must offer a minimum separation of 1.20 m between the openings of subsequent floors (Figure 9). In the 

case of the use of horizontal projections, this separation must be made by prolonging the mezzanine floors, at least 

0.90 m beyond the facade alignment (CBMESP, 2019). Technical Instruction No. 09/2019 (CBMESP, 2019) also 

allows the use of a combination of spandrel and horizontal projections, provided that the occupations of these 

buildings are of low risk (up to 300MJ/m²), meet a minimum of 1.20 m in combined dimensions, and are exposed 

to the external environment. 
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Figure 1: Models of projections contained in IT 09/2019 

 

2.2 Portugal 

 

In Portugal, fire safety regulations are specified in Portaria N° 1532/2008. In Portuguese regulations, facade 

elements with the same alignment and located on successive floors must have a height greater than 1.10 m. The 

use of protruding elements such as canopies, balconies or terraces is also allowed, provided that they extend more 

than 1.00 m to each side of the facade openings. In addition, a value of 1.10 m must be considered as the distance 

between overlapping openings added to the projection of the protruding elements, provided that these elements 

can guarantee the EI 60 fire resistance class (fire-cutting element with airtightness to flames for 60 minutes). 

 

2.3 United States of America 

 

In the United States of America, fire safety regulations are specified by the standards of the National Fire Protection 

Association (NFPA). The Building Construction and Safety Code, NFPA 5000 (2021), deals with the necessary 

requirements for the vertical separation of external openings in buildings. 

 

According to NFPA 5000 (2021), buildings with four or more floors that are not protected by a sprinkler system, 

according to NFPA 13 or NFPA 13R, must be separated or protected by at least one of the following: 

 

1) The exterior walls between the openings must provide a minimum fire resistance of 60 minutes; 

2) Vertical protection (spandrel) must not be less than 0.915 meters in height and must be located between 

the openings; 

3) Horizontal protection must not be less than 0.760 meters in length and must be located between the 

openings. 

 

2.4 England 

 

In England, fire safety regulations are specified in the Building Regulations 2010 (2020). This document deals with 

construction techniques, including fire safety. According to the regulation, in case of fire spread through the facade, 

external walls of buildings must adequately resist vertical fire spread and spread from one building to another, taking 

into account the height, use, and position of the building. 

 

Regarding vertical projections (spandrel) for vertical fire containment, the value considered is 1.00 m, while for 

horizontal projections, no specific value was found. 

 

 

3. METHODS 

 

The method used for this study is computational numerical analysis, where numerical simulations are carried out to 

evaluate the possibility of vertical external fire propagation in multi-story buildings. The numerical simulations of the 

study will be processed through the computational numerical analysis program Fire Dynamics Simulator (FDS), 

developed by the Institute of Standards and Technology (NIST) and the VTT Technical Research Centre of Finland 

(MCGRATTAN et al., 2021). 
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The experimental design of this research consists of conducting twelve numerical simulations, to perform 

comparative analyses between horizontal projections and sum of projections, considering the minimum values 

prescribed in the regulations, in order to evaluate the effectiveness of the different projections models contained in 

the IT 09/2019 of the Fire Department of São Paulo. Table 1 shows the list of analyzed numerical simulation models. 

 

Table 1: Simulation models 

ACRONYM PROJECTIONS LEVELS DIMENSIONS 
FIRE LOAD 

(MJ/m²) 

M-V0,0-H0,4 
 
 

Horizontal projections 

Level 1 0,40m 300 

M-V0,0-H0,6 Level 2 0,60m 300 

M-V0,0-H0,8 Level 3 0,80m 300 

M1-V0,6-
H0,6  

 
Sum of spandrel and horizontal projections 

- Model 1 

Level 1 
0,60m + 
0,60m 

300 

M1-V0,4-
H0,8 

Level 2 
0,40m + 
0,80m 

300 

M1-V0,8-
H0,4 

Level 3 
0,80m + 
0,40m 

300 

M2-V0,6-
H0,6  

 
Sum of spandrel and horizontal projections 

- Model 2 

Level 1 
0,60m + 
0,60m 

300 

M2-V0,4-
H0,8 

Level 2 
0,40m + 
0,80m 

300 

M2-V0,8-
H0,4 

Level 3 
0,80m + 
0,40m 

300 

M3-V0,6-
H0,6  

 
Sum of spandrel and horizontal projections 

- Model 3 

Level 1 
0,60m + 
0,60m 

300 

M3-V0,4-
H0,8 

Level 2 
0,40m + 
0,80m 

300 

M3-V0,8-
H0,4 

Level 3 
0,80m + 
0,40m 

300 

 

3.1 Building Geometry 

 

The proposed building geometry in this work aims to reproduce a typical room of a multi-story building, with internal 

dimensions of 3.00m x 3.00m and a height of 2.60m. All walls and slabs of the building were considered to have a 

thickness of 0.20m. Thus, a standard model was created, to which independent variables were subsequently added 

one at a time, enabling the evaluation of their respective efficacies. It is important to note that no type of closure 

was provided on the front facade, only the projections were present on it. 

 

3.2 Models of  projections analyzed 

 

The models of projections analyzed in this study were those prescribed in IT 09/2019, with variations in their 

dimensions. Other models similar to those contained in IT 09/2019 were also analyzed for greater research 

coverage. Table 1 shows the acronyms, models, and dimensions of the projections used. 

 

In the models with horizontal projections, slab extensions of 0.80 m, 0.60 m, and 0.40 m were inserted. It is worth 

noting that the dimensions of these horizontal projections are not adequate for IT 09/2019, but were simulated to 

enable a comparison between these dimensions of horizontal projections with models by sum of projections with a 

horizontal projections component equal to the dimensions presented above, as shown in Figure 2. 
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Figure 2: Model with horizontal projections 

 

The models for the sum of spandrel and horizontal projections were evaluated according to the two models 

contained in IT 09/2019, and a third model proposed by the author. For all the analyzed models, normative 

prescriptions were respected which established that the sum of the spandrel and the horizontal projections should 

be greater than or equal to 1.20 m. As the Technical Instruction does not specify limits for the measurements of the 

projections, this work used measures defined by the authors and displayed in Table 1, always respecting the 

minimum limit defined by IT 09/2019. In Figure 3, models 1, 2, and 3 of vertical compartmentation by sum of spandrel 

and horizontal projections are presented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Models 1, 2, and 3 of vertical compartmentation by summing of spandrel and horizontal projections. 

 

3.3 Fire load 

 

To reproduce the fire load in this study, the methodology known as "wood equivalent" was used, in which wood is 

used to reproduce the necessary fire load in a given environment. For this study, a quantity of wood was arranged 

to simulate a fire load of 300 MJ/m². 

 

To compose the fire load of 300 MJ/m², wooden elements were arranged in the dimensions of 0.10m x 1.00m x 

0.10m (width x length x thickness) in the quantity of 41 wooden units divided into 8 layers of 5 units and 1 layer of 

1 unit, forming an element similar to a pallet. Table 2 shows the characteristics of the woods used for the 

composition of the fire load. 

 

Table 2 - Wooden elements for the composition of the fire load of 300 MJ/m² 
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Description Units Properties of the wood 

 
Characteristics of the wood 

Density kg/m³ 369,60 

Calorific Potential MJ/kg 17,90 

 
 

Geometry of wooden pieces 

Width m 0,10 

Length m 1,00 

Thickness m 0,10 

Volume m³ 0,01 

 
 

Overall 

Compartment Area m² 9,00 

Total Fire Load MJ 2712,51 

Specific Fire Load MJ/m² 301,39 

Quantity of elements un. 41,00 

 

3.4 Temperature measurement devices 

 

The temperature measurement devices used in this study included gas temperature measurement devices inside 

the fire compartment, as well as on the facade of the upper floor. Surface temperature measurement devices were 

also placed on the underside of the floor slab of the fire compartment and at the ends of the spandrel and horizontal 

fire projections, to enable the analysis of temperature on the underside of the slab and the fire containment 

elements. Flat temperature measurement devices, called "slices", were placed longitudinally in the central part of 

the building and transversely in the central and facade parts of the building (Figure 4). 

                                                                     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Measurement devices 

 

The devices are named according to their positions in the building. For example, the gas measurement device 

named "SUPERIOR_4,4 m" is located on the upper floor of the building at a height of 4.40 meters above ground 

level. The surface temperature measurement device named "TÉRREO_2,8 m_WALL" is located on the lower floor 

of the building at a height of 2.80 meters above ground level. 

 

 

4. RESULTS 

 

The results of the models presented in this study have their names and characteristics presented in Table 1. 

Therefore, a comparison of the effectiveness of the models with horizontal projections and the three models with 

sum of spandrel and horizontal projections will be presented. 

 

4.1 Comparative of models by sum of spandrel and horizontal projections 
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For the execution of this comparative study, numerical simulations were carried out using FDS, which made it 

possible to evaluate the behavior of the fire in the models by sum of spandrel and horizontal projections. Three fire 

scenarios were carried out, keeping the same dimensions for models 1, 2, and 3, in addition to the insertion of a 

model with only a horizontal projections in the same dimension as the horizontal part of the aforementioned models. 

It is worth mentioning that the models by sum of spandrel and horizontal projections analyzed have a horizontal 

sum of a minimum dimension of 1.20 m, to comply with the instruction contained in IT 09/2019. Table 3 shows the 

characteristics of each comparison. 

 

Table 3: Characteristics of fire scenarios 

MODELO 

SCENARIO 1 SCENARIO 2 SCENARIO 3 

ACRONYM 
DIMENSION

S 
ACRONYM 

DIMENSION
S 

ACRONYM 
DIMENSION

S 

Horizontal 
projections 

M-V0,0-H0,4 0,40m M-V0,0-H0,6 0,60m M-V0,0-H0,8 0,80m 

Sum of 
spandrel and 

horizontal 
projections - 

Model 1 

M1-V0,8-
H0,4 

0,80m + 
0,40m 

M1-V0,6-
H0,6 

0,60m + 
0,60m 

M1-V0,4-
H0,8 

0,40m + 
0,80m 

Sum of 
spandrel and 

horizontal 
projections - 

Model 2 

M2-V0,8-
H0,4 

0,80m + 
0,40m 

M2-V0,6-
H0,6 

0,60m + 
0,60m 

M2-V0,4-
H0,8 

0,40m + 
0,80m 

Sum of 
spandrel and 

horizontal 
projections - 

Model 3 

M3-V0,8-
H0,4 

0,80m + 
0,40m 

M3-V0,6-
H0,6 

0,60m + 
0,60m 

M3-V0,4-
H0,8 

0,40m + 
0,80m 

 

Figures 5 and 6 show the values of temperatures on the building facade measured by the "SUPERIOR_5.1 m" 

device for scenario 1 and the behavior of the fire, respectively. 
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Figure 5: Temperature curve versus time of scenario 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Behavior of the fire in scenario 1. In the grids, each division represents 50 cm 

 

The fire reached its maximum temperature at this point on the facade of 28.49 °C at 952.80 seconds for model M-

V0.0-H0.4, 112.99 °C at 849.61 seconds for model M1-V0.8-H0.4, 159.85 °C at 900.01 seconds for model M2-

V0.8-H0.4, and 34.23 °C at 2359.21 seconds for model M3-V0.8-H0.4. Note that the data extracted from figures 5 

and 6 indicate that the horizontal firebreak acting alone was more effective in containing the vertical fire propagation, 

as shown in figure 6, the fire had a tendency to move away from the building for this firebreak model. However, the 

sum of spandrel and horizontal projections models showed lower efficiency than the horizontal projections model, 

even though the horizontal measure (0.4 m) of all models is the same. It is worth highlighting that all analyzed 

models have the same fire load of 300 MJ/m². 

 

Figures 7 and 8 show the values of temperatures on the building facade measured by the "SUPERIOR_5.1 m" 

device for comparison 2 and the behavior of the fire, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Scenario 2 
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Figure 8: Behavior of the fire in scenario 2. In the grids, each division represents 50 cm 

 

The fire reached its maximum temperature at this point on the facade at 24.32 °C at 1219.21 seconds for model M-

V0.0-H0.6, 59.45 °C at 708.00 seconds for model M1-V0.6-H0.6, 110.07 °C at 775.20 seconds for model M2-V0.6-

H0.6, and 25.11 °C at 2179.20 seconds for model M3-V0.6-H0.6. Note that the data extracted from figures 7 and 8 

also indicate that the horizontal projections acting alone was able to more effectively contain the vertical fire 

propagation, as shown in figure 7, where the fire tended to move away from the building for this projection model. 

The models with sum of spandrel and horizontal projections presented inferior effectiveness compared to the model 

with only the horizontal projections, even though the horizontal measure (0.6 m) of all models was equal. It is 

important to note that, compared to scenario 1, the temperatures on the facade presented in the models of scenario 

2 were lower, since the horizontal projections in this scenario is larger than in the first. 

 

Figures 9 and 10 show the values of the temperatures on the building facade measured at the "SUPERIOR_5.1 m" 

device for the comparison 3 and the fire behavior, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Scenario 3 
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Figure 10: Fire behavior in scenario 3. In the grids, each division represents 50 cm 

 

The fire reached its maximum temperature at this point on the facade at 22.06 °C at 636.01 seconds for model M-

V0.0-H0.8, 34.30 °C at 67.21 seconds for model M1-V0.4-H0.8, 37.36 °C at 1725.60 seconds for model M2-V0.4-

H0.8, and 21.85 °C at 1377.61 seconds for model M3-V0.8-H0.8. Note that the data extracted from figures 9 and 

10 also indicate that the horizontal projections acting alone was able to more effectively contain the vertical fire 

propagation, except for model M3-V0.8-H0.8, which had slightly better performance, but which can be considered 

equivalent to model M-V0.0-H0.8 due to the small percentage difference in the maximum temperature. The fire had 

a tendency to move away from the building for these projections models. The models M1-V0.4-H0.8 and M2-V0.4-

H0.8 with sum of spandrel and horizontal projections presented inferior effectiveness compared to the model with 

only the horizontal projection, even though the horizontal measure (0.8 m) of all models was equal. It is important 

to note that, compared to scenarios 1 and 2, the temperatures on the facade of the model in scenario 3 were lower, 

which occurred due to the larger portion of the horizontal projection in this scenario. 

 

The behaviors of fires and the temperatures presented previously in scenarios 1, 2, and 3 can be explained by the 

fact that when there is a wall above the opening of the burning floor, the tendency of hot gas is to rise close to the 

building wall, thus increasing the temperature in the upper floor (YOKOI, 1960). It is also important to mention that 

the rates of openings in the burning floor influence the temperature in the upper floor. It is possible to observe that 

higher rates of openings on the facade of a building lead to lower temperatures, while lower rates of openings lead 

to higher temperatures. Therefore, the larger the free openings on a facade, the tendency is for the temperatures 

in the upper floor to be lower (GUIMARÃES, 2022). Thus, it is possible to verify that the models by summation of 

spandrel and horizontal projections contained in IT 09/2019 (scenarios 1 and 2) and the model proposed by the 

author (scenario 3) are not equivalent because they do not present the same efficacy in containing the fire in the 

burning floor. This occurs because when a designer chooses to use a greater spandrel in the model by summation 

of spandrel and horizontal projections, the temperature in the upper floor tends to rise, making it necessary to 

establish normative criteria (limits) for the best use of these measures. 

 

 

5. CONCLUSIONS 

 

In this work, the effectiveness of 1 horizontal projection model and 3 models using a sum of spandrel and horizontal 

projections was analyzed using the FDS computational numerical analysis program. The dimensions defined for 

the horizontal projection models were established considering the value of the horizontal measurement of the model 

by the sum of the spandrel and horizontal projections, therefore, in the configurations adopted, all have values lower 

than 0.9m, thus being a measurement lower than that proposed in the IT 09/2019. For models 1, 2, and 3 using a 

sum of spandrel and horizontal projections, dimensions were defined that were summed up to at least 1.20 m, as 

prescribed in technical instruction IT 09/2019. It is important to note that models 1 and 2 are contained in the IT, 

while model 3 was defined by the author in order to increase the scope of the work. 

 

In comparing the temperatures of the aforementioned models, it is noted that they do not have the same 

effectiveness, since projections with larger horizontal dimensions will always tend to obtain better results. This 

occurs due to the horizontal projection being more effective than other measures for controlling the propagation of 

external fire. It is also noted that when choosing to use a larger spandrel portion in the sum of spandrel and 

horizontal projections models, the temperature in the upper floor tends to rise, since the presence of a wall above 
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the opening of the burning floor causes a tendency for the hot gas to rise closer to the building facade, thus 

increasing the temperature in the upper floor. 

 

On the facades of models with larger portions of spandrel, it was noticed that the temperatures in the upper floor 

were higher, since in these cases, it is possible to associate this with a lower availability of oxygen entry into the 

interior of the burning floor, as oxygen acts as an oxidizer in the propagation of fire, where a lower portion of oxygen 

in this case delays the burning of the fuel (wood) a little more, making the fire longer-lasting and consequently 

raising the temperatures on the building facade. In the opposite case where the openings on the facade are larger, 

the supply of oxidizer will be abundant, causing a rapid burning of the fuel, making the fire faster and with lower 

temperatures on the building facade. 

 

In the numerical modeling of this research, a maximum temperature of 159.85 °C was found at 900.01 seconds for 

model M2-V0.8-H0.4, a relatively low temperature for the propagation of fire to the upper floors of a building. 

According to Lawson (2009), temperatures up to 100 °C can cause discomfort and severe burns on human skin, 

but when it comes to the auto ignition of constituent materials around a facade, such as cotton and fabrics, this 

temperature is not capable of initiating the carbonization process of these materials, since temperatures between 

250 to 399 °C would be necessary for that to happen. Therefore, it is possible to affirm that for the models simulated 

in this work with a fire load of 300 MJ/m², there would be no propagation of fire to the upper floors of the building 

under study. 
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ABSTRACT 

 

The results of experimental research dealing with the influence the duration of exposure of selected steel grades 

to fire exerts on their post-fire brittleness are presented and substantively discussed. The detailed analysis 

pertains to steels of varied microstructure, in particular: S355J2+N steel – representative for conventional ferritic-

pearlitic structural steel grades, and a few stainless steel grades, such as: X6CrNiTi18-10 steel – characterized by 

austenitic structure, as well as X2CrNiMoN22-5-3 and X2CrMnNiN21-5-1 steels – both of mixed austenitic-ferritic 

structure, however, the first of these is of standard duplex type while the second one – of lean duplex type. The 

considered scenarios of simulated fire exposure have been selected so, as to follow the rules of steady state 

heating regime. The first series of experiments, associated with the "short” fire scenario, consisted of fast heating 

the samples to the assigned temperature and then keeping them in that temperature for one hour. In the second 

series of experiments, associated with the “long" fire scenario, the effective heating time has been extended to 10 

hours. Two different levels of heating temperature have been applied, namely 600oC and 800oC. The cooling 

mode of the test samples has been varied as well. Slow cooling in the open air has been opposed to rapid cooling 

in water mist, simulating the results of extinguishing action conducted by fire brigade. 

 

Keywords: fire exposure; fire duration; steel microstructure; impact strength; instrumented Charpy test.  

 

1. INTRODUCTION 

 

It is widely known, that the mechanical properties of steel cooled down after prior more or less prolonged action of 

fire temperature would substantially differ from analogous properties exhibited by the same steel, but evaluated a 
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priori, i.e. before initiation of fire action. Under such scenario these properties would be influenced not only by the 

intensity and heating method [1] realized in practice as well as the temperature reached during heating and the 

duration of the heating process itself, but also and perhaps even above all by the rate and speed of the cooling 

process affecting the steel during fire extinguishing phase, often associated with the firefighting operation. The 

permanent thermally induced changes in the microstructure of the material, including in particular changes in the 

shape, size, and arrangement of grains in the metallic matrix weakening the cohesion of grain embedding in this 

matrix, harmful secondary precipitates, micro-notches and micro-cracks growing uncontrollably, local hardening of 

the material, etc. [2] will determine the post-fire behavior of the evaluated steel after application of the external 

loads to structural components made of it, and thus the suitability of given steel grade for possible extended 

service after undergoing a fire incident. The allotropic transformation, especially the austenitic one, occurring at 

sufficiently high temperature level seems to be the key here. 

The research conducted so far in this field had been in general limited to taking the inventory of quantitative 

changes induced by fire in the basic mechanical properties of the considered material, and in particular changes 

in the yield limit, ultimate bearing capacity or the modulus of the longitudinal elasticity. Detailed analyses have 

been made at first for conventional structural unalloyed steels [3], and subsequently for the steels of the same 

kind, but exhibiting increased strength [4, 5]. A difference in post-fire behavior of cold formed steel and hot rolled 

steel had been noted and analyzed [6, 7]. Another group of authors dealt with high strength steels (HSS) [8-16]. A 

significant difference in properties of these steel grades, exhibited after exposure to fire episodes, when 

compared against the properties of traditional unalloyed steel grades subjected to the same conditions has been 

found out. In addition, a significant influence of the way the fire extinguishing action has been conducted on the 

post-fire mechanical properties of such steels has been emphasized. In the context of analyses reported in this 

paper readers' attention should be turned to the works dealing with post-fire mechanical properties of stainless 

steels, in particular those exhibiting ferritic [19] structure as well as duplex steels [20, 21]. The papers [22-24] 

dealing with permanent changes in mechanical properties of various structural steel grades observed after a fire 

incident may be of special interest as well, as the traditional formal analysis is accompanied in these papers by 

statistical analysis, undoubtedly facilitating and validating the conclusions drawn. 

The considerations presented in this paper are concentrated on a different aspect of such analyses. Here we 

analyze in detail the experimentally determined post fire impact strength exhibited by several, intentionally 

selected, steel grades. We recognize, that this material property may be treated as a reliable indicator of the 

forecast a posteriori resistance to brittle fracture. The results presented here represent a supplement to the 

results presented previously in [25-27]. We intend to show, in a somewhat expanded scope, how the behavior of 

steel, identified after finished fire incident followed by cooling, changes depending on the duration of the fire 

exposure. 

 

2. STEEL GRADES SELECTED FOR ANALYSIS 

 

The following steel grades have been selected for analysis: 

- S355J2+N steel – a grade representative for conventional structural steels exhibiting two phase ferritic – 

pearlitic structure. This is a normalized steel, well weldable, with increased manganese content, with 

banded pearlite. Up to 350ºC it is relatively insensitive to short term thermal action. In the commercial 

nomenclature it is denoted by the symbol (Werkstoffnummer) 1.0577. Properties of this steel are listed in 

the code EN 10025-2 [28]. 

- X6CrNiTi18-10 steel – a grade typical for stainless, acid resistant steels of single phase austenitic 

structure. This is a high alloy, chromium – nickel steel, sometimes with low amount of ferrite and carbon 

stabilized with addition of titanium. It is supersaturated from the temperature of 1100ºC. Is characterized 

by very good weldability. Exhibits good resistance to corrosion in natural environment, provided that low 

concentration of chlorine, salt, nitrogen acid and organic acids is ensured. This steel is applied in 

particular when high resistance to intercrystalline corrosion is required. Represents a group of special 

steel grades recommended for application in the temperature below 600ºC (due to the risk of harmful 

sigma phase precipitating in the temperature range of 650ºC-800ºC). In the commercial nomenclature it 

is denoted by the symbol (Werkstoffnummer) 1.4541. Properties of this steel are listed in the code EN 

10088-1 [29]. 

- X2CrNiMoN22-5-3 steel – as a grade typical for the stainless steels exhibiting a two phase austenitic-

ferritic structure of standard duplex type (SDSS). This is a high alloy steel, chromium – nickel – 

molybdenum, supersaturated from the temperature of 1050ºC in water. Exhibits very good resistance to 

pitting and surface corrosion. Represents a group of duplex steels recommended for application in the 
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temperature up to 300ºC (due to the occurrence of harmful 475ºC brittleness phenomenon). In the 

commercial nomenclature it is denoted by the symbol (Werkstoffnummer) 1.4462. Properties of this steel 

are listed in the code EN 10088-1 [29]. 

- X2CrMnNiN21-5-1 steel – a grade representative for the group of low alloy stainless steels, exhibiting 

two phase austenitic-ferritic structure of the lean duplex type (LDSS). The steels of this type, if compared 

against the traditional standard duplex steels, exhibit decreased chromium, molybdenum and nitrogen 

content. The chemical composition of these steels has been balanced as to obtain good resistance to 

localized and uniform corrosion. The microstructure of the duplex type, similarly to the SDSS steels, 

contributes to their high resistance to brittle fracture, in particular when dealing with advanced stress 

induced, intercrystalline and pitting corrosion. In the as delivered state this steel grade is characterized 

by high fatigue strength. Due to the risk of brittle fracture this steel should not be applied in the 

temperature higher than 250ºC. In the commercial nomenclature it is denoted by the symbol LDX 2101 

(Werkstoffnummer 1.4162). Properties of this steel are listed in the code EN 10088-1 [29]. 

These steels differ in the scope of application in construction industry. Their varied microstructure, conditioned by 

the properly balanced chemical composition directed us in the selection of these steel grades for detailed 

analysis, as we intend to show, that the differences in chemical composition to a high extent determine the 

properties of these steels observed a posteriori, in the cooled state, after surviving fire incidents differing in the 

duration and scenarios intentionally programmed by us. 

 
3. THE SIMULATED FIRE SCENARIOS 
 

Prior to the impact strength tests, the samples made of each steel grade tested by us and having the dimensions 

and shape typical of the Charpy test with V type notch have been subjected to thermal treatment simulating a 

short term (for the samples belonging to the first group) or long term (for the samples belonging to the second 

group) action of fire temperature. During the first phase o this process the samples have been heated with a 

constant heating speed of 100ºC/min to the temperature of 600ºC (series 1.1 and 2.1) or 800ºC (series 1.2 and 

2.2), respectively. Following the heating period, the samples have been kept at the constant temperature for 60 

minutes – following the “short” fire scenario (series 1.1 and 2.1), or for 600 minutes – following the “long” fire 

scenario (series 1.2 and 2.2), conforming to the conventional procedure of steady state heating regime. After 

heating the samples have been cooled to the ambient temperature. For comparison, during each series of tests, 

two alternative cooling modes have been applied, namely: slow cooling in the open air, simulating self 

extinguishing of the fire, and rapid cooling in water mist, simulating the action of a fire brigade. The preliminary 

thermal treatment scenarios described above and applied to the tested samples are depicted in Fig. 1. 

 

        

Figure 1: Simulated fire development scenarios followed during the experiment, namely: "short" fire (at left) and 
"long" fire (at right). 

 

The heating and keeping of the samples at constant temperature in each of the considered testing scenarios have 

been conducted in the KJ-M1200-64L-IC muffle furnace made by Kejia Furnace Co. Ltd. (Fig. 2). The sample 

heating temperature values, namely the lower one – equal to 600ºC (series 1.1 and 2.1) and the higher one – 

equal to 800ºC (series 1.2 and 2.2) have been selected intentionally. These temperature values are to be related 

to the temperature of the allotropic change occurring in the structure of the steel, and in particular transformation 

of the δ-ferrite into γ-austenite (in the δ→γ relation or possibly in inverse relation γ→δ). The first of these two 

levels is to low, while the second one is sufficiently high to allow for the expected structural changes of permanent 

character to occur in the tested steel samples. 
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Figure 2: Equipment used to conduct the tests: muffle furnace KJ-M1200-64L-IC (at left and in the center), 
instrumented Charpy hammer JB-W450E-L (at right). 

 
4. IMPACT STRENGTH TESTING METHODOLOGY 

 

The impact strength tests of cooled samples have been conducted on instrumented Charpy hammer JB-W450E-L 

(Fig. 2), with a potential energy of 450J, following the recommendations of the codes [30-33]. The R8 hammer (of 

American type) has been used during the tests, following the assumption that in construction industry an impact 

by an object of flatter surface (with respect to the classical R2 hammer of European type) is more probable. The 

hammer had been equipped with a transducer used to measure the force hitting the sample, while the 

accompanying displacement of the force application point had been recorded with an encoder. The impulses 

generated by both devices were processed by a data logger of high sampling frequency. The results of each test 

have been depicted on automatically generated graphs, expressing the relation of force, breaking energy and the 

displacement of force application point as functions of time or force and breaking energy as a function of the 

displacement. The location of characteristic limit points had been automatically indicated on the graphs by the 

software. 

 

The samples have been tested at the temperature of +20ºC, to simulate the potential post-fire service of the 

structure in summer and at the temperature of –20ºC, to simulate the potential post-fire service of the structure in 

winter. 

 

Thus 72 qualitatively different test cases have been considered. For each of the considered four steel grades and 

two impact strength test temperature values eight independent tests related to the steel cooled after prior 

simulated fire incident have been considered (two heating temperature levels multiplied by two different cooling 

scenarios and multiplied by two different heating periods) accompanied by one so called reference case, 

pertaining to the sample in the virgin state (unaffected by fire action preceding the impact strength test). Each test 

was repeated on a set of six statistically independent samples to satisfy the requirements of adequately reliable 

final estimation. As a result 432 separate impact strength tests have been performed. Therefore the F-s curves 

presented below are to be interpreted each time as the relations averaged over a six element statistical sample 

 

The obtained results have been archived, using a four digit description code, with every digit of the description 

interpreted as shown in the Table 1. The cases denoted with single digit, i.e. 1, 2, 3 and 4 refer in this code to the 

six element set of the so called reference cases obtained on the samples made of steel remaining in the virgin 

state (i.e. made of material unaffected by the simulated fire action preceding the actual impact strength test). 

 

Table 1 Coding system applied to encode the results obtained on sample sets subjected to impact strength tests. 

1st digit of the description 
– steel grade 

2nd digit of the description 
– heating temperature 

3rd digit of the description 
– cooling mode 

4th digit of the description 
– heating time 

1 – S355J2+N  
2 – X6CrNiTi18-10 

3 – X2CrNiMoN22-5-3 
4 – X2CrMnNiN21-5-1 

6 – 600oC 
8 – 800oC 

0 – slow cooling in the open 

air 
1 – cooling in the water mist 

No mark – “short” fire 
X – “long” fire 

 

624



5. DESCRIPTION OF THE RESULTS OBTAINED AND THEIR INTERPRETATION 

 

5.1 Steel S355J2+N 

 

The F-s curves obtained by us on the samples made of this stele grade, depicting the relation between the force 

applied to the sample and the displacement of the force application point are depicted in Fig. 3, for the tests 

conducted at +20ºC and in Fig. 4 for the analogous tests conducted at –20ºC. 

 

 
 

 

Figure 3: F-s curves obtained in post-fire impact strength tests of the S355J2+N steel. Testing temperature 
+20ºC. Top graph – samples cooled slowly in the open air, bottom graph – samples cooled in water mist. 

 

Analysis of the scenario related to the samples cooled in the open air leads to the general conclusion, that the 

“short fire” incident (samples 160 and 180) lowered the impact strength of the material when compared against 

the impact strength of the virgin metal (sample 1). However, long term action of the fire (samples 160X and 180X) 

proved to be beneficial to the material, as its impact strength increased as a result. The higher heating 

temperature proved to have significant influence on the final results of the test. On one hand the reduction in the 

impact strength observed on the sample 180 proved to be significantly smaller than the analogous reduction 

observed on the sample 160. On the other hand, however, the increase in impact strength observed on the 

sample 180X proved to be significantly higher than the analogous result observed on the sample 160X. 

 

Cooling of the hot samples in water mist, if preceded by heating at the temperature of 600ºC yielded results 

qualitatively similar to the results described above referring to the samples cooled in the open air. The reduction in 

the impact strength observed on the sample 161 was quantitatively similar to the reduction observed previously 

during the tests on the sample 160. The increase in this property, measured on the sample 161X, in this testing 

scenario proved to be substantially higher than the one found earlier on the sample 160X, cooled slowly in the 

open air. However, when comparing both groups of pictures (Fig.3), the qualitatively different behavior of the 

sample 181X when compared against the behavior of sample 180X seems to be the most interesting here. A 

rapid cooling in water mist preceded by heating at the temperature of 800ºC, in the case of this steel grade led to 

the F-s curve typical for samples exhibiting unstable generation of microcracks in the material, and thus 

susceptible to brittle fracture. 
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Figure 4: F-s curves obtained in post-fire impact strength tests of the S355J2+N steel. Testing temperature           
–20ºC. Top graph – samples cooled slowly in the open air, bottom graph – samples cooled in water mist. 

 

Analysis of the graphs juxtaposed in Fig. 4 leads to the conclusion that the impact strength exhibited by this 

material on the samples tested at –20ºC proved to be significantly lower than the impact strength exhibited on 

samples made of the same material but tested at +20ºC. However, there exists one very significant qualitative 

difference. Regardless of the sample cooling mode enforced in this test, all the tested simulated fire episodes 

affecting this material proved to be beneficiary to the post-fire mechanical properties of this steel grade. The F-s 

curves obtained on the samples denoted with the digit 1 in the Fig. 4 in both presented cases encircled the 

smallest area, and this translates into the lowest possible external energy required to break the tested sample. In 

all the tested fire scenarios "long" fires increased the post-fire impact strength to a significantly larger extent than 

the “short" fires. A beneficiary influence of the higher heating temperature on the impact strength exhibited post-

fire may be observed on the samples cooled slowly in the open air. However, this phenomenon does not affect 

the samples heated at the temperature of 800ºC and subsequently cooled in water mist (sample 181X). Under 

such circumstances a material very prone to brittle fracture has been obtained. 

 

The results obtained during testing of post-fire impact strength of this steel grade seem to confirm the following 

conclusions: 

 the higher heating or cooling speeds generate higher internal stress levels and this decreases impact strength, 

 with increasing material temperature, in the range of 600-800ºC, a gradual coagulation of the cementite plates 

occurs in the pearlite up to the globular forms, resulting in increased impact strength, 

 analogous effect is observed when the heating time at this temperature range is extended, 

 the temperature of 800ºC is located on the Fe-C phase equilibrium graph between the A1 and A3 critical 

temperature values, therefore under those conditions pearlite → austenite (or alternatively austenite → 

pearlite) phase change may occur, and thus: 

o slow cooling from this temperature level leads to fragmentation of crystallographic matrix grains in the areas 

of pearlite, thus increasing impact strength of the steel, 

o fast cooling from this temperature level initiates local transformation of austenite created from former pearlite 

grains into hard and brittle martensite, which hardens the material but also induces an unstable propagation 

phenomenon of microcracks generated in it, thus increasing susceptibility to brittle fracture and decreasing 

the impact strength. 
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A short term fire episode in the 600ºC/1h scenario does not induce visible changes in the microstructure of the 

tested steel grade [27]. Under those circumstances the increase in the thermally generated stresses seems to 

dominate the picture. Finally, this results in that the F-s curves related to the samples 160 and 161, during the 

tests conducted at +20ºC indicated reduced breaking energy (when compared against the energy obtained on the 

sample 1). However, when the “short” fire simulation is related to the 800ºC/1h scenario and slow cooling in the 

open air (sample 180), the consequences are somewhat less deleterious when compared against the 

consequences of simulations conducted on the sample 160. The difference here may be attributed to partial 

fragmentation of the crystallographic matrix grains in the pearlite zones. The curves described here conform to 

the type A according to the recommendations of the code [31], that is correspond to the fully plastic fractures. 

Fast cooling in water mist after simulated short time fire incident (sample 181), did not result in properties typical 

for unstable material fracture and thus does not indicate the presence of martensite in its microstructure. 

 

A fire episode of long duration, in the 600ºC/10h scenario induced coagulation of cementite plates in the pearlite, 

thus positively affecting the post-fire impact strength of the tested steel grade, regardless of the cooling speed 

applied in the test or the temperature at which the test has been conducted. The F-s curves pertaining to this 

scenario, and obtained on the samples 160X and 161X may be assigned to the category E and F according to the 

classification [31]. The simulation of the “long” fire in the 800ºC/10h scenario, associated with slow cooling of the 

samples in the open air (sample 180X), regardless of the testing temperature, resulted in significant fragmentation 

of the crystallographic matrix grains, and this in turn resulted in significant improvement in the impact strength 

exhibited by the samples (a curve of the type A according to the classification [31]). However, when the sample 

heated at the temperature of 800ºC had been rapidly cooled in the water mist, the local transformation of 

austenite into hard and brittle martensite occurred in the structure of the steel. As a result, regardless of the 

testing temperature a post-fire brittleness has been observed, and thus accompanying zones of unstable fracture 

have been found. This conclusion is supported by the shape of F-s curves observed on the sample 181X (a D 

type curve according to the classification [31]). One may expect that in the case of testing temperature decreased 

by a few or a dozen grades Centigrade, the F-s curve related to this sample would evolve to the shape typical for 

the category A (according to [31]), and this in turn means an imminent danger of the structural failure. 

 

5.2 Steel X6CrNiTi18-10  

 

The F-s curves obtained on the samples made of this steel grade are depicted in Fig. 5 – in the case of tests 

conducted at +20ºC, and in Fig. 6 – in the case of analogous tests conducted at –20ºC. 

 

The graphs juxtaposed in Fig. 5 indicate a qualitative difference when compared against corresponding graphs 

depicted above in Fig. 3. In the case of X6CrNiTi18-10 steel grade for most of the analyzed testing scenarios 

(only the scenarios related to the samples denoted as 260 and 261 proved to be an exception here) the simulated 

fire episode acting on the sample proved to negatively affect the post-fire impact strength of the tested material, 

regardless of the heating time and the cooling mode applied. During the simulation of a “short” fire the higher 

heating temperature (samples 280 and 281) resulted in higher reduction in the impact strength (when compared 

against analogous reduction observed on the samples 260 and 261). However, when the samples have been 

affected by the simulated “long” fire, the opposite proved to be true. The reduction in the post-fire impact strength 

observed on the samples 280X and 281X happened to be significantly smaller than the reduction observed 

independently on the samples 260X and 261X. In the case of this steel grade the cooling mode applied only 

slightly differentiates the results obtained. 

 

The curves depicted in Fig. 6 lead to analogous statement. The specified impact strength based on the tests 

conducted at –20ºC is quantitatively lower than the one determined at +20ºC. Regardless of the applied sample 

cooling mode, the “short” fire episode in the 600ºC/1h scenario (samples 260 and 261) does not result in 

significant differences in impact strength when compared against the impact strength exhibited by the sample in 

virgin state (sample 2). However, the “long” fire episode in the 600ºC/10h scenario results in a very significant 

reduction in the breaking energy (samples 260X and 261X). The heating temperature increased from 600ºC to 

800ºC at a fire episode of long duration slightly improves the indicated impact strength. This phenomenon is not 

observed after one hour long heating of the samples, as in a so short time the action of increased temperature 

could not induce appropriate transformations in the microstructure of tested steel grade and thus could not create 

the conditions required for it to appear. 
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Figure 5: F-s curves obtained in post-fire impact strength tests of the X6CrNiTi18-10 steel. Testing temperature 

+20ºC. Top graph – samples cooled slowly in the open air, bottom graph – samples cooled in water mist. 

 

The graphs depicted in Figs 5 and 6 confirm the substantial influence of fire duration on the level of impact 

strength reduction observed a posteriori. The temperature of 600ºC is located on the TTT (time – temperature – 

transformation) graphs referring to this steel grade at the bottom limit of its sensibility to intercrystalline corrosion, 

and thus on precipitation of Cr23C6 carbide and intermetallic phase σ on grain boundaries. Both these precipitates, 

due to their brittleness, exhibit a very deleterious influence on the energy required to fracture the sample. 

However, due to the thermodynamics of such precipitate development, in a steel exhibiting austenitic structure the 

negative consequences of this phenomenon have not been observed (sample 260). Nevertheless, the simulated 

fire lasting 10 hours proved to be sufficiently long to intensify creation of those precipitates (sample 260X). It 

seems that precipitation of Cr23C6 dominated the picture here, as the increased content of the σ phase would 

render the tested steel completely brittle. 

 

The temperature of 800ºC is located on the TTT graph corresponding to this steel grade in the coexistence zone 

of local precipitation of the Cr23C6 carbide and σ phase and solution of these precipitates in the crystallographic 

matrix. As the activation of the diffusion processes at the temperature of 800ºC is easier than at 600ºC, the 

reduction in impact strength after a fire episode of short duration is significantly higher when the higher 

temperature had been applied (samples 280 and 281). However, in the case of long lasting episode, following the 

800ºC/10h scenario, regardless of the sample cooling mode applied, those heated at 800ºC (samples 380X and 

381X) yield a posteriori higher values of fracture energy when compared against analogous values obtained on 

samples 360X and 361X, as at this temperature the dynamics of secondary precipitate dissolution surpasses the 

dynamics of new precipitate development. 
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Figure 6: F-s curves obtained in post-fire impact strength tests of the X6CrNiTi18-10 steel. Testing temperature    
–20ºC. Top graph – samples cooled slowly in the open air, bottom graph – samples cooled in water mist. 

 

In all the fire scenarios tested on this steel the obtained F-s curves indicate the capability to self arrest an initiated 

process of fracture. In this context these curves may be assigned to the type E (ductile fracture) or alternatively to 

the type F (plastic fracture) in the sense of classification listed in the code [38]. The observed tendencies lead to 

the conclusion, that due to the potential post-fire brittleness, the extremely long lasting fires with heating 

temperature exceeding 600ºC may present a danger here. 

 

5.3 Steel X2CrNiMoN22-5-3, of the SDSS type 

 

The duplex steels of two phase, austenitic – pearlitic internal structure are characterized on the appropriate TTT 

graphs by two basic temperature zones where deleterious phase transitions may be initiated. These are as 

follows: 

 the 475ºC brittle zone – related to the partial transition of the δ-ferrite to the coniferous secondary α’-ferrite, 

and precipitation of brittle π, ε and G phases (occurring at the temperature between 300ºC and 550ºC), 

 the 800ºC brittle zone – caused by the precipitation of carbides Me7C3 and Me23C6, nitrides Cr2N and 

secondary σ, χ, R, γ2 phases from the constant solution (mostly δ-ferrite) (occurring at the temperature 

between 600ºC and 1050ºC). 

The difference in the chemical composition between the SDSS and LDSS steel grades tested by us mainly comes 

down to the absence of molybdenum Mo and decreased nitrogen N content in the LDSS steel grade resulting in 

(with respect to the analogous threshold values typical for SDSS steel grades): 

 increased top threshold initiation temperature of the 475ºC brittleness phenomenon, 

 decreased bottom threshold initiation temperature of the 800ºC brittleness phenomenon. 

 

The F-s curves obtained during the tests conducted on samples made of X2CrNiMoN22-5-3 steel grade (of the 

SDSS type) are presented in Fig. 7 – with respect to the impact strength tests conducted at +20ºC and in Fig. 8 – 

with respect to analogous tests conducted at –20ºC. One may easily notice, that in the case of SDSS steel fire 

episodes negatively affect the impact strength of the samples observed after fire. 
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Figure 7: F-s curves obtained in post-fire impact strength tests of the X2CrNiMoN22-5-3 steel (of SDSS type). 

Testing temperature +20ºC. Top graph – samples cooled slowly in the open air, bottom graph – samples cooled in 
water mist. 

 

 
 

 

Figure 8: F-s curves obtained in post-fire impact strength tests of the X2CrNiMoN22-5-3 steel (of SDSS type). 
Testing temperature –20ºC. Top graph – samples cooled slowly in the open air, bottom graph – samples cooled in 

water mist. 
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A short term fire episode following the 600ºC/1h scenario is located between the 475ºC and 800ºC brittle zones. 

Slow cooling in the open air extends the sample transition time through the 475ºC brittle zone (sample 360). This 

results in significant decrease in the breaking energy when compared against the sample kept in the virgin state 

(sample 3). However, when the sample is rapidly cooled in water mist this transition time through the 475ºC brittle 

zone is substantially shortened (sample 361). Under such circumstances the reduction in post-fire impact strength 

would not be observed. 

 

Prolongation of the sample heating time, following the 600ºC/10h scenario, locates the tested steel within the 

zone of the TTT curve related with both partial 475ºC brittleness and partial 800ºC brittleness (samples 360X and 

361X). Keeping a sample at this temperature for prolonged period of time results in substantial decrease in the 

impact strength exhibited post fire. This reduction is smaller when the sample is cooled in water mist (sample 

361X) as then the sample is subjected to the temperature remaining within the 475ºC brittle zone for a much 

shorter period of time. 

 

A long term fire episode following the 800ºC/10h scenario proved to be the most deleterious in the case of the 

SDSS steel. Under those circumstances, regardless of the sample cooling mode applied and impact strength 

testing temperature, due to the 800ºC brittleness phenomenon occurring at full magnitude, the samples were 

characterized by complete brittleness, and thus exhibited breaking energy close to zero. 

 

The SDSS steel tested in the as manufactured state (sample 3) as well as tested after a short term fire episode 

following the 600ºC/1h scenario (samples 360 and 361), was characterized by the F-s curves conforming to the F 

type according to the recommendations [31]. In the case of partial impact strength reduction (samples 380, 381, 

360X, 361X) one deals with the curves which may be assigned to the types D and E. The samples exhibiting 

complete absence of impact strength (samples 380X and 381X), with completely unstable fracture development 

are assigned to the type A according to these recommendations. 

 

5.4 Steel X2CrMnNiN21-5-1, of the LDSS type 

 

The F-s curves obtained during the tests of post-fire impact strength exhibited by X2CrMnNiN21-5-1 steel (of the 

LDSS type) are depicted in Fig. 9 – with respect to the impact strength tests conducted at +20ºC and in Fig. 10 – 

with respect to analogous tests conducted at –20ºC.  

 

In the case of this steel one may easily notice, that in all the testing scenarios considered the simulated fire 

episodes affecting the samples definitely worsen the impact strength observed post fire. The values of impact 

strength obtained at the testing temperature of –20ºC are substantially lower than the corresponding values 

obtained at the testing temperature of +20ºC. The influence of sample cooling mode is hardly visible. 

Nevertheless, rapid cooling in water mist, in the case of this steel grade as well, shortens the transition time 

through the 475ºC brittle zone. This results in lower reduction of the impact strength when compared against the 

samples made of the same steel grade but slowly cooled in the open air. 

 

The fire episodes of long duration, following both 600ºC/10h scenario and 800ºC/10h scenario, under those 

circumstances result in only slight decrease in impact strength. This is in general true regardless of the testing 

temperature applied. The F-s curve corresponding to the sample 461X represents a kind of an exception here, as 

the highest reduction in the impact strength has been observed on this sample. A comparison of the shapes of F-

s curves obtained on the samples 460X and 461X leads to the conclusion, that under those circumstances faster 

transition through the 475ºC brittle zone seems to be irrelevant. The long term (10 hours long) holding of the 

sample at high temperature related to this phenomenon seems to decide. However, the differences may be noted 

when the 800ºC/10h scenario is followed accompanied by impact strength testing at the temperature of +20ºC. 

Then rapid cooling of the sample in water mist to a high extent negates the influences described above (sample 

481X). Nevertheless, one has to note that in this test the long heating of the sample occurred at the temperature 

of 800ºC, not related to the 475ºC brittleness phenomenon. 
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Figure 9: F-s curves obtained in post-fire impact strength tests of the X2CrMnNiN21-5-1 steel (of LDSS type). 

Testing temperature +20ºC. Top graph – samples cooled slowly in the open air, bottom graph – samples cooled in 
water mist. 

 

 
 

 

Figure 10: F-s curves obtained in post-fire impact strength tests of the X2CrMnNiN21-5-1 steel (of LDSS type). 
Testing temperature –20ºC. Top graph – samples cooled slowly in the open air, bottom graph – samples cooled in 

water mist. 
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The low influence of the duration of a simulated fire incident on the impact strength exhibited post fire by the 

tested sample clearly distinguishes the steel of the LDSS type from the steel of the SDSS type. This is a 

consequence of a shift to the right on the TTT graph of the temperature zone correlated with the 800ºC brittleness 

phenomenon. The F-s curves obtained for the LDSS steels represent fully plastic mode of fracture corresponding 

to the category F following the classification set in [31]. From the practical point of view an application of the 

LDSS steels seems to be safer when compared against the SDSS steels, should one take into account only the 

potential risk of fire exposure. 

 

6. CONCLUDING REMARKS 

 

The results presented in this paper confirm the opinion, that post-fire impact strength of considered steel grade, 

affecting its possible service in the future, may turn out to be very different, not only in the quantitative but also in 

the qualitative sense. The results of a posteriori evaluation of samples cooled down following the fire exposure 

depend on many factors of a random character appearing a priori. One deals here not only with the fire 

development scenario, which occurred in practice and in particular the level of temperature to which the 

considered steel had been heated in fire conditions, the effective heating time or the cooling mode and speed, but 

also with the internal structure of the steel and its susceptibility to phase transitions which seems to be no less 

important. We have shown, that the fire episodes do not have to result in permanent worsening of the mechanical 

properties exhibited by considered steel grade. In many cases, following appropriate testing scenarios, the final 

impact strength significantly improved when compared against the same property exhibited by virgin material 

unaffected by fire action. We have shown as well that the duplex steels of a two phase austenitic – pearlitic 

structure are particularly resistant to the detrimental thermal actions related to the accidental design situation of a 

fully developed fire. This property may prove to be very useful in many applications in construction industry, 

especially when LDSS steels are considered. 

 

However, the most important conclusion of our tests seems to be that for each of the considered steel grades a 

critical scenario may be indicated, that is a scenario which, if followed, would generate in given material cooled 

down after a fire episode a risk of brittle failure, disqualifying it from prolonged service. 
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ABSTRACT 

 

A train wagon located along a railway line used for the download of paper material caused a fire, which exposed 
for a brief period of time an industrial shed. The flames developed outside the structure and reached several roofing 
elements. The structure consisted of coated steel beams and a roofing system, which contained thermal insulation 
materials. Aside from the train wagon, a building coated with a mortar was present. The heat produced during the 
fire induced a pink coloring of the facade. Microcracks developed on the surface. SEM investigation indicated the 
cracks to occur within the cementitious paste and along the cement-stone aggregate interface. On the contrary, the 
facade more distant from the high temperature exhibited no significant cracks. The temperature in this region 
reached at least 300 oC. The flames locally reached the steels and the roofing beams. The steel coating was 
completely absent close to the fire zone, while within a distance up to 10 meters from the fire, detachments and 
bubbles were observed. The roofing thermal insulation showed a carbonization of the first 30 mm, more in depth, 

20 mm indicated a dark coloring. The panels were composed of a polyurethanic foam and were coated with 80  
thick metal sheets. These latters showed cracking due to the high temperature, that likely reached a temperature 
between 370-400 oC. The steel beams tensile strength decreased right above the fire region. This correlated with 
a decrease in the Vicker’s hardness. The polyethylene pipes were deformed, thus indicating a temperature range 
between 110 oC and 140 oC. 
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1. INTRODUCTION 

 

Fires are among the most deleterious events taking place on structures. Climatic changes, inadequate safety 
precautions, wrong choice of materials and construction systems and wrong emergency escape ways all contribute 
to dramatic consequences. In some cases, the type of building materials significantly influence the development, 
the propagation and the duration of fires. The materials behaviour at high temperature largely affects the safety of 
people. Form this point of view the planning of buildings still scarcely consider the reaction of materials under fire. 
A modified planning of new materials, in particular thermal insulation systems needs to be implemented. In addition, 
fire suppression systems, new system design and the development of performance-based codes have to be 
discussed [1]. Reinforced concrete, low-carbon steels and thermal insulation are the most common construction 
materials widely used in building structures and civil engineering infrastructure. Environmental factors such as, the 
rate of heating and cooling [2-5], the fire duration and the maximum temperature [6] influence the extent of the 
damage. Furthermore, the loading condition also affect the durability [7] and the residual strength of concrete [8]. 
The behaviour of sustainable concrete and recycled materials is a major concern that needs to be further 
investigated [9]. Steel rebars may also be significantly affected by the temperature, although they are protected by 
the low thermal conductivity of concrete. They start to loose the mechanical strength between 300-400 oC [10]. 
Thermal insulating cladding materials are a major concern in case of fire. Their general high level of flammability 
contribute to the fast spreading of the flames outside the buildings. This particularly occurs along the external 
facades and limiting their combustibility may a relevant feature to implement the general safety [11]. 
 
The aim of this work is to analyze a case of fire in an industrial shed caused by a railway wagon. The flames and 
the high temperature differently affected the properties of the building materials of the structure. Cementitious 
mortars, coated steel beams, polymeric water distribution pipes and roofing thermal insulating elements reacted 
differently. The degradation took place in a variable extent and the temperature distribution could be estimated 
depending on the material type and behaviour.   

 

 

2. EXPERIMENTAL PROCEDURE 

 

The industrial shed was built in 1970. It is mainly composed of low-carbon structural steel beams and concrete. The 

roofing thermal insulating panels consist of wood and aluminum thin sheets (80 ) that contain a polymeric materials 

with a thickness of 140 mm. A polyethylene pipe is placed outside the building. An overview of the fire affected 

region is depicted in Figure 1. The fire initiated and propagated outside the industrial shed, although the influencing 

area remained in the vicinity of a train wagon, which set the fire. A visual inspection and sampling of the materials 

were done. Specimens were taken from the steel beams, the mortar and the thermal insulting material from the fire 

affected area and the unaffected regions. The hardness measurements of the steel elements were taken with the 

ultrasonic contact impedance method, by using a Equotip 550, soda UCI instrument. The measurements were done 

for the middle and lower parts of the beams (10 measures in four zones) and in the lower part for the strut (10 

measures for three zones). For the shelves, 20 measurements were done. All the Vicker’s HV5 measurements 

were taken on site. The tensile strength of the steels were determined [12] and the sampling was carefully kept 

under control [13]. The samples had a length from 90 mm to 100 mm. The shelves samples were shorter, i. e. 50 

mm normalized length, because of the reduced thickness. The microstructure was investigated by means of an 

optical and a scanning electron microscope. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Fire affected zone of the industrial shed. A view of the outdoor roofing elements where the fire initiated. 
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3. RESULTS AND DISCUSSION 

 

3.1 Visual inspection 

 

The fire caused a variable extent and type of deterioration depending on the material and exposure. The outdoor 

rain water drain 200 mm diameter PE pipe exhibits a significant deformation in the fire affected zones (Fig. 2 left). 

The PE is a thermoplastic material with a melting point ranging from 110 to 140 °C. The reached temperatures 

caused a permanent deformation of the pipeline. The outdoor pipeline insulating material of the heating plant also 

shows relevant blackened and darkened surfaces as well as cracking, deformation and detachment from the pipe 

substrate (Fig. 2 centre). Metal installations in the fire area indicate a clear bending (Fig. 2 right). 

 

 

 

 

 

 

                                                                              

 

 

 

Fig. 2. Deterioration of the installations outside the building in the fire region. 

 

The wood panels along the external roofing edge exhibit a charred surface (Fig. 3 left). Approximately 20 meters 

away from the fire region, the panels do not indicate any sign of degradation. The wood ignition temperature 

approaches 250 oC. The roofing panels are composed of rigid thermal insulating polyurethanic foams and they 

exhibit a microcracked pattern due to exposition to high temperature (Fig. 3 right). For these elements the 

deterioration and the carbonization phase starts at 370-400 °C. 

 

 

 

 

 

 

 

 

 

                                         

Fig. 3 Degradation of the thermal insulating panels of the roofing elements. 

 

The steel beams are protected with an organic coating. In the fire region, bubbles with variables dimensions and 

with a diameter up to 100 mm are seen (Fig. 4 left). In the area where the fire initiated, the coating is completely 

absent from the steel substrate for distances up to 150 cm (Fig. 4 centre). Local coating detachments are not 

preceded by microcracking (Fig. 4 right). These phenomena are present in a distance range of 7 meters from the 

fire initiation point. 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Organic coating damage with bubble formation and detachments. 
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The dimensions and geometry of the steel elements are indicated in Table 1. 

 

Table1. Steel elements of the industrial sheds affected by fire. 

Element  Dimensions 
b  

[mm] 

h 

[mm] 

e 

[mm] 

a 

[mm] 

beam type 1  300 340 13.0 not measured 

beam type 2 150 300 10.8 not measured 

     

strut 140 135 8.6 not measured 

 

The concrete façade of the industrial building does not exhibit visible signs of deterioration due to high temperature. 

On the other hand, a small building close to the train wagon exhibits a clear coloration difference between the 

façade in more direct contact with the fire (Fig. 5 left). This latter shows a pink coloration typically observed in 

cementitious materials that are exposed to temperature of at least 300 oC. Numerous visible cracks are seen of the 

façade surface (Fig. 5 right). On a very short distance, the facade not directly exposed to the fire, indicates a typical 

grey coloration, thus showing a very limited influence and temperature increase caused by the fire. 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Coloration of a cementitious façade of the building in the fire area. The crack width reaches1.5 mm (right). 

 

3.2 Physical and mechanical properties of the steel elements 

 

The steel type for the beams and the struts were assumed to be the same. The hardness values between these 

two type of elements generally do not exhibit significant differences between the fire affected and the unaffected 

zones. The lower parts of the beams indicate lower hardness as compared to the central parts. The beam placed 

close to the fire zone indicates similar values (Table 2).  

 

Table 2. Hardness values for the steel elements. 

 

Id. specimen Number of 

measurements 

Hardness Vickers HV5 

min max mean  Std. dev. 

Beam  type 

1 

(fire zone) 

Central part 40 105 186 144 ± 17.2 

Lower part 10 93 166 143 ± 19.1 

Beam  type 

2 

Central part 30 128 189 157 ± 14.5 

Lower part 10 119 145 132 ± 8.9 

Beam  type 

2 

Central part 30 142 336 185 ± 47.4 

Lower part 10 102 160 126 ± 18.6 

Beam  type 

2 

Central part 30 109 171 146 ± 17.5 

Lower part 10 118 140 130 ± 6.9 

Strut 1 (fire 

zone) 
Lower part 30 89 170 130 ± 25.0 

Strut 2 Lower part 20 84 155 120 ± 24.6 

Strut 2 Lower part 20 100 217 142 ± 28.5 

Shelf (fire zone) 20 102 175 132 ± 16.5 

Shelf 20 124 201 166 ± 17.6 
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On the contrary, a clear hardness difference is detected for the mean values between a shelf placed in the fire 

region and the shelf away from the fire affected region (Fig. 6). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Hardness difference of the shelves influenced by the high temperature. 

 

The steel beams show similar yield and ultimate tensile strength as well as elongation to rupture, regardless of the 

position with respect to fire. This may also be due to the massive dimension of such elements and the relative 

distance of the beams, that very likely came in direct contact with the flames for a relatively short period of time. 

The values are similar to a S235 steel type [13] and exhibit a conventional ductile fracture mode. On the other hand, 

the shelf in the fire zone exhibits significantly lower yield and ultimate strength values as compared to the shelf 

away from the fire zone. It can be stated that in these regions the temperature may have reached at least 300-400 
oC [10]. The elongation is not a clear discriminating factor of the fire influence and an induced thermal treatment of 

the microstructure. Generally, it can be stated that the tensile strength correlates with the hardness trend. 

 

Table 3. Mechanical properties of the steel elements. 

 

 

 

 

 

 

 

 

 

 

3.3 Thermal insulation panels 

 

A surface typing with a hammer allows to determine the areas of the roofing element where the metals sheets are 

no longer bond with the polyurethanic foam. The sampling in a detachment zone exhibits a damage depth of the 

insulating panels down to 50-60 mm. The first 30-40 mm are charred, the rest 20-30 mm are darkened (Fig. 7 left). 

Away from the fire and on the roof upper part along to the perimetral concrete façade, the sampling indicates an 

undamaged insulation (Fig 7. centre and right). 

 

 

 

 

                                                                       

 

 

 

 

 

                                                                                                                 

Fig. 7. Insulating roofing panels. 

 

Id. specimen 

Yield strength 

Re 

[N/mm2] 

Tensile strength 

Rm 

[N/mm2] 

Elongation to rupture 

A 

[%] 

Beam type 1 (fire zone) 274 405 37 

Beam type 2 286 397 34 

Shelf 417 554 30 

Shelf (fire zone ) 321 415 36 
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3.4 Cementitious mortar microstructure 

 

The mortar of the building adjacent to the railway lines is composed of a surface layer with a thickness 1-1.5 mm 

with a maximum aggregate size of 500 m he base layer exhibits a thickness up to 10 mm and the aggregates 

reach a maximum diameter of 1.5 mm. The façade placed toward the fire was in direct contact with the flames and 

exhibits branched microcracks within the cement-based hydrated paste and along the aggregate interfaces (Fig. 8 

left). 

 

 

 

 

 

 

 

 

 

 

 

    

 

Fig. 8. Scanning electron microscope images of the cementitious mortar directly in contact with the fire (left-scale 

200 m) and from the fire unaffected zone (right- scale 100 m). 

 

The façade not directly exposed to the high temperature, just placed perpendicular to the former fire affected façade, 

does not exhibit significant microstructural features related to damage. These observations well correlate with the 

macroscopic fracture pattern seen on the mortar surface and the different coloring of both facades. 

 

4. CONCLUSIONS 

 

The fire damage of the different material types is limited to the fire region along a distance of maximum 20 meters. 

This limitation is partially due to the outdoor fire circumstances. The steel shelves close to the fire exhibit a relevant 

decrease in the tensile strength as well as in the Vicker’s hardness. Within the 20 meters, the thermal insulating 

material shows a deterioration of the first 40 mm in depth. Outside this distance range, the panels are not affected 

by damage. The façade mortar facing the fire exhibits microcracks and a red coloration of the surface. The 

perpendicular adjacent facade of the building does not indicate damage or surface features related to high 

temperature changes. 
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Abstract: 

The research on intumescent coatings as passive fire protection of substrates has increased 

rapidly in recent years. Herein, improvement of existing intumescent systems and exploring new 

systems are closely related to the drawbacks of existing commercial intumescent coatings. These 

include incorporation of toxic species, exothermic decomposition, release of toxic gas, and low 

mechanical strength [1]. To make a breakthrough in the market of intumescent coatings, the 

aforementioned challenges must be solved. However, the temperature-activated working 

mechanism of intumescent coatings is complex to map. Currently, a large variety of technical 

methods exist to characterize, and ultimately understand, the thermal induced interactions. 

However, those are mainly based on post-mortem analyses. Hot stage microscopy (HSM), shown 

in Figure 1, is one of few techniques allowing in-situ characterization of dynamic changes at high 

temperatures, which has been a long-lasting challenge within intumescent coatings research. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: left) Hot Stage Microscopy (HSM) setup, right) heating stage. 
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Complete understandings of physical and chemical material properties require characterization 

at their natural states. HSM combines the best of microscopy and thermal analysis to reveal 

dynamic changes as they take place. Combined with TGA and rheometer, the technique can 

detect and clarify working mechanisms of various materials [2], [3]. The present study investigates 

the use of hot stage microscopy to perform controlled heating to 1100℃, while observing structural 

changes of an intumescent coating through digital and scanning electron microscopes.The 

chemical interactions are mapped and related to known literature, herein, important physical and 

chemical characteristics such as softening, melting, char formation, gas release, expansion, 

solidification, and more are identified. In addition, relative expansions are quantified using in-built 

area and height features within the microscope. The area is determined by binarization or free-

hand drawing, while the height is approximated by applying the focus feature to create 3D 

compositions. Furthermore, the work reports the influence of various parameters such as air flow 

(between 10 and 50 cc min−1) and heating rate (between 10 and 200℃ min−1). This provides a 

much needed understanding of the impact of test conditions [4]. Ultimately, the use of hot stage 

microscopy for intumescent coating is evaluated and suggestions made. The latter emphasizes 

on its use within alternative intumescent systems such as silicate- or silicone based coatings, and 

other fire retardant materials that influence the timely softening and gas release mechanisms [5], 

[6]. 

 

Conclusions 

The work provides a methodology for characterization of intumescent coatings using hot stage 

microscopy. Herein, the observed changes of a known commercial hydrocarbon coating revealed 

unseen insights to its degradation mechanisms. The results are to be correlated with other 

techniques to improve the understanding of intumescent coatings. 
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ABSTRACT 

 

The potential of glass fiber reinforced polymer (GFRP) as structural materials has made them increasingly 

attractive for use in building industry. However, due to the polymeric matrix properties, GFRP is susceptible to fire 

damage and is potentially flammable. Accordingly, the ATH (tri-hydrated aluminum) has been used as a fire 

retardant additive, through the formation of Al2O3 (aluminum oxide) that acts as a protective layer on the 

composite's surface. However, there are some aspects of ATH such as particle size and concentration that 

influence its fire-retardant efficiency. This paper aims to evaluate the concentration´s influence of small ATH 

particle size on combustibility in the isophthalic polyester matrix in GFRP materials. These evaluations were 

compared to a typical industrial loading (37phr) between the following concentrations: 40 phr, 47.5 phr, 50 phr, 

and 55 phr, to determine the best ATH concentration to improve the flame retardant properties. The fire retardant 

properties were evaluated by calorimetry cone, limiting oxygen index, and glow wire tests. Simultaneous 

thermogravimetric analysis and differential scanning calorimetry was performed to evaluate the thermal stability 

and enthalpy. Moreover, ATH was characterized by its chemical composition, particle size, crystalline phases and 

superficial area. The composites with 40 phr and P47.5 phr of ATH reduced the PHRR by 27% compared to 

sample P37. Moreover, the composite with 40 phr is noteworthy because obtained promising MLCC, glow wire 

and thermal analysis results. 

 

 

Keywords: GFRP; fire retardancy; reaction to fire; polyester composites; Alumina trihydrate. 

 

 

 

                                                           
a,
* Civil Engineering Program, Federal University of Rio de Janeiro (priscila.araujo@coc.ufrj.br), Corresponding author. 

b,
 Civil Engineering Program, Federal University of Rio de Janeiro (alandes@coc.ufrj.br). 

c
 Polo de Xistoquimica, Federal University of Rio de Janeiro (spsilva@iq.ufrj.br). 

644



1. INTRODUCTION 

 

GFRP combines high efficiency (higher strength and lower weight), low production costs, low electrical 

conductivity, manufacturing versatility, corrosion resistance, reduced maintenance, and increased durability [1]. 

Due to the properties of the polymeric matrix, GFRP is susceptible to fire damage and is potentially flammable, 

causing risk to human lives when used in habitable construction. The fibers used as reinforcement are typically 

composed of inert materials, such as type E-glass. However, the polymeric matrices generally used are highly 

combustible [2]. Currently, high levels of flame retardation are achieved with organohalogenated compounds. 

However, the future of these compounds is uncertain due to environmental problems, toxicological concerns, and 

the risks of emitting corrosive substances [3]. 

ATH has been used as a flame retardant due to its low cost, good flame retardant properties, and reduced 

release of non-toxic smoke [4]. Still, ATH is applied at high loads (concentrations), usually more than 60% [5], to 

obtain a favorable result, motivating studies to improve its use. ATH contributes to the decrease in the 

temperature of the material, thus attenuating heat exchange, and the formation of Al2O3 (aluminum oxide) as a 

protective layer on the product's surface reduces the diffusion of oxygen to the reactive medium and hindering 

heat exchange [6]. The composite with flame retardant characteristics and low toxicity and smoke emission, 

complying with the ABNT NBR 15708 standard, can be used in products for offshore industry. 

This paper aims to evaluate the concentration´s influence of small ATH particle size on combustibility in 

isophthalic polyester matrix GFRP materials. These evaluations are compared to a typical industrial loading (37%) 

as a baseline to determine the best ATH concentration to improve the flame retardant properties. Combustibility 

was evaluated using mass loss cone calorimetry (MLCC), glow-wire and limiting oxygen index (LOI). Thermal 

analysis of the composites was performed by simultaneous thermogravimetric analysis and differential scanning 

calorimetry (TGA/DSC). ATH was characterized by its chemical composition, surface area, crystalline phases and 

particle size. 

 

2. MATERIALS AND METHODS 

 

2.1 Materials 

 

All composites (Figure 1) used in this experimental investigation were prepared with low viscosity isophthalic 

polyester thermoset polymeric resins and using Cristalan 869 - Novapol reinforced with 51% low-conductivity E-

glass. They were supplied by Cogumelo Indústria e Comércio LTDA (RJ, Brazil) and produced through pultrusion 

processing. The fiberglass layer is positioned in the longitudinal direction of the pultrusion.  

The ATH, MoldX P18, manufactured by J.M. Huber Corporation, was used as a flame retardant mixed with the 

other resin components. This retardant costs around 35% more than usual, but presents promising results. 

Several ATH loads were tested, starting with 37 phr (parts per hundred rubber) content used commercially as a 

filler element in the material, then 40 phr, 47.5 phr, 50 phr, 55 phr. All percentages of ATH are respect to the 

resin. The samples codes are presented in table 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

               
(a)                                         (b) 

Figure 1: Specimens of GRFP polyester resin a) MLCC b) LOI 
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Table 1: Specimens codes according to ATH concentration 

Material GFRP polyester isophthalic matrix  

ATH quantity 37 phr 40 phr 47.5 phr 50 phr 55phr 

Specimens code P37 P40 P47.5 P50 P55 

 

 

2.2 ATH characterization 

The alumina trihydrate's chemical composition was determined by energy-dispersive X-ray fluorescence (XRF), 

using the EDX-720 spectrometer from Shimadzu. The energy-dispersive detector measures the signals and 

qualitatively determines which elements are present in the material.  

The granulometric analyzes provide particle size distributions by laser diffraction, and they were conducted by a 

Malvern Instruments Mastersizer 2000 particle analyzer. 

The surface area was analyzed by the Quantachrome 1200e NOVA instrument, this analysis measures the 

specific area through the adsorption and desorption isotherms of gaseous nitrogen molecules by the BET 

(Brunauer - Emmet - Teller) method. The ATH sample was prepared by a thermal pre-treatment at a temperature 

of 350 °C at a rate of 10 °Cmin
-1

 to remove water molecules and other substances absorbed and adsorbed on the 

powder surface. 

The X-ray diffractometry (XRD) test was performed using the D8 Focus Bruker AXS equipment to identify the 

crystalline phases (structures) and the semi-qualitative identification of ATH constituents. The results were 

compared to data published by the Joint Committee on Powder Diffraction Standards - JCPDS (International 

Centre of Diffraction Data, Swarthmore, Pennsylvania, USA) for the diffraction spectra characteristics of 

crystalline phases in terms of interatomic spacing, relative intensities, diffraction peaks, and Miller indices. 

 

2.3 Fire-Retardant Properties 

 

The MLCC is a more elaborate (medium-sized bench-scale) method due to its ability to simultaneously determine 

several fire properties of a material  including the heat release rate (HRR), peak heat release rate (PHRR), total 

heat released (THR), and time-to-ignition (TTI). It is described by ISO 17554 [7] and ISO 13927 [8]. The test is 

complete 2 minutes after the end of combustion or in cases where there is no ignition, 10 minutes after the start of 

the test. Three samples of each composite specimen, measuring 100 × 100 × 3 mm, were tested horizontally, 

with a heat flux of 50 kW/m². For evaluation purposes, the specimens with the highest PHRR results were 

chosen. 

 

The LOI test determines the minimum oxygen content necessary for ignition and maintenance of combustion for 

at least 3 minutes or a 5 cm specimen burn. A propane pilot flame is inserted through the top of a glass cylinder 

containing a mixture of nitrogen and oxygen to promote the ignition of a specimen measuring 100 mm x 7 mm x 5 

mm. The contact between the flame and the specimen occurs three times, for 5 seconds each. The test was 

performed on a Fire Testing Technology (FTT) device, standardized by ISO 4589-2 [9]. 

 

The incandescent wire method determines if a material can ignite and propagate a flame through two tests: (i) the 

glow-wire flammability index (GWFI); and (ii) the glow-wire ignition temperature (GWIT). The GWIT corresponds 

to a temperature 25 ºC above the highest temperature tested in which the specimen does not ignite in three 

consecutive tests. The GWFI corresponds to the highest temperature where the flame or incandescence is 

extinguished within 30 seconds after removing the glowing tip in three consecutive trials, and there is no ignition 

via dripping onto paper positioned below the specimen. It is standardized by IEC 60695-2-10 [10], IEC 60695-2-

12 [11], and IEC 60695-2-13 [12].  
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2.4 Thermal Analysis  

 

 
Simultaneous thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) of the composites 

was carried out in a TA Instruments SDT-Q600 analyzer. In these tests, sample masses ranging from 70 to 80 mg 

(Figure 2) were heated from 25 to 850 ºC at a 10 ºCmin
-1

 heating rate at atmospheric pressure.  

 

          
Figure 2: Specimen of GRFP polyester resin in TA Instruments SDT-Q600 analyzer 

 

 

 

3. RESULTS 

 

3.1 ATH characterization 

The X-ray fluorescence (XRF) determined the chemical composition and verified the purity. The ATH consists of 

97.72% Al2O3, demonstrating a high level of purity. The small percentage of impurities can be from the Bayer 

process used to obtain alumina from bauxite [13]. Moreover, from the granulometric analyzes, ATH is within the 

smallest micrometric size range, D50 is 6.425 µm and D90 is 15.096 µm. And ATH sample had a surface area 

equivalent to 148 m²g
-1

.  

The XRD revealed the presence of alumina (Al2O3), gibbsite (Al(OH)3), sillimanite (Al2SiO5) and quartz (SiO2). The 

XRD peaks and the θ values were related to standard spectra from the Joint Committee on Powder Diffraction 

Standards (JCPDS) and confirmed the presence of crystalline alumina in the α phase (JCPDS no. 10.173) and 

gibbsite extracted from bauxite (JCPDS no. 033.018). Other crystalline elements were also identified, such as 

quartz; however, as measured by XRF, the amount of quartz and sillimanite is very low.  

 

3.2 Fire-Retardant Properties 

 

This burning ATH composites process (Figure 3 (a-b)) in MLCC includes the following steps: heating, pyrolysis, 

ignition, combustion and propagation, and extinction. The surface of the specimen is heated over a load cell, the 

sample darkens and releases gaseous products, forming a mixture with flammable oxygen and begins to release 

smoke due to the different combinations of the substances released. Then, ignition occurs, and the peak heat 

release rate is reached as pyrolysis products experience ideal levels of oxygen, temperature and combustible gas 

concentration. In propagation, there is an intense combustion and release of smoke while there is combustible 

material available, before the flames decrease and extinguished [14].  

A darker layer on the specimen (Figure 3(c)) corresponds to lower polymer matrix degradation [1], as the ATH 

load increases and the residue on the sample surface. This aluminum oxide surface layer formed during 

combustion increased the sample's protection against external radiation. 
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a) b) c) 

Figure 3: a) Pyrolyses b) Combustion c) Degraded specimen 

 

Table 2 summarizes the specimens’ peak heat release rate (PHRR), total heat released (THR) and time-to-

ignition (TTI) from the MLCC test. The specimens included in this table were chosen according to the highest 

PHRR parameter.  

 

Table 2: Results of MLCC with different ATH concentrations 

 

Specimens 
ATH 
(phr) 

Mass   
(g) 

PHRR 
(kW/m²) 

THR 
(MJ/m²) 

TTI      
(s) 

P37 37 85.4 162.77 37.4 116 

P40 40 82.6 119.71 34.4 140 

P47.5 47.5 84.8 116.58 34.6 97 

P50 50 83.7 94.57 32.9 152 

P55 55 85.1 102.78 34.0 136 

 

Compared to P37 (162.8 kW/m²), all specimens showed a significant decrease in PHRR (table 2). The good 

performance of ATH in reducing the PHRR is due to the water released during the endothermic reaction, which 

dilutes the effect of gases during pyrolysis and reduces the heat of the sample [15]. The PHRR of the GFRP 

polyester resin without any retardant is around 317 kW/m² [1]. Although P50 presented the lowest PHRR, P40 

and P47.5, in particular, are notable since they have a lower amount of ATH and similar results to P50 and P55. 

The P40 composite showed a significant reduction in PHRR, with a value 27% below that for P37. 

In THR analyzes the GFRP polyester resin without any retardant had a value of 92.4 MJ/m² [1]. Therefore, all 

specimens reduced the THR, improving the properties for this parameter. P50 had the lowest total heat released, 

achieving the best result. Sample P40 showed a favorable reduction compared to P37 and obtained a similar 

result as the other specimens.  

 

The ignition time (TTI)—the time required to start the flame—characterizes the ease of igniting the material. A 

higher TTI value leads to a better performance of the composite. The GFRP polyester resin without any retardant 

ignites in 134 seconds [1]. Therefore, P50 shows the best result, resisting ignition for the longest time, 152 

seconds due to the ATH endothermic reaction, which increases its ignition time by reducing the heat of the 

sample [15].  

In MLCC tests conclusion, the P40 sample significantly reduced the HRR and THR compared to P37, while also 

increasing the TTI.  

 

The LOI results for all specimens were nearly identical at 23% or 24% since the error of this analysis is ±1 unit of 

LOI. Although, the increase in the ATH load used in this research did not significantly change the LOI, all 

specimens with ATH increased the oxygen content of the pure matrix. According to previous work [1], the LOI of a 

GFRP isophthalic polyester resin without retardant is equivalent to 21%.The Figure 4(a) presents de LOI 
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equipment. The samples P50 (Figure 4(b)) and P55 (Figure 4(c)) reached 24% of oxygen self-extinguishing the 

flame before 180 s.   

 

                 
(a)                       (b)                        (c) 

    
Figure 4: a) LOI equipment b) sample P50 at 24% of LOI c) sample P55 at 24% of LOI 

 

 

In Glow Wire tests, specimens P37, P40, P47.5 and P50 had similar results: 960 ºC in GWFI and 900 ºC in GWIT 

(Figure 5). Therefore, P37 had the best performance: 960ºC for GWFI and 900 ºC for GWIT, because it has the 

lowest ATH load, a desired commercial result for wires and cables, and the 960 ºC GWFI temperature is the 

maximum stipulated by the standard [16]. The GFRP polyester resin without retardant has 800 ºC for GWFI and 

850 ºC for GWIT [1]. Therefore, ATH raised the GWFI and GWIT temperatures of all samples. The composites 

studied in this paper could be used in the electricity sector, as the parameters obtained were superior to what is 

required by the standard. 

 

 

 
Figure 5: GWFI (ºC) and GWIT (ºC) results 

 

 

3.3 Thermal Analysis  

The thermal analysis results are presented in Table 3, for GFRP polyester resin. All the specimens showed two 

stages of degradation corresponding to the decomposition of the ATH polymeric matrix around 320ºC and 400ºC. 

Some of the mass loss observed in the first stage degradation around is related to water loss from ATH [1]. The 

sample P37 had the highest percentage of residue, about 65%, at 800 °C. The GFRP polyester resin without 
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retardant also showed two degradation and mass loss stages, the first being 32% and the second 3.9%, leaving 

64.1% of residue at 800°C [1], therefore, ATH tested in this research did not increase the amount of residue. 

In DSC analyze (Table 3) the specimens showed an endothermic peak around 320°C related to water loss from 

ATH, which absorbs heat [4], and two exothermic peaks associated with the heat released during combustion, 

with the first peak around 400°C and the second and larger exothermic peak around 515°C. Sample P55 had the 

lowest exothermic enthalpy value of the two energy release peaks, demonstrating that the enthalpy value 

decreases as the ATH load increases. However, sample P40 had the highest endothermic enthalpy and also 

obtained promising MLCC results with lower ATH than P55. 

 

Table 3: TGA and DSC results of different ATH concentrations  

                                    TGA                    DSC 

Speci
mens 

Stages´Onset 
temperatures  

(°C) 
Weight loss (%) Residue 

at 800 
°C (%) 

Peak temperatures (°C) Enthalpy (J/g) 

T1 T2 
(25 – 

450 °C) 
(450 – 
800 °C) 

Endoth
ermic 

Exother
mic (1) 

Exother
mic (2) 

E1 
(endo) 

E2 
(exo) 

P37 320 400 28.38 6.46 65.09 303 402 518 35 -1926 

P40 326 404 30.54 6.67 62.74 322 402 513 73 -1919 

P47.5 320 400 31.10 6.19 62.70 317 398 512 47 -1815 

P50 321 405 30.53 6.78 62.62 319 404 517 52 -1864 

P55 323 405 30.84 6.45 62.66 321 402 517 51 -1740 

 

 

4. CONCLUSIONS 

Several tests were used to characterize ATH, and different ATH concentrations were evaluated (37 phr, 40 phr, 

47.5 phr, 50 phr, 55 phr) to find the ideal load for improved flame retardant properties. Although all specimens 

with different ATH concentrations have combusted in the MLCC, the P40 and P47.5 samples reduced the PHRR 

by 27% compared to sample P37. For the LOI, all specimens with ATH increased the oxygen content compared 

to the pure matrix values. Moreover, analyzing the glow wire results, all composites achieved the desired flame 

retardant commercial properties for wires and cables applications. It was concluded from the thermal stability 

analysis that the increase in the ATH concentration decreased the combustion enthalpy of the composites. 

Finally, the composite with 40 phr is noteworthy because obtained promising MLCC, glow wire and thermal 

analysis results and contain an ATH concentration closer to a typical industrial loading which is 37 phr. Therefore, 

the use of ATH with particle size around 10 µm can be a good approach in GFRP based on polyester resin with 

flame retardancy properties, decreasing costs and facilitating processing.  
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ABSTRACT 

 

For state-of-the-art buildings, the use of high- and ultra-high-strength steels has increased in recent years, since 

the good strength-to-weight ratio can contribute to resource and energy efficiency of steel structures. For a thorough 

understanding and a realistic modeling of the structural behavior of steel structures, in particular in case of fire, 

comprehensive knowledge of the material behavior is the basis. Experimentally validated results regarding the 

mechanical behavior of ultra-high-strength steels in case of fire are yet very rare. Therefore, the paper provides 

results of an extensive tensile test program regarding the material behavior of ultra-high-strength quenched and 

tempered steel of grade S960QL including elevated temperature tests under steady-state and transient-state 

temperature conditions considering different strain- and heating-rates. 

The test results show that the constitutive behavior of ultra-high-strength steel S960QL becomes nonlinear at 

elevated temperatures and high temperatures lead to significantly reduced strengths and stiffness values. Further, 

the mechanical material behavior is strain-rate-sensitive for temperatures exceeding 550°C. Additionally, it is shown 

that for an accurate prediction of the behavior of ultra-high-strength steel S960QL, high-temperature-creep effects 

need to be considered within the framework of fire design of steel structures, since slow heating- or strain-rates 

lead to significantly higher total strains at elevated temperatures. 

 

Keywords: Ultra-high-strength steel; Mechanical material behavior; Elevated temperature tests; High-temperature 

creep. 
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1. INTRODUCTION 

 

High- and ultra-high-strength structural steels are increasingly used in modern multi-storey buildings and industrial 

structures in the form of plates, tubes and sections. They can contribute to the resource and energy efficiency of 

steel structures. For structures with fire protection requirements, the use of high-strength structural steels is yet still 

inhibited by a lack of knowledge about the temperature- and rate-dependent material behavior in case of fire. Fire 

incidents can have a significant economic impact on both the owners of buildings and society in general, and 

represent one of the most serious hazards to the built environment [1]. Accurate predictions of the load-bearing 

behavior of steel structures in case of fire are therefore necessary and ensure the fire safety of structures in a cost-

effective manner [2]. Comprehensive knowledge of the material behavior in case of fire is the basis for a general 

understanding as well as a realistic modeling of the load-bearing behavior.  

The temperature-dependent material behavior of high-strength structural steels has been investigated in various 

research projects in the past. In particular, the focus was on investigations regarding the behavior of steels of grade 

S460 [3-5], since those are already established in the construction industry. Experimental results are also available 

on the material behavior of high-strength structural steels of grade S690 [6-12].  

Tests under steady-state and transient-state temperature conditions indicate for high-strength structural steels that 

the temperature-dependent reductions of the material stiffness and strength are generally higher in transient-state 

tests than in steady-state tests. However, systematic studies on the influence of the strain rate in steady-state tests 

or the heating rate in transient tests are yet not available, so that a conclusive evaluation cannot be made. In 

addition, it was found that the temperature-dependent reductions of the material properties of high-strength steels 

were similar to those of mild steels. The reduction factors according to EN 1993-1-2 [13] are therefore able to 

represent the material behavior of high-strength steels sufficiently accurate. Therefore, within the scope of the 

revision of the Eurocodes, the application range of the constitutive model according to EN 1993-1-2 has already 

been extended to structural steels up to and including S700 [14] for fire scenarios with steadily increasing 

temperatures.  

For an analogous extension of the application range of part 1-2 of EN 1993 to ultra-high-strength steels with nominal 

yield strengths fy > 700 N/mm2 or the development of supplementary regulations within the framework of a new part 

1-12 of EN 1993 for ultra-high-strength steels [15], experimentally verified knowledge of the temperature- and rate-

dependent material behavior is essential. Currently, the results regarding the behavior of ultra-high-strength steels 

are very rare. Qiang et al. investigated the behavior of quenched and tempered structural steel S960QL under 

steady-state temperature conditions in [16] and the residual properties after fire exposure in [17]. In [6], the behavior 

of S960QL was also investigated under steady-state temperature conditions. These investigations were 

supplemented in [18] by extensive studies of the structural material behavior of S960QL during the cooling phase 

of natural fire scenarios.  

The present study provides an extensive tensile test program on ultra-high-strength steel S960QL to characterise 

the material behavior in case of fire. Test results of steady-state tests are presented and evaluated. Subsequently, 

results of tensile tests under transient temperature conditions are presented and compared to the results of the 

steady-state tests.  

 

 

2. ELEVATED TEMPERATURE TESTS 

 

2.1 Test program 

 

Table 1 shows the parameters of the steady-state and the transient-state tests of the tensile test program on ultra-

high-strength steel (UHSS) of grade S960QL to characterise the temperature- and rate-dependent material 

behavior in case of fire.  

According to the nomenclature of Anderberg [19] there are two main test procedures for the material 

characterisation in fire. In steady-state tests, the test specimen is heated mechanically unloaded to the target 

temperature, this temperature is kept constant during the subsequent mechanical loading, and a tensile test is 

performed strain-controlled until the fracture of the specimen. Stress-strain relationships for a defined state of 

temperature and strain rate are obtained directly from the tests. In case of the steady-state tests of the present 

study, two different strain rates of 0.2 %/min and 1.0 %/min were predefined for the strain-rate-controlled tests to 

investigate the effects of the strain rate, in particular on the measured strength values during the test.  

Tensile tests under transient temperature conditions are more related to the thermo-mechanical situation of a real 

structural component in case of fire. The test specimens are firstly exposed to a constant load level and 
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subsequently heated with a defined heating rate. In the present study, transient tests were carried out with three 

different heating rates, so that effects on the constitutive material behavior from slow, medium-fast and fast heating 

could be determined. Heating rates of 3 K/min, 10 K/min and 50 K/min were applied. In case of slow heating with 

3 K/min, it was assumed that distinct creep effects could be observed. The heating rate of 50 K/min represents the 

limit heating rate of common test furnaces and it can be assumed that it is sufficiently fast to avoid high temperature 

creep. The heating rate of 10 K/min was chosen because it corresponds to an average heating rate of protected 

steel structures in common fire scenarios. The selected heating rates of the transient tests also comply with the 

application range of the constitutive material model according to EN 1993-1-2 [13] with heating rates from 2 to 

50 K/min. 

Table 1: Test program 

Steady state tests Transient tests 

Temperature 

T [°C] 

Strain rate 

ε̇ [%/min] 

stress level 

σ [% of f2.0,20°C] 

Heating rate 

Ṫ [K/min] 

20 

400 

550 

700 

900 

0.2 

1.0 

10 

30 

50 

65 

80 

3 

10 

50 

 

The tests were performed on small-scale specimens made of plate material with an initial thickness of t0= 12 mm 

of ultra-high-strength quenched and tempered steel of grade S960QL. The geometry of the specimens is shown in 

Figure 1 and corresponds to the constraints of the existing test setup. The dog-bone-shaped specimens had a total 

length of L= 170 mm and a constant thickness of t= 6 mm. The initial gauge length in the center of the specimens 

was L0= 45 mm. Further, a specimen geometry with two fillet radii was selected. The first fillet radius R1= 15 mm 

served the form-fitted installation in the specimen holder and the second fillet radius R2= 10 mm ensured that 

necking and fracture of the specimens occurred in the range of the gauge length. 

Figure 1: Test Specimens. 

 

2.2 Test setup 

 

For the material characterisation tests, a combined test setup consisting of a universal testing machine (manu-

facturer Schenck) with a maximum load capacity of 250 kN and an electric furnace (manufacturer Koenn) was used. 

The test setup is shown schematically in Figure 2(a). Figure 2(b) shows photographs of the test equipment.  

The furnace has three vertically arranged independently controllable heating zones. The air temperature was 

measured with three mantle thermocouples type N (D1= 3 mm). In the current study, the heating was controlled by 

three additional mantle thermocouples type N (D2= 1.5 mm), which were placed directly on the specimen surface. 

For the strain measurement during the tensile tests, a high-temperature extensometer (manufacturer Maytec) was 

used. The ceramic rods of the extensometer were placed directly on the specimen surface through a vertical 

opening at the front of the furnace. The measured strain also served as a feedback variable for a closed-loop-

feedback control during the strain-rate-controlled steady-state tests.  
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Figure 2: (a) Schematic illustration and (b) photographs of the test setup. 

 

2.3 Test procedure 

 

Figure 3 shows the time-force (top) and time-temperature (bottom) relationships of the test procedures for (a) the 

steady-state tests and (b) the transient-state tests. 

In case of both test procedures, firstly five loading and unloading cycles in the linear-elastic strain range were 

performed at ambient temperature to determine the Young’s modulus at ambient temperature and to ensure the 

centric alignment of the specimens in the test setup. 

Figure 3: Time-force and time-temperature relationships of (a) steady-state tests and (b) transient-state tests at 

elevated temperatures. 

 

In case of the steady-state tests (Figure 3(a)), the specimens were subsequently heated with a constant heating 

rate. When the target temperature Tt was reached, this temperature was kept constant for 30 min to ensure that the 

entire cross-section of the specimen had a uniform temperature and thermal expansion during the tensile test could 

be excluded. The tensile test was then performed strain-rate-controlled using a closed-loop-feedback control with 

the high-temperature extensometer. At a force reduction of 15 % based on the maximum force of the test, the 

extensometer was removed to avoid damage of the equipment by the sudden fracture of the specimen. The test 

was then continued using a displacement-control via the crosshead displacement of the testing machine until the 

fracture of the specimen.  

In case of the transient-state tests (Figure 3(b)), after determining the Young’s modulus at ambient temperature, 

the specimen was subjected to a force-controlled loading with a predefined load, which was kept constant during 
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the test. Once the target load level was reached, the heating device of the furnace was switched on and the 

specimen was heated with a constant heating rate. At the beginning of the test, the strain was measured with the 

high-temperature extensometer. However, the extensometer was removed when the deflections of the ceramic rods 

reached a specified limit in order to avoid damage due to large deformation. From this point, the elongation of the 

specimen was measured by means of the crosshead displacement of the testing machine. 

 

 

3. TEST RESULTS 

 

3.1 Material behavior of S960QL under steady-state temperature conditions 

 

Figure 4 shows the stress-strain curves from steady-state tests with a strain rate of ε̇= 0.2 %/min (dashed lines) and 

ε̇= 1.0 %/min (solid lines) at various elevated temperatures. In addition to the stress-strain curves at 400°C (blue), 

550°C (green), 700°C (grey) and 900°C (orange), the curves at ambient temperature (black) are shown for 

comparative purposes.  

The stress-strain curves at ambient temperature show a linear-elastic increase at the beginning of the tests and a 

distinct proportional limit. The different strain rates during the tests apparently do not affect the results of the tensile 

tests at ambient temperature. Almost identical strengths and stiffnesses are achieved. 

At elevated test temperatures (here from 400°C), the material behavior is nonlinear. There is no distinct change 

from linear-elastic to plastic material behavior. In addition, the strengths decrease significantly compared to tests at 

ambient temperature. 

Figure 4: Stress-strain curves from steady-state tests on S960QL for the strain range up to (a) 2 % and (b) 20 %. 

 

In tests with temperatures of T≥ 550°C, the strain rate has a significant influence on the material strengths. A higher 

strain rate leads to higher strength values in the tests. This behavior is already known from normal strength structural 

steels [20] and it can be assumed that this results from a greater influence of high-temperature creep at longer test 

durations due to the slow mechanical loading. 

From the stress-strain curves, material properties, i.e. macroscopic strength and stiffness values, can be 

determined. The material properties derived from the curves in Figure 4 are summarised in Table 2. The table 

contains the temperature-dependent values for the Young’s modulus Eθ, the proportional limit fp,θ, the 0.2 % proof 

stress fy,0.2,θ, the stresses at 2.0 % total strain (fy,2.0,θ), the tensile strength ft,θ, and the elastic fracture strain εu,θ. 
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Table 2: Material properties of S960QL from steady-state tests  

 ε̇= 0.2 %/min ε̇= 1.0 %/min 

T 
[°C] 

Eθ  

[
N

mm2
] 

fp,θ  

[
N

mm2
] 

fy,0.2,θ  

[
N

mm2
] 

fy,2.0,θ  

[
N

mm2
] 

ft,θ 

[
N

mm2
] 

εu,θ 

[%] 

Eθ  

[
N

mm2
] 

fp,θ  

[
N

mm2
] 

fy,0.2,θ  

[
N

mm2
] 

fy,2.0,θ  

[
N

mm2
] 

ft,θ  

[
N

mm2
] 

εu,θ 

[%] 

20 190855 1041.4 1029.9 1038.5 1067.8 14.4 202052 1048.1 1030.5 1041 1071.3 14 
400 184873 632.4 804.4 900.6 918.3 12 186570 640.1 823.1 903.6 916 12.2 
550 155366 408.8 603.2 645 656.5 14.3 161122 466.6 658.3 692.1 696.1 12.5 
700 91357 51.2 99.5 112.5 114.4 -* 86766 82.1 144.4 162.9 164.3 -* 
900 86046 19.2 28.2 30.1 41.4 -* 84076 28.3 37.6 43.4 47.6 -* 
*Value of εu,θ could not be determined as there was no distinct fracture point due to the large deformation capacity of the material. 

 

 

3.2 Material behavior of S960QL under transient temperature conditions 

 

From transient-state tests, total strain-temperature curves for defined mechanical stress levels are obtained. These 

are shown in Figure 5 for heating rates of Ṫ= 3 K/min (dotted lines), Ṫ= 10 K/min (solid lines) and Ṫ= 50 K/min 

(dashed lines) in the strain range (a) up to 2 % and (b) up to 30 % total strain. The curves represent the test results 

for defined stress levels of 10 % (orange), 30 % (grey), 50 % (green), 65 % (yellow) and 80 % (blue) of the effective 

yield stress at 2 % total strain at ambient temperature fy,2.0,20°C. The measured strains include, in addition to 

mechanical strains from load application, thermal strains and implicitly creep strains.  

The heating rate significantly influences the results of the transient-state tests. The failure temperatures 

(temperatures at fracture of the test specimens) are highest for the fastest heating rate at all stress levels. The 

lowest failure temperatures are obtained for slow heating of 3 K/min. As a result of the larger creep strains, the total 

strains are larger for slow heating and failure occurs at an earlier time than in the case of fast heating. The 

differences between the curves of different heating rates are increasing for higher stress levels. 

Figure 5: Total strain-temperature curves from transient-state tests for the strain range up to (a) 2 % and (b) 30 %. 

 

Thermal strains were determined in reference tests in order to extract them from the total strain-temperature curves 

of the transient tests. For that purpose, specimens were heated according to the test procedure of the heating phase 

of the steady-state tests (see Figure 4(a)) but with the selected heating rates of the transient tests of 3 K/min, 

10 K/min and 50 K/min, and the deformations of the specimens were measured during the heating.  
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The experimentally determined thermal strains are shown in Figure 6 for the investigated steel of grade S960QL 

and, moreover, the thermal strains according to EN 1993-1-2 [13] as well as experimental data for high-strength 

steel of grade S690QL and a mild steel S355 J2+N from [18] and for high-strength steel of grade S690M from [8] 

are shown. 

Figure 6: Thermal strains of high-strength steels from tests with various heating rates and according to 

EN 1993-1-2. 

 

The thermal strains of steel S960QL from Figure 6 were subtracted from the measured total strains from transient 

tests (Figure 5). 

The calculated mechanical strains and the defined stress levels then lead to data points for deriving stress-strain 

relationships. These are shown for temperatures of T= 400, 550, 700°C in Figure 7. 

Figure 7: Stress-strain curves from tensile tests on S960QL under transient and steady-state temperature 

conditions. 

 

The stress-strain curves prove that the heating rate affects the test results from transient tests. The stress-strain 

curves from tests with a heating rate of 50 K/min are in all cases above the curves resulting from tests with lower 

heating rates. The results of transient tests with medium fast and slow heating rates are qualitatively similar to each 

other and reflect the material behavior from steady-state tests with a temperature-dependent reduction in stiffness 

and strength. In case of the stress-strain relationships from tests with a heating rate of 50 K/min, however, 

deviations from the other results are apparent. It is assumed that the cross-sections of the specimens were not 

completely heated (in thickness direction, t= 6 mm) as a result of the high heating rates and short test durations, 

since the furnace control was by measuring the surface temperature of the 6 mm thick specimens and no 

measurements of the core temperature are available. Lower temperatures inside the specimens could positively 

affect the test results and lead to the higher values of the measured strengths and stiffnesses. The assumption is 
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also supported by the significantly lower thermal strains of the reference tests with a heating rate of 50 K/min 

compared to tests with lower heating rates in Figure 6. In order to exclude non-uniform heating of the specimens at 

fast heating rates, a specimen geometry with a smaller thickness could be used. Due to consistency and for better 

comparability of the results of the different test series, such an adaptation was not made in the present study. In 

the following evaluations, the results from tests with a heating rate of 50 K/min are therefore not considered. 

The comparison of the stress-strain curves from transient tests with heating rates of 3 K/min and 10 K/min to the 

curves from steady-state tests with a strain rate of ε ̇= 1.0 %/min for identical test temperatures in Figure 7 shows 

that the degradation of the strength at elevated temperatures from steady-state and transient tests is similar for 

both test methods. However, the curves from transient tests are always below the curves from steady-state tests 

for small strains. This proves that high temperature creep effects influence the constitutive material behavior at long 

test durations due to low heating or strain rates. 

The material properties derived from the stress-strain curves of the transient tests are listed in Table 3. 

 

Table 3: Material properties of S960QL from transient tests 

Ṫ [K/min] T [°C] Eθ [N/mm2] fp,θ [N/mm2] fy,0.2,θ [N/mm2] fy,2.0,θ [N/mm2] 

3 100 189411 880.5 936.2 1017.5 

300 185950 661.2 849.7 888.1 

400 171526 621.9 779.9 925.5 

500 168702 509.9 657.6 736.1 

550 139734 237.7 581.8 751.1 

600 111215 197.1 343.4 534 

700 15199 76.1 139.1 162.4 

10 100 192308 971.6 1016.1 1047.2 

300 195660 772.1 853.5 978 

400 173748 551.3 861.2 969.5 

500 166056 515.8 688.9 851.9 

550 162925 274.9 613.4 821.8 

600 142848 256.5 422.3 610.7 

700 52324 87.9 125.4 243.8 

 

 

4. COMPARATIVE STUDY 

 

Reduction factor-temperature relationships were derived for the determined material properties from Tables 2 and 

3 by relating the temperature-dependent values to the respective initial values at ambient temperature. Figure 8 

shows the reduction factor-temperature relationships for (a) the Young’s modulus Eθ, (b) the effective yield strength 

fy,2.0,θ, and (c) the proportional limit fp,θ. In addition to the results of the conducted tensile tests on S960QL of the 

present study, data points from literature on specimens of mild steels with fy,nom ≤ 460 N/mm2 (grey) [3-5, 20-23] as 

well as high-strength steels with 460 < fy,nom ≤ 700 N/mm2 (blue) [6-12] and ultra-high-strength steels with 

fy,nom > 700 N/mm2 (green) [16, 24] are shown in Figure 8. The dark red lines in the graphs correspond to the 

reduction factors according to EN 1993-1-2 [13]. A distinction is made between steady-state and transient 

temperature conditions during the tests for the test data of the present tests as well as for results from literature, in 

order to investigate the influence of different test methods.  

In the case of the measured strengths in Figure 8(b), the test results of the present study and literature data on 

ultra-high-strength steels agree well and the scatter is comparatively small. Overall, the reduction factor-

temperature relationships show a decrease in material strengths at high temperatures. The degradation of the 

strengths of high- and ultra-high-strength steels at elevated temperatures is not significantly higher than for mild 

steels. 
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Based on the results of the steady-state tests on S960QL, it is also evident that the strain rate during the test has 

a small influence on the measured strength values. The relative reductions of the strength from tests with lower 

strain rates are slightly higher at high test temperatures than the corresponding values of tests with higher strain 

rates. 

Figure 8: Reduction factor-temperature relationships from transient and steady-state tests on S960QL for (a) the 

Young’s modulus Eθ, (b) the effective yield strength fy,2.0,θ, and (c) the proportional limit fp,θ. 

 

Regarding the decrease in stiffness, a greater scatter can be seen between the individual test series of ultra-high-

strength steels of the present study and from literature. However, this is apparently due to the high sensitivity of the 

Young’s modulus to the test procedure and, in particular, the measurement accuracy in the small strain range. 

The comparison of the test results to the reduction factors according to EN 1993-1-2 shows that the reduction 

factors kE,θ for the Young’s modulus (Figure 8(a)) and the proportional limit (Figure 8(c)) are mostly conservative 

for mild steel as well as for high- and ultra-high-strength steels. In case of the effective yield strength (Figure 8(b)), 

the experimentally determined strengths are partly overestimated by the normative values, in particular at tempera-

tures up to 400°C. However, it can be seen that the deviations between reduction factors from tests and the values 

according to EN 1993-1-2 for mild steel as well as high- and ultra-high-strength steels are of the same order of 

magnitude. 

From the reduction factors of elevated temperature tests on mild steels, high- and ultra-high-strength steels average 

values for the tests under steady-state and transient temperature conditions were determined.  

Figure 9 shows the relative deviations between the average values of reduction factors from transient and steady-

state tests of the present study (red) and of test data of mild steels (grey) and high-strength steels (blue) from 

literature for (a) the Young’s modulus and (b) the effective yield strength.  

The relative deviations between transient and steady-state tests increase in case of the high-strength steels from 

literature and the steel S960QL from the present study at high temperatures ≥ 500°C for both the Young’s modulus 

(Figure 9(a)) and the effective yield strength (Figure 9(b)). However, the test method has a higher impact on the 

temperature-dependent development of the stiffness than on the strength, as the maximum deviation between 

steady-state and transient tests is about 80 % for the Young’s modulus (Figure 9(c)) and about 40-50 % for the 

effective yield strength (Figure 9(d)) at 700°C. The degradations of the Young’s modulus of high-strength steels 

from steady-state tests are remarkably lower compared to transient tests and in case of the yield strength there are 

higher temperature-dependent degradations for tests under steady-state conditions, as the deviations between 

reduction factors from steady-state and transient tests are positive in case of the Young’s modulus and negative in 

case of the effective yield strength. In case of mild steels, the temperature-dependent reduction of the Young’s 

modulus is also higher in steady state tests, but the relative deviations between steady-state and transient tests are 

remarkably smaller compared to high-strength materials with a maximum deviation of about 35 % at 900°C. The 

reduction of the effective yield strength is lower in transient tests on mild steels than in steady-state tests. 
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The reduction factor-temperature relationships determined from the results of tests under transient or steady-state 

temperature conditions overall agree well for mild steels as well as high-strength steels in the temperature range 

up to 500°C and the higher relative deviations at higher test temperatures result mostly from the small absolute 

values of the reduction factors.  

Figure 9: Average reduction factors for (a)  the effective yield strength fy,2.0,θ and (b) the Young’s modulus Eθ from 

steady-state and transient tests and relative deviations between reduction factors from transient and steady-state 

tests for (c) the effective yield strength fy,2.0,θ and (d)  the Young’s modulus Eθ. 

 

 

5. CONCLUSIONS 

 

The material behavior of quenched and tempered ultra-high-strength structural steel S960QL in fire has been 

systematically investigated within an extensive tensile test program comprising elevated temperature tests under 

steady-state and transient-state temperature conditions.  

The test results have shown that the constitutive material behavior of the investigated structural steel at elevated 

temperatures is nonlinear and the strength and stiffness of the material are significantly reduced compared to 

ambient temperature. The comparison of results from steady-state tests with different strain rates has shown that 

high-temperature creep effects affect the measured material behavior above a temperature of 550°C and lead to a 

noticeable increase in the measured total strain at long test durations. This is supported by the results of transient 

tests with different heating rates. Here, slow heating rates also resulted in higher strains compared to values of 

tests with fast heating at the same stress levels.  

The comparison of reduction factors for material properties from steady-state and transient-state tests with the 

reduction factors of tests on various mild and high-strength steels has proven, that the overall development of 

material properties of ultra-high-strength quenched and tempered steels is similar to mild steels and high-strength 

steels. In addition, applying the reduction factors according to EN 1993-1-2 results mostly in a conservative fire 

design for the investigated ultra-high-strength steel of grade S960QL. In case of the material strength, the reduction 

factors also provide a sufficiently accurate representation of the experimentally measured material behavior. 

Further, the analysis of the differences between results from elevated temperature tests under steady-state and 

transient temperature conditions has shown that the test method predominantly affects the measured material 

behaviour at high test temperatures. However, the test results of both test methods agree well in general and the 
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combination of test results from transient-state and steady-state tests enables an accurate description of the 

material behavior in fire of the investigated steel of grade S960QL. 
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ABSTRACT 
 
Mechanical properties of Ultra High-Performance Concrete (UHPC) degrade when exposed to elevated 
temperatures, even more than ordinary concretes due to its dense microstructure. Concerning, in particular, the 
special application of nuclear power plants, in which UHPC can find a promising use, concrete can be subjected to 
moderately high temperature (usually lower than 400 °C) along the working life, this making of interest the study on 
the influence and persistence of UHPC's innate self-healing capabilities over the thermal degradation. In this 
context, the paper focuses on an experimental study of UHPC recovery ability by autogenous self-healing after 
being exposed to high temperatures. The UHPC specimens have been made with hybrid fibers, that is, 
polypropylene and steel fibers, and have been pre-cracked up to a cumulative crack width of 0.3 mm under 4-point 
flexural test. The pre-cracked specimens have been exposed to a temperature of 200 °C or 400 °C, with a heating 
rate of 1 °C / minute from room temperature and kept at the target temperature for two hours, with a following slow 
cooling at a rate of <1 °C / minute. The specimens have been kept in the lab environment for 24 hours after reaching 
room temperature. Then they have been tested for residual flexural capacity or allowed to self-heal under water 
immersion for six months. The damage and healing evolution have been monitored periodically using ultra-sonic 
pulse velocity survey and digital microscope inspection. In spite of the thermal degradation, during the healing 
period UHPC showed a significant recovery in terms of strength assessed by ultrasonic pulse velocity tests. 
 
Keywords: Self-healing; High Temperature; Ultra High-Performance Concrete; UHPC; Nuclear Power Plant. 
 
 
1. INTRODUCTION 
 
Ultra-High-Performance Concrete (UHPC) has emerged as a promising material for a variety of infrastructure 
applications due to its exceptional mechanical properties and durability. It is typically composed of a combination 
of cement, fine aggregate, silica fume, and steel fibers, which are mixed together in precise proportions to produce 
a dense and compact matrix. Precisely this dense and compact matrix, which sets it apart from conventional 
concrete, makes UHPC more susceptible to spalling when exposed to high temperatures [1]. This can threaten its 

 
1,* Department of Civil and Environmental Engineering, Politecnico di Milano, Italy  
and Department of Structural Engineering and Building Materials; Magnel-Vandepitte Laboratory, Ghent University, Belgium 
(niranjanprabhu.kannikachalam@polimi.it), Corresponding author. 
2 Department of Civil and Environmental Engineering, Politecnico di Milano, Italy (ahmed.alhadad@mail.polimi.it).  
3 Department of Civil and Environmental Engineering, Politecnico di Milano, Italy (francesco.lo@polimi.it).  
4 Penetron Italia, Italy (direzione.tecnica@penetron.it).  
5 Azichem, Italy (tecnologia@azichem.com).  
6 Department of Structural Engineering and Building Materials; Magnel-Vandepitte Laboratory, Ghent University, Belgium 
(nele.debelie@ugent.be).  
7 Department of Civil and Environmental Engineering, Politecnico di Milano, Italy (liberato.ferrara@polimi.it).  

664



structural integrity and restrict its practical use in extreme environments. Spalling refers to the breaking, chipping, 
or flaking of concrete that occurs due to the expansion of moisture inside the material. This water vapor can build 
up pressure inside the UHPC, higher than in conventional concrete, and cause the surface layers of the material to 
break off. This often occurs when the concrete is exposed to high temperatures, such as during a fire. Spalling can 
result in a reduction in the concrete cover and overall cross-sectional area, which in turn can decrease the fire 
resistance of concrete members. The extent of spalling in a fire-exposed concrete member is determined by 
properties such as permeability, porosity, and tensile strength. To reduce spalling, steel and polypropylene (PP) 
fibers are commonly incorporated into the concrete mixture [2].   
 
Polypropylene fibers are synthetic fibers that are added to concrete to improve its toughness, durability, and 
resistance to cracking. When exposed to high temperatures, polypropylene fibers can melt at 165 °C and create 
voids in the concrete, which can relieve the internal stresses and prevent the material from undergoing further 
damage. Several studies have demonstrated the advantages of using polypropylene fibers in UHPC exposed to 
high temperatures. For instance, Du et. al.[3] found that adding 0.15% by volume of polypropylene fibers prevented 
explosive spalling in a 115-135 MPa concrete. Xu et. al.[4] conducted tests on a UHPC with a hybrid fibers, steel 
and polypropylene fibers, where granulated steel slags were used as aggregates to enhance the thermal 
performance. This UHPC maintained around 60% of its initial compressive strength even after being exposed to a 
temperature of 800 °C.  
 
However, despite its many advantages, UHPC requires extensive repair or complete demolition of the structures 
post-fire. To address this issue, researchers have been exploring different approaches to enhance the performance 
of UHPC after high-temperature exposure. In recent years, there has been growing interest in a promising approach 
to enhance the durability of concrete, which involves the development of self-healing concrete. The term "self-
healing" refers to the capacity of a substance to heal itself using its innate chemical and physical characteristics or 
through autonomous self-healing methods such as micro/macro capsules, vascular network, or bacteria-based 
techniques, without requiring any external intervention [5]–[7]. Numerous studies demonstrated the autonomous 
self-healing potential of UHPC under extreme scenarios [8]–[13]. The chemical process of autogenous self-healing 
is primarily driven by three mechanisms: the hydration of unreacted cement particles, pozzolanic/latent hydraulic 
activity of supplementary cementitious materials, and the diffusion of calcium and silicates leading to the 
precipitation of calcium carbonate [5]. During post-fire curing, 30-50% [14] of UHPC's unhydrated cement particles, 
along with the anhydrous C2S [15]–[17] resulting from high-temperature exposure, are expected to hydrate and help 
restore the mechanical and durability properties of the material. However, unlike conventional concrete, there have 
been relatively few studies on post-fire curing of UHPC. In conventional concrete, post-fire-curing has been found 
to enable the healing of the mechanical properties and pore structure of the damaged concrete. This recovery 
process involves the rehydration of dehydrated components that were exposed to high temperatures, allowing the 
resulting products to fill cracks and repair the microstructure of the cement matrix. Although the porosity can return 
to pre-fire levels, the rehydration products have been observed to be less dense and compact than the original 
structure, resulting in an inability to restore the mechanical properties and durability to their pre-fire levels [18]. The 
current study aims to investigate the post-fire curing/autogenous self-healing potential of thermally damaged UHPC 
specimens using a novel spalling-resistant UHPC containing a blend of steel fiber and polypropylene fiber. 
 
 
2. MATERIALS AND METHODS 
 
This study has focused on a UHPC, which incorporated steel and polypropylene fibers to prevent explosive spalling 
under high temperatures. The necessary material for the experiment, consisting of six slabs measuring 500 x 500 
x 30 mm3 each, was provided by Azichem under the patented name Rinfor Grout Col ®. After 28 days of lab curing 
at 20±2 °C and ≥95% relative humidity, each slab was cut into thin beams of 500 x 100 x 30 mm3. The mix 
composition is listed in Table 1. 
 
Four-point flexural tests were conducted to characterize the one-month-old specimens' mechanical performance. 
The specimens were mounted on supports with a span length of 450 mm and a distance of 150 mm between the 
point loads and their supports, as shown in Figure 1. The load was applied under position control at a rate of 15 
µm/s using an Instron machine, while the cumulative displacement was measured by LVDTs attached to the 
specimen's tension fiber on both sides, covering the middle 150 mm where the maximum/constant bending moment 
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occurs and leading to the appearance of multiple cracking. A total of 30 specimens were used for the study. Out of 
these, five were utilized as reference specimens to characterize the flexural strength and were denoted as REF. 
 

Table 1: Mix composition of the investigated Rinfor Grout Col ® UHPC 
Constituent Dosage (kg/m3) 

Cement (CEM I + CEM II) 700 
Siliceous sand 0-5 mm 1210 
Microsilica and reactive filler 130 
Polypropylene fibers (lf = 6 mm) 0.6 
Steel fibers (lf = 20 mm) 100 
Superplasticizer 30 
Crystalline admixture Penetron Admix ® 0.9% by weight of cement 
Water/cement ratio 0.29 

 

 

 

Figure 1: Four-point bending setup. 
 
Two temperature exposures were examined, 200 °C and 400 °C, as at higher temperatures concrete structures will 
require extensive restoration work. To ensure safety measures against explosive spalling, three specimens at a 
time were exposed to the target temperature by placing them in the oven encased into two steel cages (Figure 2a) 
to protect the oven interior walls from eventual explosive spalling. One cage contained two specimens, and the 
other contained one specimen. The temperature of the furnace was regulated by thermocouples located on the top 
two corners. An additional thermocouple was placed between the specimens, with the tip of the thermocouple 
touching the surface of a specimen to measure its temperature, as also shown in Figure 2a. An auxiliary 
thermocouple was placed on the surface of the furnace. The temperature was raised by 1 °C per minute until it 
reached the target temperature, and then it was held constant for two hours. Afterwards, the temperature was slowly 
reduced at a rate of less than 1 °C per minute until it reached 100 °C, as shown in Figure 2b. Finally, the furnace 
was opened completely to bring the specimen temperature down to room temperature. 
 
The specimens utilized for high-temperature mechanical property testing are shown in Table 2. For each exposure 
temperature of 200 °C and 400 °C, three uncracked specimens were tested for residual flexural stress after 24 
hours and were labelled as T200 and T400, respectively. Fifteen specimens were pre-cracked to a cumulative crack 
opening displacement (COD) of 0.3 mm, out of which three specimens were allowed to heal for six months in tap 
water under submerged conditions without any temperature exposure and were denoted as REF′′. Six pre-cracked 
specimens were exposed to 200 °C, out of which three specimens were tested for residual flexural strength after 
24 hours from the exposure and were labelled as T200′. The remaining three specimens were allowed to heal in 
submerged conditions for six months and were labelled T200′′. Similarly, another six pre-cracked specimens were 
exposed to 400 °C. Three specimens were tested for residual flexural strength and were designated as T400′. The 
remaining three specimens were allowed to self-heal and were designated as T400′′. Two specimens were kept in 
the lab environment for six months to evaluate the gain in flexural strength due to long-term hydration (REF-6mo.). 
The remaining two specimens were used for the preliminary work to set the experimental campaign. 
 

25 mm 150 mm 150 mm 150 mm 25 mm

500 mm

100 mm

30 mm
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 Figure 2: Furnace and heating profile 
 

Table 2:  Specimens utilized for high-temperature mechanical property tests 
Series Specimens Specimen condition High-temperature exposure After exposure 
REF 5 Uncracked - Flexural test 
REF′′ 3 Pre-cracked - Self-healing 
REF-6mo. 2 Uncracked - Flexural test  

after 6 months 
T200 3 Uncracked 200 °C Flexural test 
T200′ 3 Pre-cracked 200 °C Flexural test 
T200′′ 3 Pre-cracked 200 °C Self-healing 
T400 3 Uncracked 400 °C Flexural test 
T400′ 3 Pre-cracked 400 °C Flexural test 
T400′′ 3 Pre-cracked 400 °C Self-healing 

 
To monitor the degradation and recovery of UHPC, ultrasonic pulse velocity testing (UPV) and microscopic imaging 
of surface cracks were employed. UPV measurements were taken at various stages, including uncracked, pre-
cracked, after thermal exposure, and during the healing stage at 1, 2, 3, and 6 months. UPV readings were taken 
after cooling the thermally exposed specimens at room temperature for 24 hours. During the healing stage, the 
specimens were dried in the lab environment for three days before taking the UPV readings. Microscopic images 
were captured at the same location after pre-cracking and thermal exposure and after the 1, 2, 3, and 6-month 
healing stages. 
 
 
3. Results and discussion 
 
3.1 Four-point flexural test 
 
After the specimens were exposed to 200 °C and 400 °C, the uncracked specimens (T200 and T400) and pre-
cracked specimens (T200′ and T400′) were tested to failure by four-point flexural test after 24 hours during which 
they were kept at room temperature. Figure 3 shows nominal flexural stress vs COD curves for reference and pre-
cracked specimens and for specimens tested for residual flexural stress after the exposure. The damage index was 
evaluated using the equation (1). 
 

 Damage index from the flexural stress	= 
fREF	-	fT

fREF
×100	 (1) 

 
where, fREF is the average peak flexural strength of the tested reference specimens (REF) and fT is the flexural 
strength of thermally exposed specimens. 
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 a)  b) 

 c) d)  

 e)  f) 

Figure 3: Flexural stress vs COD, a) reference, b) pre-cracked, c) uncracked specimens exposed at 200 °C, d) pre-
cracked specimens exposed at 200 °C, e) uncracked specimens exposed at 400 °C, f) pre-cracked specimens 
exposed at 400 °C. Results of three replicates are presented. 
 
The average flexural strength of the mix (REF) was about 12.5 MPa, as shown in Figure 4, and the uncracked 
specimens, T200, showed the material did not lose any of its strength after being exposed to 200 °C. However, the 
pre-cracked specimens, T200′ showed a significant decrease in the flexural strength of about 17%; this could be 
because the fibers bridging the multiple cracks were exposed directly to the atmosphere and high-temperature 
results in oxidation of the bridging steel fibers. It has also been noted that there weren't any additional visible cracks 
after being exposed to 200 °C. The uncracked specimens, T400, exposed to 400 °C showed a significant decrease 
in the flexural strength, equal to about 40%. Other studies also showed UHPC material tends to deteriorate around 
40% of its strength when exposed to 400 °C [1]. 
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Figure 4: Average maximum flexural stress and their damage index 
 
The nominal flexural stress vs COD curves were used to measure the stiffness of the UHPC, which is demonstrated 
in Figure 5. The stiffness of the reference specimens and of the uncracked specimens T200 and T400 was 
measured from the loading curve (Figure 5a) As for the pre-cracked specimens, two stiffnesses were measured. 
The first one is the unloading stiffness (Kunloading), measured from the unloading curve at the desired crack width, 
which was approximately 0.3 mm. The second one is the reloading stiffness (Kreloading) which was measured from 
the reloading curve of the flexural test after thermal exposure (Figure 5b). The slope line for reloading stiffness was 
drawn from the starting point of reloading to just before the reloading curve started to show the sign of displacement 
hardening. 
 

 Figure 5: Evaluation of loading stiffness (a), and unloading and reloading stiffness for T200’ (b) 
 
The reference specimens, denoted as REF, had a stiffness (KREF) of approximately 17 kN/mm, whereas the stiffness 
values for T200 and T400 were around 13.6 and 2.4 kN/mm, respectively, (Figure 6a). Using the equation (2), the 
damage index DISU was determined from the stiffness measurements of the uncracked specimens. Where, KT is 
the stiffness of T200 or T400. The T200 specimen had a damage index of about 20%, but its flexural stress did not 
indicate any decrease in strength. On the other hand, the T400 specimen showed a damage index of about 86% 
(Figure 6b), with the reduction in flexural capacity being nearly half of this value. Using the equation (3), the damage 
index DISP was determined from the stiffness measurements of the pre-cracked specimens. T200′ lost around 45% 

 
Series No. of 

Specimens 
Flexural 
stress (MPa) 

REF 5 12.5 ±1.7 

REF′′ 3 Ongoing 

REF-6mo. 2 Ongoing 

T200 3 13.3 ±3.3 
    

T200′ 3 10.3 ±2.2 
   

T200′′ 3 Ongoing 
   

T400 3 7.3 ±1.3 
   

T400′ 3 5 ±0.6 
   

T400′′ 3 Ongoing 
   

′ → pre-crack 
   

′′ → pre-crack + self-healing 
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of its stiffness after the exposure compared to the unloading stiffness, while T400′ lost around 80% of its stiffness. 
In both cases, flexural strength, and stiffness, T200′ showed higher degree of damage than T200. While T400 and 
T400′ showed damage indices for stiffness that were quite close; it could be that the deterioration in stiffness of the 
material reached the saturation point.  
 

 DISU	= 
KREF - KT

KREF
×100	 (2) 

 

 DISP = 
Kunloading - Kreloading

Kunloading
×100  (3) 

 

 
3.2 Non-destructive tests 
 
To assess the degradation caused by thermal exposure and the recovery of mechanical and durability properties, 
both ultrasonic pulse velocity (UPV) test and microscopic image were utilized. UPV measurements were conducted 
at various stages, including the uncracked stage, after pre-cracking, after thermal exposure, and at 1, 2, 3, and 6 
months of healing. Indirect UPV measurements were taken at the mid-section of the specimens by placing the 
transmitter and receiver 150 mm apart. The damage index for UPV was computed using equation (4), and Figure 
7 shows the damage index for all specimen groups. The pre-cracked reference specimens (REF'') had a damage 
index of approximately 16%, whereas the T200 had a damage index of 5%, indicating that this particular mixture is 
resilient to 200 °C. However, it appears that this resilience only applies to uncracked specimens, as T200' and 
T200'' exhibited a total damage index of roughly 11% and 21%, respectively; their average value was similar to the 
reduction in flexural strength of T200'. The total damage index of T400, T400' and T400'' was about 43%, 47% and 
49%, respectively. The specimens REF'', T200'', and T400'' underwent a healing process of up to 6 months, and 
the Figure 8 illustrates the UPV values for the initial three months. It indicates that the damage resulting from 
mechanical and/or thermal exposure was restored during the first month of healing. The UPV values have a 
correlation with the recuperation of strength and durability. Therefore, the flexural test, which is set to be conducted 
at the conclusion of six months, is expected to show recovery of most of the strength that was lost due to mechanical 
and thermal damages. 
 

 Damage index from UPV = 
UPVuncracked- UPVt

UPVuncracked
×100  (4) 

 
where the subscript t refers to the time of mechanical or thermal damage at which the UPV has been taken. 
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Figure 6: Stiffness of the specimens (a) and damage index (b) 
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The Figure 9 showcases the microscopic image of REF'', T200'', and T400'' specimens following pre-cracking, at 
one-month healing/after thermal exposure, and at the end of three months healing. The initial crack size in the 
specimens ranged from a few micrometers to 100 µm. The reference specimen exhibited nearly complete closure 
of the crack after three months of healing while submerged in tap water. However, the specimens exposed to 200 
°C and 400 °C experienced an increase in crack width of up to 50% and beyond 100%, respectively, and at the end 
of three months, the surface crack width was partially closed. In addition to the increase in crack width, new 
microcracks appeared on the concrete surfaces following exposure to high temperatures, and it was observed that 
the specimens exposed to 400 °C had significantly more microcracks than those exposed to 200 °C. 
 

 

 
Figure 8: Ultrasonic pulse velocity measurement results 
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REF′′ pre-cracked. REF′′ 1-month REF′′ 3-months 

T200′′ pre-cracked. T200′′ thermally exposed. T200′′ 3-months 

T400′′ pre-cracked. T400′′ thermally exposed. T400′′ 3-months 

Figure 9: Microscopic images of REF′′, T200′′ and T400′′ 
 
 
4. CONCLUSIONS 
 
This research study aimed to explore the persistence of autogenous self-healing potential of UHPC specimens that 
were thermally damaged and the possibility of exploiting this for damage recovery through post curing, utilizing a 
novel fire-resistant UHPC material incorporating a combination of steel fiber and polypropylene fiber. 
 
The preliminary findings of this study can be summarized as follows: 
 

• For the uncracked specimens exposed to 400 °C, the damage index for flexural strength was 41%, and 
for pre-cracked specimens, it was 60%. The uncracked specimens exposed to 200 °C did not exhibit any 
reduction in flexural strength, while the pre-cracked specimens lost 17% in strength. Higher damage in 
pre-cracked specimens could be due to the oxidation of the fibers bridging the cracks. 

• The damage index for UPV in uncracked specimens exposed to 400 °C was 43%, and for pre-cracked 
specimens (T400′), it was 47%. In contrast, the damage index for uncracked specimens exposed to 200 
°C was only 5%, which was much lower than the damage resulting from pre-cracking induced mechanical 
loading, with a damage index of 16% for reference specimens (REF′′). Additionally, pre-cracked specimens 
(T200′) exposed to 200 °C experienced an 11% loss in ultrasonic pulse velocity. However, the specimens 
that were allowed to heal showed that the majority of the damage was healed within one month. 

• The crack width for the specimens ranged from a few micrometers to 100 µm following pre-cracking. The 
specimens exposed to 200 °C and 400 °C experienced an increase in crack width immediately after the 
thermal exposure. However, at the end of three months healing, the surface crack width was partially 
closed. 

20 µm 

45 µm 
60 µm 

50 µm 84 µm 
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ABSTRACT 

 

This paper presents the results from an experimental program about the influence of concrete compressive strength 

in the occurrence of explosive spalling and residual compressive strength. Results of compressive strength, 

ultrasonic pulse velocity and mass loss were obtained for concrete specimens of three different initial strengths (50, 

80 and 100 MPa), cured by two different methods, exposed to room temperature, 300°C and 600°C. The main 

results indicated that 100 MPa test specimens are more susceptible to explosive spalling failure, as opposed to 50 

MPa. Moist-cured test specimens are significantly more affected by explosive spalling then the air-cured specimens. 

Results also showed that the test specimens with compressive strength of about 80 MPa presents the best results 

in terms of strength loss and UPV results.  

 

Keywords: High resistance concrete; High temperatures; Compressive strength; Spalling; Fire. 

 

 

1. INTRODUCTION 

 

The development of improved dosage techniques, together with the development of the materials technology, made 

the use of High Resistance Concrete (HRC) more economic and more accessible, especially when higher 

resistance is required (especially for the elements subjected to compressive loads such as columns). In comparison 

with conventional concrete (CC), HRC presents many advantages, such as: improved durability and abrasion 

resistance and reduced permeability and deformability [1, 2 e 3]. However, considering the behaviour when 

subjected to high temperatures, HRC have shown a considerable disadvantage when compared to CC [5], 

especially because it is more susceptible to explosive spalling. This phenomenon is characterised by sudden 
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detachments of concrete pieces, exposing the reinforcement bars directly to fire, which may lead to differential 

deformations between the steel and the surrounding concrete, leading to bond loss between concrete and steel, 

with potential damages to the structure [4, 5, 6 e 7].  

 

Two main hypotheses are used to explain spalling occurrence: first, due to water evaporation from the concrete 

pores, and consequently vapour confinement for low permeable concretes, pore pressures are originated inside 

the pores, which develop transversal tension stresses that can be as high as 8 MPa and are in general higher than 

the tensile strength of concrete [6]. Second, also for the fact that concrete has low thermal conductivity, when it is 

exposed to heat in the external faces, an intense thermal gradient occurs towards its interior, generating restrained 

strains of thermal origin, which develop compression stresses parallel to the exposed face [7]. Spalling is, 

notoriously, a complex phenomenon and difficult to predict, as it is dependant of many factors, such as: the internal 

humidity of concrete, porosity, load conditions, aggregate type, cross sectional [4] and heat rate [6].  

 

This work aims to determine the influence of initial compressive strength and curing conditions on the occurrence 

of spalling and on the residual compressive strength when subjected to high temperatures, taking into account only 

high resistance concretes.  

 

2. RESEARCH METHOD 

 

An experimental program was developed to identify the influence of the compressive strength on the explosive 

spalling for three different classes of HRC, aiming to identify if spalling could be reduced (due to the higher strength 

to resist the tensile stresses caused by vapour confinement) or influenced as the compressive strength increases. 

Three different concrete mixes were used in the study (named as M1, M2 and M3), based on the work developed 

by [8]. The target average compressive strength for the three mixes were 50 MPa, 70 MPa and 100 MPa. The other 

research variables included two curing conditions (one in ambient laboratory conditions – air-cured specimens - 

and the other in fully saturated condition – water-cured specimens -, both for 56 days) and two exposure 

temperatures (300ºC and 600ºC), aiming to simulate temperatures that may occur during a fire. Table 1 shows a 

compilation of the research variables adopted in this study.   

 

Table 1: Research variables of the study 

Concrete average 

compressive strength 

Curing condition Temperature  

50 MPa Ambient laboratory conditions 300 ºC 

70 MPa Fully saturated 600 ºC 

100 MPa - - 

 

2.1 Materials 

 
The materials used to cast specimens were the ones as follow: Portland High Initial Strength cement; TEC-FLOW 

8000 superplasticiser; basalt coarse aggregate with specific mass of 2.9 g/cm³, maximum diameter of 38 mm and 

fineness modulus of 7.06; gravel with specific mass of 2.63 g/cm³, maximum diameter of 2.4 mm and fineness 

modulus of 2.14; and non-densified silica fume, produced by ELKEM. The gradation results for both aggregates are 

shown in Tables 2 and 3, respectively.  

 
Table 2: Coarse aggregate gradation results 

Mesh (mm) % retained % total retained 

38 0 0 

19 7.41 7.41 

9.5 91.28 98.69 

4.8 13.31 100 

< 4.8 0 100 
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Table 3: Fine aggregate gradation results 

Mesh (mm) % retained % total retained 

2.4 4.51 4.51 

1.2 13.72 18.22 

0.6 4.47 22.69 

0.3 54.43 77.11 

0.15 14.42 91.53 

< 0.15 8.47 100 

 

2.2 Mix proportions and casting of specimens 

 

The three mixes M1, M2 and M3 were cast with the same materials. Silica fume was used as a binder addition 

aiming to obtain the desired high compressive strengths. The slump test was carried out according to the Brazilian 

Standard NBR NM 67 [9]. Superplasticizer was needed to allow good workability for the concretes, especially 

because of the low water/binder ratios used to obtain the target strengths. The amount of each material used to 

produce the three mixes proportions, for each cubic meter of concrete, the water/binder (w/b) ratios and the slump 

measured for each mix are shown in Table 4. The mixes were based on the work developed by [8]. The 50 MPa 

mix, named as M1 in this study, was adjusted in order to get a strength closer to the one aimed in this study.  

 

Table 4: Amount of material, target average compressive strength, slump test and w/b ratios for each mix 

proportion.  

Mix Proportion M1 M2  M3 

Target average compressive 

strength (MPa) 

50 70 100 

Water/binder ratio 0.44 0.26 0.19 

Slump test (mm) 85 90 180 

Cement (kg/m³) 484.9 487.4 587.8 

Silica fume (kg/m³) 38.6 42.3 46.6 

Fine aggregate (kg/m³) 760.7 662.0 613.4 

Coarse aggregate (kg/m³) 1221.2 1191.7 1165.1 

Superplasticizer (kg/m³) - 3.0 8.9 

Water (kg/m³) 230.2 135.9 120.0 

 

2.3 Exposure to high temperatures 

 

Aiming to create a favourable situation for spalling, specimens were exposed to a constant heating rate of 

27.4ºC/min, which gives initial values close to the ISO 834 standard heating curve. An electric furnace was used to 

heat the specimens up. In total, four heating procedures were performed, each one with 9 specimens: the first with 

specimens cured in air, subjected to 300 ºC; the second with the same temperature, but with specimens cured in 

water; the third with specimens cured in air subjected to 600 ºC, and the last with specimens cured in water 

subjected to 600 ºC.  

 

Specimens were placed randomly inside the furnace, and a special attention was given so they were not too close 

to the furnace resistances. After reaching the target temperatures, the specimens were maintained inside the 

furnace within the maximum temperature (300ºC or 600ºC) for 120 minutes aiming to uniformly distribute the 

temperature throughout the specimens. After this period the furnace was turned off and the door open for the 

specimens to cool down until the next day, when the tests were performed.  

 

2.4 Visual evaluation of spalling 

 

Cylinder specimens measuring 20 cm in height and 10 cm in diameter were used to perform the visual analysis in 

terms of spalling occurrence, cracking and any other damage that may had occurred with the specimens after being 

exposed to high temperatures. The specimens had their mass recorded before and after exposure to high 

temperatures as another way to quantify (even if empirically) spalling. Compressive strength and ultrasonic pulse 

velocity (UPV) were also performed after exposure to high temperatures for the specimens that were not affected 
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or destroyed by spalling. As for comparison in terms of compressive strength and UPV, extra specimens were cast 

and tested in ambient temperature. Eighteen specimens were cast for each mix, leading to a total of 54 specimens.  
 

2.5 Compressive strength 

 

The compressive strength was measured using a SHIMADZU equipment with 2000 kN of capacity. The loading 

speed used was 0.45 MPa/s, following the procedures of Brazilian Standard NBR 5739 [10]. 

 

2.6 Ultrasonic pulse velocity 

 

The ultrasonic pulse velocity tests were performed according to the Brazilian Standard NBR 8802 [11], by the direct 

method, using a PUNDIT (Portable Ultrasonic Nondestructive Digital Indicating Tester) equipment, with a 0,1 μs 

resolution. The measurements were made before the compressive strength tests, for both reference specimens 

and the ones subjected to high temperatures.   

 

2.7 Mass measurement 

 
The mass measurements were made before subjecting the specimens to high temperatures and at the day after 

exposing them, immediately before the UPV and compressive strength tests, by using an electronic scale with a 

0,1 g resolution.  

 
3. RESULTS AND DISCUSSION 

 

This section presents the main results obtained from the tests and a discussion about the main outputs of the 

research.  

 

3.1 Visual evaluation of spalling  

 

Table 5 presents a general view of the visible damage caused by the high temperatures, which can also be seen in 

Figures 1 and 2.  

 

Table 5: General view of damages in the specimens through visual evaluation 

Curing Mix 300ºC 600ºC 

Water 

curing 

M1       

M2       

M3       

Air 

curing 

M1       

M2       

M3       

Color 

code 

 No signs of visible detachments 

 Total failure by spalling 

 Superficial detachment, with no total failure 
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a) b) 

c) d) 

Figure 1: Images from the inside of the furnace with detachments of specimens due to spalling, after (a) being 

exposed to 600ºC (cured in air) and (b) being exposed to 600ºC (cured in water). Cracking and detachment of air-

cured M3 specimen after being exposed to 300ºC (c). Cracking of moist-cured M3 specimen after being exposed 

to 600ºC (d). 

 

678



            

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

d) 

Figure 2: Detachment of moist-cured M1 specimen, after being exposed to 600ºC (a). Detachments of air-cured 

M3 specimen after being exposed to 600ºC (b). Moist-cured M1 and M2 specimens after being exposed to 300ºC 

(c and d).  

 

Considering the results presented in Table 5 and Figures 1 and 2, it is evident that the M3 specimens were the 

ones more affected to high temperatures, with more damage in all situations. For the specimens exposed to 600ºC, 

half of them failed due to spalling. Similar results were also observed in other studies [4 5, 6 and 7]. It can also be 

seen that specimens cured in water presented more detachments, even though the number of total failures by 

spalling was the same for both curing procedures. This result is in line with the ones obtained from [4]. 

The visual inspection show that M1 specimens were the ones that were less affected. This is also an expected 

result, since concretes with higher w/c ratio usually have higher permeability [3], thus reducing the development of 

pore pression which is caused by the confinement of water vapour [5, 6 and 7] inside concrete when it is heated up 

to high temperatures.  
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3.2 Compressive strength  

 

Table 6 presents the average values and the standard deviation (when its calculation was possible) of the 

compressive strength results for all variables analysed in this research. Due to the higher variability compared to 

the initial average strength, the compressive strength of specimen 1 from mix M1 cured in air was discarded and 

the average value was recalculated, resulting in the values presented in the last column of the table. The table 

shows that the target compressive strength of mix M1 was very close to the results obtained from the tests, for both 

curing conditions. Mix M3 showed consistent results for specimens cured in air and water, however, slightly higher 

than the target strength. Mix M2, however, showed results close to the target of 70 MPa only for specimens cured 

in air. M2 specimens moist-cured showed results considerable higher than the target strength.  

 

Table 6: Results of compressive strength 

Curing 

condition 

Mix Temperature Compressive strength (MPa) 

Spec 1 Spec 2 Spec 3 Average Standard 

deviation 

Recalculated 

average 

Water 

curing 

M1 Ambient 46.88 53.99 49.78 50.22 2.92 50.22 

300ºC 41.21 38.05 45.22 41.49 2.93 41.49 

600ºC 33.08 32.43 33.03 32.85 0.30 32.85 

M2 Ambient 78.53 75.52 73.18 75.81 2.19 75.81 

300ºC 64.88 72.38 78.65 71.97 5.63 71.97 

600ºC 61.10 ** 58.91 60.01 1.10 60.01 

M3 Ambient 105.91 111.92 98.12 105.32 5.65 105.32 

300ºC 92.55 97.54 94.06 94.72 2.09 94.72 

600ºC ** 76.63 77.03 76.83 0.20 76.83 

Air curing M1 Ambient 33.18* 48.67 46.24 42.70 6.80 47.46 

300ºC 40.31 44.10 44.61 43.01 1.92 43.01 

600ºC 25.93 28.28 23.97 26.06 1.76 26.06 

M2 Ambient 98.30 91.02 100.57 96.63 4.07 96.63 

300ºC 93.90 92.39 89.94 92.08 1.63 92.08 

600ºC 57.12 62.94 48.13 56.06 6.09 56.06 

M3 Ambient 109.81 118.72 97.31 108.61 8.78 108.61 

300ºC 93.59 98.85 112.49 101.64 7.96 101.64 

600ºC 74.88 ** ** 74.88 - 74.88 

* result was discarded 

** failure by spalling 

 

Figures 3 and 4 show the results of the average compressive strength for each mix, as a function of the temperature, 

for specimens cured in air and water, respectively. Both figures show the results in terms of absolute values. Figure 

5 shows the relative loss of compressive strength (%) in relation to the reference strength (ambient temperature) 

for each mix, for both curing procedures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Average compressive strength as a function of temperature for specimens cured in air.  
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Figure 4. Average compressive strength as a function of temperature for specimens cured in water.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 5. Loss of compressive strength (%) in relation to the reference compressive strength for each mix, for 

both curing procedures.  

 

The analysis of Figure 5 shows that M2 specimens presented the best behavior in terms of the loss of compressive 

strength for all cases, except for the ones cured in air and exposed to 600ºC. It is important to emphasize, however, 

that the residual compressive strength was calculated only for specimens that did not fail by spalling. It is also 

important to note that there is a different behavior when comparing the curing versus the exposure temperature, 

that is, for the lower exposure temperature of 300ºC, the specimens cured in air had the lower loss of relative 

strength, whilst for the temperature of 600ºC, specimens cured in water had the lower loss of relative strength. 

These results are in accordance with [3].  

 
3.3 Ultrasonic pulse velocity (UPV)  

 

Table 7 presents the results of UPV for all specimens, including the average UPV results and standard deviation. 

Figure 8 shows the average UPV results as a function of the average relative compressive strength (in relation to 

the reference specimens – ambient temperature).  
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Table 7: Results for UPV tests.  

Curing 

condition 

Mix Temperature UPV (m/s) 

Spec 1 Spec 2 Spec 3 Average Standard 

deviation 

 

Water 

curing 

M1 Ambient 4952 4888 4924 4922 26  

300ºC 4301 4230 4414 4315 76  

600ºC 2174 2156 2316 2215 72  

M2 Ambient 5218 5205 5318 5247 50  

300ºC 4844 4878 4925 4882 33  

600ºC 2770 ** 2946 2858 88  

M3 Ambient 5205 5273 5108 5195 68  

300ºC 4916 4923 4850 4896 33  

600ºC ** 2638 2924 2781 143  

Air curing M1 Ambient 4871 4879 4919 4890 21  

300ºC 4264 4277 4262 4268 7  

600ºC 2012 1822 1899 1911 78  

M2 Ambient 5229 5144 5200 5191 35  

300ºC 4869 4935 4870 4892 31  

600ºC 2595 2564 2489 2550 45  

M3 Ambient 5224 5198 5256 5226 24  

300ºC 5003 5020 4911 4978 48  

600ºC 2591 ** ** 2591 -  

** failure by spalling 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8: Results for average UPV for each mix as a function of the initial reference compressive strength 

 
From Figure 8 it is possible to observe that, for both curing procedures, the UPV decreased between 50 to 60% for 

all mixes, for the temperature of 600ºC. However, for the 300ºC temperature, the difference was about 10%. In 

comparison with mix M1, mix M2 presented approximately 50% reduction of the UPV at 300ºC, and 80% reduction 

of the UPV at 600ºC.  

 

This figure also shows that specimens from mix M2 had similar damage to mix M3 at the temperature of 600ºC. 

However, at 300ºC mix M3 showed the best results. The results presented in Figure 8 are in accordance with the 

results presented in section 3.2 of this paper, and also with the conclusions presented by Almeida [12], which 

indicate that the micro cracks of the concrete measured by UPV are perceived with more confidence at lower 

temperatures than the differences in the compressive strength, being more accentuated at 600ºC. 
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3.4 Mass loss  

 

Table 8 shows the results in terms of initial (before being exposed to high temperatures) and residual (one day after 

being exposed to high temperatures) mass for all specimens.  

 

 

 

Table 8: Results for initial and residual mass 

Curing 

condition 

Mix Temp 

(ºC) 

Mass (g) 

Spec1 

Initial 

Spec1 

Resid 

Spec2 

Initial 

Spec2 

Resid 

Spec3 

Initial 

Spec3 

Resid 

Aver 

Initial 

Aver 

Resid 

 

Water 

curing 

M1 300ºC 3797.0 3670.3 3814.0 3675.7 3816.5 3693.5 3809.2 3679.8  

600ºC 3782.3 3481.0 3840.8 3548.5 3825.2 3533.9 3816.1 3521.1  

M2 300ºC 3961.5 3901.1 3965.5 3900.7 3969.0 3906.7 3965.3 3902.8  

600ºC 3914.4 3693.0 3914.7 ** 3970.4 3742.0 3933.2 3717.5  

M3 300ºC 3915.5 3858.5 3945.0 3877.3 4003.0 3945.7 3954.5 3893.8  

600ºC 3936.9 ** 4029.0 3813.5 3964.2 3759.0 3976.7 3786.3  

Air curing M1 300ºC 3762.4 3603.7 3811.8 3665.0 3827.0 3676.0 3800.4 3648.2  

600ºC 3793.1 3527.5 3890.5 3621.5 3774.3 3507.6 3819.3 3552.2  

M2 300ºC 3887.3 3817.7 3931.6 3862.4 3908.0 3837.2 3909.0 3839.1  

600ºC 3893.2 3683.3 3880.7 3677.3 3929.6 3699.5 3901.2 3686.7  

M3 300ºC 3995.8 3931.7 3963.7 3906.6 3930.6 3858.5 3963.4 3897.9  

600ºC 3970.5 3760.0 3966.0 ** 3946.4 ** 3961.2 3760.0  

   ** failure by spalling 

 

Figure 9 shows the relative mass losses, for both curing procedures, as a function of concrete strength, for each 

specimen. The specimens that failed due to spalling were not considered in this analysis. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Relative mass loss (%) as a function of the compressive strength for each specimen, for both curing 

procedures. 

  
It is important to note that, in the majority of the cases, these results are mainly due to water evaporation of the 

concrete, and they cannot be used alone as a way to measure spalling. However, if they are analysed together with 

the results from the visual investigation, shown in section 3.1, they can contribute to the analysis of spalling. 

 

Specimens subjected to 300ºC showed more detachments for the ones cured in water, as shown in Table 4. In this 

case the difference in the loss of mass for both curing procedures is more due to the loss of solid material. For 

specimens subjected to 600ºC the amount of detachments were similar for both curing conditions. In this case the 

loss of mass is probably due to water evaporation.  
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3.5 Comparison of compressive strength results with code standards 

 

NBR 15200 [13] and the EUROCODE 2 Part. 1-2 [14] present curves with the compressive strength reduction factor 

(kc,θ) as a function of the temperature to which concrete was exposed, valid for concretes with silicon aggregates, 

and compressive strength between 20 and 50 MPa and specific mass ranging from 2000 to 2800 kg/m³. 

EUROCODE 2 Parte 1-2 presents compressive strength reduction factors for high resistance concretes, for classes 

I (C55 and C60), II (C70 and C80) and III (C90). Figure 10 shows these curves and the results obtained from this 

research.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 10. Compressive strength reduction factors (kc,θ) obtained from the results of the research in comparison 

with the data from NBR 15200 [13] and EUROCODE 2: Part 1-2 [14].  

 

It can be noted that the factors given by the codes [13 and 14] are more conservative in comparison with the ones 

obtained from the tests. For the mix M3 the value given by [13] was about one third of the one obtained from this 

research. Exception applies for mix M1 cured in water, which was very close to the factor recommended for its 

strength class. One possible cause for such variation is the use of different heating rate curves, the curing 

conditions, mix proportions and other characteristics of test procedures used in the codes and in this research, as 

well as different periods of time at which each specimen is maintained after the maximum temperature has been 

reached.   

 

It is important to emphasize that NBR 15200 [13] does not consider the probability of spalling occurrence. As shown 

in Table 4. For the 600ºC temperature, many specimens failed due to spalling (even for the ones cured in air).  

 
4 Conclusions 

 

The following conclusions can be driven from the research:  

 

• High resistance concretes, with resistance about 100 MPa, seem to be more susceptible to spalling; 

• For concretes with lower resistances, around 50 MPa, the probability for spalling to occur is low for the 

temperatures used in this research; 
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• Concretes with intermediate strength considering the ones tested in this research (around 75 MPa), cured 

in air, presented, in general, the best behavior in terms of relative compressive strength loss and spalling 

analysis.  

• Concretes cured in water are more susceptible to spalling;  

• In a general way, temperatures of 300ºC caused small damages; 

• Concretes that lost more water during the mass loss test, in general, had lower superficial detachments, 

indicating that less permeable concretes develop more pore pression in high temperatures, causing 

spalling; 

• NBR 15200 [13] and EUROCODE 2 PART 1-2 [14] show more conservative values in terms of 

compressive strength reduction factors in comparison with the ones shown in this research.   

Due to the limitations of this research, which comprises the limited number of specimens, the conclusions presented 

cannot be generalized unless more work is carried out. 
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ABSTRACT 

 

Ultra-high-performance concrete (UHPC) has exceptional mechanical properties at room temperature. However, 

its fire performance is not well known. There are no standardized procedures for characterizing UHPC at high 

temperatures. This is justified by the lack of research on the subject, leaving gaps for experimental and numerical 

investigations. This study raised a set of parametric data of UHPC at high temperatures. Thermal diffusivity, thermal 

conductivity and specific heat as thermal parameters; compressive strength and modulus of elasticity as 

mechanical; and thermal elongation and density as physical were defined for different temperature ranges. The 

results were compared with other structural concrete (NSC, HSC and UHSC) proposed by the literature. The UHPC 

had a particular fire behavior. In relation to NSC, HSC and UHSC, the thermal extension and mechanical 

parameters of UHPC are less affected in fire, but its thermal conductivity and mass loss is higher. UHPC also 

showed the highest specific heat compared to other concretes. The thermal field of UHPC tends to be higher in 

relation to the others. 

 

Keywords: UHPC. Thermal properties. Mechanical properties. Physical properties. 

 

Notation: 

CA Coarse aggregate  

FA Fly ash 

HSC Hight-strength concrete 

NSC Normal-strength concrete 

PVA Polyvinyl acetate 

SF Silica fume 

UHPC Ultra-High-Performance Concrete  

 
a * Unisinos University (fabriciobolina@gmail.com), Corresponding author. 
b,* Unisinos University (giovanapoleto@hotmail.com). 
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UHSC Ultra-High Strength Concrete 

w/b Water-binder ratio 

𝐶𝑝 Specific heat 

𝐸𝑐 Elastic modulus of concrete at room temperature 

𝐸𝑐,𝜃 Elastic modulus of concrete in fire 

𝑓𝑐,𝑘 Compression strength of concrete at room temperature 

𝑓𝑐,𝜃 Compression strength of concrete in fire 

k Thermal conductivity 

𝑘𝑐,𝜃 Partial factor for concrete (compression strength) in fire 

𝑘𝑐𝐸,𝜃 Partial factor for concrete (modulus of elasticity) in fire 

𝑘𝜌,𝜃 Partial factor for concrete (mass loss) in fire 

𝜌 Density 

 

1. INTRODUCTION 

 

Ultra-High-Performance Concrete (UHPC) is a cementitious concrete with exceptional mechanical properties at 

room temperature. According to ASTM C1856 (2017) [1], the specified compressive strength must be at last 120 

MPa. UHPC is characterized by low w/b ratio, high cement content, aggregates, fibers (steel, PVA, glass), 

superplasticizer. Their matrix is very dense and has a minimal structure of disconnected pores, making it an 

interesting solution in chemically aggressive environments. UHPC can also be used in the precast concrete, being 

an ideal solution for structures with high loading and high span with the minimum cross-section.  

 

Buildings are subject to fire. According to Zhu et al. (2021) [2], there are few studies on the UHPC at elevated 

temperatures. However, for application as a structural material, UHPC must have fire performance. Research such 

as Xiong and Liew (2016) [3], Kodur and Khaliq (2011) [4], Li, Qian and Sun (2004) [5], Poon, Shui and Lam (2004) 

[6], Kodur and Sultan (2003) [7] and Shin et al. (2002) [8] already show that high strength concrete (HCC) does not 

have the same fire performance as normal strength concrete (NSC), due to concrete spalling, as also explain Ullah 

et al. (2022) [9] and Akca and Zihnioglu (2013) [10]. According to Liang et al. (2013) [11], UHPCs usually spalling 

more than NSCs due to their dense structure and low permeability. In fact, research that sought a parametric 

evaluation of UHPC was dedicated to concrete spalling analysis [3, 10, 11, 12, 13, 14, 15, 16, 17]. 

 

There are no standard criteria for the fire design of UHPC structures. Standards such as EN 1992-1.2 (2004) [18], 

ACI-216 (2014) [19], AS 3600 (2018) [20], NZS 3101-1 (2006) [21] and NBR 15200 (2012) [22] do not provide 

thermomechanical parameters for fire-design concrete structures with f_(c,k)>100 MPa. There are few researches 

on this subject and the fire behavior of UHPC is not well known. Few researches sought to define the thermal 

properties of UHPC to fire. In this sense, authors such as Ullah et al. (2022) [9] does not recommend UHPC in case 

of fire, suggesting further research. 

 

There is a contradiction. Authors such as Du et al. (2021) [23], Willie, Naaman and Parra-Montessinos (2011) [24] 

and Habel et al. (2006) [25] believe that UHPC is one of the most promising building materials for the future, but 

others such as Zhu et al. (2021) [2] and Ullah et al. (2022) [9] discuss the sensitivity of UHPC to fire. On the other 

hand, the most recent researches on UHPC do not evaluate its fire behavior. Research as Zhang et al. (2022) [26] 

evaluated the mechanical behavior of RC column with UHPC jacket at room temperature; Tian and al. (2022) [27] 

and Zhou et al. (2023) [28] studied the UHPC performance under cyclic load; Zhang et al. (2022) [29] the flexural 

behavior of UHPC beams; Zhang et al. (2023) [30] using UHPC with recycled concrete fines; Li et al. (2023) [31] 

the UHPC mechanical properties with different cement type, Cui et al. (2023) [32] with expansion agent in the 

concrete mix, among others.  
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Research on UHPC in fire needs to be improved. According to SFPE (2008) [33], the fire behavior of the structures 

depends on the high temperature properties of their materials. According to Kodur and Khaliq (2011) [4] and Abid 

et al. (2019) [14] these parameters are of physical, thermal and mechanical origin. Thermal and physical properties 

include conductivity, specific heat, thermal diffusivity, expansion and mass loss. As mechanical properties include 

strength, thermal deformation and modulus of elasticity. All of these properties change with temperature and are 

also influenced by concrete mix proportions, permeability, aggregate and cement type, fiber presence, chemical 

additives. 

 

The mechanical deterioration of UHPC in fire also needs to be discussed. Temperatures between 100-300°C cause 

an increase in compressive strength, as shown by Park et al. (2019) [34] and Kahanji et al. (2018) [35]. This is due 

to the rehydration of non-hydrated cementitious compounds in the cement paste, as described by Banerji and Kodur 

(2021) [12] and Xuan and Shui (2011) [36]. It is activated by temperatures due to the SF that did not react with the 

cement paste and by the water vapor produced, as shown by Zhu et al. (2021) [2]. After 800 °C, UHPCs may suffer 

a strength loss of up to 80%, as Liang et al. (2018) [11] describes. According to Ullah et al. (2022) [9] and Choe et 

al. (2015) [13], in the range of 1000-1200 °C, intense physical and chemical changes occurred in its concrete matrix, 

resulting in a severe decrease in mechanical properties.  

 

Kodur et al. (2020) [37] studied thermal parameters of UHPC. Conductivity, specific heat, mass loss and expansion 

were investigated. The literature review proposed by Zhu et al. (2021) [2] proved to be the only research that 

proposed thermal parameters for UHPC in different temperature ranges. The UHPC studied by Kodur et al. (2020) 

has SF, silica sand, PP and steel fibers, slag and coarse aggregate (CA), with f_c between 164 to 178 MPa. 

However, the use of UHPC without CA occurs in some cases. Yang and others. (2019) [38] already show that CA 

reduces the UHPC thermal field, i.e., UHPC without CA has a much greater temperature gradient than UHPC with 

CA. The UHPC in this research does not have CA, but has PVA fibers and 750 days of concrete curing, making 

this study unprecedented. UHPC without CA has not yet been evaluated by the literature. 

Parametric data are essential for numerical investigations, mainly in FEA (Finite Element Analysis). However, there 

is a lack of data to support FEA analysis of UHPC structures in fire. Researchers who intend to develop numerical 

studies with UHPC structures will not find enough data to calibrate numerical models. The lack of standard data 

(such as EN 1992-1.2 [18] and others [19-22]) also motivated this research.  

 

This research defined the thermal and mechanical parameters of UHPC. As thermal parameters, conductivity, 

diffusivity and specific heat have been defined. As mechanical parameters, modulus of elasticity and nominal 

compressive strength. They have been set for different temperature ranges. In addition, physical parameters such 

as density and thermal extension in fire were also evaluated.  

 

2. METHODS 

 

2.1 Materials 

 

The cement used was a high-initial resistance type that contained fewer chemical cement additions. It is a Portland 

cement used in Brazil classified as CP-V ARI by NBR 16697 [39]. Silica fume (88.5% silicon contained) and fly ash 

(50.0% of silicon content) were used with, respectively, specific gravity of 350 kg/m³ and 210 kg/m³. Silica fume 

acts as a microfiller. It also reacts with calcium hydroxide, thus increasing the final strength. 

 

A natural quartz sand with 260 kg/m³ was incorporated. It is a river sand that received a washing process to eliminate 

impurities. The steel fiber had a length of 25 mm and a diameter of 0.75 mm, with a tensile strength of 1100 MPa 

and a modulus of elasticity of 210 GPa. The PVA (polyvinyl acetate) fiber had a length of 12 mm and 0.04 mm in 

diameter, tensile strength of 1600 MPa and modulus of elasticity of 41 GPa. Superplasticizing additive based on 

polycarboxylates was incorporated to improve the workability of the concrete. The UHPC production and mix was 

made according to Christ et al. (2022) [40] method. 

 

The average compression strength of the concrete at 28, 150 and 750 days were 108.0, 146.4 and 162.4 MPa, 

respectively. The elastic modulus was 41.4, 44.0 and 46.1 GPa at, respectively, 28, 150 and 750 days. These 

results were obtained by testing a concrete cylinder with a dimension of 150x300 mm (diameter x length) made 

according to ASTM C470 [41]. The concrete compressive strength testing was obtained according to ASTM C39 
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[42] and the elastic modulus in accordance to ASTM C469 (2014) [43] procedures. The concrete specimens are 

produced in accordance to ASTM C31 [44] and ASTM C192 [45]. 

 

The concrete mix is presented in Table 1. 

Table 1 – Concrete mix  

Material Unit content (kg/m³) Ratios of concrete mix 

Cement  488 1.00 

Silica fume 268 0.55 

Fly ash 235 0.48 

Natural sand (fine aggregate) 1025 2.10 

Steel fiber 120 0.25 

PVA fiber 6 0.02 

Chemical additive 17.6 0.03 

Water 178 0.36 

 

2.2 Thermal properties definition 

 

The thermal diffusivity, specific heat and conductivity parameters were determined as shown below. 

 

2.2.1 Diffusivity 

The thermal diffusivity of UHPC was obtained according to the Flash Method proposed by ASTM E1461 [39]. The 

method is used to measure values of thermal diffusivity of a wide range of solid materials. The results were obtained 

by testing a concrete cylinder with a dimension of 12.7x2.5 mm (diameter x thickness) in accordance to ASTM 

E1461-13 [46] prescriptions. The UHPC specimens were heating to 100, 200, 300, 400, 500 and 600°C. The test 

equipment used was a thermal diffusivity analyzer (TDA) with a temperature range from -125°C to 500°C, a thermal 

diffusivity measurement ranges from 0.01mm²/s to 1000mm²/s and a thermal conductivity range from 0.1W/mK to 

2000W/mK. The TDA setup is shown in Figure 1. 

 

 
Figure 1 – TDA setup 

 

According to the thermal diffusivity (α) results and with the density in fire (ρ) it is possible to obtain the specific heat 

(Cp) and thermal conductivity (k) according to Equation (1). 

 

 𝛼 = 𝑘/𝜌. 𝐶𝑝 (1) 

 

2.2.2 Specific heat 

According to the thermal diffusivity results and according to Equation 1, the specific heat values were defined for 

the same temperature ranges as in section 2.2.1. 
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2.2.3 Conductivity 

According to the results of thermal diffusivity and Equation 1, the thermal conductivity values were defined for the 

same temperature ranges as in section 2.2.1. 

 

2.3 Physical and mechanical properties definition 

 

The heating of the UHPC samples was made according to RILEM TC 129 [47, 48]. The samples were put in an 

electrical small-scale furnace with a constant heating rate of 0.25 °C/min to the required test temperature. The 

furnace dimensions are 600x450x450 mm. After reaching the temperature required, it was maintained for a period 

of 360 min. After previous analyzes and tests carried out by the authors, this was the time required for the UHPC 

samples to reach a uniform and constant temperature. This preliminary test was done with a sacrifice specimen, 

where a thermocouple was installed at its centroid. 

 

To avoid the concrete spalling, the fire test was carried out after 750 days of construction of the UHPC spicemen. 

In order to avoid rehydration of the concrete with the humidity of the air, the samples of UHPC were tested 

immediately after removal from the furnace. These results were obtained by testing a concrete cylinder with a 

dimension of 150x300 mm (diameter x length) made according to ASTM C470 [41]. 

 

2.3.1 Compression strength 

Axial compression strength was made according to RILEM TC 129-3 [47]. Temperatures of 100, 200, 300, 400, 500 

and 700 °C were assumed. This test was carried out 750 days after the production of the specimen. Comparing 

with the values at room temperature, the UHPC compression strength reduction factor for each temperature range 

was then measured. 

 

2.3.2 Elastic modulus 

Compression strength was made according to RILEM TC 129-5 [48]. Temperatures of 100, 200, 300, 400, 500 and 

700 °C were assumed for the concrete aged 750 days. The UHPC modulus of elasticity reduction factor for each 

temperature was then measured when compared to the values at room temperature. 

 

2.3.3 Expansion 

The linear expansion of UHPC was obtained according to ASTM E228 [49] procedures, using horizontal 

dilatometers. The measurement of expansion involves two parameters: change of length and change of 

temperature. The results were obtained by testing a rectangular concrete cube with a dimension of 10x50x10 mm 

(width x length x thickness). The sample is placed on the holder and then a cylindrical oven is moved to envelop 

the sample evenly on all sides. The UHPC specimen is subjected to a pre-programmed heating rate (i.e., 5°C/min) 

and the linear expansion corresponding to the temperature rise is measured. The UHPC specimens were heating 

to 100, 200, 300, 400, 500 and 600 °C. 

 

2.3.4 Density (mass loss)  

The density was obtained with the same samples used to define the compressive strength. Before submission in 

the furnace, the weight (kN) and volume (m³) of the UHPC specimen was measured. The same was done after its 

removal from the furnace. Comparing with the values at room temperature, the UHPC density reduction factor for 

each temperature range was then measured. 

 

2.4 Correlation with the standard procedures and references 

The results (data available in this research) were compared with those proposed by the references. When possible, 

the data were compared with normal-strength (NSC), high-strength (HSC), ultra-high-strength (UHSC) and, when 

available, ultra-high-performance (UHPC) concrete similar to this research. 

 

3. RESULTS AND DISCUSSION 

 

3.1 Physical and mechanical properties in fire 

 

3.1.1 Compressive strength and modulus of elasticity 
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Table 1 and Fig.2a and b show the compressive strength and modulus of elasticity of UHPC for different temperature 

ranges. 

 

According to Fig. 2a, in terms of compression strength, the fire performance of UHPC can be separated into three 

stages. Stage 1 shows that up to 100°C UHPC decreases its compression strength. Stage 2 between 100-300°C, 

UHPC increases its strength. Stage 3 shows that after 300°C the UHPC has a gradual reduction in its compressive 

strength. The increase in strength (between 100-300°C) is explained by the rehydration of non-hydrated 

cementitious compounds in the cement paste. Banerji and Kodur (2021) [12] and Xuan and Shui (2011) [36] explain 

that it is activated by temperatures, because the hydration process is not complete at room temperature according 

to Zhu et al. (2021) [2]. After heating, the SF produced new C–S–H (secondary hydration). In addition, xonotlite and 

tobermorite form through the transformation of the C–S–H gel, which increases the compactness of the internal 

structures. Xiong and Liew (2016) [3] shown another reason for the increase of strength at 200-300 °C: the 

increases in the forces between the gel particles (van der Waals forces) due to the water removal and the shrinkage.  

 

Table 1 – UHPC mechanical properties in fire 

Temperature (°C) 

Ref 100 200 300 400 500 600 700 

Elastic modulus (GPa) 

46.1 46.8 36.8 28.7 16.8 16.1 14.0 2.9 

Compression strength (MPa) 

162.4 151.4 165.9 181.7 173.0 134.6 134.6 75.6 

 

 

  
(a) Compressive strength (b) Elastic modulus 

Figure 2 – Mechanical properties for different temperatures 

 

According to Zhu et al. (2021) [2] and Zang, Liu and Tan (2021) [51], in the temperature range up to 400°C, decrease 

in compressive strength is mainly due to concrete dehydration, shrinkage, aggressive expansion, phase changes 

(C–S–H or C–H decomposition and fibers transformation), crack development in the concrete matrix, and thermal 

incompatibility between matrix and aggregate. 

 

In the 400-700°C range, the paste-aggregate interface is also affected due to thermal incompatibility between the 

materials. The disintegration of Ca(OH)2 and C-S-H also occurs in these temperatures. It is important to emphasize 

the influence of PVA fibers. Its deterioration increases the porosity of concrete, affecting its mechanical properties. 

Xiong and Liew (2016) [3], Banerji and Kodur (2021) [12] and Sanchayan and Foster (2016) [15], and have already 

evaluated the influence of PVA fibers on the reduction of these properties of concrete. 

 

The modulus of elasticity at high temperatures (Fig. 2b) decreases as the temperature increases. The temperature 

of 100°C is an exception, showing a slight increase (1.5%) in relation to the room temperature values. Xiong and 

Liew [3] also found reduction and then recovery on the modulus of elasticity in the temperature range of 100–200 

ºC. This phenomenon is also identified for residual compressive strength according to Fig. 2a. The researchers 

justify it by the increase in internal pressure due to the evaporation of free water. 
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In terms of compressive strength, the partial factor k(c,θ) for the UHPC studied is shown in Table 2a. To fire design 

of UHPC structures, the suggestion of the authors is to neglect the increase in compressive strength shown in Fig. 

2a (stage 2). This seems to be the most rational criterion, as it is influenced by the concrete mix, w/c ratio, heating 

rate of the structure, aggregate. However, the strength loss up to 100°C (stage 1) cannot be neglected. Table 2 

shows the proposition of partial factor k(c,θ) coefficients of UHPC in fire assuming strength loss up to 100°C (stage 

1) but neglecting the strength increase up to 300°C (stage 2). The same k(c,θ) was assumed up to 400°C (equal to 

0.93). After 400°C, k(c,θ) decreases above that identified until 100°C (stage 1). 

 

In terms of elasticity modulus, the partial factors of the UHPC used in this research are shown in Table 3a. These 

values are compared to (i) normal-strength concrete (NSC) in Table 3b and c to, respectively, siliceous (Sili) and 

limestone (Lime) aggregate; (ii) to high-strength concrete (HSC) in Table 3d (class 1, C1), e (class 2, C2) and f 

(class 3, C3, according to EN 1992 classification in terms of concrete strength); (iii) ultra-high-strength concrete 

(UHSC) in Table 3g; and (iii) ultra-high-performance (UHPC) in Table 3d proposed by the references. To NSC, a 

f_ck of 40 MPa and the thermal extension (Δl/l) proposed by EN 1992-1.2 [11] was assumed. To HSC proposition, 

a f_ck of 70, 85 and 100 MPa were used to, respectively, C1, C2 and C3 (with their respective k_(c,θ) shown in 

Table 2). In accordance to EN 1992-1.2 [11], the same Δl/l for NSC was used to HSC definitions, also considering 

siliceous aggregate (Sili). 

 

Table 2 – Partial factor: correlation between UHPC and references (compressive strength) 

T
e

m
p

. 

(°
C

) 

Partial factor (𝑘𝑐,𝜃 = 𝑓𝑐,𝜃 𝑓𝑐𝑘⁄ ) – compressive strength  

UHPC 
Test 
Data 

EN 1992 
NSC (Sili) 
(C20/50) 

EN 1992 
NSC (Lime) 

(C20/50) 

EN 1992 
HSC-C1 
(C55/75) 

EN 1992 
HSC-C2 
(C70/95) 

EN 1992 
HSC-C3 

(C90/105) 

UHSC 
(Xiong and 
Liew,2016) 

(a) (b) (c) (d) (e) (f) (g) 

25 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

100 0.93 1.00 1.00 0.90 0.75 0.75 0.77 

200 0.93 0.95 0.97 0.90 0.75 0.70 0.89 

300 0.93 0.85 0.91 0.85 0.75 0.65 0.94 

400 0.93 0.75 0.85 0.75 0.75 0.45 0.84 

500 0.83 0.60 0.74 0.60 0.60 0.30 0.71 

600 0.65 0.45 0.60 0.45 0.45 0.25 0.61 

700 0.47 0.30 0.43 0.30 0.30 0.20 0.50 

 

Table 3 – Partial factor: correlation between UHPC and references (modulus of elasticity) 

T
e

m
p

. 

(°
C

) 

Partial factor (𝑘𝑐𝐸,𝜃 = 𝐸𝑐,𝜃 𝐸𝑐⁄ ) – modulus of elasticity  

UHPC 
Test 
Data 

EN 1992 
NSC (Sili) 
(C20/50) 

EN 1992 
NSC (Lime) 

(C20/50) 

EN 1992 
HSC-C1 
(C55/75) 

EN 1992 
HSC-C2 
(C70/95) 

EN 1992 
HSC-C3 

(C90/105) 

UHSC 
(Xiong and 
Liew,2016) 

UHPC 
(Banerij and 
Kodur,2021) 

(a) (b) (c) (d) (e) (f) (g) (h) 

25 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

100 1.00 0.60 0.32 0.56 0.47 0.47 0.83 0.83 

200 0.80 0.39 0.12 0.41 0.34 0.32 0.90 0.60 

300 0.62 0.27 0.07 0.30 0.27 0.23 0.75 0.35 

400 0.36 0.18 0.05 0.18 0.19 0.11 0.55 0.33 

500 0.35 0.08 0.02 0.10 0.10 0.05 0.46 0.20 

600 0.21 0.04 0.01 0.04 0.04 0.03 0.31 0.10 

700 0.06 0.03 0.00 0.03 0.03 0.02 0.26 0.08 

 

The comparison between the partial factors of elastic modulus and compressive strength is shown in Fig. 3a and 

b, respectively. 

 

Fig. 3a shows that the UHPC of this research has k(c,Eθ) convergent to those proposed by Xiong and Liew (2016) 

[3] and Banerij and Kodur (2021) [22]. This indicates that there is a consensus: the thermal extension (Δl/l) of UHPC 

is lower in relation to the NSC and HSC values proposed by the EN 1992-1.2 [11] and also its f(ck,θ) is less affected 

by high temperatures. This is validated by the Figure 4b, where the values of k(c,θ) are shown. In fire, the UHPC 

studied (Table 1a) showed the smallest reduction in compressive strength (k(c,θ) parameter) compared to NSC 

(Table 1b and c), HSC (Table 1d, e and f), and UHPC (Table 1g) according to standard and references. 
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(a) kc,Eθ = Ec,θ Ec⁄  (b) kc,θ = fc,θ fck⁄  

Figure 3 – Partial factor: comparison between the UHPC with other references 

 

3.1.2 Thermal elongation 

Table 4 and Fig. 4a show the thermal elongation (∆L/Lo) results of UHPC for different temperature ranges. Fig. 4b 

shows the comparison of these results with references. 

 

  
UHPC (test data) UHPC (test data) and references  

Figure 4 – Thermal elongation at high temperatures 

 

UHPC (Table 4a) has positive thermal elongation when exposed to high temperatures, as with other concretes 

(Table 4b-g). The UHPC of this research had the lowest ∆L/L_o value in relation to the others. Up to 100°C thermal 

elongation can be related to the loss of humidity (free water) in the concrete. Between 200 and 300°C, it can be 

related to the loss of adsorbed water from hydrated cement compounds and aggregates. Between 300 and 500°C, 

values may be associated with Ca(OH)2 and CaO dehydration, as reported by Laneyrie et al. (2016) [16]. The lower 

expansion of UHPC (Table 4a) in relation to the other concretes (Table 4b to f) shows the influence of the coarse 

0

0,2

0,4

0,6

0,8

1

0 100 200 300 400 500 600 700

Ec
,ϴ

/E
c

Temperature (°C)

UHPC (test data)
EN 1992 NSC (Sili)
EN 1992 NSC (Lime)
EN 1992 HSC C1
EN 1992 HSC C2
EN 1992 HSC C3
UHSC (Xiong and Liew, 2016)
UHPC (Banerij and Kodur, 2021)

0

0,2

0,4

0,6

0,8

1

0 100 200 300 400 500 600 700

fc
k,
ϴ

/f
ck

Temperature (°C)

UHPC (test data)
EN 1992 NSC (Sili)
EN 1992 NSC (Lime)
EN 1992 HSC C1
EN 1992 HSC C2
EN 1992 HSC C3
UHSC (Xiong and Liew, 2016)

0,E+00

5,E-04

1,E-03

2,E-03

2,E-03

3,E-03

3,E-03

4,E-03

4,E-03

5,E-03

5,E-03

0 100 200 300 400 500 600

El
o

n
ga

ti
o

n
 (
Δ

L/
Lo

) 

Temperature (°C)

UHPC

0,E+00

2,E-03

3,E-03

5,E-03

6,E-03

8,E-03

9,E-03

1,E-02

1,E-02

1,E-02

0 100 200 300 400 500 600

El
o

n
ga

ti
o

n
 (Δ

L/
Lo

) 

Temperature (°C)

UHPC (test data)
EN 1992 siliceous
EN 1992 limestone
HSC (Kodur and Khaliq, 2011)
HSC (Sili) (Kodur and Sultan, 2003)
HSC (Carbo) (Kodur and Sultan, 2003)
UHPC (Kodur et al., 2020)

693



aggregate in this aspect. In relation to the UHPC tested by Kodur et al. (2020) [37], in addition to the aggregate, 

also the experimental procedure (see section 2). 

 

Table 4 – Thermal elongation: correlation between UHPC and references 

T
e

m
p

. 

(°
C

) 

Thermal elongation ∆L/Lo (x10−3)  

UHPC 
Test 
Data 

EN 1992 
NSC (Sili) 
(C20/50) 

EN 1992 
NSC (Lime) 

(C20/50) 

HSC 
(Kodur and 

Khaliq,2011) 

HSC - Sili 
(Kodur and 

Sultan,2003) 

HSC - Carbo 
(Kodur and 

Sultan,2003) 

UHPC 
(Kodur et 
al., 2020) 

(a) (b) (c) (d) (e) (f) (g) 

25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

100 0.71 0.74 0.50 1.50 2.60 0.70 0.41 

200 1.28 1.80 1.19 2.50 4.20 1.60 1.21 

300 1.59 3.14 2.06 3.50 5.80 2.50 2.41 

400 2.20 4.89 3.18 4.50 7.40 3.40 4.01 

500 3.33 7.20 4.63 5.50 9.00 4.30 6.01 

600 4.50 10.2 6.50 6.50 13.6 5.20 8.41 

 

3.1.3 Density (mass loss) 

The variation in the density of UHPC at high temperatures is shown in Table 5 and Figure 5. Figure 5 also shows 

the partial factors and comparatives with other references. 

 

Table 5 – UHPC density variation in fire 

Temperature (°C) 

Ref 100 200 300 400 500 600 700 

Density (kN/m³) 

22.4 22.5 22.0 20.7 20.6 20.8 20.5 20.5 

 

 
 

(a) UHPC (test data) (b) kρ,θ = ρθ ρ⁄  

Figure 5 – Density and mass loss at high temperatures 

 

The UHPC density variation can be separated into four phases, named stages, as shown in Figure 5a. In stage 1 

(between 25-100°C), the density variation is negligible in relation to the measurement at room temperature. The 

increase in readings is related to the process of evaporation of free water. Considering the curing age of the UHPC 

specimens (750 days), added to the low w/c ratio, the free water can be assumed low. Therefore, the density 

variation due to the phase change of free water (liquid to gas) are low can be neglected as described by Abid et al. 

(2017) [14]. The small increase in density can be attributed to some degree of dehydration of the cementitious 

compounds or humidity adsorbed by the aggregates. Research by Kodur and Sultan (2003) [7] also showed an 

increase in density – but in HSC specimens – according to the aggregated nature. Between 100-300°C (stage 2), 
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the reduction in density may be related to humidity loss and phase change of the PVA fibers volatilization, similar 

to the results of Liang et al. (2016) [11]. According these authors, before 200°C a small mass loss is observed in 

UHPC specimens due to the high compactness of UHPC. 

 

Between 300-500°C mainly to Ca(OH)2 decomposition, as Laneyrie et al. (2016) [16] explain. In the temperature 

range of 500-700°C, the variation of mass is due to the complete dehydration of the cementitious compounds. 

 

According to Kodur, Banerji and Solhmirzaei (2020) [52], the amount of fibers in concrete is not enough to justify 

significant changes in its mass loss. At around 200-700°C, these authors also explain that the mass loss does not 

exceed 8.0%. In this research, in the same temperature range proposed by Kodur, Banerji and Solhmirzaei (2020), 

the mass loss was around 7.9%. 

 

In terms of mass loss, Table 6a shows the k(ρ,θ) values for the UHPC of this research. For structural fire design 

purposes, the increase in density at 100 and 500°C was neglected. This is a rational decision as it depend on the 

amount of hydrated compounds and free water in the concrete. The partial values k(ρ,θ) of the UHPC were 

compared with the values proposed by EN 1992-1.2 for normal strength (NSC), and also for high strength concrete 

(HSC) by Kodur and Sultan (2003) for siliceous (Sili) and carbonate (Carbo) aggregates. 

 

Table 6 – Partial factor: correlation between UHPC and references (mass loss) 

T
e

m
p

. 

(°
C

) 

Partial factor (kρ,θ = ρθ ρ⁄ ) – Mass loss  

UHPC 
Test Data 

NSC 
EN 1992 

HSC - Sili 
(Kodur and 

Sultan,2003) 

HSC - Carbo 
(Kodur and 

Sultan,2003) 

UHPC (Kodur 
et al., 2020) 

(a) (b) (c) (d) (e) 

25 1.00 1.00 1.00 1.00 1,00 

100 1.00 1.00 1.00 1.00 0,99 

200 0.98 0.98 0.99 0.99 0,99 

300 0.94 0.97 0.99 0.98 0,99 

400 0.92 0.95 0.98 0.98 0,99 

500 0.92 0.94 0.98 0.97 0,98 

600 0.91 0.93 0.97 0.97 0,98 

700 0.91 0.92 0.97 0.96 0,98 

 

It is important to highlight that the UHPC of this research showed the highest mass loss compared to the other 

concretes shown in Figure 5 and Table 6. This is a variable that influences the thermal diffusivity of concrete, and 

therefore its thermal field, according to Equation 1. 

 

3.2 Thermal properties in fire 

 

3.2.1 Specific heat 

Figure 6a and Table 7 show the specific heat results of UHPC in different temperature ranges. Figure 6b shows the 

comparison of these results with references. 
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(a) UHPC (test data) (b) UHPC (test data) and references  
Figure 6 – Thermal elongation at high temperatures 

 

Table 7 – Thermal elongation: correlation between UHPC and references 

T
e

m
p

. 
(°

C
) Specific heat (J/kg.K)  

UHPC 
Test 
Data 

NSC 
EN 1992 
(C20/50) 

NSC 
(Shin et al., 

2002) 

HSC 
(Kodur and 

Khaliq, 2011) 

UHPC 
(Kodur et al., 

2020) 

HSC - Sili 
(Kodur and 

Sultan,2003) 

HSC - 
Carbo 

(Kodur and 
Sultan,2003) 

(a) (b) (c) (d) (e) (f) (g) 

25 1009 900 1104 1000 720 730 977 

100 1229 900 - 1008 767 880 977 

200 1230 1000 - 1016 846 1080 977 

300 1232 1050 - 1025 942 1080 977 

400 1269 1100 - 1033 1055 1080 977 

500 1280 1100 1354 1041 1184 1600 977 

600 1310 1100 - 1050 1330 1080 911 

 

Specific heat is the amount of heat (i.e., energy) required to raise the temperature of a unity mass (i.e., weight) of 

any material by one degree (i.e., per unit temperature rise). Specific heat changes with temperature due to chemical 

and physical changes that occur in cement past and aggregates when in heating. According to fib Bulletin 38 (2007) 

[55] and Kodur et al. (2020) [37], specific heat around 100°C increases because of evaporation of moisture present 

in the form of free water (Figure 6). Between 100°C–300°C, specific heat increases further due to the evaporation 

of moisture present in the remaining free water, in addition to the adsorbed and bonded water. In 300-500°C range, 

the Cp value remains almost constant because of the counteracting effects of decrease in moisture due to complete 

evaporation of free water and the increase in humidity due to Ca(OH)2 decomposition. There is a small increase in 

Cp after this temperature due to the release of moisture from the decomposition of the C─S─H gel and significant 

deterioration of the microstructure within the concrete. 

In the case of the UHPC, Figure 6a and Table 7a show that at 25°C its specific heat is 1009 J/kg.k. This means that 

the amount of energy required to increase the temperature of 1 kg of UHPC by 1K is 1009 J. At the same 

temperature, these values are similar to those presented by Shin et al. (2002) [8] for NSC, by Kodur and Khaliq 

(2011) [4] for HSC and Kodur and Sultan (2003) [7] by HSC with carbonate aggregate. however, the UHPC value 

at 25°C (Table 7a) was lower than those reported by EN 1992 for the NSC (Table 7b), for the UHPC evaluated by 
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Kodur et al. (2020) [27] (Table 7e), and also for HSC with siliceous aggregates proposed by Kodur and Sultan 

(2003) [7] (Table 7f). 

 

According to Figure 6a and Table 7a, at 100°C, the Cp of the UHPC tested increased to 1229 J/kg.K. At the end of 

the tests (600°C) the value was 1310 J/kg.K. For the equations proposed in section 5, the value of the specific heat 

in the range from 100 to 600°C was defined as the average of the C_p readings in this temperature range (i.e., 

1270 J/kg.K). This is a practical simplification of fire design since there is variability between the results, according 

to Table 7. 

 

In the temperature range 100-600°C, the same interpretation and comparison made at 25°C between researches 

is preserved (Table 7a-g). However, the research of Kodur et al. (2020) [37] for UHPC (Table 7e) and Kodur and 

Sultan (2003) [7] (Table 7f) for HSC, which at initial temperatures (i.e., 25 °C) did not converge with the UHPC of 

this research, tends to converge at the end of analysis. Normally the UHPC of this research (Table 7a) has a specific 

heat relatively higher in relation to the others concretes. It can be attributed to the lower permeability and dense 

microstructure of UHPC that requires more heat for evaporation of water. 

 

3.2.2 Conductivity 

Figure 7a plots the thermal conductivity of UHPC for various temperature ranges. Figure 7b and Table 8 show the 

comparison of these results with bibliography. 

 

  
(a) UHPC (test data) (b) UHPC (test data) and references  

Figure 7 – Thermal elongation at high temperatures 
 

Thermal conductivity variation in concrete with temperature is governed by the change in moisture levels in fire. 

Concrete moisture decreases with increasing temperature and therefore thermal conductivity decreases at high 

temperatures. At temperatures above 100°C, free water starts to evaporate, sometimes causing spalling. When the 

concrete temperature reaches about 300°C, the adsorbed water from the calcium silicate hydrate (C─S─H) gel and 

a part of the chemically bound water begin to evaporate. The concrete temperature further to 400°C causes 

decomposition of Ca(OH)2, converting it into CaO and H2O, increasing the moisture content of concrete. Further 
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increase in temperature beyond 500°C leads to decomposition of C─S─H and further deterioration of concrete and 

aggregate. 

According to Figure 7b and Table 8, it can be seen that the UHPC in this research (Table 8a) are, respectively, 

50.4%, 2.6% and 2.6% higher in relation to the NSC proposed by EN 1992-1.2 [18] (Table 8b and c) and NF EN 

1992 [53] (Table 8d). Research by Kodur et al. (2020) [37] show that the UHPC had a conductivity 55% higher than 

those obtained in this research. After 300°C, the values between both researches tend to converge. In relation to 

the NSC proposed by the EN 1992-1.2, the UHPC tested by Kodur et al. (2020) were 133.8% higher. The notable 

variability in these results is understandable, and can be attributed to varying moisture content, cement type, 

aggregate, test conditions and measurements techniques used in each research, as explain by Kodur et al. (2020) 

[37], Kodur et al. (2019) [52], Bazant and Kaplan (1996) [54].  

 

Table 8 – Thermal conductivity: correlation between UHPC and references 
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(a) (b) (c) (d) (e) (f) (g) (h) (i) 

25 2.00 1.33 1.95 1.95 2.19 2.42 3.11 1.97 1.97 

100 1.83 1.23 1.77 1.77 - 2.17 2.19 1.89 1.87 

200 1.64 1.11 1.55 1.11 - 1.84 1.88 1.78 1.74 

300 1.24 1.00 1.36 1.00 - 1.51 1.53 1.67 1.61 

400 1.20 0.90 1.19 0.90 - 1.18 1.18 1.56 1.41 

500 1.10 0.82 1.04 0.82 1.28 1.30 1.40 1.45 1.21 

600 1.00 0.75 0.91 0.75 - 1.10 1.40 1.34 1.00 

 

4. CONCLUSIONS 

The general conclusions of this paper are: 

• The superior durability of UHPC proposes a concrete matrix almost impermeable to the chemical attack, as 

already demonstrated by the references. However, its impermeable matrix influences its fire performance, 

which may cause spalling;  

• This research demonstrated that UHPC specimens tested before 700 days are susceptible to concrete 

spalling; 

• The reduction in the compressive strength of UHPC starts at around 400°C; 

• In relation to normal strength (NSC) and high strength concretes (HSC) and ultra-high strength concrete 

(UHSC), UHPC had the lowest mechanical strength loss (partial factor) for each temperature range; 

• When compared to NSC (according to EN 1992-1.2 parameters), UHPC showed higher thermal diffusivity; 

• In this sense, in relation to NSC, UHPC will have a higher average temperature. However, for each 

temperature range, it loses less strength than NSC; 

• When compared to NSC and HSC, UHPC has the lowest thermal elongation; 

• The density of UHPC has a more evident reduction in the range of 100 to 300°C, mainly due to dehydration 

of the compounds and volatilization of the PVA fibers; 

• UHPC has a specific heat higher in relation to the others concretes (NSC, HSC). It can be attributed to the 

lower permeability and dense microstructure of UHPC that requires more heat for evaporation of water; 

• Thermal conductivity of UHPC is also higher than NSC. Steel fibers can justify these results; 
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SUBJECTED TO THE LATERAL-TORSIONAL BUCKLING 

 

 

Caroline C. de Faria a,*; Hermes Carvalho b; Ricardo H. Fakury c; João Paulo C. Rodrigues d 

 

 

ABSTRACT 

 

The present study focuses on the development and validation of a numerical model to evaluate cellular steel beams 

subjected to the lateral-torsional buckling under fire situation. All sides of the beams are exposed to the standard 

ISO 834 fire curve. The beams are simply supported and subjected to uniform bending. Firstly, thermal and 

mechanical models are developed using ABAQUS software. The numerical models are validated by comparing 

their results to numerical and experimental results from the literature. The numerical thermal analysis is also 

compared with a simplified model, which uses analytical methods to determine the temperature at the flanges and 

the web. The proposed numerical model is used to obtain moment resistance curves for cellular beams at 200ºC, 

300ºC, 400ºC, 500ºC, 600ºC, 700ºC, and 800ºC. 

 

Keywords: Numerical model; Fire situation; Cellular steel beams; Lateral-torsional buckling. 

 

 

1. INTRODUCTION 

 

The lateral-torsional buckling (LTB) is a global limit state for steel members under flexure, which presents a lateral 

displacement and a torsion of the cross-section. For cellular steel beams, this limit state can be impacted by the 

cross-section discontinuity and the presence of web openings [1, 2]. The behavior of cellular steel beams subjected 

to the LTB has been extensively investigated at room temperature [1-7]. The LTB elastic critical moment and the 

moment gradient factor for cellular steel beams were investigated by [1, 2]. At room temperature, [3, 4] conducted 

experiments on cellular beams simply supported. Procedures to assess the LTB moment resistance at room 

temperature and fire situation can be found in [3-7] and [7, 9], respectively. Moreover, a series of numerical and 

experimental studies have been conducted to evaluate the behavior of cellular beams under fire situation [7-13]. 

 

In this study, a numerical model is developed and validated to evaluate cellular beams subjected to the LTB under 

fire situation. Thermal and mechanical finite element models are created using ABAQUS software. For the thermal 

models, the beams are exposed to the standard ISO 834 fire [14] at all sides. The thermal model is validated against 

numerical and experimental results from the literature [11-13]. The mechanical model is validated by comparing its 

results to the numerical and experimental results from [15], but considering the measured temperatures. Thereafter, 

the proposed numerical model is used to determine moment resistance curves for cellular steel beams at different 

temperatures [7]. 
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2. METHODOLOGY 

 

2.1 Thermal model 

 

The cellular steel beams were simulated using DS4 shell elements from the ABAQUS library for thermal analysis. 

The element size was a function of the geometry and taken as the minimum among 10 mm, bf/12, w/4, and H/24, 

as depicted in Figure 1, where bf and tf are the flange width and thickness, respectively, tw is the web thickness, H 

is equal to the beam height (dg) minus the flange thickness, D is the opening diameter, and Lb is the beam length. 

 

 

Figure 1: Geometry and mesh details 

 

The unit mass of steel ρ
a
 was taken as 7850 kg/m³. Discrete points from the curves given in [16] were used to 

define the steel specific heat, ca, and the thermal conductivity in the numerical models, as shown in Figure 2. 

 

 
Figure 2: Steel thermal properties [16] 

 

The numerical cross-section temperatures were obtained using the Heat Transfer method from ABAQUS. All sides 

of the beams were exposed to the ISO 834 fire [14], as illustrated in Figure 3. The time step of 5 s, the Stefan 

Boltzmann constant, and the absolute zero were assigned to the models. The convective heat flux coefficient and 

the emissivity were taken as 25 W.m-2.K-1 and 0.7, respectively, unless stated otherwise. 

 

 
Figure 3: Radiative (red lines) and convective (blue lines) heat fluxes for beams with all sides exposed to fire 

 

Although the numerical thermal model provides detailed information regarding the temperature at the elements of 

the cross-section at each time step, the size of the generated files and the convergence problems are obstacles to 

performing a comprehensive parametric study. Therefore, the numerical model was compared to a simplified model, 
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in which the average flange (θf,a) and web (θw,a) temperatures were calculated using Equation 1, considering the 

section factor, A/V, equal to 2/tf and 2/tw, respectively. In this equation, Δθa,t is the increase in temperature, φ
t
 is 

the heat flux, and Δt is the time interval, which was taken as 1 s. 

  

 Δθa,t = 
(A/V)

caρa

φ
t
 Δt (1) 

 

Two methods to include the fire effects in the mechanical models were evaluated: 

(i) Method M1: the data generated from the numerical thermal analysis at time ttarget was assigned to the beams, 

where ttarget is the time in which the flange reaches the target temperature;  

(ii) Method M2: no temperatures were assigned, instead the degenerated steel properties corresponding to the 

analytical temperatures at the time ttarget, θf,a and θw,a, were directly assigned to the flanges and the web, 

respectively. 

 

2.2 Mechanical model 

 

For the mechanical analysis, S4 shell elements were considered. The stress-strain model from [16] was used to 

describe the mechanical behavior of steel at elevated temperatures, as given in Figure 4. The Young’s modulus of 

steel and the yield strength (fy) at room temperature were taken as 200 GPa and 345 MPa, respectively, and the 

Poisson ratio was taken as 0.3. 

 

 
Figure 4: Steel mechanical properties at elevated temperatures 

 

 

The cellular steel beams were simply supported, and subjected to uniform bending, which was accomplished by 

applying a pair of opposite-distributed loads at the upper and lower flanges, as shown in Figure 5. Torsional and 

out-of-plane displacements were restrained at both ends of the beams. Vertical displacements were prevented at 

the web at the ends, and the longitudinal displacement was restricted at one end. 

 

 
Figure 5: Loading and boundary conditions 
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Buckling analyses were performed to determine the elastic critical moment associated with the lateral-torsional 

buckling (Mcr,θ,FEM). The moment resistance (MRk,θ,FEM) was obtained through nonlinear static analysis, considering 

an initial imperfection with a sinusoidal shape and magnitude equal to Lb/1000. Residual stresses were not 

considered under fire situation. 

 

The resistance curves for cellular beams were determined considering a fixed cross-section temperature at time 

ttarget, using one of the two methods described in Section 2.1, and increasing the load until failure. In order to enable 

comparison among the different cross-sections evaluated, the flange temperature was taken as a reference. The 

following target flange temperatures were evaluated: 200ºC, 300ºC, 400ºC, 500ºC, 600ºC, 700ºC, and 800ºC. 

 

 

3. RESULTS 

 

3.1 Thermal model validation 

 

The numerical model from Section 2.1 was validated by comparison with the experimental results from Bailey [11] 

and Mesquita et al [13], and a numerical model from Wang et al [12]. In order to represent the results from [11-13], 

some adjustments were made in the numerical models. Firstly, the models to represent the experiments from [11, 

13] were exposed to fire on three sides. Secondly, the model from [13] accounted for the ceramic material at the 

top flange described in [13]. Finally, in the numerical model to simulate the results from [12], all the sides of the 

beams were exposed to the fire and the emissivity factor was taken as 0.5, as given in [12]. A comparison between 

the numerical thermal model (FEM) and the results from [11-13] is given in Figures 6, 7, and 8. 

 

The numerical model overestimated the temperature evolution obtained by [11], but satisfactorily represented the 

experimental results from [13]. It can also be observed that the proposed model presented an excellent agreement 

with the numerical model of [12]. Therefore, due to the difficulty of controlling and measuring the temperature during 

the experiments, and the good agreement with [12], it was considered that the proposed thermal model can 

represent the temperature evolution in beams exposed to the standard fire. 

 

The thermal numerical model was also compared to a simplified model. The temperatures obtained numerically 

and analytically for the flanges and the web components are shown in Figure 9. Figure 10 shows the moment 

resistances obtained considering method M1, which uses the numerical thermal analysis results, and method M2, 

which uses steel degenerated properties at the established target times. In these figures, the cellular beams were 

considered made from W 360x79 profile, where the ratio dg/dp between the cellular beam height and its parent 

section height was taken as 1.5. The opening diameter was equal to 0.7 dg, the spacing between openings was 

taken as 0.186 m, the beam length varied from 1.6 m to 10 m, and the yield strength of steel was taken as 345 

MPa. As can be seen, the temperatures obtained by the two methods presented an excellent agreement. Besides, 

the moment resistances presented differences of less than 3% for all cases evaluated. Therefore, due to its 

simplicity and coherent results, the method M2 was proposed to evaluate the moment resistance curves for cellular 

beams under fire situation. 

 

  

 

Figure 6: Temperature evolution at points C7 and C16 of beam exposed to the ISO 834 fire [14] at three sides 

obtained experimentally [11] and numerically 
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Figure 7: Temperature evolution at points T3, T7, T8, and T12 of beam exposed to the ISO 834 fire [14] at three 

sides obtained experimentally [13] and numerically 

 

 
 

Figure 8: Temperature evolution at points P1 and P2 of beam exposed to the ISO 834 fire [14] at all sides 

obtained through numerical models 
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Figure 9: Flange and web temperatures obtained analytically and through the thermal numerical model 

 

 
Figure 10: Moment resistance differences obtained using the methods M1 and M2 

 

3.2 Mechanical model validation 

 

The proposed numerical model was validated against three experiments and the numerical models from Prachar 

et al [15]. These authors evaluated steel beams subjected to lateral-torsional buckling at elevated temperatures. 

Initially, the authors aimed to reach a uniform temperature, but a temperature gradient was observed [15]. The 

proposed numerical model was used to simulate these experiments, but considering the average temperatures for 

the upper flange, web, and lower flange, as given in [15]. Figure 11 shows the moment resistance versus the mid-

span vertical displacement obtained by [15] and through the proposed numerical model. 

 

Overall, the numerical model from [15] and the proposed one were conservative compared to the experimental 

results, with moment resistance differences of -25%, -21%, and 4%, respectively, for tests 5, 6, and 7. The 

discrepancy between experimental and numerical results could be related to the temperature variation during the 

tests, the variation of temperature along the cross-section, boundary conditions problems, and the heating process 

[15]. Nevertheless, due to the complexity of experiments at elevated temperatures, it was considered that the 

proposed numerical model presented conservative and coherent results. Moreover, the proposed numerical model 

predicted the LTB failure and had an excellent agreement with the numerical model from [15]. Therefore, the 

proposed model was considered satisfactory for developing a parametric study. 
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Figure 11: Moment resistance versus mid-span deflection obtained experimentally [15] and through numerical 

models 

 

3.3 LTB resistance curves 

 

In this study, the following target flange temperatures (θf,target,i) were evaluated: 200ºC, 300ºC, 400ºC, 500ºC, 600ºC, 

700ºC, and 800ºC. In total, twenty cross-sections were investigated [7]. For each cross-section geometry, the time 

in which the flange temperature reaches the current target value, ttarget,i, was calculated using Equation 1 assuming 

the section factor equal to 2/tf. Afterward, the web temperature θw,i at time ttarget,i was determined using Equation 1, 

but considering the section factor equal to 2/tw. Then, the steel degenerated properties at temperatures θf,target,i and 

θw,i were determined using the EN 1993-1-2 provisions [16], and assigned to the numerical mechanical models. 

The loading, boundary conditions, and other details were given in Section 2.2. 

 

Representative resistance curves for θf,target equal to 300ºC and 700ºC are depicted in Figure 12, where the LTB 

slenderness (λ̅LT,θ) is given by: 

 

 λ̅LT,θ = √
My,θ

Mcr,θ,FEM

 (2) 

 

where My,θ is the section modulus (Wy) multiplied by the yield strength of steel corresponding to the target flange 

temperature. 

  
Figure 12: Moment resistance curves for cellular steel beams under uniform bending at elevated temperatures for 

the cases of (a) θf,target = 300ºC, and (b) θf,target = 700ºC 
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4. CONCLUSIONS 

 

In this study, a numerical model was developed and validated to investigate the behavior of cellular steel beams 

subjected to lateral-torsional buckling (LTB) at elevated temperatures. The cellular beams were simply supported 

and subjected to uniform bending. Thermal and mechanical numerical models were created using ABAQUS 

software. Two methods to include the fire effect in the mechanical analysis were evaluated: M1 and M2, which 

considers, respectively, the results from the numerical thermal analysis and analytical temperatures determined 

according to [16]. 

 

Overall, the thermal model was able to represent the results from [11-13]. The mechanical model predicted the LTB 

failure, presenting reasonable agreement with the experimental results from [15], and excellent agreement with the 

numerical model from [15]. The methods M1 and M2 showed differences between the moment resistances of less 

than 3% for all cases investigated. Therefore, due to its simplicity, method M2 was proposed to perform the 

parametric study. Finally, representative moment resistance curves were given for cellular steel beams subjected 

to the LTB at elevated temperatures. 
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ABSTRACT 
Although self-compacting concrete exhibits excellent mechanical properties and might be used in many civil 
engineering applications, it might suffer from fire exposure due to specific characteristics such as high compactness 
and low permeability. From this perspective, the main objective of this paper is to assess previous literature about 
self-compacting concrete exposed to high temperatures, addressing research developments to date and discussing 
the potential use of self-compacting concrete according to the existing information. Although there are several 
studies on the effects of high temperatures on conventional concrete, there is still a gap in research addressing the 
effects of high temperatures on self-compacting concrete, mainly due to the variability of mix proportions, use of 
waste substitutes for conventional materials, circumstances not simulated experimentally, the tested specimen 
geometry, the heating rate, the maximum exposure temperature, and the residence time. Moreover, the self-
compacting composition can comprise non-pozzolanic fines, pozzolanic fines, and viscosity-modifying additives, 
which modify the mechanical behavior at high temperatures. Additionally, published research on self-compacting 
concrete evaluates mainly the occurrence of spalling, not addressing residual mechanical properties after exposure 
to high temperatures. The variability in the parameters assessed by different experimental programs makes it 
difficult to compare the results, fomenting further studies and discussions on the subject. 

Keywords: self-compacting concrete; high temperature; fire; residual behavior. 

 

1. INTRODUCTION 

 

Concrete shows better high-temperature performance than steel and timber due to lower thermal conductivity and 

non-combustibility. The state-of-the-art reports that under elevated temperatures, the matrix of conventional 

concrete undergoes chemical transformations, water vaporization, dehydration of compounds, and decomposition 

reactions. These reactions lead to changes in the microstructure of the hardened matrix, the appearance of 

microcracks and differential thermal movements, which directly impact the compressive strength of concrete [1, 2, 

3, 4, 5, 6, 7]. Regarding self-compacting concrete (SCC), the denser and more compact microstructure, with less 

connectivity among the pores, tends to make it more sensitive to high temperatures when compared to conventional 

concrete (CC) [8, 9]. 

Although there are several studies on the effects of high temperatures on CC, there is still a gap in research 

addressing the effects of high temperatures on SCC, mainly due to the variability of mixes, mortar content, 

water/cement ratio, use of waste materials, the geometry of tested specimens, heating rate, and residence time. 

Additionally, the little research related to SCC evaluates mainly the occurrence of spalling, not enough assessing 

the residual mechanical properties after exposure to high temperatures, and the variability among the assessed 

parameters leads to a difficulty in comparing the results presented in the literature. The different approaches 

adopted to design the SCC mixture, such as viscosity modifier additive and fine replacement by non-pozzolanic or 

pozzolanic material, may also influence the behavior under high temperatures. 711
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From this perspective, the main objective of this paper is to assess previous literature about self-compacting 

concrete exposed to high temperatures, addressing research developments to date and discussing the potential 

use of self-compacting concrete according to the existing information. The review comprises a broad geographic 

scope, although most publications are from Europe, China, and India. 

 

2. SELF-COMPACTING CONCRETE AT HIGH TEMPERATURE 

 

SCC is considered a high-performance concrete with excellent workability in the fresh state and high resistance to 

segregation [10]. The high capacity to flow allows filling the formwork with the self-weight without any vibration, 

compaction, or external influence. The self-compacting characteristic improves the final surface finish, improves 

durability, eliminates vibration noise, and reduces labor costs. Consequently, the SCC has gained more space in 

the market, not only for special projects but also for application in residential and commercial buildings. SCC is 

usually prepared with higher cement and filler content and a lower water/cement ratio than CC, resulting in 

compressive strength and pore size distribution compatible with high-performance concrete [11].  

There are different mix-proportioning methods (i.e.: Okamura Method, 1995; Japanese Ready-Mixed Concrete 

Association – JRMCA, 1998; Su et al. Method, 2001; Gomes Method, 2002; and Tutikian and Dal Molin Method, 

2007) and a broad range of materials (i.e.: cement, coarse and fine aggregate, pozzolanic and non-pozzolanic fines, 

superplasticizer, and viscosity modifier additive) used to produce SCC, whose type, origin, granulometry, porosity, 

and reactivity may influence the SCC properties, especially under high temperatures. The mix-proportioning with 

different granulometric compositions used to improve aggregate packing and the different water/cement ratios 

govern the SCC compressive strength, porosity, and permeability, influencing the concrete performance under high 

temperatures. While the high porosity and interconnected channels of CC contribute to relieving high internal 

moisture pressure and, consequently, the risk of spalling, the denser microstructure and the less connected voids 

content tend to make SCC more sensitive to high temperature [8, 9, 11]. 

Although the behavior of CC under high temperatures is well reported in the literature [6, 12, 13, 14, 15] there is still 

a research gap on the effects of high temperature on the properties of SCC. Additionally, the few studies related to 

SCC evaluate mainly the occurrence of spalling, lacking discussions about residual mechanical properties and data 

scattering due to different parameters. The difficulty in comparing the results of different experimental programs 

can be attributed mainly to the different mix-proportions and circumstances under which the experiments are 

performed [8, 16, 17, 18, 19, 20, 21, 22, 23] as discussed in the following sections. 

 

2.1 Mix-Proportion 

 

Tables 01 and 02 highlight the variability of mix-proportions used to produce SCC. The cement content varies 

between 268 kg/m³ and 550 kg/m³, the water/cement ratio between 0.28 and 0.7, and the superplasticizer (SP) 

amount between 0.51% and 6.67%, resulting in mixtures with a compressive strength between 21.43 MPa and 

97.93 MPa. Additionally, mix-proportions include viscosity modifier agent (VMA), polypropylene and steel fibers with 

variable contents. In some cases, the publications mention a reference CC whose results are compared with SCC 

produced with quite different materials (i.e.: fiber, filler, etc.), w/c ratio, and cement content, which may influence 

the assessment, especially under high temperature [18, 24, 25, 26].  

The water/cement ratio influences the volume and size of the capillary pores and the pore interconnection, the main 

responsible for the permeability of the hardened cement paste [27]. The interconnected voids network allows water 

transport in the liquid and gaseous phases to the external environment [28]. Lower water/cement ratios may lead 

to concrete spalling at high temperatures [29]. 

SCC are usually designed with higher cement content, higher filler content, and lower water/binder ratio than CC 

high-performance concrete (HPC), resulting in higher compressive strength and finer pore size, both critical factors 

for the concrete at elevated temperatures [11]. 

The different variables investigated in the literature create difficulties in determining if the type of addition or the 

self- compacting characteristic is the most influencing factor for spalling. 
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Table 01: Mix proportions of high-strength SCC  

     Reference Concrete 
Compressive 

strength 
(MPa) 

Cement 
Content 
(kg/m³) 

w/c 
ratio 

Fillers 
SP 
(%) 

VMA 
(%) 

PP Fiber  
(%) 

Person [24] 

SCC 80 430 0.40 GF 1.00 - - 

SCC 88 411 0.40 LS 1.20 - - 
SCC 87 433 0.40 LS 1.85 - 0.09 
SCC 81 487 0.40 LS 1.70 - 0.17 

CC 75 518 0.40 - 2.00 - - 

SCC 80 447 0.40 LS 2.20 - - 
CC 75 436 0.40 - 0.60 - - 

SCC 68 308 0.55 LS 1.50 - - 
SCC 63 344 0.55 LS 1.75 - 0.09 
SCC 65 382 0.55 LS 2.00 - 0.17 

CC 63 346 0.55 - 0.57 - - 
SCC 48 316 0.70 GF 1.65 - - 
SCC 56 268 0.70 LS 3.50 - - 
SCC 40 294 0.70 LS 1.64 - 0.09 
SCC 53 312 0.70 LS 2.00 - 0.17 

CC 41 278 0.70 - - - - 

Noumowé et al. [9] 

CC 75 400 0.47 SF 2.00 - - 

CC 79.1 400 0.47 SF 3.20 - 0.09 

SCC 81.3 400 0.49 SF and CF 3.40 - - 

SCC 75.6 400 0.51 SF and CF 5.50 - 0.09 

Uysal [30] 

SCC 75 550 0.33 - 1.60 - - 

SCC 72 495 0.37 LP 1.60 - - 

SCC 67 440 0.41 LP 1.60 - - 

SCC 62 385 0.47 LP 1.60 - - 

SCC 74 495 0.37 BP 1.60 - - 

SCC 77 440 0.41 BP 1.60 - - 

SCC 75 385 0.47 BP 1.60 - - 

SCC 76 495 0.35 MP 1.60 - - 

SCC 79 440 0.37 MP 1.60 - - 

SCC 70 385 0.39 MP 1.60 - - 

SCC 74 550 0.33 - 1.60 - 0.09 

SCC 72 495 0.37 LP 1.60 - 0.09 

SCC 65 440 0.41 LP 1.60 - 0.09 

SCC 64 385 0.47 LP 1.60 - 0.09 

SCC 73 495 0.37 BP 1.60 - 0.09 

SCC 77 440 0.41 BP 1.60 - 0.09 

SCC 76 385 0.47 BP 1.60 - 0.09 

SCC 78 495 0.35 MP 1.60 - 0.09 

SCC 79 440 0.37 MP 1.60 - 0.09 

SCC 72 385 0.39 MP 1.60 - 0.09 

Bamonte e 
Gambarova [8] 

SCC 51 350 0.50 CF 1.20 - - 

SCC 82 480 0.35 CF 2.00 - - 

SCC 90 520 0.33 CF 2.00 - - 

Qadi et al. [31] 

SCC - 437.5 0.41 FA 1.85 - - 

SCC - 437.5 0.41 FA 1.85 - 0.05 

SCC - 437.5 0.41 FA 1.85 - 0.10 

SCC - 437.5 0.41 FA 1.85 - 0.15 

Annerel e Taerwe 
[26] 

SCC - 400 0.48 LS 0.73 - - 

CC - 350 0.47 - - - - 

Tao et al. [32] 

SCC - 400 0.41 LS 1.39 - 0.04 

SCC - 310 0.64 LS 1.30 - - 

SCC - 310 0.64 LS 1.92 - 0.04 

Al-Kadi [33] 

SCC - 437.5 0.406 FA 1.85 - - 

SCC - 437.5 0.406 FA 1.85 - 0.05 

SCC - 437.5 0.406 FA 1.85 - 0.1 

SCC - 437.5 0.406 FA 1.85 - 0.15 

Werner et al. [34] 

SCC 61.4 330 0.53 - 1.68 - - 

SCC 62.9 330 0.53 LS 1.14 - - 

SCC 62.9 330 0.53 LS 1.04 - - 

SCC 65.8 330 0.53 LS 1.22 - - 

SCC 63.1 330 0.53 LS 0.93 - - 

Xargay et al. [35] 
SCC 97.93 429.8 0.35 Slag 0.51 - - 

SCC 76.76 425.5 0.35 Slag 0.51 - 0.04 PP and 2.61 Steel 

PP – polypropylene, GF – glass filler, LS – limestone, SF – silica fume, CF – calcareous filler, LP – lime-stone 

powder, BP – basalt powder , MP – marble powder, FA – fly ash. 
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Table 02: Mix proportions for SCC 

     Reference Concrete 
Compressive 

strength 
(MPa) 

Cement 
content 
(kg/m³) 

w/c 
ratio 

Filler 
SP 
(%) 

VMA 
(%) 

PP Fiber  
(%) 

Sideris [11] 

CC 29.5 350 0.54 - 1.21 - - 
CC 39.6 350 0.57 - 0.68 - - 
CC 45.2 430 0.46 - 0.63 - - 
CC 67 430 0.45 SF 0.95 - - 

SCC 33.7 370 0.60 - 1.62 - - 
SCC 43.4 350 0.57 - 1.66 - - 
SCC 53.5 430 0.46 - 2.03 - - 
SCC 73.2 430 0.48 SF 1.43 - - 

Anangnostopoulos 
et al. [18] 

SCC 37.1 335 0.55 LS 1.63 - - 

SCC 54 375 0.50 LS 1.88 - - 

SCC 37.7 340 0.55 Slag 1.29 - - 

SCC 53.5 375 0.50 Slag 1.74 - - 

SCC 38.3 340 0.56 GF 1.16 - - 

SCC 49 380 0.51 GF 1.17 - - 

CC 36 330 0.55 - 1.00 - - 

CC 52.7 375 0.50 - 1.00 - - 

Annerel e Taerwe 
[25] 

SCC 63.3 400 0.48 LS 0.73 - - 

CC 46 350 0.47 - - - - 

Pathak e Sidique [2] 

SCC 40.68 500 0.38 - 2.00 - - 

SCC 30.67 500 0.38 FA 1.82 - - 

SCC 27 500 0.40 FA 1.80 - - 

SCC 21.43 500 0.42 FA 1.72 - - 

Jansson e Boström 
[19] 

SCC 44 410 0.52 LS 1.51 - 0.04 

SCC 45 430 0.52 LS 1.37 - 0.07 

SCC 37 355 0.65 LS 1.27 - - 

SCC 47 380 0.52 LS 1.45 - - 

SCC 55 420 0.40 LS 1.90 - 0.04 

SCC 67 420 0.40 LS 1.50 - - 

SCC 72 420 0.40 LS 1.90 - 0.07 

SCC 67 420 0.40 - - - - 

Anand et al. [36] 

SCC 24.69 360 0.43 FA 1.35 0.06 - 

SCC 36.97 405 0.37 FA 1.81 0.07 - 

SCC 48.24 479 0.31 FA 2.32 - - 

SCC 58.99 525 0.28 FA 2.58 - - 

SCC 22.13 360 0.47 SF 1.18 0.05 - 

SCC 34.15 405 0.41 SF 1.53 0.05 - 

SCC 45.26 479 0.35 SF 1.98 - - 

SCC 56.09 525 0.31 SF 2.45 - - 

SCC 26.95 360 0.44 MK 1.10 0.14 - 

SCC 37.2 405 0.38 MK 1.54 0.13 - 

SCC 49.6 479 0.32 MK 2.18 0.06 - 

SCC 60.07 525 0.29 MK 2.44 0.07 - 

Sadrmomtazi et al. 
[37] 

SCC 38 500 0.38 - 6.67 - - 

SCC 43 500 0.38 - 6.67 - 0.3 steel 

SCC 41 500 0.38 - 6.67 - 0.5 steel 

SCC 53 425 0.38 FA 5.80 - 0.3 steel 

SCC 52 425 0.38 FA 6.16 - 0.5 steel 

SCC 50 350 0.38 FA 5.56 - 0.3 steel 

SCC 51 350 0.38 FA 5.95 - 0.5 steel 

Guler et al. [23] 

SCC 42 375 0.48 FA 1 - - 

SCC 37 375 0.48 FA 1 - 0.3 

SCC 39 375 0.48 FA 1 - 0.3 

SCC 41 375 0.48 FA 1 - 0.3 

SCC 42 375 0.48 FA 1.5 - 0.6 

SCC 40 375 0.48 FA 1.5 - 0.6 

SCC 45 375 0.48 FA 1.5 - 0.6 

SCC 40 375 0.48 FA 2 - 1 

SCC 42 375 0.48 FA 2 - 1 

SCC 47 375 0.48 FA 2   1 

PP – polypropylene, SF – silica fume, LS – Limestone, GF – glass filler, LS – limestone, FA – fly ash, MK – 

metakaolin. 

 

Regarding CC and SCC with equivalent compressive strength, produced with similar water/cement ratio, Sideris 

[11] highlighted the higher compressive strength achieved for the SCC mixtures due to the more efficient particle 

packing and concluded that the spalling phenomena depend more on the water/cement content than the compaction 
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procedure. The water permeability was the same after the test in CC and SCC mixtures with similar strength classes 

and filler content. 

Steel (ST), polyamide (PA), and polypropilene (PP) fibers are widely used as an attempt to mitigate spalling. SCC 

produced with PP fibers is reported in the literature as the most effective to protect concrete against fire effects [24, 

38, 39]. Previous research reports that 0.05% PP by volume may reduce or even prevent explosive concrete 

fragmentation and significantly increase void content in the SCC microstructure [16, 33]. There are also reports 

mentioning a better correlation for 0.1% PP by volume in view of temperature control performance and relative 

residual compressive strength [40, 41]. Studies by Xargay et al. [35] concluded that SCC concrete produced with 

steel and PP fibers presents fewer surface cracks caused by temperature. However, as steel and PP fibers were 

used simultaneously, the test protocol does not allow the assessment of the effects of each fiber separately. 

Regarding the fiber content, positive effects on spalling resistance were observed with 1 kg/m³ to 1.5 kg/m³ of PP 

[19, 42, 43, 44, 45], attributed to the increase in pore connectivity after fiber melting.  

 

2.2 Test specimen 

 

The specimens' geometry used in experimental programs to assess high temperature in SCC  is widely variable, 

as illustrated in Table 03, varying from cylindrical (φ10x20 cm, φ16x32 cm, φ15x30 cm, φ10.6x32 cm, φ7.5x15 cm) 

and prismatic (10x10x40 cm, 10x10x10 cm, 15x15x15 cm, 7.5x7.5x35cm) to columns, beams, and slabs, [9, 11, 

22, 23, 24, 25, 36, 46, 47, 48]. 

Thus, it is not easy to compare the results of different publications within the state-of-the-art of SCC under high 

temperatures. Even test standards recommend specimens with different dimensions for each assessed property or 

aggregate size, for instance. Recognizing as standard test specimen diameters such as 150 mm, 100 mm, 80 mm 

and 60 mm, other diameters must be considered "nonstandard". The accepted slenderness for different tests are 

the following, modulus of elasticity between 3 and 4, thermal strain, transient creep, steady-state creep, creep 

recovery and shrinkage between 3 and 5, while for tensile strength it must have a length/diameter ratio of 2 ±0.5 in 

the cylindrical part which must be extended in order to allow the application of loads in the longitudinal direction. 

[49, 50, 51, 52, 53]. 

Tests performed by [19] have shown substantially lower spalling in reduced-size slabs (60x50x20 cm) compared to 

larger specimens (180x120x20 cm) under the same testing protocol. Additionally, it is essential to consider whether 

one or more specimen sides are exposed to the high temperature since it influences the moisture escape routes 

and can amplify the spalling effect [38, 42]. 

There are important differences between the analysis of specimens and structural elements, which are the geometry 

itself and the surface area exposed to fire/high temperature [38]. In real fire situations with reinforced concrete, it 

must also be considered that the geometry of the structure as well as the depth of the steel bars influence the 

spalling [39]. Some authors have concluded that the boundary of the specimen also affects the amount of spalling, 

and the spalling on the central exposed areas is larger than around the edges [38]. Jansson and Bostron [19] 

compared slab sizes and concluded that the design affects not only the probability of spalling but also its extent. 

 

 

2.3 Curing and storage 

 

Evaluating the curing process and, mainly, the storage or drying of specimens exposed to high temperatures is 

essential to understand the spalling phenomenon, given the protagonism of the moisture content [54], along with 

porosity and permeability. The spalling phenomenon can be related to high compressive stresses, to high heating 

rates, or high moisture content that may vary depending on the test protocol.  

Different combinations of curing and storage are reported in the state-of-the-art of SCC under high temperatures. 

While some studies mention controlled humidity and temperature for 28 days, not specifying the temperature and/or 

humidity [21], others reference different curing and storage protocols (i.e.: curing room at 20°C and RH 95% [18, 

35], curing room at 20°C and RH 65% [34]), which difficult comparative assessments. 

There are also reports of different curing ages, 20°C water for 28 days [20, 43], lime-saturated water 28 days [46]; 

20°C water for 89 days [2016], water-curing and air-cured after 5 days water-curing [24], wet (water tank) and dry 

(laboratory environment) [37]. 
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Table 03: Geometry and testing parameters 

Reference 
Specimen  
geometry 

Heating Rate  
(°C/min) 

Maximum 
Temperature  

(°C) 

Residence time  
(h) 

Persson [24] cylindrical/prismatic 4 and 8, HC, ISO 834 800 0.5 
Stegmaier e Reinhardt [55] prismatic ISO 4102 - - 
Ye et al. [56] - 10 950 - 
Boström e Larsen [39] prismatic - 800 - 
Noumowé et al. [9] cylindrical/prismatic 0.5, ISO 834 400 e 600 - 
Reinhardt e Stegmaier [54] cylindrical ISO 834 - - 
Annerel et al. [57] prismatic 3.5 550 12.5 
Boström e Jansson [38] prismatic ISO 834 - - 
Boström et al. [58] prismatic specific/ISO 834 1300 - 
Dehn et al. [59] prismatic specific 1300 2 
Jansson e Boström [60] - - - - 
Tao et al. [61] cylindrical 5 800 - 
Sideris [11] cylindrical/prismatic 5 700 1 
Anagnostopoulos et al. [18] cylindrical/prismatic 10 600 1 
Liu et al. [44] prismatic 10 500 - 
Fares et al. [3] cylindrical/prismatic 1 600 1 
Jansson e Boström [62] prismatic HC - - 
Lu et al. [63] prismatic - 920  
Tao et al. [64] cylindrical 8 700 - 
Uygunoğlu e Topçu [65] cylindrical/prismatic 5 100 - 
Annerel e Taerwe [25] cylindrical 5 500 12.5 
Fares et al. [66] cylindrical/prismatic 1 600 1 
Helal e Heiza [67] cylindrical/prismatic - 600 2 
Tao et al. [68] cylindrical 5 800 - 
Ali [17] cylindrical/prismatic 2 800 2 
Bakhtiyari et al. [69] cylindrical/prismatic 10 1000 2 
Ding et al. [45] prismatic 6 900 3 
Fares et al. [70] - 1 600 1 
Khaliq e Kodur [71] cylindrical/prismatic 2 and 5 800 - 
Annerel e Taerwe [26] cylindrical 5 400 - 
Bamonte e Gambarova [8] cylindrical 1 and 2 600 - 
Pathak e Siddique [2] cylindrical/prismatic 1 300 1 
Qadi et al. [31] cylindrical - 600 - 
Tao et al. [32] cylindrical 5, 10 and 15 600 - 
Tao et al. [72] cylindrical 5 800 - 
Uysal e Tanyildizi [30] prismatic similar to RILEM 800 - 
Anand et al. [73] prismatic specific 900 1.5 
Aaslani e Samali [4] - - 800 - 
Haddad et al. [74] cylindrical/prismatic specific 600 - 
Jansson e Boström [19] prismatic HC e STD - - 
Pistol et al. [75] cylindrical 1 600 1 
Sideris e Manita [42] cylindrical/prismatic 5 600 1 
Trezos e Sfikas [76] prismatic specific 900 - 
Anand et al. [77] cylindrical specific 900 - 
Ding et al. [78] prismatic ISO 834 600 - 
Lomonte e Gambarova [79] cylindrical/prismatic similar to HC and ISO 834 750 - 
Lura e Terrasi [80] prismatic ISO 834 - - 
Qadi e Al-Zaidyeen [41] cylindrical/prismatic 5 and 10 600 - 
Al-Kadi et al. [81] cylindrical - 600 - 
Chung et al. [40] prismatic ISO 834 - - 
Fares et al. [46] cylindrical/ prismatic 1 and ISO 834 400 e 600 1 and 2 
Alhasanat et al. [16] cylindrical 5 to 10 600 4 
Al-Kadi et al. [33] cylindrical/prismatic - 600 - 
Anand et al. [36] cylindrical and prismatic specific 900 - 
Ding et al. [82] prismatic ISO 834 600 1.5 
Muthusamy e Kolandasamy [83] prismatic 2.5 800 1 
Werner et al. [34] cylindrical/prismatic ISO 834 - - 
Al-Lami [84] cylindrical and prismatic 70 700 - 
Aslani e Kelin [85] cylindrical similar to ISO 834 900 1 
Aslani e Ma [86] cylindrical similar to ISO 834 900 1 
Ríos et al. [43] cylindrical 10 700 6, 24, and 48 
Xargay et al. [35] cylindrical/prismatic 10 600 3 
Aslani et al. [21] cylindrical 5 900 - 
Azarijafari et al. [87] prismatic 1 700 1 
Mahapatra e Barai [22] cylindrical/prismatic - 600 1 
Jani et al. [48] prismatic HC 1100 - 
Sadrmomtazi et al. [37] cylindrical 5 600 2 
Guler et al. [23] prismatic - 800 - 
Mujedu et al. [47] prismatic 2.7 1000 2 

Franchetto [88] cylindrical 1 1000 
temperature 
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Other examples of the wide curing and storage protocols there are the following studies: i) keeping the specimens 

for a specific period of time in a laboratory room under air-curing before heating: 24 h [16, 22], 7 days [37], 90 days 

(cured in ambient conditions) [48], 90 days [46], 102 days, RH 50-60% and 20+-2°C [84], 152 days, RH 95% and 

20+-2°C [18], 180 days [54]; and ii) curing for 91 days underwater, as proposed by RILEM, at 20 ± 5 °C followed 

by 24 h at room temperature in a laboratory room before exposure to high temperatures [87]. Comprehensive 

reports indicate the period, temperature, and humidity of both curing and storage processes. Annerel and Taerwe 

[25], for instance, mentioned specimens cured for 28 days at 20 ± 1°C and 90% RH, followed by storage at 60% 

RH and 20 ± 1°C for about 29 months. Accelerated curing, described simply as oven drying [83] is another 

procedure described in the literature. As an example, Guler et al. [23] carried out tests in which specimens were 

cured for 28 days in an oven at 100 ± 5 °C for 24 h, followed by curing in a controlled chamber at 22 ± 1 °C up to 

28 days [23]. It is worth noting that the results obtained from these quite different experiment protocols are not 

directly comparable. 

It is important to register that RILEM [49, 50, 51, 52] recommendations regarding curing are first keeping specimens 

at 20+-2°C for 7 days, the first 24+-4 hours in their molds, followed by 6 days under conditions without moisture 

exchange, which can be achieved by several means. Then, two storage options are available until the test age: 

drying in air at 20+-2°C and RH of 50+-5% and non-drying conditions within sealed bags, molds, or wrapped in 

water diffusion tight and non-corrosive foil at 20+-2°C. Finally, the specimens should be tested after at least 90 

curing days.  

 

2.4 Heating rate 

 

Table 3 shows the wide variety of heating rates used to evaluate the behavior of SCC under high temperatures. 

The following references illustrate this issue: 0.5°C/min [9], 1°C/min [2, 3, 87, 88], 1 to 2°C/min [8], 2,5°C/min [22], 

2,7°C/min [47], 3.5°C/min [57], 4°C/min [24], 5°C/min [11, 25, 37], 4 to 6°C/min [54], 8°C/min [24], and 10 °C/min 

[18, 44]. The most frequent heating rates used in the literature are the one indicated by the ISO 834 curve or the 

fixed rate of 5°C/min. 

In general, the spalling phenomenon is more pronounced at high heating rates. On the other hand, tests performed 

by Noumowé et al. [9] show severe spalling in high-strength SCC at a heating rate of 0.5°C/min, which might be 

explained by the denser cementitious matrix. Under this perspective, assessing residual properties of SCC based 

on tests performed using different heating rates may not be comparable.  

The most frequent reason for using heating rates different than the ISO 834 and RILEM curves is related to 

limitations imposed by the available equipment used to perform the test, which contributes to the wide range of 

curves specified in the literature. 

 

2.5 Maximum exposure temperature 

 

The peak temperature adopted in most of the published research on SCC varies from 100°C to 1000°C  [8, 9, 11, 

23, 24, 47, 88]. 

The main reasons for adopting different maximum temperatures are diverse: the low capacity of the available 

furnace, the impossibility of programming complex heating rate curves, and the loss of mechanical properties due 

to microstructural decomposition at high temperatures. Bamonte and Gambarova [8] consider the target 

temperature of 600°C a suitable target since above this temperature, both the compressive strength and the elastic 

modulus rapidly decrease, and above 700°C calcination is activated. Annerel and Taerwe [25] justify maximum 

temperature choices of 175°C, 300°C, and 520°C as those corresponding to the total loss of free water, onset of 

strength loss, and decomposition of portlandite, respectively. 

During the heating of concrete, several chemical reactions occur. At lower temperatures, however, free water 

evaporates, and at 105°C the water inside the chemical bonds of concrete also begins to evaporate. The loss of 

capillary and physically bound water develops between 80°C and 200°C, at 374°C there is the critical point of water, 

above which there is no free water, while the loss of chemically bound water continues up to 850°C. Around 200°C, 

dehydration of the C-S-H gel occurs with a reduction in volume, simultaneously with the expansion of the cement 

paste, causing an increase in porosity, microcracks and, consequently, an abrupt reduction in resistance to 

compression and penetration [90, 91]. From 420°C, the dehydration of portlandite crystals also generates shrinkage 

and microcracking [92]. At 573°C, the quartz aggregates undergo a phase change from α to β, causing a slight 

expansion that contributes to the deterioration of the cementitious matrix. The thermal effects increase between 

500°C and 600°C, considered the critical temperature for the deleterious effects of high temperatures on concrete. 

The decomposition of C-S-H into 𝛽 − 𝐶2S (belite), 𝛽𝐶𝑆 (wollastonite) and water close to 720°C causes paste 
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shrinkage and loss of concrete strength [27, 92]. Above 800°C the properties of concrete are negligible as there is 

a change from the hydraulic structure to a ceramic structure. 

 

2.6 Residence time 

 

The residence time, or steady-state phase, period in which the maximum temperature is maintained during testing, 

is another critical variable for assessing SCC at high temperatures. The RILEM test procedure [49, 50] suggests 

that the maximum temperature, determined as the average of three thermocouples positioned at specific points on 

the specimen, should be kept for 60±5 minutes.  

Previous studies noticed large thermal gradients related to short residence times. Ye et al. [56] reported at 600°C 

gradient in thermocouples positioned only 30 mm away in the specimen depth in an experiment performed using 

the ISO 834 curve up to 950oC.  Fares et al. [46] used two heating rate curves to perform their experiments: ISO 

834 and of the rate of 1°C/min, both up to 400°C. For the ISO 834 the residence time was 120 minutes, whilst for 

the 1ºC/min heating rate the residence time was 60 minutes.  

As illustrated in Table 03, different residence times may be found in the literature, ranging from 0.5 to 24 hours [11, 

18, 37, 47, 83, 85].  

The residence time may also vary depending on the maximum testing temperature. Bamonte and Gambraova 

[2010], for instance, adopted 120-150 minutes for 200°C and 400°C and 240-270 minutes for 600°C, aiming at 

reaching uniform temperature within the specimen. In this context, Annerel and Taerwe [25] adopted a residence 

time of 750 minutes for maximum temperatures of 175°C, 300°C and 500°C. Franchetto [88] performed tests with 

thermocouples in order to verify the time required to reach uniform temperature within the specimen for each target 

temperature, adopting different periods between 35 and 435 minutes. 

The different maximum temperatures and steady-state phases influence the residual compressive strength [89]. 

Longer residence times (6h, 24h, and 48h) are indifferent if the temperature is uniform within the specimen [43]. 

Thus, different conclusions regarding the behavior of SCC under high temperatures may be related to the different 

residence times used in the tests. As a way of simulating reality, it would be advisable to verify the temperature of 

the structure in a real fire situation, because although the simulation curves indicate temperatures generated by the 

fire, which extinguishes itself with the end of the combustible materials, it does not consider the period that the 

concrete remains heated, which is what residence time seeks to simulate. 

 

2.7 Cooling protocol 

 

The colling protocol is one of the test parameters least discussed and detailed in the reported literature, probably 

due to the difficulty in guaranteeing a constant cooling rate. In general, descriptions of the cooling procedure only 

mention the period and whether the furnace was kept open or closed. Sometimes, the only mention refers to 

specimens being cooled down to room temperature [46]. Some examples of cooling protocols to avoid thermal 

gradients are: i) specimens kept in the furnace closed until reaching ambient temperature [18, 23, 47, 56]; ii) slow 

cooling down for 24 hours not mentioning if inside or outside the oven [86]; iii) cooling rate of 1°C/min or 0.5°C/min 

in the furnace closed [24, 25]; and iii)  specimens kept under air or sprayed water [36, 57]. 

The cooling protocol varies according to the maximum temperature, furnace size, and, mainly, the furnace thermal 

insulation [18]. RILEM [49] suggests that the cooling rate follows the same heating pattern.  

 

 

3. CONCLUSIONS 

 

Although SCC exhibits excellent mechanical properties and could be used in many applications, because of the 

high amount of fines, SCC might suffer from fire exposure and explosive concrete fragmentation if insufficient 

attention is paid due to low permeability and to pore distribution. From recent research on this cement-based 

composites under elevated temperatures and fire conditions, some conclusions are drawn: 

1) The main outcome of this research relies on the fact that there is not a uniform method to investigate the 

behavior of SCC at high temperatures, since different experimental variables are used throughout the 

researches. Due to the variability of parameters adopted, it was found that it was difficult to compare 

existing results, currently making it difficult to reach a more general and definitive conclusion regarding 

SCC at high temperatures; 

2) The main aim of adding steel, polyamide, or polypropilene fibers are widely used to mitigate spalling. SCC 

produced with PP fibers has the potential as the most effective to protect concrete against fire effects. 

Therefore, the melting point of polymer fibers seems a critical parameter, and the shape of fibers can also 

be carefully considered; 
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3) Fiber type, filler type, moisture content, pore-volume, and permeability affect the mass loss, tensile 

strength and fracture energy of SCCs under elevated temperatures; 

4) Although RILEM exists to guide high temperature tests, it is just a procedure, which means that there is a 

lack of standardization of tests for high temperatures. Likewise, there is still no standard for SCC, making 

it difficult to compare results between studies. 
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ABSTRACT 
 
After the fire at Nightclub Kiss, in 2013, in the city of Santa Maria (RS), which killed 242 people, Brazilian society 
once again discussed the need to promote Fire Safety (SCI) in such a way that tragedies like that would never 
happen again. In the academic world, proposals arose again for the creation of postgraduate courses 
(specialization), but also for introducing, in undergraduate courses of bachelor's degree in Architecture and 
Urbanism, and also in bachelor's courses in Engineering, concepts of Fire Safety ( SCI) and a discipline with 
exclusive content on the subject, since graduates of these schools receive the possibility of effective action in the 
area, regardless of the adequate formation of their knowledge - often requiring postgraduate courses to correct 
this educational deficiency. This research analyzes a possibility of a pedagogical approach, aiming to transmit 
basic fundamentals of Fire Safety (SCI) during the graduation of the Architecture and Urbanism courses, in order 
to, in addition to supporting the implementation of the required discipline of exclusive content, or to the courses of 
post-graduation, mainly, to promote and make students aware of the related knowledge between the assumptions 
of Fire Safety (SCI) and Architecture and Urbanism. 
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1. INTRODUCTION 
 
After the fire that took place in 2013 at the Kiss nightclub, in Santa Maria, Rio Grande do Sul, which took the lives 
of 242 people, the Brazilian population was taken by the feeling of doing something to prevent this from 
happening again. This tragedy resulted in several actions, in different areas of society, including the publication by 
the Brazilian Federal Government, of Law 13,425, in 2017, four years after the tragedy at the Kiss Nightclub, 
which determined in its article 8, the obligation that Architecture courses include in the disciplines taught content 
related to fire prevention and fighting [1]. 
 
In the parliamentary area, in 2015, two task forces were created in the National Congress, the Civil Firefighter 
Parliamentary Front (FBPC) and the Joint Parliamentary Front for Fire Safety (FPMSCI), and in the later, with the 
justification that there was the lack of professionals with specific knowledge to work in the area of Fire Safety 
(SCI) and, also, of infrastructure for training these professionals, proposals were presented that corresponded to 
actions of the education sector for Fire Safety (SCI), such as the creation of postgraduate courses (lato sensu) to 
train Fire Safety Specialists and the inclusion of fire safety topics in Engineering and Architecture courses. 
 
On the other hand, the Fire Safety (SCI) bibliography showed, long before the Kiss nightclub fire, that the 
premises of Fire Safety (SCI) are already present in the areas of knowledge of courses such as Architecture and 
Urbanism, and that, invariably, the risk of fire arises at the same time that a certain statement of problem in 
architecture appears, that is, in the architectural project to be elaborated, as demonstrated by the academic works 
of Berto [2], from 1991, and Negrisolo [3], 2011. In this way, the proposal to do something to meet a demand, 
from the Kiss nightclub fire, seemed, initially, a new attempt to impose Fire Safety (SCI) on Architecture, without 
observing that some intrinsic relationships between the subjects had already been identified, as described by 
other authors, as they are unconditional in the relationship between Architecture and Fire Safety (SCI). 
 
 
2. THE TEACHING OF PROJECT IN ARCHITECTURE 
 
From the perspective that the risk of fire arises concomitantly with the architectural project, it is also necessary to 
understand, albeit tangentially, the teaching of architectural design, in such a way that the quality of the 
architectural solution is visualized, including the premises of the Fire safety. It should be noted that teaching, 
when referring to architectural design, has a very different meaning from other areas of learning, since, in addition 
to the links with professional practice, it is directly related to professional performance and the way of seeing 
architecture of those who teach it. For Malard [4], the problem is always prior to any observation or perception of 
the senses. Observation and perception help in the formulation of solution hypotheses and conjectures. The 
elimination of errors is done by the critical method. 
 
According to Pahl apud Cunha [5], the more developed a culture, the stronger the need, and the greater the 
concern about rational processes of construction, as well as expression itself in architecture. That is, the 
approach to Fire Safety (SCI) in the analysis of the architectural solution should not only certify compliance with 
legislation or endorse performance criteria for the built object, but, above all, serve the analysis of architecture 
itself as a representation of a moment and of a culture that feeds back on its own history. Cunha [5], when 
reviewing the triad proposed by Vitrúvio, defines the place as the structuring element of the design conception, as 
it is the reference of the object's relations to the environment where it is inserted, including, here, the fulfillment of 
norms and regulations; the program as not just the division of the building into compartments according to their 
uses, but as the succession of vertical and horizontal planes according to the degrees of permeability and privacy 
of the spaces; technique represents the third element and no longer concerns only the structuring of the building, 
but, currently, the “valorization of the image of technological development, mainly from the valorization of 
architectural elements in the composition, such as the structure, with sculptural form or no, like the sun protection 
elements, like the shape of the roof, among other aspects” representing what distinguishes the building from the 
others. 
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3. THE TEACHING OF FIRE SAFETY 
 
Several authors already pointed out, before the Kiss Nightclub fire, in 2013, or the federal law of 2017, the need to 
introduce the theme of fire safety in undergraduate Architecture and Urbanism courses. Negrisolo even tested a 
methodology and concluded, in his publication, that “what and how to teach is not something that can be defined 
and remain static in any area of knowledge” [3]. 
 
Negrisolo [3] narrates his experience when presenting the theme of Fire Safety to students of two disciplines of 
the Architecture and Urbanism course, at the University of São Paulo, in 2011. It is important to highlight that this 
school, in that year, was the only one in country, according to the author, where there was a discipline dedicated 
to this subject, although optional and shared with two other themes, according to a survey carried out by the 
author to prepare his work, highlighting three aspects that should be improved, based on the evaluation of the 
students who were submitted to his teachings: “The approach on systems or subsystems, structure and façade; 
compartmentation/smoke control (fire containment); Technical Standards” [3]. 
 
The Global Fire Safety System (Figure 1), presented by Berto [2], demonstrates the stages of fire development, 
the objectives to be preserved, what is the object of prevention and what concerns combat, making it clear that 
the failure of prevention anticipates the need for combat, in such a way that preventive measures are essential in 
fire safety, as they prevent the emergence of a fire, combat the spread, protect human life, property and also the 
very system. Among the preventive measures, there are those related to the constructive aspects of the building 
and those related to the use of the building. In construction, in addition to the characteristics of the building 
materials, there are strategies originated by the architectural project, such as horizontal and vertical 
compartmentalization, risk isolation, protected circulations and safe escape routes, and the Fire Safety System 
itself, equipped with the measures of combat, is part of the prevention measures of the building. 
 
 

Figure 01 - Global Fire Safety System 

 
The overall fire safety system, for Berto [2], is fundamentally the architect's responsibility, due to the system's 
ability to interact with a large number of aspects directly associated with the architectural project. 
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4. THE TEACHING OF ARCHITECTURE PROJECT WITH SAFETY 
 
From the conclusion that, briefly, preventing the emergence of fires is also a way to prevent its propagation and, 
at the same time, a form of combat, or, in which the presence of a combat system is also a form of prevention , 
there is a relationship with the way of thinking of the architect and thus, mutatis mutandis: “the designer develops 
his understanding of the problem through attempts to solve it, as if the analysis were done through synthesis. The 
problematization therefore comes together with the solution.” [5][6] 
 
Anticipating technical issues – in this case, from the area of fire safety – to the architectural project is doing fire 
safety and doing architecture, but, above all, it is fighting against the trivialization or malfunction of both. 
 
“The architectural project must be prepared based on a thorough knowledge of the relationships they have with 
the provisions that give the building adequate levels of fire safety.” [two] 
 
“It is in the architectural design that the required compartmentalization and emergency stairs or, eventually, 
emergency elevators and refuge areas are foreseen. This is where the architectural details must be made 
compatible with the fire installations and with the dimensions of the structures calculated for the fire situation. In 
the project, the coatings and finishes of the building are defined. Finally, the architectural project of a building is 
fundamental for fire safety.” [7] 
 
From this perspective, it is imperative to define, therefore, which fire safety issues arise - and coexist - primarily, 
at the origin of architecture and urbanism projects, still in the definition of the architectural approach, constituting 
the basic notions of the matter, which must be presented to the students still in the disciplines where architectural 
design is taught, to, in addition to generating answers to technical questions, such as dimensioning that interfere 
in architecture, provide their use as strategies in architectural design, by adopting materials or 
compartmentalizations, for example. [6] 
 
In this way, to begin with, students need to know and incorporate three expressions that, although they have 
subjective and relatively flexible concepts, from identification to qualification, at the same time, serve as 
assumptions, inflexible and unquestionable, and that must be present in the analysis of any architectural project, 
to provide safe conditions for human life, property, the economic chain and the environment. Thus, even during 
the graduation cycle, in the project ateliers, students must conceptualize, analyze and qualify the risk, prevention 
and combat – of fires.[6] 
 
The risk arises and becomes constant at all stages of fire safety, as long as there are one or more architectural 
objects, in the case of unnatural fires: there is the risk of ignition, there is the risk of combustion, there is the risk 
of propagation, etc. Fire safety will act on this in two ways: prevention and, if this fails or is ineffective, through 
combat actions, as Berto [2] demonstrated in the Global Fire Safety System (Figure 1). [6] 
 
 
5. A PLAN FOR EDUCATION OF FIRE SAFETY 
 
5.1. 01st Stage - Basic Notions 
 
In his thesis, Negrisolo [3] presents his preliminary proposal for the development of the discipline “Fire Safety and 
Architecture”, whose first objective is “to provide architecture and urbanism students with knowledge of the 
fundamentals and techniques of fire safety”. 
 
By applying the reasoning described above, anticipating the problematization of the solution in order to qualify it, it 
is suggested the presentation/insertion of the basic notions of fire safety in the design studios during the 
presentation of the statement of the architecture exercise, aiming, not exactly the training of a professional to 
work in the security area, but of an architecture professional who is aware of the subject, as shown in Figure 02. 
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Figure 02 - Introduction to Fire Safety[6] 

 

 
Divided into two stages, the introduction is a class on the most basic concepts of fire safety, so that students can 
identify possible fire risks and specific characteristics defined by the activity or use for which the building is 
proposed, as well as its user population, in a way that allows them to include, in the act of designing, in the 
different phases of the project and in the different systems of the building, characteristics and qualities of fire 
safety” [3]. 
 
 
5.2. Fire safety concepts applied to building architecture 
 
In this chapter of the research, based on the elements that constitute the fire triangle (source, oxidant and fuel), 
the objective is to demonstrate the importance of some concepts of fire safety for students of Architecture and 
Urbanism courses, as previously described. The relationship with the triad proposed by Cunha [5] allows the 
concepts of fire safety to become elements of architecture, definitively. In a way, it can be said that the concepts 
below are directly related to the building's program and its construction technique, but one cannot forget that its 
solution will correspond to its influence on the place where the building is located. 
 
 
5.2.1. Heat Sources 
 
Knowing and assimilating the ignition processes means identifying, in a building, which heat sources need to 
receive adequate treatment, such as safe distances between them (air conditioning, refrigeration, substations and 
electrical generators, etc.). 
 
 
5.2.2. Oxidizing: 
 
With regard to the oxidizing agent, the best-known element is oxygen and, in this regard, its relationships with the 
architectural project refer to the geometric shape of the building: room dimensions, number of openings, walls, 
slabs, and partitions. horizontal and vertical of the environments, in short, the degree of ventilation of the building. 
 
 
5.2.3. Fuels: 
 
As for fuels, it is the materiality itself that constitutes the project, from the most basic elements of construction, 
structural or cladding elements, ceilings, floors, walls, facades, internal furniture, partitions, etc., which are 
responsible for starting , growth and spread of fire. 
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5.2.4. Smoke: 
 
Another basic component of fire safety is smoke, directly related to fuels and present in all stages of a fire, from 
its origin, and considered by some authors as the second leading cause of victims in fires, given the 
characteristics of the materials present. inside the buildings. 
 
 
5.3. Step 2 – Designing the Fire Safe Architecture 
 
Thus, in all workshops where architectural design is taught, throughout the Architecture course, a prior analysis 
should be made of preliminary solutions of the architectural solution (the conceptual diagram of the project), of the 
fire risks of what will be designed in atelier (theme), fire risks and possible measures aimed at fire safety, so that 
these can be conceptually incorporated into the data set for the exercise proposed to the students, as 
represented in Figure 03. 
 

Figure 03 - Relationship between the architectural problem and Fire 

Safety[6]

 

 
Although there is some complexity, this stage does not aim at training the student to become a professional 
specialist in fire safety, but the awareness of the matter and the formation of an analytical spirit, aiming to create 
the habit, in the student, of thinking about fire safety together with the architecture project and, this, cannot be in a 
single discipline, but in each architecture exercise – as it will be in your professional life. The student does not 
need to be a specialist in Fire Safety, but he can be induced to identify the relationships that arise from his project 
and concern fire prevention and fighting, in such a way that this will also be perpetuated in his practice as a 
professional. 
 
Issues such as the identification of fire risks, by the architect, as well as the identification of the population that will 
use a certain architectural solution are essential, when designing in architecture, for defining accesses and exits 
in case of emergency. Likewise, incorporating issues such as the resistance and behavior of the materials used in 
the building in case of fire, and the influence of the building in a fire that reaches it, among others, are not fire 
safety issues (sci), but of knowing how to see and do Architecture. 
 
It is also important to highlight that the routes in case of an emergency in a building do not have to be just an exit 
in case of fires; they can constitute a route solution within the building allied to the safety of its users, adding to 
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themselves a quality as an alternative. What cannot, ever, is that there are no alternatives to transit through the 
building without the safety condition being guaranteed. 
 
5.4. Designing Fire Safety 
 
In a second moment, it is necessary to effectively insert a discipline exclusive to fire safety, aiming at the training 
of professionals who will work in this area, so that they can identify, recognize, analyze, review and, if applicable, 
complement defined measures by the architectural project with other solutions or with other systems 
complementary to those identified in the elaboration of the architectural project, according to the scheme shown in 
Figure 04. 

Figure 04 - Content of the Fire Safety discipline[6] 

 
 
Thus, initial questions can be answered before any architectural idea sketch, being inserted no longer from the 
synthesis or pre-evaluation of the solution, but during the analysis and data collection - or in the formulation of the 
architectural object statement. 
 
a) What heat sources will be installed due to the function of the building? (air conditioners, electrical transformers, 
generators, etc.); 
b) Considering its operation, what type of fuel will exist inside the building? (fabrics, papers, furniture, dividers, 
etc.) 
c) What are the characteristics of the users of this building? (total population of the building; distribution of the 
population in the building; degree of permanence of the population in the building; composition of the fixed and 
floating population; physical, psychological and cultural conditions of the population; age distribution of the 
population). 
d) What are the external constraints? (distance to neighboring lots and buildings, access conditions, distance to 
fire stations, water sources) [6] 
 
The effectiveness of this exclusive discipline requires compliance with the previous step, in order not only to avoid 
overlapping content or class hours being spent with basic learning later, but also, mainly, in fact, the teachings 
obey a constructive sequence. The main objective is to give the student the qualification to, in addition to giving a 
response to society, assimilate new knowledge to their performance and professional career, as well as their 
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complete preparation for an eventual specialization (postgraduate), where the formulation and resolution will take 
place. of improved technical tasks. 
 
 
6. CONCLUSIONS 
 
Fire safety is not a simple matter, with solutions isolated from architecture, and its concepts will be present in 
architectural projects as long as they constitute an intention, and should not be a restriction, a condition, but as a 
parameter of the quality of the architect's response to a problem and its performance, its responsibility and its 
professional ethics. 
 
The fundamentals of fire safety must be present not as an objective, but as a demonstration of how much an 
architect masters his project in different uses - including unwanted ones, as in case of fire - and, also, how much 
he masters knowledge about the building, its materiality and functionality, recognizing its routes and the 
characteristics of its users. 
 
Finally, with a view to training professionals capable of defining systems designed to prevent and fight fires in an 
exclusive discipline, the importance of the architectural project and the independence of subsequent learning are 
highlighted, as a strategy for teaching prevention and teaching firefighting in an orderly, continuous and effective 
manner. 
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ABSTRACT 
 
Housing loss within a community has societal, economical, and symbolic implications on the community in addition 
to substantially impacting post-wildfire recovery. There are many guides for parcel-level and house-level mitigation 
measures for wildfires to reduce the ignitability of the parcel and house. In addition, previous researchers have used 
post-wildfire housing data to investigate characteristics of the parcel or house that influence survivability during a 
wildfire. This paper summarizes research that used data from Louisville, Colorado after the 2021 Marshall Fire to 
further investigate parcel, house, and community-level characteristics that influenced housing survivability. The 
authors built upon previous research on the subject and furthered the field by considering factors that relate to 
firefighting abilities and urban planning. The authors performed developed a logistic regression model and 
evaluating the significance of each parcel, house, and community-level characteristic on how they influenced the 
ability of fhe model to accurately predict house survivability in Louisville, Colorado during the 2021 Marshall Fire. 
The results of this study showed that, similar to previous research, distance between houses or housing density 
and proximity of the house to vegetation (either on the property, open space, or forested land) are influential factors 
for predicting housing survivability during a WUI fire. However, this study also concluded that a wooden fence on 
the property or touching the house and the location of the house within an isolated community or within a cul-de-
sac also influenced housing survivability, and these factors had not been previously considered in other studies.  
 
Keywords: Wildfires, wildland urban interface, housing 
 
1. INTRODUCTION 
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Housing has societal, economic, and symbolic significance that makes its loss in hazard events devastating and its 
role in post-disaster recovery pivotal. When a wildfire intrudes on a community, houses become fuel for the fire, 
thereby intensifying the wildfire. Due to the critical role housing plays during and after a wildfire, many agencies and 
researchers have used housing data collection methods to collect data on wildfire housing survivability. This data 
has been used to investigate the parameters or characteristics of houses that most influence survivability. However, 
much of these investigations have not included community characteristics or firefighting capabilities and their 
influence on housing damage.  
 
To help negate the effects of wildfire on housing in communities, the National Fire Protection Agency (NFPA) 
developed FireWise USA, a program that provides resources to communities on mitigations measures at the house 
and parcel level through vegetation management and house hardening. Many of these recommendations were 
incorporated into the International Wildland Urban Interface (IWUI) Code [1], which has been adopted by many 
states. California not only adopted the IWUI Code, but developed a chapter of their building code, Chapter 7A, to 
address wildfire mitigation at the house parcel level.  
 
This study uses data collected after the Marshall Fire, which began on December 30, 2021 in Boulder County, 
Colorado. In Colorado, building codes are adopted at the county level. At the time of the fire, none of the impacted 
communities had adopted the IWUI. The Marshall Fire ignited as a small grass fire near the intersection of Colorado 
93 and Marshall Road in Boulder County, Colorado. The fire spread eastward through and was intensified by 
hurricane force winds with speeds ranging from 80 to 100 miles per hour and sustained winds of 50 – 60 miles per 
hour. Snowfall on December 31st provided firefighters with an opportunity to control the fire and the fire was 
considered fully contained by January 4, 2022. The Marshall Fire burned over 6,200 acres and destroyed 1,091 
structures and damaged an additional 179 across unincorporated Boulder County, Louisville, and Superior. The 
origin of the fire is still under investigation. 
 
2. BACKGROUND AND STATE-OF-THE-ART IN HOUSING DATA COLLECTION 
 
Wildfire housing damage assessment methods intended to be implemented both pre- and post-wildfire have been 
developed. California Department of Forestry and Fire Protection (CALFire) performs damage inspections to 
determine why a house was damaged in a fire or what may have caused fire damage to a house. This survey 
includes characteristics of the house itself and the proximity of other combustible entities to the house (parcel-level). 
These specifically include: 

 Where the fire may have started on or in the house,  
 Visible signs of defensive actions,  
 Roof construction materials,  
 Eave style of the house,  
 Size of the attic or location/presence of basement vents,  
 Exterior siding material,  
 Presence of a deck or porch and their construction material,  
 Presence of fences attached to the house and their construction material,  
 Distance between the house and any propane tank,  
 Distance between the house and another structure ( > 120 ft2) 

This survey is most useful when the house has partial damage, and these characteristics are visible to the inspector. 
It does not include any information about the proximity of vegetation to the house or any potential fire intensity 
visible during the inspection.  
 
NFPA has developed a house and parcel-level wildfire risk assessment guide as part of NFPA 1144 that aims to 
assess how vulnerable a structure is to wildfire and provide recommendations to houseowners [2]. This assessment 
form is meant to be completed before a fire impacts a house. Both housing assessment forms consider combustible 
details of housing such as the eave configurations, attics, basement vents or crawl spaces, which are places embers 
or firebrands can be caught and cause ignition of the house. Both assessment forms also consider combustible 
materials of the house such as siding or roofing materials, as well as the presence of combustible materials near 
the house, such as propane tanks, fences, porches, decks. However, the NFPA assessment considers the presence 
of vegetation and the management of that vegetation around the house in addition to the presence of fire protection 
systems that can be used for defensive actions.  
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The mitigation practices that contribute most to house survivability or preventing house loss is still an active research 
topic. Researchers have performed in-depth studies on wildfire impact data with the goal of understanding which 
mitigation practices have a significant impact on increasing house survivability. Past research has considered house 
characteristics, such as year of construction [3], [4], window treatments [3], construction material of the siding [3], 
[5] and roof [3], [5], [6], and presence of vent covers [6]. 
 
House survivability can also be dependent upon parcel-level characteristics that previous researchers have 
considered such as distances between houses [4], [5], [7]–[10], to the nearest structure [4], [5], [9], or to the nearest 
fire impacted structure [4], [9]. The relationship between the house and vegetation is also considered, such as 
defensible space [3], [5], [6], [11] and vegetation overhanging the house [3], [4], [9], [11]. Other parcel-level 
characteristics considered are elevation of the property [7]–[10], [12], slope [3]–[5], [7]–[10], vegetation [9], [11], [12] 
and canopy cover [3], [4] on the property, neighbor’s vegetation cover [11], and the distance to wildland vegetation 
[5], [13].  
 
Community-level characteristics can also contribute to housing survivability during a wildfire. Researchers have 
examined different community-level characteristics, the most common of which is housing density [3], [4], [7]–[10], 
[13]. Housing density can also be examined through housing clusters where groups of houses are examined as a 
cluster and clusters have spatial separation through roads or open space [7], [10]. Lastly, housing density and 
proximity to wildland fuels can be examined through the WUI classifications to examine how the two work together 
to influence survivability [4], [12].  
 
In general, there is a consensus in the research community that housing spatial arrangement and location are the 
most influential factors that affect the survivability of structures during a wildfire. However, authors have found 
varying results and influences within these categories. In addition, there is some variation in the conclusions of 
these studies and the data used to make these conclusions. 
 
2.1 Housing characteristics 
 
Vinyl window framing, stucco exterior construction, dual pane windows, and tile roofs have been shown to be the 
most influential housing characteristics that influenced survivability [3]. The window detailing was the most influential 
housing characteristic, followed by the roofing and exterior construction materials. Exterior construction material 
was the least influential of the housing characteristics and vegetation treatments on a property demonstrated to be 
just as influential as building construction materials. In addition, properties that did not have overhanging vegetation 
and did have defensible space performed just as well as those that had dual pane windows and vinyl window 
framing. These conclusions were also made by Syphard and Keeley [6], who concluded that eaves had the largest 
influence on housing survivability of all the housing characteristics followed by windowpanes and vent screens. 
However, in Northern CA, vent screens and exterior siding were the third most influential housing characteristics 
that influenced housing survivability in a wildfire. Knapp et al. [4] examined factors that influenced house survivability 
during the 2018 Camp Fire and concluded that more modern houses had a higher probability of survivability than 
older houses (pre-1990s). 
 
2.2 Defensible space, vegetation, and slope 
 
Defensible space was found to be a significant variable that influenced house survivability. Syphard et al. [11] 
concluded it was the variable that contributed most to the probability of house survivability. However, as slope 
increased, more defensible space was needed to increase survivability. This was further confirmed by the studies 
of Price and Bradstock [8], Alexandre et al. [10], and Knapp et al. [4].  
 
Vegetation touching the house was the most influential vegetation variable [8] and had more of an influence than a 
nearby forest cover for the study performed by Penman et al. [9]. Similarly, garden cover and vegetation overhang 
also were more influential to housing loss than proximity to a nearby forest. 
 
2.3 Housing density and proximity to areas of wildland fuels 
 
In general, there is a consensus in the research community that housing spatial arrangement and location are the 
most influential factors that affect the survivability of structures during a wildfire. However, different researchers 
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have concluded varying results and influences within these categories. For example, Syphard et al. [7] and Syphard 
et al. [12] concluded that housing loss is more likely to occur in regions with low or moderate housing density. In 
particular, Syphard et al. [12] concluded that the majority of housing in California was lost due to wildfires in low- 
and moderate-density housing regions, specifically in intermix communities with high vegetation cover. This 
conclusion was further enforced by the results of the study performed by Alexandre et al. [10]. These assessments 
were based on aggregating all California wildfire housing loss data across decades, regardless of landscape or 
WUI type (e.g., intermix, interface) or weather. Knapp et al. [7] concluded that distance to the nearest destroyed 
structure and density of structures were the two factors that most influenced house survivability [4] in the Camp 
Fire, more so than the proximity to vegetation, However, unlike the Syphard et al. [3, 12] conclusions, Knapp et al. 
[7] concluded that smaller distances to a destroyed house and higher housing density negatively influenced house 
survivability. Knapp et al. [4] also concluded that distance to the nearest destroyed structure and density of 
structures were the two factors that most influenced house survivability followed by the distance to the next 
destroyed house. Further, Knapp et al. [4] concluded that WUI interface versus intermix showed to be a significant 
variable influencing house survivability with a higher survival rate in the intermix definition than in the interface. 
Houses built in more of a subdivision arrangement with wildland fuels nearby had a lower survivability rate. This 
goes against the results found by Syphard et al. [7] ,[12]. The next two factors that influenced survivability in the 
Camps Fire [7] were distance to the next destroyed house and canopy cover within 100 m of the house. 
 
Studies of Australian fires concluded that increasing housing density increased the likelihood of house loss [8], [9]. 
This conclusion shows that the results of housing survivability studies can be specific to the region studied. Gibbons 
et al. [14] also concluded that when houses within housing clusters are spaced closely together, the ignition of one 
house in the cluster can cause the remainder of the houses to be destroyed. Penman et al. [9] further confirmed 
that proximity to another house that was impacted by the fire was the strongest variable in increasing the likelihood 
of housing loss because, as houses become closely spaced together, the defensible space around each house 
decreases. Meldrum et al. [5] further confirmed these results finding a strongly significant result with spatial 
clustering of structures indicating the effect of distance between houses as a factor to contribute to house 
survivability in addition distance to adjacent fuels. They concluded that it was not only the distance between houses, 
but distance to the nearest destroyed house post-fire: burned structures tend to be clustered indicating that the 
house is not only a recipient of the fire, but also an entity that can intensify or drive the fire behavior. 
 
2.4 Gaps in knowledge and research objectives 
 
The conclusions of the studies summarized in Sections 2.1 – 2.3 varied and the data used to make these 
conclusions also varied widely across the studies. Syphard et al. [3], [7], [11], [12] and Syphard and Keeley [6] 
examined data from decades of California wildfires, Alexandre et al. [10] used data throughout California and the 
Pacific Northwest and aimed to make conclusions with respect to climate. Price and Bradstock [8] and Penman et 
al. [9] used data from Australian fires to examine the influence of characteristics on house survivability. Knapp et 
al. [4] only used the data from the 2018 Camp Fire to develop conclusions on house survivability. Lastly, Meldrum 
et al. [5] only used data from the 2020 East Troublesome Fire in Colorado. 
 
Previous research on house survivability during a wildfire has shown that spatial arrangement of housing and 
proximity of the house to large areas of wildland fuels are highly significant variables in predicting house 
survivability. However, even with the congregation of data across decades of fires, climates, and types of WUI 
communities (intermix versus interface) grass fires were specifically not included within the data of previous studies. 
In addition, these studies did not consider the proximity to firefighting resources or examine how spatial arrangement 
of housing might influence the ability of defensive actions such as firefighting. Relatively few of the studies have 
focused on community characteristics consistent with suburban communities.  
 
The research summarized in this paper uses data collected after the 2021 Marshall Fire in Louisville, Colorado, to 
examine which housing, parcel, and community-level characteristics influence house survivability. Specifically, the 
research objective is to compare significant housing, parcel, and community characteristics that influenced house 
survivability during the 2021 Marshall Fire to previous housing assessment studies to draw broader conclusions 
about house survivability during a wildfire. 
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3. METHODS 
 
3.1 Data Collection  
 
The authors collected housing data after the Marshall Fire as members of the Geotechnical Extreme Event 
Reconnaissance (GEER) team that deployed to the impacted regions of the Marshall Fire January 24 – 29, 2022, 
approximately 3 weeks after the fire. Housing data was collected using three methods: (i) an in-field survey to collect 
housing data at the parcel level, (ii) remote data collection using publicly available housing websites (e.g. Zillow, 
Google Earth), and (iii) drone imagery (while in the field) to provide aerial imagery of the impacted regions. All of 
these data together incorporate characteristics of the house, parcel and community.  
 
The in-field survey was administered through google forms. This platform allowed the team to easily make changes 
to the survey in the field if needed and share the form amongst team members in the field [15]. This form was used 
to evaluate 201 impacted houses, including 151 in Louisville. The data collected through the survey included the 
type of house (e.g., freestanding, townhouse, apartment building), the house’s damage state (destroyed, damaged, 
not damaged), number of stories, visible damage, proximity to nearby destroyed structures, and distances to 
neighboring houses and their damage state. These data were prioritized for collection because of the significance 
of these factors in previous research. In practice, almost all houses were found to be destroyed or standing. Smoke 
damage was not considered [16] 
 
Remote data collection supplemented the data obtained from the in-field survey and allowed the team to expand 
the data set to include all impacted houses. The addresses of impacted houses and their damage state (damaged 
or destroyed) were obtained from Boulder County’s Office of Emergency Management. For all houses impacted, 
remote data was collected using Google Maps, Google Earth, Zillow. The remote data was validated with the data 
collected through the in-field survey. For the jurisdiction of Louisville, permitting data and tax records were also 
available to further supplement the information obtained. Table 1 summarizes the data collected via each remote 
data source. The most recent satellite images available were used in both Google Earth and Google Maps. Where 
the information reported on Zillow differed from tax records, the tax records data was used. Where discrepancies 
between the field measurements and the remote measurements occurred, the remote measurements were used 
because in many cases, in-field measurements had error built in due to the debris present at damaged or destroyed 
houses. The houses classified as standing in the data set were those with minor damage and any surviving houses 
in the fire damaged neighborhood. In total, the data set for Louisville is comprised of 452 destroyed houses and 78 
standing. 
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Table 1. Data Collected with In-Field Survey and Remote Methods 
Data Category Data Collected Data Source 

House 
Characteristics 

Damage state 
In-field survey 

Boulder County OEM 
Presence of porch on house (Y/N) 

Google Earth (2021) 
Porch material 

Presence of deck on house (Y/N) 
Deck material 
Visible vents 

Exterior cladding material 
Zillow 

Roof material 
Construction type 

Zillow 
City of Louisville Tax Records 

Square footage 
Number of stories 

Foundation temperature of destroyed houses In-field survey 
Siding update occurred (Y/N) 

City of Louisville Siding 
Permits Date of siding update 

Material of siding update 

Parcel 
Characteristics 

Distance to neighboring house (ft) In-field Survey 
Google Maps Satellite Imagery 

(2021) 
Distance to auxiliary structures (ft) 

Parcel abutting open space (Y/N) Google Maps Satellite imagery 
(2021) Parcel containing or bordered by ditch (Y/N) 

Fence present on property (Y/N) 

Google Earth (2021) 

Fence Material 
Fence touching house (Y/N) 

Fire hydrant within view of house (Y/N) 
Elevation above sea level (m) 

Woody Vegetation within 5ft of house (Y/N) 
Vegetation types present on property 
Vegetation overhanging house (Y/N) 

Lot size (sq ft) Zillow 
Community 

Characteristics 
Located in isolated neighborhood or cul-de-sac d(Y/N) Google Maps Satellite imagery 

(2021) Neighborhood Densitye 
 
3.2 Multivariate Logistic Regression Analysis 
 
Initial trends in the data were assessed using the compiled raw data from in-person and remote sources. Each of 
the considered predictor variables were plotted against house outcome to assess if trends were present in the un-
processed data. After predictor variable trends were noted, we normalized the data set using min-max normalization 
between 1 and 0. 
 
A Logistic regression was utilized to estimate the probability of house survivability within the city of Louisville. A 
logistic regression was utilized because of the binary nature of wildfire damage on houses. Houses were either 
standing (survival = 1) or considered a complete loss (survival = 0). Multivariate logistic regression analysis was 
performed in python using the sklearn and statsmodels.api packages and the maximum likelihood method for 
estimating coefficients. The logistic regression model considered the full set of predictor variables to develop 
probability models. The logistic regression took the form shown in Equation 1. 
 

𝐿𝑜𝑔 =  𝛽 + 𝛽 𝑥 + 𝛽 𝑥 + 𝛽 𝑥 + ⋯ + 𝛽 𝑥 + 𝛽 𝑥    (1) 

 
For each case considered, the data provided was split randomly into training and test sets, with 70% of the data 
provided used as the training set. These data subsets were used to train and perform initial evaluation of the model. 

 
d Isolated neighborhoods have 2 or less means of egress. Cul-de-sacs have one means of egress (i.e. dead-end 
street) 
e Neighborhood density was calculated by determining the number of houses in a polygon placed over the 
neighborhood in question 

739



Once trained, the full suite of predictor variables was used within the model to determine the overall accuracy, 
precision, and recall of the model and to develop a confusion matrix.  
 
A stepwise Akaike Information Criteria (AIC) evaluation of the logistic regression model was performed to further 
refine the fit. This stepwise analysis was performed using stepAIC in R. StepAIC adds and/or removes predictor 
variables iteratively until a combination is found that gives the best value of the AIC. The fit of the model developed 
from the AIC analysis was assessed based on the probabilities generated. A threshold probability of greater than 
0.5 is used to indicate survival from model predictions. These predictions were then used to create a confusion 
matrix for each case. Using this threshold, the models were reevaluated for accuracy, precision, and recall and 
each model’s Brier Score and a Brier Skills Score for each was determined. The Brier Score is a measure of the 
mean square error of the probability forecasts and is commonly used in weather and climate applications. A score 
of 0 corresponds to a perfect model. The Brier Skills Score compares the regression model with a baseline model. 
The Brier Skills Score results in this study considered the baseline model to be a Brier Score of 0.15, which 
corresponds to the percentage of standing houses in the data set. Positive values indicate that the regression model 
is better than the baseline model, where a negative value would mean that it is worse.  
 
4. RESULTS 
 
4.1 Trends in housing data 
 
Using the data gathered through both the in-field survey and remote methods, an initial analysis was performed on 
the raw data. This analysis was performed on all the impacted houses in Louisville. Of the houses that were 
destroyed in the Marshall Fire, 74% of the houses had wood frame construction. Based on the data available from 
remote sources, 20% of the houses destroyed by the Marshall Fire had roofs of fire-resistant material such as 
asphalt, composite, or metal, while 22% had fire-resistant cladding.   
 
Houses impacted by the Marshall Fire ranged in size. In Louisville’s jurisdiction, the average house size was 2,520 
ft2 and the median house size was 2,400 ft2 and 41% of the houses destroyed by the Marshall Fire in Louisville had 
houses in the range of 2,000 – 2,999 ft2. Most of the impacted houses were built between the years 1980 and 2000 
(70%). Under Louisville’s jurisdiction, all the houses destroyed by the Marshall Fire were built between 1981 and 
2000. 
 
The minimum average house spacing for the destroyed houses in Louisville was 15 ft. Of those houses destroyed 
in Louisville 95% had another house within the Firewise intermediate zone (5-30ft), respectively. In addition, in 
Louisville, the average distance to a destroyed house was also within the immediate zone with 24 ft and 30 ft, 
respectively. In general, it can be noted that spacing between houses in this study was strongly related to parcel 
size, with a Pearson correlation coefficient of 0.48. Houses on larger lots had greater spacing distance to the next 
nearest structure. In Louisville, 74% of the houses destroyed by the Marshall Fire had parcel sizes less than 10,000 
ft2, which corresponds to less than 0.23 acres. The remaining houses were located on parcels 10,000 – 19,999 ft2 
(0.23 – 0.46 acres).  
   
While few houses themselves had other structures within in their immediate zone, many houses destroyed by the 
Marshall Fire had bushes, shrubbery, or trees within the immediate zone (0 – 5 ft) of the house. These types of 
vegetation can serve as additional fuel and help spread fire to the house itself. For Louisville, 40% had bushes or 
shrubbery within five feet of the house. In addition to vegetation on the parcel itself, many houses destroyed by the 
Marshall Fire were bordering open space lands. These lands were observed to be overgrown and prescribed burns 
for some of these spaces was scheduled for April 2021 [15]. In Louisville, 24% of the destroyed houses bordered 
open space.  
 
Drainage ditches provide a conduit for fire to travel from open space onto properties. In Louisville, 8% of destroyed 
houses, respectively, have drainage ditches on the property or adjacent to the property. Houses in isolated 
communities or within a cul-de-sac have one path in and out for firefighting. This characteristic can create a 
vulnerability for firefighters during the fire. Of the houses destroyed, 91% of the houses in Louisville were located 
in such a neighborhood.  
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There were many anecdotal observations that wooden fences contributed to the fire spread throughout the 
community [15]. Within Louisville, 92% of the destroyed houses had fences and of those houses, 100% of them 
had wooden fences due to city and HOA covenants prescribing fencing regulations. Of the houses that were 
destroyed in Louisville, 87% of the houses had fences touching the houses. This detail provides a pathway for the 
fire to ignite the house itself. Similar to fences providing a pathway for the fire to reach the home, porches and decks 
also provide combustible material attached to the house and are suggested by the NFPA to be constructed of non-
combustible material when in a WUI community. Of the houses that were destroyed by the Marshall Fire in 
Louisville, 77% of the houses had both a porch and a deck.  
 
Vents provide a pathway for firebrands or embers to get into the home and start a fire within an attic space. Using 
Google Earth, the authors observed that 44% of the houses in Louisville had visible vents on the home. From local 
policies, the authors can assume that none of these vents have coverings; however, this was not ground truthed. 
The ability of firefighters to defend houses is impacted by the presence of fire hydrants. Of the houses that were 
destroyed by the Marshall Fire, 17% had a fire hydrant within view of the home.  
 
4.2 Logistic Models for Housing Survivability  
 
The multivariate logistic regression analysis produced an equation in the form as shown in Equation 1 such that 
each of the predictor variable coefficients and p-values are shown in Table 2 for the analysis when all variables 
were included in the model formulation (this is referred to as model ‘a’). The variables with positive coefficient 
indicate that greater values for these variables result in a positive influence on housing survivability and conversely 
for the negative coefficients. For instance, the presence of open space adjacent to the property, a wooden fence 
touching the home, visible vents on the home, and location of the home within a cul-de-sac or isolated neighborhood 
negatively impact the survivability of the home. In contrast, a greater distance between houses, larger lot size, larger 
housing density, and fire hydrants within view of the home positively impact the probability of survival of the home. 
These results are consistent with the previous literature summarized in Section 2.  
 

Table 2. Summary of predictor variable coefficients for each variable for model ‘a’ 
Variable Coefficient p-value Variable Coefficient p-value 
Intercept -3.7807 0.070* Wooden Fence Touching 

Home 
22.9784 1.00 

Fire Hydrant within View 0.0741 0.878 
Distance to Nearest 
Home 

0.5582 0.771 
Porch 

0.4471 0.324 

Distance to Destroyed 
Home 

17.0778 0.000* 
Deck 

0.2261 0.603 

Elevation Above Sea 
Level 

4.0400 0459 
Visible Vents 

-0.5249 0.159 

Lot Size 1.3925 0.598 Woody Vegetation within 
Immediate Zone 

0.5351 0.654 

Home Square Footage 0.0362 0.983 Vegetation Overhanging 
Home 

0.0848 0.878 

Construction Year 13.1055 0.320 Fire Resistant Exterior 0.5128 0.327 
Ditch Bordering Parcel -19.3087 0.999 Fire Resistant Roof -0.1796 0.626 

Open Space Bordering 
Parcel 

-0.7876 0.085* 
Construction Type 

50.1088 1.000 

Fence on Parcel -21.8816 1.00 Located in Isolated 
Neighborhood or Cul-de-
sac 

-2.1202 0.000* 

Wooden Fence on Parcel -1.5008 0.315 Neighborhood Density 2.1595 0.060* 
*statistically significant p < 0.10 

 
From the stepwise AIC analysis performed in R, the most impactful variables within Table 2 were distance to nearest 
destroyed structure, lot size, construction year, presence of a drainage ditch on or adjacent to the property, 
presence of a wooden fence on the property, wooden fence touching the house, construction type, whether the 
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house is located within an isolated neighborhood or on a cul-de-sac, and neighborhood density. These are a mix of 
house, parcel, and community characteristics. The coefficients for the optimized model are shown in Table 3 below. 
 

Table 3. Summary of predictor variable coefficients for each variable for model ‘b’ 
Variable Coefficient p-value Variable Coefficient p-value 
Intercept -0.4835 0.583 Wooden Fence on Parcel -16.9522 0.990 
Distance to Nearest 
Destroyed 

15.2176 4.15 x 
10-7 

Wooden Fence Touching 
House 

16.1605 0.991 

Lot Size 4.2383 0.0453 Construction Type 40.4657 0.994 

Construction Year -4.1718 0.0508 Located in Isolated 
Neighborhood or Cul-de-
sac 

-1.8095 0.000787 

Ditch Bordering Parcel -15.8652 0.989 Neighborhood Density 1.0783 0.135 
 
Some of these variables are consistent with the previous literature discussed in Section 2. The distance to nearest 
destroyed structure and proximity to large areas of vegetation were found to be a significant variable by previous 
researchers. However, previous researchers did not consider the presence of wooden fences touching the house 
or the type of community/neighborhood the house is located in. Particularly, within the towns, impacted by the 
Marshall Fire, wooden fences were prevalent on the properties. Wooden fences acted as fire conduits thereby 
providing opportunities for the fire to spread from one property to the next. Isolated communities or parcels located 
on a cul-de-sac provided challenges and safety concerns for firefighters throughout the Marshall Fire. As the fire 
intensified, many houses burning together created unsafe conditions for firefighters and from the data, this 
negatively influenced survivability. While firefighting data from the fire is largely anecdotal, the authors spoke to fire 
teams who confirmed this trend, and the team also observed abandoned hoses in some neighborhoods [15]. While 
previous researchers considered the proximity of fire hydrants to a house, they had not considered how the layout 
of communities created firefighting challenges. 
 
Table 3 summarizes the predictive capacity of the model for both the survived houses and the destroyed houses. 
The model results shown in Table 4 were able to accurately predict 98.7 – 99.8% of the destroyed houses. The 
models were also able to reasonably predict the number of standing houses correctly with the best performance 
predicting 47.4% of the standing houses accurately. The Brier Skill Scores (BSS) for models (a) and (b) considering 
a base Brier Score of 0.15 (the proportion of standing houses in the data set) are shown in Table 4. These BSS 
values indicate that model (b) is most likely the most accurate of the models developed by the authors with the 
highest Brier Skill Score (0.387).  
 

Table 4. Summary of different model ability to predict survivability of houses 

Model  Model description 

Brier Skill 
Score 

(Base Model = 
0.15) 

Percentage of 
Standing 
Correctly 
Predicted 

Percentage of 
Destroyed 
Correctly 
Predicted 

(a) All Considered Predictor Variables +0.260 32.1% 98.7% 

(b) 

Distance to Nearest Destroyed, Lot 
Size, Construction Year, Ditch 
Bordering, Fence on Parcel, Wooden 
Fence Touching, Construction Type, 
Isolated Neighborhood, Neighborhood 
Density 

+0.387 47.4% 98.7% 

 
The percentages shown in Table 4 were determined from each corresponding model’s confusion matrix (Figure 1). 
These matrices show how the models classified the 530 houses in the data set in relation to the actual end state of 
the house. Since the outcome of is binary (0 = destroyed, 1 = survived), the matrices produced have four quadrants 
pertaining to prediction classification, with the true values falling on the vertical axes and predicted on the horizontal. 
True positive or correctly classified survived houses fall in the 1-1 quadrant. True negative or correctly classified 
destroyed houses fall in the 0-0 quadrant. The 0-1 quadrant represents misclassified standing houses, and the 1-0 
quadrant represents misclassified destroyed houses. In all models, the amount of misclassified destroyed houses 
is an order of magnitude smaller than the number of misclassified standing houses.  
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(a)                                                  (b)                                                    (c) 
Figure 1: Confusion matrices corresponding to the models shown in Table 3  

 
5. CONCLUSIONS 
 
Housing data from Louisville, Colorado was utilized to develop a multivariant logistic regression model to predict 
the survivability of housing in Louisville due to the 2021 Marshall Fire and investigate the most influential variables 
that influence survivability. Data was collected using in-field methods and remote data collection methods that were 
validated against the in-field measurements.  
 
The results of the analysis concluded that similar to previous post-fire housing analysis, distance between houses 
or housing density and proximity of the house to vegetation (either on the property, open space, or forested land) 
are influential factors for predicting housing survivability during a WUI fire. However, this study examined the 
influence of a wooden fence on the property or touching the house and the location of the house within an isolated 
community or within a cul-de-sac. These two variables were influential (p < 0.1) in accurately predicting the 
survivability of houses in Louisville during the Marshall Fire. These conclusions are significant because the Marshall 
Fire began as a grass fire and because Louisville is a suburban community, unlike some of the previously impacted 
WUI communities, which are more rural. These conclusions also demonstrate that WUI mitigation must examine 
more than what is occurring at the property level as the community layout (proximity of houses to open space, 
isolated communities, cul-de-sacs) itself can be influential for house survivability and that firefighting abilities were 
influential for house survivability within Louisville during the Marshall Fire. Future work in this area includes the 
analysis of all houses impacted by the Marshall Fire to evaluate differences between jurisdictions (Superior, 
Louisville, Unincorporated Boulder County).  
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