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Assessment of critical parameters affecting the behaviour of bearing reinforced concrete 1 

walls under fire exposure  2 

Abstract 3 

Purpose - This research paper aims to investigate RC walls' behaviour under fire and identify the 4 

thermal and mechanical factors that affect their performance. 5 

Design/methodology/approach - A three-dimensional (3-D) finite element (FE) model is 6 

developed to predict the response of RC walls under fire, and is validated through experimental 7 

tests on RC wall specimens subjected to fire conditions. The numerical model incorporates 8 

temperature-dependent properties of the constituent materials. Moreover, the validated model was 9 

used in a parametric study to inspect the effect of the fire scenario, reinforcement concrete cover, 10 

reinforcement ratio and configuration, and wall thickness on the thermal and structural behaviour 11 

of the walls subjected to fire. 12 

Findings - The developed 3-D FE model successfully predicted the response of experimentally 13 

tested RC walls under fire conditions. Results showed that the fire resistance of the walls was 14 

highly compromised under hydrocarbon fire. In addition, the minimum wall thickness specified 15 

by EC2 may not be sufficient to achieve the desired fire resistance under considered fire scenarios. 16 

Originality/value – There is limited research on the performance of RC walls exposed to fire 17 

scenarios. The study contributed to the current state-of-the-art research on the behaviour of RC 18 

walls of different concrete types exposed to fire loading, and it also identified the factors affecting 19 

the fire resistance of RC walls. This guides the consideration and optimisation of design parameters 20 

to improve RC walls performance in the event of a fire. 21 

Paper type Research paper  22 
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1. Introduction 24 

Reinforced concrete (RC) walls comprise a significant part of most of the existing residential 25 

buildings. Since they offer considerable load-bearing capacity for gravity and lateral-force 26 

resisting systems, they have been extensively used in tall buildings and high-rise towers. 27 

Therefore, RC-bearing walls should provide proper fire resistance to withstand static loads during 28 

fire scenarios. Several experimental investigations have been performed on the behaviour of RC 29 

walls subjected to fire in the last decades [1]–[9].  30 

One of the earliest attempts was carried out by Crozier and Sanjayan [1] testing 18 full-scale RC 31 

walls under one-sided ASTM E119 standard fire exposure. These researchers concluded that the 32 

walls reinforced with one mat in the middle of the wall offered better fire resistance than those 33 

reinforced at the two sides, which can be attributed to a larger concrete cover and hence, better 34 

reinforcement protection. Furthermore, the findings of Mueller's and Kurama's study [2] revealed 35 

that inadequate reinforcement near the wall's surfaces results in out-of-plane buckling, leading to 36 

a premature failure at a much earlier fire duration. Further parameters affect the response of RC 37 

walls under fire, namely, the concrete compressive strength, slenderness ratio, reinforcement ratio, 38 

axial load and lateral load levels, and boundary conditions, among others. The effect of concrete 39 

compressive strength was extensively studied in the literature. Most of the conducted studies [3]–40 

[5] reported that the increase in concrete compressive strength leads to lower fire resistance and 41 

failure in the form of explosive spalling [5]. However, Zheng and Zhuang [6] reported an increase 42 

in the fire resistance of RC walls when the concrete compressive strength is higher due to the larger 43 

bearing capacity of the walls. Slenderness ratio and/or wall thickness considerably influence the 44 

behaviour of RC walls exposed to fire [3]. Chen et al. [7] observed that the fire resistance of RC 45 
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walls exponentially increases with the increase of wall thickness for all load levels. Mueller and 46 

Kurama [8] inspected the effect of boundary conditions on the out-of-plane behaviour of RC walls 47 

subjected to one-sided standard fire exposure. They tested two full-scale RC walls where one of 48 

the specimens was laterally restrained at the top, and the other was subjected to an increasing 49 

lateral force. Larger curvatures, through-thickness cracks, and out-of-plane displacements were 50 

documented for the later specimen. The effect of lateral load was studied in other previous 51 

investigations [8]–[10]. In general, applying a lateral load in the out-of-plane direction adversely 52 

affected the fire resistance of RC walls. Moreover, an induced shear force could take place in the 53 

wall due to thermal bowing during the fire, as discussed by Mueller and Kurama [9] and Kumar 54 

and Kodur [11]. Few publications examined the in-plane lateral load effect of seismic or wind 55 

loading. However, studying the behaviour of RC walls subjected to both in-plane lateral loads and 56 

fire loads is crucial to assess their response during an earthquake-induced fire incident.  57 

The push toward performance-based building standards and performance-based fire safety design 58 

has been influenced by the expanding usage and widespread acceptance of computer-based 59 

analytical methodologies within the fire safety engineering community [12]–[19]. Fire safety 60 

engineering lacks a standard framework for assessing analytical techniques with well-known 61 

uncertainty bounds. Even though much work has been put into creating a common framework over 62 

the last decade, it is not yet comprehensive and integrated. Since experimental testing of reinforced 63 

concrete members under fire demands considerable effort and expensive equipment, 64 

computational methods are imperative to predict the behaviour of RC structures under fire 65 

exposure.  66 

A number of studies opted to model the fire performance of RC walls [7], [20]–[27]. For example, 67 

Lee and Lee [24] created a theoretical model that simulates the axial behaviour of experimentally 68 
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tested RC walls under all-sided fire exposure. Their test results and model predictions showed an 69 

initial axial extension of the wall followed by contraction. They also conducted a parametric study 70 

on the effects of wall thickness, reinforcement ratio, concrete compressive strength, and axial load 71 

level. Chen et al. [28] had similar findings; they modelled RC walls subjected to one-sided fire 72 

exposure and found that the most influential factors on the fire resistance of RC walls were the 73 

wall thickness and the load level. Their results indicated that concrete compressive strength and 74 

reinforcement ratio had minimal effect on the fire resistance of the modelled walls. However, Chen 75 

et al. [28] results showed that the wall's fire resistance is linearly affected by the increase or 76 

decrease of the wall thickness or reinforcement ratio.  77 

Mueller and Kurama [20] modelled three full-scale RC walls which they tested in previous 78 

experimental programs [2], [10]. They simultaneously performed thermo-mechanical sequential 79 

analysis using the commercial software SAFIR to simulate the out-of-plane behaviour of the tested 80 

walls subjected to one-sided standard fire with axial and lateral loads. They verified the axial and 81 

out-of-plane displacements of the modelled walls. Kumar and Kodur [11] numerical study 82 

emphasised a similar out-of-plane behaviour of RC walls with the same load scenarios obtained 83 

from the numerical simulation performed in ANSYS [29]. No further parametric studies were 84 

conducted in either study. Kang et al. [23] analysed fire-damaged RC walls in ABAQUS and 85 

evaluated the effect of the axial load and wall thickness on the residual bearing capacity of RC 86 

walls. Wall thickness was observed to have a significant impact on the bearing capacity of the 87 

walls. Similarly, Ryu et al. [22] inspected the effect of compressive strength and heated areas on 88 

the residual strength of the heated walls. These authors did not report any difference in the residual 89 

bearing capacity of the walls heated on one side or both sides.  90 
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Limited research was conducted on RC walls exposed to fire scenarios other than the ASTM E119 91 

standard fire [30]. One experimental study by Ngo et al. [5] examined the effect of the hydrocarbon 92 

fire scenario on the behaviour of normal-strength and high-strength RC walls. The performance of 93 

the walls under hydrocarbon fire was compared with those exposed to ASTM E119 standard fire 94 

with varying eccentricity and axial loading. Ten large-scale RC walls were tested, of which six 95 

walls passed the 2-hour duration of the fire without failure, and the remaining four walls 96 

experienced concrete spalling. The failed walls were high-strength concrete walls subjected to 97 

hydrocarbon fire. Ngo et al. [5] concluded that the hydrocarbon fire produces far more intense and 98 

greater spalling in high-strength concrete walls than a standard fire. Thus, it is important to study 99 

the response of structural elements when exposed to different fire scenarios and fire intensities. 100 

This is vital when considering the importance of the facility being designed and the extent of the 101 

risk it experiences during its lifetime.  102 

This study used advanced numerical modelling to explore the impact of critical parameters that 103 

influence the response of RC walls under fire exposure. The investigated parameters are wall 104 

thickness, reinforcement ratio and configuration, concrete cover, and fire scenario. Moreover, the 105 

parameter investigation results were used to assess some of the design guidelines regarding 106 

structural fire resistance in existing codes of practice.  107 

2. Description of the FE numerical model 108 

A three-dimensional (3-D) FE element model was developed in ABAQUS 19 [31] to simulate the 109 

behaviour of RC walls under fire exposure. Two types of FE models were created: thermal and 110 

structural. Heat transfer analysis was conducted in the thermal model to obtain temperature profiles 111 

and nodal temperatures. Then, thermal analysis results were incorporated into the structural model 112 

to perform mechanical stress analysis, where stresses and displacements of the wall elements were 113 
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obtained. The geometry and material properties of the wall specimens were taken from Ngo et al. 114 

[5] and Mueller and Kurama [8].   115 

2.1.Geometrical configuration  116 

Three wall specimens were created to simulate the behaviour of experimentally tested walls by 117 

Ngo et al. [5] and Mueller and Kurama [8]. The first two specimens had a length of 2400 mm, a 118 

width of 1000 mm, and a thickness of 150 mm and were exposed to a two-hour fire load following 119 

ASTM E-119 fire curve [5]. The main reinforcement bars had a diameter of 16 mm and were 120 

spaced at 300 mm. The walls have a transverse reinforcement of 14 mm hoops at 300 mm spacing. 121 

The only difference between the two specimens is the type of concrete. The first specimen 122 

(WALL1) was a normal-strength concrete (NSC) wall, and the second specimen (WALL2) was a 123 

high-strength concrete (HSC) wall. The third specimen (WALL3) had a length, thickness, and 124 

width of 3050, 1020, and 380 mm, respectively, and was exposed to an 8-hour fire load following 125 

ASTM E-119 fire curve [8]. It was reinforced with 25 mm diameter bars in the longitudinal 126 

direction and 13 mm outer hoops in the transverse direction. Additionally, all middle rebars were 127 

tied with 13 mm diameter transverse ties. Table 1 summarises the properties of the reference walls. 128 

Fig. 1 illustrates the geometrical configuration and reinforcement of the simulated wall specimens 129 

and the developed FE models in ABAQUS. To save computational time, symmetry along the width 130 

of the wall was used. Hence, half of the wall was modelled providing roller supports along its 131 

height to restrict the movement of the wall in the direction of symmetry. In the 132 

mechanical/structural model, the walls were modelled to be simply supported at the bottom and 133 

restrained in the axial direction at the top. 134 
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Table 1: Summary of the modelled walls properties  135 

Property WALL1 [5] WALL2 [5] WALL3 [8] 

Dimensions (mm) 

(LengthxWidthxThickness) 

2400×1000

×150 

2400×1000

×150 

3050×1020

×380 

Longitudinal reinforcement 8Ø16 8Ø16 10Ø25 

Horizontal reinforcement 

Ø14@300 

mm 

Ø14@300 

mm 

Ø13@230 

mm 

Concrete strength (MPa) 32 60 46 

Axial load (kN) 485 970 2400 

 136 
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(a) 138 
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 139 

(b) 140 

Fig. 1: Details of the modelled walls and the corresponding developed FE models  141 

 142 
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2.2.Elements description  143 

Since two types of analyses were conducted in this study (thermal and structural), each analysis 144 

process utilised a specific type of elements from the element library within ABAQUS [26]. In the 145 

thermal model, concrete is modelled using the  DC3D8 element, where DC3 denotes a diffusive 146 

heat-transfer, three-dimensional solid element, and D8 represents the 8 degrees of freedom, Fig. 2. 147 

Steel reinforcement was modelled using DC1D2, which is a 2-node linear truss element, Fig. 2. 148 

Both elements have linear interpolation functions for temperature within the element. Therefore, 149 

linear temperature variation between the nodes is assumed. Moreover, the two elements can transfer 150 

heat by conduction, convection, and radiation.  151 

The geometrical and mesh configurations are transferred from the thermal model to the structural 152 

model. However, concrete and steel reinforcement elements are assigned suitable 153 

stress/displacement analysis element types. Concrete was modelled using a C3D8 element, a 154 

continuum, three-dimensional solid element with the same layout and number of nodes as the 155 

DC3D8 element, and the steel rebars were assigned a C1D2 element, which is identical to the 156 

DC1D2 thermal element. 157 

 

 

 

(a) DC3D8 and C3D8  (b) DC1D2 and C1D2 

Fig. 2: Representation of used elements in the FE model                                                             158 
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2.3.Material properties 159 

Thermal and mechanical properties of concrete and steel reinforcement deteriorate with increasing 160 

temperature. Hence, capturing the accurate behaviour of the RC walls under fire requires 161 

incorporating the material properties variation with temperature. This section summarises the 162 

material models utilised in developing the FE model.  163 

2.3.1 Thermal properties  164 

The material properties required to simulate the thermal behaviour of RC structures under elevated 165 

temperatures are thermal conductivity, specific heat, and density of concrete and reinforcing steel, 166 

respectively. Thermal material models for normal-strength concrete and steel reinforcement are 167 

defined based on the specified provisions in Eurocode (EC2) [32]. However, for high-strength 168 

concrete, EC2 permits using applicable developed models for thermal conductivity and specific 169 

heat. Thus, material models defined for high-strength concrete in [33] were adopted in this study.                            170 

2.3.2 Mechanical properties  171 

The material parameters required for the stress analysis are the elastic modulus, Poisson's ratio, 172 

stress-strain curves, thermal elongation, and tensile strength for both concrete and steel 173 

reinforcement, and the concrete compressive strength. The variation of these properties with 174 

increasing temperatures is crucial in determining the structural behaviour of RC walls under fire 175 

exposure. This study adopted the EC2 [27] models for the constituent materials' mechanical 176 

properties. Fig. 3 illustrates the compressive strength variation for normal-strength and high-177 

strength concrete. The elastic modulus was calculated as 4700√𝑓′𝑐 for all temperature values; 178 

therefore, it followed the assumed reduction in the compressive strength. Class 1 reduction factors 179 

were taken for high-strength concrete since the compressive strength of concrete in the reference 180 
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paper is 60 MPa [5]. It should be noted that the compressive strength variation affects concrete's 181 

linear and non-linear properties, namely, the elastic modulus and stress-strain curves.  182 

The non-linear properties of concrete and steel reinforcement were incorporated into the FE model. 183 

The steel was modelled using a bilinear curve, which exhibits a plateau behaviour where the stress 184 

remains roughly constant, and the strain increases after exceeding the yield strength. The Kent and 185 

Park [34] constitutive model for unconfined concrete was used to represent the stress-strain curve 186 

for concrete in compression. According to Kent and Park [34], the compressive stress (𝜎𝑐) is 187 

calculated by Eq. (1):  188 

𝜎𝑐 = 𝜎𝑐𝑢[2
𝜀𝑐

𝜀′𝑐
− (

𝜀𝑐

𝜀′𝑐
)2]                                                                                                                     (1) 189 

where 𝜎𝑐𝑢 and 𝜀′𝑐 are the ultimate compressive strength and the strain of the unconfined cylinder 190 

specimen, respectively. 𝜎𝑐 is the nominal compressive stress corresponding to the strain 𝜀𝑐.  191 

The tensile behaviour of concrete was approximated using the simplified linear-softening model. 192 

In this model, the stress-strain curve of concrete in tension is assumed to be linear up to peak stress, 193 

representing the maximum tensile stress that the concrete can withstand before failure. After the 194 

peak stress is reached, the material rapidly softens, and the stress drops to zero as the material fails.  195 
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 196 

Fig. 3: Strength reduction models of concrete 197 

2.3.2.1 Concrete damage plasticity model 198 

The Concrete Damaged Plasticity (CDP) model in ABAQUS is a material model used to simulate 199 

the behaviour of concrete under various loading conditions [35]. The CDP model provides a 200 

comprehensive way to simulate the behaviour of concrete under various loading conditions, 201 

considering the effects of plasticity, damage, and hardening. It is based on the assumption that the 202 

concrete undergoes plastic deformation before failure and that material damage occurs during the 203 

process. This model uses an isotropic damage model, meaning that the damage is assumed to be the 204 

same in all directions. It consists of three main components: a plasticity model, a damage model, 205 

and a hardening model. The plasticity model is based on the Drucker-Prager yield criterion, which 206 

assumes the concrete behaves like a frictional material. Moreover, the model considers the effects 207 

of stress triaxiality, strain hardening, and strain rate sensitivity. It is also based on the assumption 208 

that the concrete undergoes microcracking before macroscopic failure. The model uses a damage 209 

parameter that ranges from 0 (no damage) to 1 (complete damage) to represent the level of damage 210 
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in the material. The damage parameter is updated based on the accumulated strain energy density 211 

in the material. Finally, the hardening model considers strain hardening and softening effects on the 212 

material. The model assumes that the concrete undergoes strain hardening up to a certain point, 213 

after which it begins to undergo strain softening. The softening behaviour is modelled using a stress-214 

strain curve, which is based on the damage parameter.  215 

The CDP model was applied to the concrete's compression and tension behaviour. For compression, 216 

damage depends on the inelastic strain hardening, and it was calculated as in Eq. 2. The damage 217 

parameter (𝑑𝑐) was 0 at the maximum compressive stress, decreasing until it reached 0.8 for 20% 218 

remaining strength. Similarly, the tension damage increases with the increase in the hardening 219 

cracking strain. Therefore, it can be calculated as in Eq. 3.  220 

𝑑𝑐 = 1 −
𝜎𝑐

𝜎𝑐𝑢
                                                                                                                                        (2)  221 

𝑑𝑡 = 1 −
𝜎𝑡

𝜎𝑡𝑢
                                                                                                                                      (3)  222 

Where, 𝜎𝑐𝑢 and 𝜎𝑡𝑢 are the ultimate compressive and tensile strength of concrete, respectively. 𝜎𝑐 223 

and 𝜎𝑡 the compressive and tensile stress correspond to the inelastic and cracking strains, 224 

respectively.  225 

2.4. Heat transfer analysis  226 

Transient heat-transfer analysis was performed in ABAQUS. The time-dependent temperature 227 

distribution in the wall is determined by Fourier's equation (4):  228 

  
𝜕

𝜕𝑥
(𝑘

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑍
(𝑘

𝜕𝑇

𝜕𝑍
) = 𝜌𝐶

𝜕𝑇

𝜕𝑡
                                                                                  (4) 229 
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where: 𝑘 is the thermal conductivity, 𝜌 is the density, and 𝐶 is the specific heat. If the heat flux is 230 

assumed to be negligible through the x and y directions (length and width), then the equation 231 

becomes:  232 

 
𝜕

𝜕𝑍
(𝑘

𝜕𝑇

𝜕𝑍
) = 𝜌𝐶

𝜕𝑇

𝜕𝑡
                                                                                                                           (5) 233 

Convection and radiation develop due to heat flux exchange with the wall's outermost surfaces. 234 

Taking them into account, the governing differential equation becomes: 235 

 −𝑘
𝜕𝑇

𝜕𝑧
= ℎ𝑐(𝑇 − 𝑇𝑓) + 𝜎𝜀𝑚𝜀𝑓[(𝑇 − 𝑇𝑧)

4 − (𝑇𝑓 − 𝑇𝑧)
4
]                                                               (6)                        236 

where ℎ𝑐 is the convective heat transfer coefficient, taken as 25 W/(m2 K) for ASTM E-119 and 50 237 

W/(m2 K) for hydrocarbon fire; 𝑇𝑓 is the fire temperature determined from standard or hydrocarbon 238 

fire curve; 𝑇𝑧 is the absolute zero temperature, assigned as -273 K; 𝜎 is the Stefan–Boltzmann 239 

constant, and it is equal to 5.67×10-8 W/(m2 K4 ); 𝜀𝑚 is the emissivity of the material, which is taken 240 

as 0.7 for concrete and 𝜀𝑓 is the emissivity of the fire. In the model, the maximum allowable 241 

temperature change per increment was specified as 100 ℃, and the maximum allowable emissivity 242 

change per increment is 0.1. The model uses a direct full Newton equation solver. Moreover, an 243 

automatic time-stepping was followed with a maximum increment size of 100s. The default 244 

convergence criteria in ABAQUS were applied, wherein the convergence threshold was set at a 245 

ratio of 0.005 between the largest residual and the corresponding average flux norm, and at a ratio 246 

of 0.01 between the largest solution correction and the largest corresponding incremental solution 247 

value. 248 

2.5.Structural analysis  249 

Using transient analysis, a combination of thermal, mechanical, and damage models were 250 

employed to simulate the behaviour of concrete structures under fire conditions. The nodal 251 
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temperature time history was obtained from the thermal analysis. During the transient 252 

mechanical/structural analysis, the nodal temperatures were retrieved from the temperature time 253 

history for the analysis time step. The nodal temperatures were considered as thermal loads in the 254 

structural model. Non-linear implicit dynamic analysis was used in the structural analysis to 255 

compute displacements and stresses at each node of the RC wall. This type of analysis is a powerful 256 

tool for modelling the behaviour of complex structures under a wide range of loading conditions. 257 

In ABAQUS, this type of analysis involves solving complex equations that describe the 258 

mechanical behaviour of the structure over time. The equations used in non-linear implicit 259 

dynamic analysis in Abaqus can be divided into five main categories: continuity, equilibrium, 260 

constitutive, kinematic, and boundary conditions. The continuity equation expresses the 261 

conservation of mass and ensures that the mass balance is maintained throughout the simulation. 262 

The equilibrium equations express the balance of forces and moments in the structure and ensure 263 

that the structure remains in equilibrium throughout the simulation. As described in the materials 264 

section, the constitutive equations relate the stress and strain in the modelled material. The 265 

kinematic equations relate the displacement, velocity, and acceleration of the structure and ensure 266 

that the motion of the structure is consistent with the applied loads and the laws of physics. Finally, 267 

the boundary conditions specify the constraints on the structure, such as fixed supports or applied 268 

loads, and ensure that the structure is appropriately constrained and that the simulation is 269 

physically meaningful. These equations are solved numerically using an appropriate integration 270 

scheme at each time step. The solution at each time step is used to update the nodal displacements 271 

and stresses which are then used to compute the solution at the next time step. Automatic time 272 

incrementation was used in the analysis. The main factors used to control adjustments to the time 273 

increment size for an implicit dynamic procedure are the convergence behaviour of the Newton 274 
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iterations and the accuracy of the time integration. Default convergence criteria in ABAQUS was 275 

used as explained in section 2.4.  276 

2.6.Failure criteria of RC walls under fire  277 

The failure limit states of reinforced concrete walls under fire are a critical consideration for 278 

ensuring the safety of buildings. International standards such as ISO 834, ASTM E119, and EC2 279 

provide guidance on evaluating the fire resistance of reinforced concrete walls and establishing 280 

their performance under fire. Various factors, such as the duration and intensity of the fire and the 281 

type and thickness of the concrete wall, can impact the failure mode of reinforced concrete walls 282 

under fire. The following are failure modes with their standard limits: 283 

• Structural failure occurs when the wall loses its load-carrying capacity due to the loss of 284 

structural strength caused by the fire. This can be caused by the thermal expansion of the 285 

concrete, which can lead to cracking and spalling, ultimately resulting in the wall's 286 

collapse. Concrete stresses are used to evaluate the wall's fire resistance for this failure 287 

state. The stresses in the concrete were monitored during the fire duration at multiple 288 

points. When the stress in concrete at a point exceeds the concrete compressive strength 289 

according to EC2 [24], failure of the wall was assumed at that point.  290 

• Thermal failure occurs when the concrete wall's temperature wall reaches a critical point, 291 

causing a significant reduction in the mechanical properties of its construction material. 292 

Failure limit states of RC walls under fire can vary depending on the specific building 293 

design, construction, and fire protection measures in place. For this study, the fire 294 

resistance was found based on the time steel reinforcement reached a temperature of 593℃ 295 

[36].  296 
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• Based on the insulation criterion, according to ASTM 2015, failure of a wall may occur 297 

when the temperature of the unexposed surface exceeds 139℃ above its initial temperature.  298 

The failure of the walls in the proceeding sections was checked following the limits stated above.  299 

3. Results and Discussion  300 

3.1.Validation of the developed FE models  301 

Validation of the developed finite element (FE) models is a crucial step in ensuring the integrity 302 

and dependability of numerical simulations. In this study, the developed FE models were validated 303 

utilising experimental data for reinforced concrete walls exposed to fire in Mueller and Kurama 304 

[8] and Ngo et al. [5]. The experimental data were utilised to simulate the fire exposure of the 305 

walls, and the outcomes were compared with those obtained from the numerical simulation. The 306 

comparison was performed for temperature profiles (thermal response) and out-of-plane 307 

displacements (structural response).  308 

3.1.1 Thermal response 309 

Reinforced concrete walls were subjected to ASTM E119 curve. For each specimen, the fire curve 310 

was applied to one side of the wall (the exposed side). Nodal temperatures from the heat-transfer 311 

analysis were compared to the reported values in the experiments conducted by Ngo et al. [5] and 312 

Mueller and Kurama [8]. The temperature versus time curve was plotted for different nodes in the 313 

FE model depending on their location. Three temperature profiles were plotted for WALL1 and 314 

WALL2. Sensor 1 represents a node that is 15 mm away from the exposed surface, sensor 2 315 

represents a node that is 30 mm away from the exposed surface in addition to a sensor that is 316 

attached to the unexposed face.  317 
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It can be deduced from Fig. 4 that the temperature-time curve obtained from the FE model for 318 

different nodes along the thickness of the wall exhibited good agreement with the experimental 319 

curve, validating the accuracy of the numerical simulation. Few discrepancies are observed, 320 

which could be due to various factors, such as uncertainties in material properties, heat transfer 321 

mechanisms, and boundary conditions. For WALL2, it can be noticed that the temperature-time 322 

curve for sensor 1 was cut at approximately 13 min. This is due to the concrete spalling of  323 

WALL2, a high-strength concrete wall, during the fire test. It resulted in a malfunction of the 324 

temperature sensor on the surface, preventing it from reading until the end of the test. Since the 325 

spalling effect is not considered in the material modelling, the temperature-time curve continues 326 

for the 2-hours fireexposure. 327 
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 330 

(b) WALL2 331 

 332 

(c) WALL3 333 

Fig. 4: Validation of the thermal response from FE model with experimental results  334 

3.1.2 Structural response 335 
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The structural response of Reinforced Concrete (RC) walls under fire conditions was investigated 336 

using the FE model. The results were presented in terms of the out-of-plane (lateral) displacement 337 

at the midheight of the wall versus time. The structural response of the RC wall exhibited distinct 338 

behaviour in response to the ASTM E119 standard fire test. A trend can be observed in the three 339 

specimens in Fig. 5, which is characterised by a reduction in the displacement after a period of 340 

time, which is around 90 min for the first two specimens and approximately 160 min for WALL3. 341 

This reduction in displacement can be attributed to the increased thermal expansion of the exposed 342 

wall surface compared to the thermal expansion on the unexposed face, which caused the walls to 343 

bow back. Moreover, the reduction in the strength of the constituent materials at the exposed 344 

surface causes the wall to bow back towards the furnace. Bowing back towards the fire is a typical 345 

phenomenon of RC walls and can be clearly observed in specimen 3, which demonstrated the 346 

behaviour of an RC wall subjected to an 8-hour fire. The numerical model accurately captured 347 

these distinct structural responses of the RC wall under fire conditions, validating the accuracy of 348 

the simulation. 349 
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(a) WALL1  351 

 352 

(b) WALL2 353 

 354 

(c) WALL3 355 

Fig. 5: Validation of the structural response from FE model with experimental results 356 
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4. Parametric Study  357 

Various factors can influence the structural response of RC walls under fire conditions. Therefore, 358 

carefully considering these factors is essential for accurately assessing and designing fire-resistant 359 

RC walls. A parametric study was conducted to evaluate the effect of various factors on the 360 

response of RC walls to fire, including the fire scenario, concrete cover, reinforcement, and wall 361 

thickness. The fire resistance of the wall was measured following the previously mentioned failure 362 

criteria. The fire resistance was also compared to existing design guidelines, namely, EC2 [32] and 363 

ASCE manual of practice [37].  364 

4.1.  Fire Scenario 365 

Understanding the effects of different fire scenarios on the behaviour of RC walls is essential for 366 

improving the safety and resilience of buildings in the face of fire hazards. Fire scenarios, such as 367 

ASTM E119 and hydrocarbon fires, can affect RC walls' structural performance and safety. ASTM 368 

E119 is a standard test method used to evaluate the fire resistance of various building elements, 369 

including walls. During this test, a fire is applied to one side of the wall to achieve specified 370 

temperatures throughout a specified time. RC walls subjected to ASTM E119 may experience 371 

cracking, spalling, and loss of strength but can still maintain their structural integrity and prevent 372 

the spread of fire to other parts of the building. On the other hand, hydrocarbon fires can result in 373 

more severe effects on RC walls due to the higher temperatures and faster heat transfer rates. The 374 

intense heat can cause the concrete to rapidly lose strength and undergo significant spalling, 375 

leading to a possible wall collapse. This study investigated impact of ASTM E119 and 376 

hydrocarbon fire scenarios on normal-strength and high-strength concrete walls. The dimensions 377 

of the tested wall are the same as specimen WALL1 (2400×1000×150). The discussed failure 378 

criteria were followed to identify the failure mode of RC walls. In the four investigated cases, the 379 
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local damage governed the failure mode, i.e. concrete reaching the designated compressive 380 

strength by EC2. Therefore, the reduction in compressive strength following EC2 was plotted 381 

against the time corresponding to the specified temperature. Moreover, the maximum compressive 382 

stress in concrete elements was plotted against time. This was conducted by mapping temperatures 383 

obtained from the thermal model with stresses obtained from the structural model with respect to 384 

time. From Figs. 6-7, it can be noticed that the fire resistance dropped from 100 to 42 min for 385 

normal-strength concrete wall, and from 88 to 29 min for high-strength concrete wall. Although 386 

the predicted fire resistance according to EC2 for a wall thickness of 150 mm is 2 hours, neither 387 

the normal- nor high-strength concrete wall reached 120 min under the standard fire nor the 388 

hydrocarbon fire. Moreover, the fire resistance of the wall under hydrocarbon fire was highly 389 

compromised. These findings highlight the significant impact of fire scenarios and their heating 390 

rates on fire performance. 391 
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 394 

(b) Under hydrocarbon fire curve 395 

Fig. 6: Maximum stresses in normal-strength concrete wall 396 
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(a) Under ASTM-E119 fire  398 

 399 

(b) Under hydrocarbon fire curve 400 

Fig. 7: Maximum stresses in high-strength concrete wall 401 

4.2.  Concrete cover  402 

Concrete cover significantly affects the fire resistance of reinforced concrete (RC) walls, as it acts 403 

as a protective layer, preventing the steel bars from being exposed to high temperatures during a 404 

fire, thus maintaining the wall's structural ability to sustain loading. It is essential to ensure that 405 
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expected fire exposure and the desired fire resistance time. This is particularly important in 407 

buildings at higher risk of fire, such as those that store or handle flammable materials. The 408 

minimum concrete cover in RC walls is specified by various design codes and standards, such as 409 
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RC walls is usually in the range of 25-40 mm (1-1.5 inches) for mild exposure conditions and can 413 

be higher for more severe exposure conditions. On the other hand, ACI-216 does not specify a 414 

minimum concrete cover for RC walls. However, it states that the minimum concrete cover 415 

reinforcement in RC columns should not be less than 25 mm (1 in.) times the required fire 416 

resistance hours, or 50 mm (2 in.), whichever is less. In ASCE Manuals and Reports on 417 

Engineering Practice No. 78 [37], the minimum concrete cover is only mentioned for RC columns, 418 

which equals the fire resistance or 50 mm, whichever is less, for a required fire resistance of less 419 

than 3 hours. For fire resistances that are more than 3 hours: the minimum concrete cover is ½ (R-420 

3)+2, where R is the desired fire resistance.  421 

In this study, three values of the concrete cover were investigated for a normal-strength concrete 422 

wall with a thickness of 150 mm under standard ASTM-E119 and hydrocarbon fire curves. The 423 

values are: 25, 50, and 64 mm, corresponding to a designated fire resistance of 2, 3, and 4 hours 424 

according to ASCE manuals No. 78 [37]. Fig. 8 plots the fire resistance against concrete cover 425 

considering ASTM-E119 standard fire, hydrocarbon fire curve, and ASCE manuals No. 78 426 

predictions. It can be seen that the ASCE predictions were conservative. The obtained fire 427 

resistance from the FE model was higher than the predicted one for concrete covers 25, and 50 428 

mm, respectively. For the concrete cover of 64 mm, the ASCE-predicted fire resistance was less 429 

than the model-predicted value in the case of ASTM-E119 fire and longer in the case of the 430 

hydrocarbon fire. However, the percentage differences were only 2% and 4%, respectively. Thus, 431 

it can be concluded that the existing codes provide conservative estimations of the fire resistance 432 

of RC walls for their recommended reinforcement concrete cover. 433 
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 434 

Fig. 8: Effect of concrete cover on the fire resistance of RC walls 435 

4.3. Reinforcement  436 

This section investigates the reinforcement ratio and configuration effect on RC walls' behaviour 437 
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from 92 min. to 107 min. Having one reinforcement mat in the middle of the wall with the same 449 

reinforcement ratio did not influence the magnitude of the out-of-plane displacement, Fig. 9. 450 

Nevertheless, the wall with one mat experienced a clear double curvature at 5.75 hours as shown 451 

in Fig. 10(a). At this point, all steel bars were under compression. Examining the contour plot of 452 

the wall with double mats, the wall bowed at the side of the fire (towards the furnace), and all steel 453 

bars were under tension (single curvature at 5.75). This wall then started to have a double curvature 454 

behaviour at about 7 hours, Fig. 10(c). However, all steel bars remained under tension for the 455 

whole period of fire exposure (8 hours), Fig. 10(c). Therefore, it can be deduced that the 456 

reinforcement had a relatively minor effect on the deformation value. Nevertheless, it had a 457 

noticeable influence on the deformation pattern. The double mat wall will generally have a single 458 

curvature when exposed to fire for long durations. Moreover, doubling the reinforcement ratio in 459 

the wall resulted in a shift in the displacement snap point.  460 

 461 

Fig. 9: Out-of-plane displacement for different reinforcement ratios and configuration 462 
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  463 

(a) U2 for a wall with one mat in the middle at 5.75th hrs  464 

  465 

(b) U2 for a wall with two reinforcement mats at 5.75th hrs 466 

 467 
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  468 

(c) U2 for a wall with two reinforcement mats at 7th hrs  469 

Fig. 10: Contour plot for the lateral displacement of investigated walls 470 

4.4.Wall Thickness 471 

The effect of wall thickness on the behaviour of RC walls was investigated in this study. A series 472 

of finite element simulations were performed on different wall thickness values under standard 473 

and hydrocarbon fire tests. EC2 [32] specifies a minimum wall thickness corresponding to a 474 

desired fire resistance value as presented in Table 2. It should be noted that the minimum wall 475 

thickness depends on the fire exposure and the degree of utilisation in the fire situation (𝜇𝑓𝑖) 476 

according to EC2. This ratio is calculated by dividing the axial load in the fire situation by the 477 

design resistance at normal temperature conditions, the values ranged from 0.1 to 0.2 for the tested 478 

walls. The analysis results were presented in terms of the out-of-plane displacement, concrete 479 

stresses, and the corresponding fire resistance. The fire resistance values were compared to those 480 

provided by EC2. It was noticed that walls, which have a thickness of less than 120 mm 481 

experienced a deformation away from the fire/furnace for the whole exposure period as can be 482 

seen in Fig. 11 and Fig. 12. On the other hand, the analysis of the walls with a thickness of 120 483 
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mm or more showed that the wall bows toward the furnace and reverse bowing occurs, very similar 484 

to previous results in Mueller and Kurama [8], Ngo. et al. [5], and Kumar and Kodur [11]. The 485 

values of the fire resistance obtained from the FE model for each wall, determined by local 486 

concrete crushing, are compared to the designated values from EC2 for the standard and 487 

hydrocarbon fire scenarios. The comparison is illustrated in Fig. 13. It can be seen that EC2 488 

overestimated the fire resistance values of the walls, indicating that the specified thicknesses are 489 

not adequate to provide the desired fire rates under either fire scenario. In fact, the difference in 490 

the fire resistance was more pronounced in the case of hydrocarbon fire, indicating the importance 491 

of considering the effect of fire types when designing facilities subjected to critical fire scenarios.  492 

Table 2: Minimum wall thickness corresponding to required fire resistance in accordance with 493 

EC2 [32] 494 

Standard fire resistance (min) Wall thickness (mm) 

30 100 

60 110 

90 120 

120 150 

240 230 

 495 
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 496 

Fig. 11: Effect of wall thickness on the out-of-plane displacement of the wall under standard fire 497 

 498 

Fig. 12: Effect of wall thickness on the out-of-plane displacement of the wall under hydrocarbon 499 

fire 500 
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 501 

Fig. 13: Comparison of the fire resistance obtained from the FE model with EC2 502 

5. Summary and Conclusions 503 
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developed model accounts for thermal and mechanical material properties and non-linearities. 507 

The walls were subjected to standard ASTM-E119 and hydrocarbon fire scenarios, and their 508 

thermal and structural behaviour were examined. Three models were validated and compared 509 

with published experimental data. Factors affecting the performance of RC walls were 510 

inspected by conducting a parametric study that tested the effect of the fire scenario, concrete 511 

cover, reinforcement ratio and configuration, and wall thickness. The results were compared 512 
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with design guidelines in the existing codes of practice. The following findings were deducted 513 

from this study: 514 

• The FE model could accurately simulate the behaviour of RC walls under fire, and the 515 

results obtained from the FE model were in good agreement with the experimental data. 516 

The temperature profiles obtained from the FE model were similar to those observed 517 

during the experiments, indicating that the model could capture the thermal behaviour 518 

of the walls accurately. Moreover, the FE model was also able to predict the out-of-519 

plane displacement of the RC walls, which is an important measure of the structural 520 

performance of the walls. The good correlation between the FE model and the 521 

experimental data suggests that the model can be a reliable tool for predicting the 522 

structural behaviour of RC walls under fire. 523 

• The fire resistance of the examined walls was highly compromised under hydrocarbon 524 

fire. The predicted fire resistance from the FE model was lower than the value provided 525 

by EC2.  526 

• Regarding the reinforcement concrete cover, the predictions of ASCE manual of 527 

practice provide conservative estimations of the fire resistance of RC walls 528 

corresponding to specified concrete cover values under standard and hydrocarbon fire 529 

scenarios.  530 

• The minimum wall thickness specified by EC2 may not be sufficient to achieve the 531 

desired fire resistance, indicating a need for further investigation and potential revision 532 

of the current standards. 533 

• Doubling the reinforcement ratio or having one reinforcement mat in the middle of the 534 

wall does not significantly impact the maximum out-of-plane displacement but can 535 
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affect the curvature behaviour of the wall. These findings can be useful for optimising 536 

the design of reinforced concrete walls to improve their performance under fire 537 

conditions. 538 

• Further research and validation studies are warranted to enhance the understanding of 539 

the structural response of RC walls under fire conditions and to ensure the safety of 540 

buildings and occupants.  541 
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