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Abstract

This paper presents a numerical study of the thermal responses of a concrete wall under long-term, asymmetric
thermal loading, where one face of the wall is exposed to high temperature and the other face to ambient
temperature. The prediction of such non-uniform thermal exposure is of critical interest to the safety and long-
term performance of many special and industrial structures. The study employs finite element analysis (FEA) to
model transient heat transfer within the concrete, with thermal properties (conductivity, specific heat, thermal
expansion) varying with temperature. The evolving temperature field in the wall is then employed to estimate
internal thermal stresses, including account of the coupled response to severe thermal gradients and material
degradation effects. Thermal breakdown mechanisms and their implications on material performance are
accorded special attention. These findings also enhance the understanding of thermal hazard and contribute to the
creation of fire safety design codes for concrete structures.

Keywords: Transient Thermal Analysis; Concrete Structure; Finite Element Simulation; ABAQUS; Concrete
Thermal Degradation.

Introduction

Reinforced concrete structures remain special for housing, dwelling, and industrial structures, providing high
compression and tension strength composites, long-term stability under static loads, and resistance to changing
conditions. Physical and mechanical characteristics of structures can change radically if exposed to high
temperatures. Reinforced cement concrete (RCC) structures exposed to temperatures above 600°C experience a
massive loss of strength, while steels become very weak rapidly at temperatures greater than 500°C. Enhanced
concrete cover and maintaining adequate fire design demands can improve resistance to high-temperature rise
durations (Zende et al., 2013). In September 2016, the Tongi Packaging Factory Explosion caused a fire, leading
to fatalities and extensive structural damage. Smart Metal & Chemical Factory Blast (2016) and Thakurgaon
Rice Mill Blast (2024), among others, are further examples that show the alarming frequency and severity of
such incidents. Recently, the tragic Milestone School and College fire in July 2025 claimed many lives, mostly
students and staff, which is evidence that not only factories are at risk, but also schools and other places where
people live or work can face danger if safety rules are not followed. Due care must be taken during the design of
concrete structures in hot locations, particularly industrial boiler houses and domestic areas, to protect against
fire hazards. A. O'Meagher (O’meagher & Bennetts, 1991) developed a computer model to compute the
behaviour of concrete walls during fire. The study concludes that under one-sided fire exposure, the RC-wall's
fire behaviour is highly dependent on the nature of end restraints, the wall's height-to-thickness ratio,
reinforcement’s location, and concrete cover thickness. S Lee & C Lee (Lee & Lee, 2013) conduct numerical and
experimental studies to examine the fire resistance of fire-exposed concrete walls on both sides. The study found
that wall thickness and axially applied loads play important roles in determining fire performance. When RC
structures undergo high temperatures, thermal inertia of the concrete generates steep temperature gradients across
the wall thickness, causing out-of-plane instability under both fire and structural loading conditions (Kumar &
Kodur, 2017). Earlier research has established that the behaviour of concrete walls in fire is governed by factors
such as wall thickness, material strength, reinforcement detailing and applied loading conditions. However, a
significant research gap remains in quantifying how variations in wall thickness affect thermal and structural
responses, especially under asymmetrical thermal loading conditions. This scenario is highly relevant to
industrial fire situations and serves as the focus of this study.
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Numerical Model Description :

A numerical model using the finite element (FE) method was developed using the finite element software,
Abaqus/CAE 2020, to analyze the effect of asymmetrical thermal loading in the different positions of a
reinforced concrete wall. The study focused on the temperature variations across the thickness of the wall from
the exposure surface. The wall measures 4572 mm in length, 3050 mm in height, and 255 mm in thickness. The
model utilizes 30 MPa concrete and Grade 60 steel for both primary and shear reinforcement. For longitudinal
reinforcement, a total of 22 nos of 16mm bars were used, and for lateral reinforcement, a total of 31 nos of 16mm
bars were used. The thermal loading scenario follows the 1SO standard fire curve (Fig. 2) and is applied over a
duration of two hours.
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Fig.1. Developed FE model for the Wall in Abaqus/CAE 2020 Fig. 2. ISO Standard Fire Curve

A 3D finite element (FE) model was created in ABAQUS/CAE 2020 to investigate e
the thermal response of a reinforced concrete wall subjected to asymmetrical heating. é
The concrete was modelled using the DC3D8 element type—eight-node brick S
element for modelling transient heat transfer—and the reinforcement steel was 7
modelled using DC1D2, a two-node uniaxial truss element. These two kinds of
elements, in combination, effectively model heat transfer in reinforced concrete
structures across conduction, convection, and radiation regimes. The interaction
between the two materials was simulated as a surface-to-surface type of contact,
where the master surface, concrete and the enslaved portion, steel, were employed L
with a friction coefficient of 0.55 (Burak & Tuncan, 2014). Transient temperature 2050
analysis was performed in ABAQUS to determine the variation of the temperature
field in the wall. The time-dependent temperature distribution was governed by
Fourier's heat conduction equation (Purkiss & Li, 2013), which is expressed as:
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Where k is thermal conductivity, p is material density, and C is material specific ‘ = ﬁH
heat. For this study's purposes, one-dimensional heat flow through the wall was ) )
presumed since lateral heat transfer in the width and length was negligible.  Fig.3.Wall Section for
Therefore, the governing equation becomes reduced to: Developed FE model
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For improved simulation of the real thermal behaviour of the concrete under fire, the combined effect of both
convection and radiation has been considered. The effects result from heat transfer between the exposed surface
of the wall and the surrounding ambient environment. Boundary heat flux at the exposed surface is expressed as:

aT
_RE =h(T- T}) + o [(T-T,)* - (Tf - T2)4] ©)

Here, h. is the convective heat transfer coefficient, and it is taken as 25 W/(m?-K) according to ASTM E-119. T¢

is the ISO standard fire temperature curve and T, is the absolute zero temperature (—273 K). The Stefan—
Boltzmann constant, 6, is 5.67x10°* W/m*K*. &,, is the emissivity of concrete, taken as 0.8, and £¢is the

emissivity of fire, taken as 1.0 under standard fire exposure conditions (Assad et al., 2022). These parameters
were also used under the thermal analysis module of ABAQUS to define the boundary conditions on the outside.

630



S. Deb, A.Z. Sami & Dr. Md. R. Alam
ICCEI 2025

Material Properties :

The temperature-dependent properties of concrete and steel significantly influence the response of reinforced
concrete walls. To account for this effect, thermal conductivity (TC), specific heat and density were incorporated
into the finite element model. These values were determined in accordance with the guidelines of Eurocode 2
(Narayanan, 2001). The thermal conductivity (Ac) of concrete is determined as proposed in Eurocode 2
(Narayanan, 2001) using the following equation:

2. =2—-002451 (=) +0.0107 ( )2 w fmk @)

g

100
Where 0 is the concrete temperature in °C. TC values of the steel were provided as mentioned in Table 1 and
Table 2. The specific heat values of concrete & reinforcing steel, as well as variations of concrete density with
temperature, were provided as per Eurocode 2 (Narayanan, 2001). As for the steel, temperature does not affect
density and the density value is assigned as 7.85E-06 kg/m3 (Schneider, 1982).

Table 1: Material Specifications for Steel Used for FE Modelling.
Properties of Steel
Temperature | Density I\\;ogn? S | Poisson’s Conductivity Therm_al Specific
°C) (kg/m?) odulus Ratio (W/m-K) Expansion Heat
(GPa) (m/m) (J/kg-K)
20 200 54 0.009 600
100 200 53 0.0012 600
200 180 50 0.0024 600
400 140 42 0.0054 600
600 7850 62 03 35 0.0084 700
800 26 28 0.0114 800
1000 10 28 0.014 900
1200 10 28 0.017 1000
Table 2: Material Specifications for Concrete Used for FE Modelling.
Properties of Concrete
Temperature | Conductivity | Density CEgsfaf?Silgr?t Specific Heat
(°C) (W/im-K) (kg/mg3) (m/m) (I/kg-K)
20 1.6 2400 0 900
100 14 2400 0.002 900
200 1.2 2300 0.0045 1000
400 1 2280 0.009 1100
600 0.64 2240 0.013 1100
800 0.48 2200 0.018 1000
1000 0.41 2150 0.023 900
1200 0.34 2130 0.025 900

Result & Discussion :

The thermal response of the 255 mm-thick reinforced concrete wall exposed to fire on one side was evaluated
through a series of temperature vs. time curves at different locations from the fire-exposed face. Fig. 4 illustrates
the thermal response throughout the wall section, showing the effectiveness of concrete as a fire-resistant
material. At 20 mm from the exposure face, there is a sharp temperature rise, which closely follows the 1SO 834
standard fire curve. This zone is directly exposed to thermal loading and experiencing peak heating. The sharp
rise shows that any reinforcement near the exposed face is susceptible to thermal degradation unless shielded. At
depths of 40 mm and 70 mm, the temperature rise is less pronounced. At 70 mm, heat attenuation begins due to
the concrete's thermal mass, which limits inward thermal conduction. There is a significant lag in heat
penetration at 127.5 mm (mid-thickness). Temperature rises very slowly here, even after 2 hours of exposure to
fire. This mid-zone acts as a thermal buffer, protecting the core from temperature-induced stress.

631



S. Deb, A.Z. Sami & Dr. Md. R. Alam

ICCEI 2025
—C1 —C2 —C3 —C4 =——C5 —_Cf —C7

700 120 40
—~ 600 ~100
o 0 g %
‘G_J’ 500 ‘é’eo gq_;
3 400 3 o
g geo 5%
& 300 g [
Q
£ 200 g4 ¢ 10
© o £
= 100 =20

S oo

o
o

0 2000 4000 6000 8000

0 2000 4000 6000 8000 0 2000 -.400 Time (s)

Time (s) Tlme?s) 8000 8000

Fig. 4. Variation of temperature at Incremental time [C; (20mm from exposure surface), € (40mm from
exposure surface), €z (70mm from exposure surface), €, (127.5mm from exposure surface), €5 (160mm
from exposure surface), €5 (200mm from exposure surface), €5 (250mm from exposure surface)]

Additionally, the thermal gradient is even more severe at
160 mm and 200 mm from the outer surface. The Temperature vs Depth
temperature still rises, but far lower than the temperatures " \

on the outer surface. It shows the inner part of the wall
remains structurally sound for quite a while in the event of a
fire. At 250 mm, the ambient temperature is the closest
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throughout the entire simulation period. Here, the wall 100 ‘ \
thickness is sufficient to prevent thermal damage to the ° “ o0 o o o -
unexposed face after at least 2 hours of fire exposure. The Depth from Exposed Surface (mm)

findings indicate that the temperature increase is not gradual
along the wall but instead undergoes abrupt changes with  Fig. 5. Temperature (°C) vs. Depth(mm)

depth. The discontinuous distribution produces a steep

thermal gradient, a typical concrete response exposed to asymmetric heating (Schneider, 1982). The surface
layers are the hottest, and the interior zones remain unaffected by any significant effect during the two-hour
exposure. The change is evidence of the power of concrete to absorb and hold heat in the outer surfaces and
retard its inward movement (V. K. R. Kodur & Phan, 2007). These gradients are essential in fire safety design
because they affect thermal stress development and the likelihood of spalling or cracking (V. Kodur, 2014).

Validation of the Developed Model:

For accurate and reliable numerical solution, the formulated thermal model was first
validated with the findings of the research study of J. Kang (Kang et al., 2016) where
concrete walls of 150 mm and 250 mm thickness with one side exposure to fire were

experimented with temperature distribution being measured at three
C1, 30mm from exposed surface, C2, in middle-thickness and C3, 30mm
from unexposed surface.

Simulations are conducted for both wall configurations with identical
material characteristics, boundary conditions, and fire exposure conditions |
as outlined in the reference study. For the 150 mm wall, the temperatures of ~ _. . \l
C1, C2, and C3 at 120 minute were experimentally 644°C, 217.2°C and ~ F19-6. Numericafig
106.3°C, compared with model predictions of 600°C, 260°C and 98°C. For concrete vv_aII (R“
the 250 mm wall, these temperatures were 764.1°C, 105.5°C and 43.4°C the right figu
experimentally and 680°C, 110°C and 27°C from the model, respectively. EXpOSUre s
This close agreement confirms that the material models and heat transfer
mechanisms employed capture the complex thermal response of RC walls exposed to single-sided fire. The
resultant temperature distributions of computation closely followed the trends of the original work, thereby
confirming the validity of the modelling approach. Small deviations were observed, which are within reasonable
engineering tolerance and result from simplification in boundary assumptions and thermal degradation
simulation.

reference points:
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Fig.7. Experimental setup of the fire test of specimens in the fire chamber: (a) Cross-sectional view (b)
Lengthwise sectional view (c) Photograph of sections to be exposed (d) A photograph of sections of unexposed
film.(Kang et al., 2016)

—C1 —C2 —C3 —C1 —C2 —C3 Table-3 : Comperison Between
) 700 Model & Experimental Work
600 600
~ 500 — 500 Temperature (°C) at
E - ) different points
Z:J 3 Specimen after 120 min
. L c1 | c2 | c3
f * 150mm
0 0 (Experiment) 644 | 217 | 106
0 1000 2000 3000 4000 5000 6000 7000 8000 0 1000 2000 3000 4000 5000 6000 7000 8OO0 150mm
-100 -100 2
Time [s) Time (s) (Model) 600 60 98
250mm
. . . - 764 | 106 | 43.4
Figure. 8. Variation of temperature at Incremental time for wall (Experiment)
thickness 250mm (left one) & 150mm (right one) (zl\sl(c))rc;]enl]) 680 | 110 | 27

With successful validation, the model was stretched to simulate our ultimate
configuration: a 255mm thick and 3050mm high strengthened concrete wall. The identical numerical parameters
and thermal loading conditions were applied. This ultimate model was meant to replicate real-world structural
conditions within industrial or fire scenarios to precisely simulate heat propagation, thermal gradients, and
potential structural vulnerabilities under long-term fire exposure.

Conclusions:

Numerical analysis of reinforced concrete (RC) walls under asymmetrically heated conditions has been
conducted in this research work. The aim was to confirm the impact of wall thickness and temperature-dependent
material properties on heat transfer and structural strength under long-term exposure to fire. The thermal model
developed was validated based on experimental data obtained by (Kang et al., 2016) for 150 mm and 250 mm
walls. High correlation within acceptable engineering limits was noted in the results. The validation assured that
the modelling method used for its adoption accurately models the transient heat response of RC walls during
one-sided fires. For a 255mm thick RC wall, under two-hour 1SO 834 classic fire exposure, it was indicated that
the evaluation outcome has severe thermal gradients of 850°C near the fire-exposure face and 23°C at 250 mm
depth, verifying the contribution of the thickness of the walls to thermal resistance. Experimental verification of
the model showed reasonable agreement of the result, with a reasonable engineering range of variation (e.g.,
680°C to 764.1°C for walls exposed to fires, for 250 mm walls). The result confirms the effectiveness of the
simulation method and confirms significant retardation of penetration by thick walls, providing structural
stability to walls subjected to fires. Thus, the need to detail the reinforcements correctly, adequately provide the
wall thickness, and provide the right materials to prevent thermal degradation, cracking, and spalling under
asymmetric heating conditions is established. The validated FE model offers a plausible method for simulating
the thermal response and is helpful for subsequent improvement to fire safety design codes for concrete
structures, particularly in industrial buildings and high-hazard zones.
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