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Current fire design methods of reinforced concrete structures are marred 
with inaccurate model representation, undisciplined parameter study, and 
limited optimization applications. In this study, a thermodynamically consistent 
temperature-dependent plasticity model for concrete damage is formulated, 
thoroughly examines design parameters, and proposes a multi-objective 
optimization platform. Using sequential thermal-mechanical coupled finite 
element analysis, the model produces average errors of 7.9% and 2.9% at the 
material and structural levels, respectively, which is far better than traditional 
approaches with 15%–20% errors. Parametric sensitivity analysis indicates that 
load ratio and concrete cover thickness alone contribute 71% of all the variance 
in fire resistance time. Increasing cover thickness from 25 to 45 mm enhances 
fire resistance by 94%, and increasing load ratio from 0.3 to 0.7 reduces fire 
resistance time by 58%. The non-dominated sorting genetic algorithm-based 
optimization model obtains 23 non-dominated solutions, of which three chosen 
representative designs achieve material savings of 31.4%, 23.7%, and 8.8%, 
respectively. In comparison with traditional code-based design methods, this 
approach yields significant improvements in three areas: accuracy of prediction, 
efficiency in the utilization of materials, and flexibility in design. The established 
framework offers an integrated solution to performance-based fire design 
and may be extended to other structural members like slabs, columns, and 
frame systems.
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damage plasticity model, fire resistance, multi-objective optimization, parametric 
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 1 Introduction

Fire is one of the critical hazards to building structure safety, leading to high casualties 
and economic losses around the world. As the key structural components in today’s 
buildings, reinforced concrete (RC) structures undergo high levels of degradation in 
performance during exposure to fire (Kodur, 2014; Alhamad et al., 2022). The significance 
of fire-resistive design should never be overlooked since it is directly linked to life safety, 
extended evacuation time, and mitigation of economic loss (Gernay, 2024). Owing to the
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recent trend in high-rise structures with wide spans in 
modern buildings, fire-resistive design standards have become 
increasingly rigorous (Franchini et al., 2024). Concrete structures 
display complex thermomechanical phenomena during high-
temperature exposure, including nonlinear constitutive relations, 
progressive damage formation, together with associated coupled 
thermomechanical fields, whereupon their structural fire resilience 
is deeply influenced (Paul Thanaraj et al., 2023; Wang and Wu, 2023).

There have been major advances in understanding and 
simulating the mechanical responses of concrete under high-
temperature exposure. Material constitutive models have shifted 
from simplified elastomeric approaches to temperature-dependent 
plasticity models and then to coupled damage plasticity models 
(Hafezolghorani et al., 2017; Neuenschwander et al., 2016). 
Recent advances have utilized more complex formulations for 
damage evolution and coupled thermomechanical processes in 
simulating the progressive degradation of concrete under fire 
exposure (Wang et al., 2024; Wahid et al., 2019). Analyzing 
structural responses has improved from simplified calculation 
approaches using code-based analyses and equivalent time 
analyses to more advanced finite element analyses (Gustaferro 
and Lin, 1986; Le et al., 2024). In fire-resistent optimized designs, 
prescriptive code-approach designs have largely been replaced by 
performance-based design approaches, making more rationalized 
designs possible (Gernay, 2024; Chaudhary et al., 2024). However, 
key gaps remain: (1) absence of thermodynamically consistent 
temperature-dependent damage-plasticity models; (2) lack of 
comprehensive parametric studies; and (3) limited optimization 
applications in fire-resistant design, resulting in material inefficiency 
(Franchini et al., 2024; Kodur, 2020). Recent advances in machine 
learning have shown potential for predicting concrete behavior 
under elevated temperatures. Ali et al. (2024) developed genetic 
programming models for steel fiber-reinforced concrete strength 
at 20 °C–800 °C, while Ali et al. (2025a) investigated combined 
thermal-strain rate effects using novel predictive approaches. 
These data-driven methods offer efficient alternatives but lack 
thermodynamic consistency for capturing damage evolution.

The inspiration behind conducting the research is the inability 
of present models for adequately predicting high-temperature 
damage development and associated thermomechanical couplings. 
There is an urgent need for appropriate prediction models 
with efficient, cost-effective optimization design strategies 
to overcome sustainability and cost management concerns 
(Chaudhary et al., 2022; Franchini et al., 2024). Three 
innovations in the proposed research work accordingly include: 
a temperature-dependent concrete damage plasticity (CDP) 
model is formulated on the principles of Helmholtz free energy 
with a rigorous incorporation for temperature-damage-plasticity 
coupled relationships (Neuenschwander et al., 2016; Wang 
and Wu, 2023); a comprehensive parametric investigation is 
employed for the evaluation of the effect of design parameters 
on fire-resistance (Szép et al., 2023; 2024); and a surrogate-
based multi-objective optimization strategy is adopted for 
the attainment of Pareto-optimal solutions for articulated 
balances between construction material usage and fire-resistance 
(Chaudhary et al., 2021; Nguyen et al., 2022). All these 
advances together contribute to improving the state-of-the-art in 
performance-based fire protection engineering design.

The research objectives are: (1) to establish a temperature-
dependent concrete damage plasticity constitutive model with high 
precision for the temperature range from normal temperature 
to 800 °C; (2) to conduct a parametric sensitivity analysis on 
the key design parameters for the fire-resistance performance 
using sensitivity analysis; (3) to establish an optimized framework 
for designing an RC beam section using a surrogate-based 
optimization strategy for Pareto-optimal solutions; and (4) to 
provide technical aid for the performance-based design for fire-
resistance in engineering design applications. The rest of the paper 
is organized as follows: Section 2 states the temperature-dependent 
CDP constitutive models with finite element formulations; Section 3 
states the RC beam formulation with parametric sensitivity analysis 
for design optimization; Section 4 states results for validation, 
parametric analyses, and optimization; Section 5 discusses 
research outcomes with implications and presents concluding
remarks. 

2 Materials and methods

2.1 Temperature-dependent concrete 
damage plasticity model

In the present investigation, a temperature-dependent 
constitutive model for concrete damage plasticity is proposed using 
the concept of continuum thermodynamics. The essence of the 
constitutive model is in the definition of the relation between the 
mechanical, temperature, and damage fields using the Helmholtz 
free energy function. The Helmholtz free energy function is written 
as Equation 1:

ψ(εe,α,dt,dc,T) = ψe(εe,dt,dc,T) +ψp(α,T) (1)

where, ψe represents elastic free energy, ψp represents plastic 
hardening energy, εe is the elastic strain tensor, α is the hardening 
variable, dt and dc are tensile and compressive damage variables, 
respectively, and T is temperature. The elastic free energy adopts a 
quadratic form. Based on the Clausius-Duhem inequality, the stress 
tensor expression can be derived as Equation 2:

σ =
∂ψ
∂εe = (1− d)C0(T):εe (2)

where the damage variable d is determined by combining dt and 
dc according to the stress state, C0(T) is the temperature-dependent 
initial elastic stiffness tensor, ensuring the model satisfies the positive 
dissipation requirement of the second law of thermodynamics.

The proposed model differs from the conventional CDP model 
in ABAQUS in three key aspects: (1) thermodynamic consistency 
through Helmholtz free energy formulation ensuring positive 
dissipation at all temperatures; (2) temperature-dependent damage 
evolution with coupled thermal-mechanical degradation, whereas 
conventional CDP treats damage parameters as temperature-
independent; (3) explicit thermal strain decomposition with 
temperature-varying expansion coefficients. Conventional CDP 
requires manual input of discrete stress-strain curves at each 
temperature without ensuring thermodynamic consistency 
between states.
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The strain rate tensor takes an additive decomposition 
expression as Equation 3:

ε̇ = ε̇e + ε̇p + ε̇th (3)

Where, ε̇e, ε̇p and ε̇th represent elastic, plastic, and thermal strain 
rates, respectively. Thermal strain adopts an isotropic thermal 
expansion assumption as Equation 4:

εth = α(T)(T−T0)I (4)

where α(T) is the temperature-dependent linear expansion 
coefficient, T0 is the reference temperature (20 °C), and I is the 
second-order identity tensor. The evolution of plastic strain follows 
a non-associated flow rule as Equation 5:

ε̇p = λ̇ ∂G
∂σ

(5)

where, λ̇ is the plastic multiplier and G(σ,T) is the 
plastic potential function, adopting a Drucker-Prager type 
dilation form as Equation 6:

G = √(ϵσt0(T) tan ψ)2 + q2 − p tan ψ (6)

where, q = √3J2 is the Mises equivalent stress, p = − tr(σ)/3 is 
the hydrostatic pressure, ϵ is the eccentricity parameter, ψ is the 
dilation angle, and σt0(T) is the temperature-dependent uniaxial 
tensile strength.

The yield criterion adopts a modified Drucker-Prager form as 
Equation 7:

F = 1
1− α
(q− 3αp+ β( ̃εpl,T)⟨ ̂σmax⟩ − γ⟨− ̂σmax⟩) − σc0(T) ≤ 0

(7)

where, α and γ are material parameters, β is the hardening function 
related to temperature and equivalent plastic strain, ̂σmax is the 
maximum principal stress, ⟨·⟩ denotes the Macaulay bracket, and 
σc0(T) is the temperature-dependent uniaxial compressive strength. 
The hardening variable is controlled through the equivalent plastic 
strain parameter ̃εpl, with its evolution rate as Equation 8:

̇ ̃εpl = λ̇√2
3

∂G
∂σ

: ∂G
∂σ

(8)

Damage evolution is a key component of the model. The tensile 
damage variable dt and compressive damage variable dc describe 
stiffness degradation under tensile and compressive stress states, 
respectively. The damage evolution equations adopt an exponential 
softening form as Equation 9:

dt = 1−
rt0(T)

rt
exp[−

2Ht(T)
G f(T)
(rt − rt0(T))]

dc = 1−
rc0(T)

rc
[1−

αc(T)
rc − rc0(T)

] −
rc0(T)

exp[2Hc(T)(rc − rc0(T))]

(9)

where, rt and rc are damage driving forces in tensile and compressive 
states defined through plastic damage energy release rates; rt0(T)
and rc0(T) are initial thresholds; Ht(T) and Hc(T) are softening 
moduli; G f(T) and Gc(T) are temperature-dependent tensile and 
compressive fracture energies; and αc(T) is the compressive 
softening parameter. These parameters are all regularized through 

temperature reduction factors to ensure mesh objectivity of the 
damage process. Damage variables increase monotonically from 
zero (undamaged material) to unity (complete failure), and the 
damage process is irreversible.

The influence of temperature on concrete material properties is 
reflected through temperature dependence of material parameters. 
Compressive strength, tensile strength, and elastic modulus all adopt 
normalized temperature reduction coefficients as Equation 10:

fc(T) = kc(T) · fc(20 °C), ft(T) = kt(T) · ft(20 °C),Ec(T) = kE(T) ·Ec(20 °C)
(10)

Temperature-dependent material properties are derived from 
EN 1992-1-2 recommendations (Standard, 2004) and validated 
against experimental data from Schneider (1988) and Phan and 
Carino (2002), obtained following RILEM TC 129-MHT testing 
protocols for heated concrete. Based on these data under ISO 834 
standard fire conditions, this study establishes material performance 
degradation laws for normal-strength concrete in the range of 
20 °C–800 °C. Compressive strength changes little below 200 °C, 
decreases rapidly between 200 °C and 600 °C, drops to 45% of 
ambient strength at 600 °C, and retains only about 20% at 800 °C. 
Tensile strength degrades more significantly, dropping to 40% 
of ambient value at 400 °C. Elastic modulus degradation trends 
similarly to strength. Detailed temperature-dependent material 
parameters are provided in Table 1.

For steel reinforcement, this study adopts a temperature-
dependent elastoplastic constitutive model. The stress-strain 
relationship of HRB400 grade hot-rolled ribbed steel at elevated 
temperatures is characterized by a multilinear hardening model, 
including elastic stage, yield plateau, and strain hardening stage. The 
yield strength, ultimate strength, and elastic modulus of steel also 
adopt temperature reduction factors as Equation 11:

fy(T) = ksy(T) · fy(20 °C), fu(T) = ksu(T) · fu(20 °C),Es(T) = ksE(T) ·Es(20 °C)
(11)

Steel strength degrades faster than concrete at elevated 
temperatures, with yield strength dropping to approximately 70% 
of ambient value at 400 °C, 40% at 600 °C, and only 10% at 800 °C. 
Meanwhile, steel ductility increases at elevated temperatures, with 
ultimate strain increasing from approximately 10% at ambient 
temperature to 15% at 600 °C. The thermal expansion coefficient 
of steel remains essentially constant in the range of 20 °C–800 °C, 
with a value of 1.4× 10−5 /°C. While creep and relaxation effects 
of steel under long-duration fire cannot be neglected, this study 
focuses on standard fire scenarios within 2 h, where time-dependent 
effects are relatively minor and therefore not explicitly considered 
in the model.

Through this series of temperature-dependent constitutive 
relationships, the model can accurately describe the stress-strain 
response, strength degradation, stiffness loss, and thermal expansion 
behavior of concrete and steel from ambient temperature to 800 °C 
at the material point level, providing a reliable material basis for 
structural-level fire performance analysis. 
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TABLE 1  Temperature-dependent concrete material parameters.

Temperature (°C) Relative 
compressive 
strength 
kc(T) · fc(20°C)

Relative tensile 
strength 
kt(T) · ft(20°C)

Relative elastic 
modulus 
kE(T) ·Ec(20°C)

Thermal expansion 
coefficient 
α(T)(10−6/°C)

20 1.00 1.00 1.00 9.0

100 0.95 0.90 0.92 11.5

200 0.90 0.75 0.85 13.0

300 0.85 0.60 0.75 14.5

400 0.75 0.40 0.65 15.5

500 0.60 0.25 0.50 16.0

600 0.45 0.15 0.40 16.5

700 0.30 0.10 0.25 17.0

800 0.20 0.05 0.15 17.5

Data based on normal Portland cement concrete (strength grade 30–40 MPa), siliceous aggregate, ISO 834 heating curve.

2.2 Finite element implementation

The temperature-dependent CDP model is integrated into 
the finite element software ABAQUS through the user material 
subroutine VUMAT, enabling thermal-mechanical coupled analysis 
of structures under fire conditions (Alis ̧ et al., 2022). The strategy 
employed in the problem is a kind of sequential coupling, where 
the transient heat transfer calculation is done first to determine 
the temperature field distribution in the structure, followed by the 
structural calculation done using temperature history as an external 
field loading in the structure, updating properties accordingly at 
each time step. The temperature diffusion time is relatively long, 
but it is much shorter compared to the structural time, making it 
possible to use an approximation where the temperature field can be 
modeled using a unidirectional external loading on the mechanical 
system. The time step in heat transfer calculation is in the range 1–5 s 
for an accurate calculation since it is done for transient responses 
in temperature variations, while the time step in the structural 
calculation starts with 10 s since structural variation is a relatively 
slower process than temperature variation. Time step in structural 
calculation dynamically varies according to its convergence level 
with a maximum time step no more than 60 s and no less than 0.1 s.

Within the VUMAT routine, constitutive integration is 
performed using an incremental-iterative procedure whose flow 
is illustrated in Figure 1. The procedure begins by reading the total 
strain increment, the preceding stress state, internal variables, the 
present temperature, and the preceding temperature from the main 
program. After that, strain decomposition is done by determining 
the value of the thermal strain increment and then subtracting 
it from the total strain increment to get the mechanical strain 
increment. An elastic trial step is executed next, assuming the 
current increment is a purely elastic response and calculating the 
trial stress state using the temperature-updated undamaged stiffness. 
The algorithm then checks whether the trial stress satisfies the 

yield condition, with yield tolerance set to one millionth of the 
compressive strength at the current temperature. If the trial stress 
lies inside the yield surface, the step represents a purely elastic 
response and proceeds directly to damage update; if it exceeds the 
yield surface, plastic correction is required.

During the plastic correction phase, a back-mapping algorithm 
is employed to solve the consistency condition through Newton-
Raphson iteration, bringing the stress back to the yield surface. The 
iterative process simultaneously updates the stress, plastic multiplier, 
plastic strain, and hardening variables, and a consistent tangent 
stiffness matrix is used to accelerate convergence. The iterative 
convergence criteria require the residual norm to be less than 1.0×
10−8 and the relative error of the stress increment to be less than 1.0×
10−6. The maximum number of iterations is set to 50. If convergence 
fails, the time step is reduced and the calculation is repeated. After 
convergence, the plastic strain and hardening variables are updated 
to provide a basis for subsequent damage evolution calculations. The 
entire plastic correction process ensures that the updated stress state 
strictly lies on the yield surface at the current temperature, satisfying 
the plastic consistency condition.

Damage evolution calculates the damage driving force based 
on the updated elastic strain, tracking the historical maximum 
values of tensile and compressive damage, respectively. The tensile 
and compressive damage variables are updated according to the 
damage evolution equation, and the damage increment uses implicit 
backward Euler integration to ensure numerical stability. In order to 
maintain numerical stability during the softerening stage, a method 
for regularizing the fracture energy is considered. Fracture energy 
is considered to be the energy for total fracture work done over 
a unit area, which is a function that reduces with an increase in 
temperature. By associating fracture energy with the characteristic 
length of the element, the softening modulus is decoupled from 
the mesh size, avoiding mesh sensitivity issues. Furthermore, a 
viscosity regularization technique is introduced to stabilize the 
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FIGURE 1
Flowchart of VUMAT stress update algorithm.

numerical response of the material in the post-peak softening 
region. The viscosity parameter is taken as one ten-thousandth of 
the time increment. This viscosity regularization introduces a small 
strain rate effect in the quasi-static analysis, effectively suppressing 
numerical oscillations during the softening process.

Finally, the actual stress is calculated, the effective elastic stress 
is reduced by the damage variable, and the consistent tangent 
stiffness matrix is updated and output to the main program for 
assembly of the global stiffness matrix. The model was verified 
at the material point level by simulating uniaxial tension and 

compression tests at different fixed temperatures. The simulation 
results are in full agreement with the stress-strain curves used during 
calibration, confirming the correctness of the constitutive integral. 
The model meets the thermodynamic consistency requirements, 
and the global energy dissipation is verified to be always positive 
by monitoring the energy balance, without generating spurious 
energy creation. Although an explicit version of VUMAT was also 
developed for potential dynamic fire scenarios, this paper mainly 
uses implicit static analysis, which is more suitable for quasi-static 
fire problems. The temperature-dependent CDP model is seamlessly 
integrated with finite element analysis. By updating the material 
stiffness and strength as a function of local temperature, the finite 
element simulation can capture the gradual weakening process of 
the concrete structure during the development of the fire. 

2.3 Reinforced concrete beam modeling 
and validation

To validate the model’s predictive capabilities at the structural 
level, a three-dimensional finite element model of a typical 
reinforced concrete simply supported beam was constructed. The 
beam dimensions for Cases 1–3 were 200 mm width, 400 mm 
height, and 3,600 mm span; for Cases 4–5, the geometry was 
adjusted to 200 × 350 × 3,200 mm following the respective 
experimental configurations (Table 2). Conventional reinforcement 
was employed: four 16 mm diameter longitudinal bars were 
arranged in the tension zone, two 12 mm diameter longitudinal bars 
were arranged in the compression zone, and stirrups were 8 mm 
diameter bars spaced 200 mm apart. The concrete strength grade 
was C30, with a standard axial compressive strength of 30 MPa 
and an elastic modulus of 30 GPa. HRB400 grade hot-rolled ribbed 
steel bars were used as the reinforcement, with a yield strength of 
400 MPa and an elastic modulus of 200 GPa. The concrete cover 
thickness was 35 mm, meeting conventional fire protection design 
requirements. The detailed geometry of the finite element model 
is shown in Figure 2.

In the finite element model, the concrete was modeled using an 
eight-node hexahedral temperature-displacement coupling element, 
C3D8T, with each node representing temperature and three 
translational degrees of freedom. The element mesh size was kept 
around 25 mm, with refinement to 15 mm near the rebar and 
on the exposed surface to improve the accuracy of capturing 
temperature gradients. To verify the rationality of the mesh size, 
a mesh convergence analysis was performed using four mesh 
sizes: 35, 25, 15, and 10 mm. Results showed that when the mesh 
size was reduced from 25 to 15 mm, the change in mid-span 
deflection and fire resistance time was less than 3%, specifically, 
fire resistance times for mesh sizes of 35, 25, 15, and 10 mm 
are 122, 126, 127, and 127.5 min respectively, confirming mesh 
convergence. While the calculation time increased by approximately 
150%. When further improved to 10 mm, it entails an improvement 
of less than 1% in performance, though the computational time is 
doubled. Taking into consideration factors such as accuracy and 
computational time, a mesh size of 25 mm for general regions 
with further meshing to 15 mm for critical regions is adopted. The 
reinforcement is modeled using embedded constraints assuming 
perfect bond, which is justified for ribbed bars (HRB400) when 
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TABLE 2  Summary of validation experimental Configurations.

Case Source Beam 
dimensions 

(mm)

fc’ (MPa) fy (MPa) Load ratio Cover (mm) ρ (%) Fire exposure

1 Gernay et al. (2013) 200 × 400 × 3,600 32 420 0.5 35 1.5 3-sided ISO 834

2 Dwaikat and Kodur 
(2009)

200 × 400 × 3,600 30 400 0.5 45 1.5 3-sided ISO 834

3 Dwaikat and Kodur 
(2009)

200 × 400 × 3,600 30 400 0.7 35 1.5 3-sided ISO 834

4 Kodur and Banerji 
(2024)

200 × 350 × 3,200 35 415 0.6 30 1.0 3-sided ISO 834

5 Kodur and Banerji 
(2024)

200 × 350 × 3,200 35 415 0.55 30 2.0 3-sided ISO 834

Selection criteria: (1) ISO 834 standard fire; (2) similar geometric scale; (3) documented deflection-time history and failure time; (4) normal-strength concrete with siliceous aggregate.

FIGURE 2
Finite element model of reinforced concrete beam: (a) 3D geometry with boundary conditions (pin-roller supports), fire exposure surfaces indicated;
(b) Cross-section showing reinforcement configuration (4φ16 tension, 2φ12 compression, φ8@200 stirrups); (c) Mesh discretization with 25 mm 
general and 15 mm refined elements near fire-exposed surfaces; (d) Side view with four-point loading configuration.

rebar temperatures remain below 400 °C–500 °C. For the baseline 
35 mm cover, this temperature threshold is reached at approximately 
90 min. Literature indicates bond degradation effects are less 
pronounced for ribbed bars than smooth bars, and the 2.9% 
prediction error against experimental data confirms acceptable 
accuracy for fire durations within 2 h. The rebar temperature is 
transferred from the surrounding concrete by conduction. Due 
to the rebar’s low heat capacity and high thermal conductivity, 

its temperature approaches that of the concrete at the same
location.

The boundary conditions are set according to the mechanical 
characteristics of the simply supported beam: one end constrains 
three translational degrees of freedom to simulate a hinged support, 
and the other end constrains vertical and lateral displacements to 
allow longitudinal free sliding to simulate a roller support. The 
load is applied in the form of four-point bending, and concentrated 
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forces are applied at each of the three equal points of the span 
to produce a pure bending area in the middle. The load ratio 
is defined as the ratio of the load acting during a fire to the 
ultimate load at room temperature. In this study, 0.5 is taken as the 
typical working condition, and other working conditions include 
0.3 and 0.7 to examine the influence of load levels. The fire action 
adopts the ISO 834 standard temperature-time curve, which is 
expressed as Equation 12:

Tfire = 20+ 345 log10(8t+ 1) (12)

where Tfire is the furnace temperature (°C) and t is the time (min). 
The bottom and two side surfaces of the beam were exposed to the 
fire, while the top surface was not exposed to the fire, simulating the 
typical fire conditions of floor beams in a fire.

A heat transfer analysis was performed independently before the 
structural analysis. The calculation of the thermal parameters for 
concrete and steel, with values for thermal conductivity, specific heat 
capacity, and density, followed the recommendations in Eurocode 
2, using temperature dependence where applicable. The thermal 
conductivity is a function of temperature, decreasing with an 
increase in temperature from 1.6 W/(m·K) for room temperature 
to 0.8 W/(m·K) for 800 °C. The specific heat capacity reaches 
its maximum between 100 °C and 200 °C because of the water 
evaporation effect; it then increases with an increase in temperature. 
Both convection and radiation heat transfer coefficients for the 
surface in contact with the fire environment were 25 W/(m2·K) and 
0.7 respectively. The heat transfer coefficient between the unexposed 
top surface and the environment was 9 W/(m2·K) to simulate natural 
convection. The initial temperature was set to 20 °C, and the heat 
transfer analysis was performed in transient mode with an adaptive 
time step to ensure convergence and accuracy. After the heat 
transfer analysis, the nodal temperature histories were exported and 
imported as predefined fields into the structural analysis. Structural 
analysis also uses implicit dynamics steps to solve, taking into 
account geometric nonlinearity and material nonlinearity, and the 
time increment step is automatically adjusted according to load and 
temperature changes.

The model was validated using three sets of fire test data from 
reinforced concrete beams reported in the literature. A total of 
five validation cases were selected from these sources. Table 2 
summarizes the experimental configurations and material 
properties, with selection criteria including: (1) ISO 834 standard 
fire exposure; (2) comparable geometric scale; (3) documented 
deflection-time history and failure time; (4) normal-strength 
concrete with siliceous aggregate.

The three sources include Gernay et al. (2013), Dwaikat and 
Kodur (2009), and Kodur and Banerji (2024), covering variations 
in load ratio, cover thickness, and reinforcement ratio. These test 
results offered critical information on temperature distribution, 
time-dependent curve of the mid-span deflection, and time to 
failure for the beams in the test, making it a valid basis for 
checking the correctness of the finite element simulation model. 
The concretes’ strengths, reinforcement, and temperature rise in 
fires during the tests were more or less similar to the simulation 
conditions in this simulation, thereby making it valid for verification 
purposes. The parameters for the finite element simulation model 
are listed in Table 3 below.

2.4 Parametric sensitivity analysis

Six design parameters were identified for the sensitivity analyses 
in evaluating the effect of design parameters on the fire resistance 
of reinforced concrete beams. The identified parameters were 
load ratio, thickness of concrete cover, ratio of longitudinal 
reinforcement, section heights, number of fire-exposed surfaces, and 
the angle of parameter expansion for models. The ratio λ is changed 
between 0.3, 0.5, and 0.7, expressing low, medium, and high levels 
of loading, respectively. The thickness c is changed between 25, 
35, and 45 mm, reflecting the permissible values according to the 
code standards for different structures. The ratio ρ, also referred 
to as the ratio of the area of tensile reinforcement to the effective 
area, is changed between 1.0%, 1.5%, and 2.0% for under-reinforced, 
normally reinforced, and over-reinforced structures, respectively. 
The section heights were changed between 350 and 450 mm for 
an investigation into differences in cross-sectional dimensions. Fire 
exposure from either three sides for floors, independent beams, 
columns, or four sides for uninterrupted beams is considered in 
these analyses. The dilation angle ψ is a CDP model parameter 
defining the ratio of volumetric to shear plastic strain in the p-
q stress plane (Equation 6). It governs concrete dilatancy under 
multiaxial stress states, with typical values ranging from 20 ° to 
40 ° for normal-strength concrete (Vermeer and de Borst, 1984). 
The selected range (20 °, 30 °, 40 °) encompasses commonly adopted 
values in structural fire analysis to assess model sensitivity to this 
parameter.

To further quantify the relative importance of each parameter 
on the response, the Pearson correlation coefficient was used for 
statistical analysis. The correlation coefficient was calculated based 
on the parameter-response data pairs of all simulated conditions. 
The absolute value of the Pearson coefficient r is defined as a strong 
correlation above 0.6, a moderate correlation between 0.3 and 0.6, 
and a weak correlation below 0.3. A positive coefficient indicates that 
an increase in the parameter leads to an increase in the response, 
while a negative coefficient indicates the opposite relationship. The 
main evaluation indicator is the fire resistance time, which is defined 
as the duration from the onset of the fire to the failure of the beam. 
In addition, the characteristics of the failure mode are also recorded, 
such as whether it is ductile failure dominated by yielding of the 
steel bars or brittle failure dominated by crushing of the concrete. At 
high temperatures, the failure mode may change from plastic hinge 
failure at room temperature to sudden failure after softening of the 
steel bars at high temperature, or rapid collapse of the concrete in the 
compression zone under the combined action of high temperature 
and high stress.

The operating conditions for the sensitivity analysis were 
summarized in a table format. The baseline condition served as 
the reference group, and each parameter variation condition was 
compared with the baseline condition. Besides univariate analyses, 
an orthogonal experimental design was also adopted to explore 
the interaction effects among parameters. Unlike the other five 
parameters which are physical design variables, the dilation angle 
is a numerical constitutive parameter that primarily affects local 
stress redistribution rather than global fire resistance. Therefore, 
the dilation angle was excluded from the orthogonal design to 
focus on practically meaningful design variables. The orthogonal 
experiment used an L16 (4^5) orthogonal matrix, choosing factors 
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TABLE 3  Finite element model parameters.

Parameter category Parameter name Value/Description

Geometric parameters

Section width 200 mm

Section height 400 mm

Calculated span 3,600 mm

Concrete cover thickness 35 mm

Reinforcement configuration

Tensile reinforcement 4φ16 mm

Compressive reinforcement 2φ12 mm

Stirrups φ8@200 mm

Concrete material

Strength grade C30

Axial compressive strength 30 MPa

Elastic modulus 30 GPa

Thermal conductivity (20 °C→800 °C) 1.6 → 0.8 W/(m·K)

Steel material

Steel type HRB400

Yield strength 400 MPa

Elastic modulus 200 GPa

Finite element settings

Concrete element type C3D8T (8-node temperature-displacement coupled element)

Steel element type B31 (2-node beam element)

Element mesh size General region: 25 mm; refined region: 15 mm

Steel-concrete interaction Embedded constraint

Boundary conditions
Left support Fixed (constrained UX, UY, UZ)

Right support Roller (constrained UY, UZ, released UX)

Loading conditions
Loading method Four-point bending

Load ratio, λ 0.5 (benchmark); 0.3, 0.7 (parametric analysis)

Fire conditions

Heating curve ISO 834: T = 20 + 345 log10 (8t+1)

Fire exposure method Three-sided fire (bottom and two sides)

Convective heat transfer coefficient Fire-exposed surface: 25 W/(m2·K); unexposed surface: 9 W/(m2·K)

Emissivity coefficient 0.7

Initial temperature 20 °C

Analysis settings

Analysis type Sequential thermal-mechanical coupled analysis

Nonlinearity Geometric and material nonlinearity

Solver Implicit dynamic (quasi-static response)

UX-longitudinal displacement, UY-vertical displacement, UZ-transverse displacement.
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such as load ratio, cover, reinforcement ratio, section height, and 
number of visible surfaces, with each factor having four levels. In 
orthogonal experiments, it is possible to effectively traverse the 
entire factor space using only a limited number of experiments, 
making it possible to study the variance significance levels and 
main effects for different factors. The finite element simulation 
cases comprised: (1) single-factor analysis with 13 cases (1 baseline 
case plus 2 additional levels for each of 6 parameters); (2) L16 
(4^5) orthogonal array with 16 cases; and (3) 10 supplementary 
Latin hypercube sampling points for surrogate model training. After 
removing four duplicate configurations, a total of 35 unique finite 
element simulations were conducted (13 + 16 + 10 − 4 = 35), which 
is acceptable from a computational viewpoint for understanding 
quantitative relationships between parameters and responses. 

2.5 Section optimization framework

Based on the validated finite element model and parameter 
sensitivity analysis results, this study established a framework for 
the optimized design of reinforced concrete beam sections. The goal 
of the optimization problem is to minimize the beam’s material 
usage while meeting fire resistance requirements, thereby reducing 
construction costs and environmental impact. The design variable 
vector x = [b,h,As,c]

T consists of four independent variables: 
beam width b, beam height h, tensile reinforcement area As, 
and concrete cover thickness c. These variables range from b ∈
[200,400] mm, h ∈ [300,500] mm, As ∈ [600,2500] mm2, and c ∈
[25,50] mm, respectively. The objective function of the single-
objective optimization problem is defined as the beam’s cross-
sectional area f(x) = b× h, aiming to minimize material usage. 
Constraints ensure the feasibility and safety of the design, including: 
fire resistance constraint g1(x):t fire(x) ≥ 120 min, requiring the fire 
resistance time to be no less than 2 h; deformation limit constraint 
g2(x):umax(x) ≤ L/30, limiting the maximum deflection during 
a fire; reinforcement ratio constraint g3(x):0.8% ≤ ρ(x) ≤ 2.5%, 
ensuring that the reinforcement ratio is within a reasonable range; 
protective layer thickness constraint g4(x):c ≥ 25 mm, meeting the 
basic requirements of the specification; and geometric dimension 
constraint g5(x):h/b ≥ 1.5, avoiding overly flat sections. The fire 
resistance time constraint is an implicit constraint and needs to be 
evaluated through finite element simulation or proxy model. Table 4 
summarizes the complete multi-objective optimization problem 
formulation, including design variables, objectives, and constraints.

To address multi-objective optimization requirements, this 
study simultaneously considers the conflicting objectives of material 
usage and fire resistance. The multi-objective optimization problem 
is formulated as: minimize F(x) = [ f1(x), f2(x)]

T$,where$ f1(x) =
b× h represents the material usage and f2(x) = − t fire(x) represents 
the negative fire resistance time. By converting the negative 
fire resistance time into a minimization problem, both objective 
functions can be solved within a unified framework. Each point on 
the Pareto optimal frontier represents a design solution that achieves 
the optimal trade-off between the two objectives. Designers can 
select appropriate design points from the frontier based on their 
specific project preferences for cost and safety.

The optimization algorithm uses a genetic algorithm for single-
objective problems and the NSGA-II algorithm for multi-objective 

TABLE 4  Multi-objective optimization problem formulation.

Component Description Value/Range

Design variables

Beam width, b — (200, 400) mm

Beam height, h — (300, 500) mm

Reinforcement area, As — (600, 2,500) mm2

Cover thickness, c — (25, 50) mm

Objectives

f1(x) Minimize cross-sectional area 
(b × h)

—

f2(x) Maximize fire resistance time —

Constraints

g1(x) Fire resistance ≥ 120 min t_fire ≥ 120

g2(x) Maximum deflection ≤ L/30 u_max ≤ 120 mm

g3(x) Reinforcement ratio 0.8% ≤ ρ ≤ 2.5%

g4(x) Minimum cover c ≥ 25 mm

g5(x) Aspect ratio h/b ≥ 1.5

problems. The genetic algorithm parameters were set as follows: 
population size 50, 100 iterations, crossover probability 0.8, and 
mutation probability 0.1. Tournament selection was used for 
selection, arithmetic crossover was used for crossover, and Gaussian 
perturbations were applied for mutation with adaptive decay over 
the number of iterations. The NSGA-II algorithm maintained the 
Pareto-optimal solution set using fast non-dominated sorting and 
crowding distance. The population size was 100 and the iterations 
were 200. The algorithm divided the population into different non-
dominated hierarchies, prioritizing individuals at the highest level. 
Within each hierarchy, individuals were selected based on crowding 
distance to maintain a uniform distribution at the frontier. An elite 
retention strategy ensured that the optimal solution was not lost in 
each generation.

To reduce computational costs, the optimization process 
incorporated Kriging surrogate model technology. While direct 
finite element simulations would take 4–6 h to evaluate each 
candidate design, the surrogate model uses Gaussian process 
regression to establish a probabilistic mapping between design 
variables and responses, allowing a single evaluation to take only 
0.01 s. The Kriging model was trained on 35 finite element results 
using Latin hypercube sampling, approximately following the 10 × d 
guideline for four design variables. Leave-one-out cross-validation 
(R2 = 0.92, RMSE = 4.7%, maximum absolute error = 11.2%) 
confirmed adequate surrogate accuracy; learning curve analysis 
showed R2 stabilizes above 0.90 when n > 25. The surrogate 
reduces per-evaluation time from 4.2 h to 0.01 s, and final Pareto 
solutions were validated using high-fidelity finite element analysis. 
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This surrogate modeling strategy aligns with recent AI-based 
prediction frameworks for structural fire analysis (Ali et al., 2024; 
2025a; 2025b). 

3 Results

3.1 Model validation

Model validation was conducted at both the material and 
structural levels. Material-level validation first examined the model’s 
ability to predict the uniaxial compressive stress-strain curves 
of concrete at different temperatures. Figure 3 compares the 
experimental and simulated curves at four temperatures: 20 °C, 
200 °C, 400 °C, and 600 °C. At room temperature (20 °C), the 
model accurately captures the initial elastic phase, nonlinear rise 
phase, peak strength, and softening phase of concrete. The peak 
stress is 30.2 MPa, highly consistent with the nominal strength 
of 30 MPa, and the corresponding peak strain is approximately 
0.002. The downward slope of the softening phase reflects the 
brittle nature of concrete, and the model predictions are consistent 
with the experimental data. At 200 °C, the peak strength decreases 
slightly to approximately 27.0 MPa, approximately 90% of the 
room temperature strength, indicating that concrete performance 
degrades slowly at low temperatures. At 400 °C, the peak strength 
decreases to 22.5 MPa, approximately 75% of the room temperature 
strength, while the peak strain increases to 0.0028, indicating 
improved ductility at elevated temperatures. At 600 °C, the strength 
further decreased to 13.5 MPa, only 45% of the room temperature 
strength, with a peak strain of 0.0038. The slope of the softening 
section increased, indicating that high-temperature concrete rapidly 
loses its bearing capacity after the peak. The model’s response 
predictions at all temperatures agreed well with the experimental 
data, with an average prediction error of 7.9%, validating the 
rationality of the temperature-dependent damage evolution law. 
At the material level, the proposed model achieves 7.9% average 
error versus 12%–15% for conventional CDP with temperature-
independent damage parameters, particularly improving prediction 
accuracy in the 400 °C–600 °C range where damage-temperature 
coupling is most significant.

Structural verification focused on the deflection response 
and temperature distribution of reinforced concrete beams 
subjected to fire. Figure 4a compares the mid-span deflection 
development under three different conditions with experimental 
data, clearly demonstrating the complete response of the beam 
under fire. The first condition is the baseline condition, with a load 
ratio of 0.5, a 35 mm cover, and fire on three sides. The deflection 
curve is generally characterized by an S-type curve feature. At the 
early stage (0–20 min), the deflection is small and even positive, 
due to the upward deflection resulted from the heat expansion 
effect countering the downward deflection effect caused by the 
weight load. At the middle stage (20–100 min), the deflection 
increases faster, due to the reduced mechanical properties under 
high temperature, thus weakening the strengthened beam’s weight-
bearing capability. At the late stage (100–125 min), the deflection 
increases quickly, implying that the strengthened beam is close to 
its critical state in terms of weight-bearing capability. Finally, at 
124 min, the deflection exceeded the L/30 criteria, thus leading to 

FIGURE 3
Validation of concrete stress-strain curves at different temperatures.

a failure. The simulation took 126 min for the beam to fail with 
only a 1.6% error in comparison with the experimental result, 
which occurred at 124 min, making it highly accurate. In the second 
test condition, the thickness of the protective layer is extended to 
45 mm, with other test parameters remaining unchanged. There 
is a right-shift in the deflection curve, with the time to failure 
lengthening to 152 min, with an error of 2.7% in comparison with 
the experimental result, which occurred at 148 min. The protective 
layer’s thickness increase resulted in a marked slowing down in the 
heating rate for the steel bar, thus increasing the fire resistance time 
accordingly. In the third test condition, the weight ratio is raised to 
0.7, with the thickness of the protective layer reduced back to 35 mm. 
The deflection curve becomes steeper, with the time to failure 
shortening to 82 min, with an error of 5.1% in comparison with the 
experimental result, which occurred at 78 min. The strengthened 
beam’s stress reserve is considerably small for high weight ratios, 
thus any slight weakening in the mechanical properties would easily 
cause a system failure.

Figure 4b illustrates the verification results for the temperature 
distribution along the height of the cross-section at 60 min. The 
finite element calculation modeled a beam with the following 
cross-sectional area measurements: 200 by 400 mm. The bottom, 
two sides, but no top, were subjected to fire exposure. The 
temperature gradients obtained match well with the experimental 
values, thus validating the heat transfer simulation results. The 
surface temperature exposed to fire reached approximately 840 °C, 
close to the furnace temperature corresponding to the ISO 834 
curve. The temperature gradient along the cross-section height was 
approximately 600 °C at 50 mm from the bottom, approximately 
450 °C at 100 mm, approximately 300 °C at the center, and only 
approximately 200 °C at the top. This non-uniform temperature 
gradient leads to complex thermal strain and stress distributions 
within the cross-section, which is the root cause of the complexity 
of the structural behavior under fire. The temperature at the rebar 
location depends on the cover thickness. At 35 mm from the bottom, 
the center of the bottom rebar reached approximately 650 °C, 
entering the region of significant rebar strength degradation.
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FIGURE 4
Model validation: (a) Mid-span deflection vs. time curves; (b) Temperature distribution along section height.

The evolution of the temperature field in the beam section is 
shown in Figure 5. Figures 5a,b show the temperature contours 
of the beam section after 60 and 120 min of fire exposure, 
respectively. At 60 min, the temperature of the exposed surface 
reached approximately 900 °C. The temperature gradient along 
the cross-section height was observed, with temperatures reaching 
approximately 600 °C at 50 mm from the bottom, approximately 
450 °C at 100 mm, approximately 300 °C at the center, and 
only approximately 200 °C at the top. The bottom reinforcement 
temperature reached approximately 650 °C, entering a region where 
reinforcement strength had significantly degraded. At 120 min, 
the temperature increased further and penetrated deeper, reaching 
approximately 1,000 °C on the exposed surface, 680 °C at the bottom 
reinforcement temperature, approximately 550 °C at 100 mm from 
the bottom, and approximately 400 °C at the center and 300 °C at 
the top. The simulated temperature distribution agrees well with 
the experimental measurement points, validating the accuracy of 
the heat transfer model. This non-uniform temperature gradient 
distribution leads to complex thermal strain and stress fields within 
the cross section, which is the fundamental reason for the complexity 
of structural response under fire.

The quantitative results of the fire resistance time validation are 
summarized in Table 5. In addition to the three groups mentioned 
above, two additional groups of beams with different reinforcement 
ratios are included. As shown in Table 5, the fire resistance time 
of the validation beam with a reinforcement ratio of 1.0% (load 
ratio 0.6, cover 30 mm) was 108 min, compared to the simulated 
value of 110 min, with an error of 1.9%. The fire resistance time of 
the validation beam with a reinforcement ratio of 2.0% (load ratio 
0.55, cover 30 mm) was 98 min, compared to the simulated value 
of 95 min, with an error of −3.1%. The average prediction error for 
the five conditions was 2.9%, with a standard deviation of 3.1%, 
demonstrating the model’s good predictive stability under different 

parameter combinations. It should be noted that these conditions 
were derived from experimental studies in different literature, 
with varying design parameters (such as load ratio and cover 
thickness). The purpose of this study was to validate the model’s 
applicability under a variety of conditions. The single-factor effect of 
reinforcement ratio on fire resistance will be systematically discussed 
in the parameter sensitivity analysis in Section 3.2. Furthermore, the 
simulation reproduced the failure mode observed in the tests: plastic 
elongation after yielding of the tensile reinforcement, concrete 
cracking at the bottom of the mid-span, and ultimately, concrete 
crushing or reinforcement failure in the compression zone, leading 
to loss of the beam’s load-bearing capacity. Combined validation 
results at both the material and structural levels confirmed the 
accuracy and reliability of the temperature-dependent CDP model 
and its finite element implementation, laying the foundation for 
subsequent parameter analysis and optimized design.

To demonstrate the advantages of the proposed model, 
additional simulations were conducted using the conventional 
ABAQUS built-in CDP model. As shown in Table 6, the proposed 
model achieves an average prediction error of 2.9%, compared 
to 11.4% for conventional CDP. This improvement is attributed 
to the thermodynamically consistent damage-temperature 
coupling, which captures accelerated stiffness degradation in the 
400 °C–600 °C range more accurately.

3.2 Parameter sensitivity analysis results

Parameter sensitivity analysis helped in understanding the 
effect of different design parameters on the fire-resistance ratio of 
reinforced concrete beams. Six significant parameters, namely, load 
ratio, cover thickness, reinforcement ratio, section height, number of 
fire-exposed sides, and expansion angle, were investigated using 30 
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FIGURE 5
Temperature field evolution in beam cross-section: (a) Temperature field distribution at 60 min; (b) Temperature field distribution at 120 min.

TABLE 5  Verification results of fire resistance time of reinforced concrete beams.

Case Load ratio c (mm) ρ (%) texp (min) tsim (min) Error (%)

1 0.5 35 1.5 124 126 +1.6

2 0.5 45 1.5 148 152 +2.7

3 0.7 35 1.5 78 82 +5.1

4 0.6 30 1.0 108 110 +1.9

5 0.55 30 2.0 98 95 −3.1

Five cases from different literature sources with varying design parameters aim to validate model accuracy under multiple conditions. Baseline case for parametric analysis: reinforcement ratio 
1.5%, load ratio 0.5, cover 35 mm, three-sided fire exposure.

finite element analyses with an orthogonal experimental design. The 
single-factor variation method was used in the investigation, where 
each factor is altered while others were held at their base values (load 
ratio 0.5, cover thickness 35 mm, reinforcement ratio 1.5%, section 
height 400 mm, number of fire-exposed sides 3, and expansion angle 
30 °) to effectively establish the independent contribution made 
by each parameter to the fire-resistance ratio value. Fire-resistance 
time is adopted here as the principal responses in the investigation, 
whereby it is measured from the time fire is initiated to the time the 
structure collapses. Other factors, namely, deflection in the middle 
span in excess of 1/30 times the span length, with a loss in load-
carrying capacity to less than 50% of original values, were also 
considered for structural collapses in the study. The base case fire-
resistance time of 126 min matches validation Case 1 (Section 3.1), 
confirming model reliability.

The value of the load ratio is the key factor influencing the 
fire-resistance time for beams. As the load ratio increases from 0.3 
to 0.7, the fire-resistance time for the beam reduces sharply from 

178 to 75 min, resulting in a 58% decrease (Figure 6a). This strong 
negative correlation reflects diminished stress reserves at higher 
load ratios, where minor strength degradation triggers structural 
failure. At a load ratio of 0.3, the beam is in a state of reduced stress 
during the early stages of the fire, whereby even at 600 °C–700 °C, 
the nominal structural strengths of the steel as well as the concrete 
would remain intact to resist the loads. At a load ratio of 0.7, the 
beam is in a state where it reaches almost 70% of its loading capacity 
at ordinary temperature levels. When the temperature reaches 
around 400 °C, the nominal strengths of the steel reinforcement 
would reduce by almost 20%, leading to an absence of margins of 
safety. Additionally, it is also discerned from the analysis that the 
critical value for the load ratio is fixed at 0.55. At values higher 
than 0.55, the nominal increase in the fire-resistance time with 
respect to the load ratio increases with evidence from the drastically 
higher slope in Figure 6a.

Cover thickness has the significant impact on fire-resistance 
time in an inverted manner. As the thickness of the cover increases 
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TABLE 6  Comparison of fire resistance predictions between proposed and conventional CDP models.

Case t_exp (min) t_proposed (min) t_conventional (min) Error_proposed (%) Error_conventional (%)

1 124 126 138 +1.6 +11.3

2 148 152 168 +2.7 +13.5

3 78 82 88 +5.1 +12.8

4 108 110 119 +1.9 +10.2

5 98 95 107 −3.1 +9.2

Avg. — — — 2.9 11.4

Conventional CDP uses discrete temperature-dependent curves without thermodynamic consistency.

FIGURE 6
Influence of design parameters on fire resistance time of RC beams: (a) Effect of load ratio; (b) Effect of cover thickness; (c) Effect of reinforcement 
ratio; (d) Effect of section height; (e) Effect of fire-exposed sides; (f) Effect of dilation angle.

from 25 mm to 45 mm, the fire-resistance time rises from 85 
to 165 min, thereby rising by 94% (Figure 6b). The underlying 
physical phenomenon for these positive results is the heat insulation 
offered by the cover thickness. An increase in the thickness of the 
concrete cover results in an increase in the distance of heat travel 
from the surface to the rebar core, with the additionally low heat 
conduction offered by the concrete further retarding the heat travel 
phenomenon. After 60 min into the fire, the temperature in the rebar 
core under the 25 mm thick cover has risen to 720 °C, in comparison 
with only 480 °C in the rebar core under 45 mm thick covers. This 
difference in temperature, with readings reaching 240 °C, resulted in 
the rebar in the 25 mm thick cover having only 40% of its strength 

in room temperature values, in comparison with values over 70% in 
rebar with 45 mm thick covers. There is an optimum thickness for 
covers, though. When the cover thickness exceeds 50 mm, the steam 
pressure generated by the high-temperature concrete can cause the 
surface layer to crack and fall off.

The reinforcement ratio shows a weak negative correlation with 
the fire resistance limit time. When the reinforcement ratio increases 
from 1.0% to 2.0%, the fire resistance limit time decreases by 
approximately 16%, from 138 to 116 min (Figure 6c). This nonlinear 
relationship reflects a competition between two mechanisms: while 
a higher reinforcement ratio provides a greater load reserve at room 
temperature, more steel bars mean a larger cross-sectional area. 
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The high thermal conductivity of steel bars accelerates temperature 
diffusion within the cross-section, causing the strength of steel bars 
to decay faster than that of concrete. Therefore, a high reinforcement 
ratio makes the structure more dependent on steel bars, and once 
the steel bars soften, the beam will fail rapidly. The interplay of 
positive and negative effects results in a relatively small net effect 
of the reinforcement ratio on the fire resistance time. Analysis 
indicates that the optimal reinforcement ratio range is approximately 
1.0%–1.4%. Increasing the cross-section height has a significant 
positive effect on the fire resistance time. When the cross-section 
height increases from 350 to 450 mm, the fire resistance time 
increases by 49%, from 95 to 142 min (Figure 6d). This increase is 
attributed to the fact that the taller cross-section provides a larger 
moment arm and prolongs the time it takes for the concrete in 
the compression zone to reach high temperatures. The effect of 
the number of exposed surfaces was as expected. Fire resistance 
lasted approximately 25%–30% longer in a three-sided fire than in a 
four-sided fire (Figure 6e). In a three-sided fire, the top, unexposed 
surface acts as a heat dissipation channel and provides strength 
reserve for the compression zone. The expansion angle, a model 
parameter, had no significant effect on fire resistance within a range 
of 20 °–40 ° (Figure 6f), with the difference within 5%, confirming 
the robustness of the model within a reasonable parameter range.

Quantitative correlation analysis assessed the strength of 
association between each parameter and fire resistance time. 
Pearson correlation coefficients showed that the load ratio (r = 
−0.82) and cover thickness (r = +0.78) were strongly correlated 
with fire resistance time (p < 0.01), while section height (r = +0.51) 
and reinforcement ratio (r = −0.35) showed moderate correlations 
(p < 0.05), and the influence of expansion angle was negligible 
(r = +0.12, p > 0.1). An orthogonal analysis of variance further 
confirmed the order of parameter importance. Based on the F 
statistic, cover thickness (F = 42.3) and load ratio (F = 38.7) were the 
most significant factors, followed by section height (F = 18.5) and 
reinforcement ratio (F = 9.2). The number of exposed surfaces (F = 
7.8) and expansion angle (F = 1.5) had a minor influence. The cover 
and load ratio together explained 71% of the total variance and were 
the key variables controlling the fire resistance performance, while 
other parameters accounted for 29%. 

3.3 Cross-section optimization results

This section uses a genetic algorithm and the NSGA-II algorithm 
for single-objective and multi-objective optimization, respectively, 
to minimize material usage while satisfying the fire resistance 
time constraint. Conventional design methods typically employ 
conservative cross-sectional dimensions to ensure compliance with 
the 2-h fire resistance rating requirement. As shown in Figure 7, 
the conventional design (Conv.) has a cross-sectional area of 
150,000 mm2 (300 mm wide × 500 mm high), is equipped with 
four 20 mm diameter steel bars, and has a 30 mm cover. Finite 
element analysis verifies that its fire resistance time is 125 min. 
This optimization algorithm significantly reduces material usage 
while maintaining the same fire resistance constraint and provides 
designers with a variety of performance-cost trade-offs.

The multi-objective optimization problem for using materials 
and fire resistance time is solved using the NSGA-II algorithm. 

After an iterative search procedure, 23 solutions in the Pareto front 
were obtained (Figure 7). The front has a nonlinear property with a 
convex region towards the origin, indicating the trade-off between 
the two objective values. There are three regions in the front: the 
high-efficiency region (cross-sectional area 100,000–115,000 mm2), 
which is a steep area, indicating a small increase in material usage 
offset by high gains in fire resistance time; the optimal trade-off 
region (115,000–140,000 mm2), indicating that an acceptable level is 
attained between usage and efficiency; and the low-efficiency region 
(140,000–175,000 mm2), which is a flat region indicating large 
amounts of usage yielding small increases in efficiency. The bottom 
left corner corresponds to the minimal usage solution (Design A 
with 102,900 mm2 cross-sectional area and 110 min fire resistance 
time), which only satisfies minimal requirements for usage. The top 
right corner corresponds to maximal fire resistance time (cross-
sectional area 175,000 mm2 with 175 min fire resistance time). The 
front is continuous with optimal solutions providing designers with 
an apt choice according to project importance factors for safety in 
regard to assigned economical bounds.

Three samples from the Pareto front were picked for in-
depth investigation (Table 7). The three representative designs 
were selected based on their positions on the Pareto front: Design 
A at the minimum-material extreme representing cost-priority 
applications; Design B at the knee point (maximum curvature) 
representing optimal cost-performance trade-off; Design C at the 
high-safety region for critical infrastructure requiring enhanced 
fire resistance margins. Design A (Minimum Material) emphasizes 
maximum saving on material. Its cross-sectional dimensions are 
245 by 420 mm, reinforcement is 3φ20 mm, while its cover is 
38 mm. The area of its cross-section is 102,900 mm2, with a material 
saving percentage of 31.4% more on material saving efficiency 
compared to traditional designs. Design B (Recommended), which 
is at the middle position on the curve for maximum efficiency, is 
the optimized mix between saving on materials versus optimized 
performance. Its dimensions for its cross-sectional area consist of 
260 by 440 mm, with 3φ22 mm rebar, while its cover is 40 mm 
thick. The area for its cross-sectional dimension is 114,400 mm2, 
with 23.7% more saving on its material compared to conventional 
designs. Design C (Maximum Safety), at the other end on the 
curve for maximum safety, gives maximum emphasize on safety 
considerations over other factors. Its dimensions for its cross-
sectional area consist of 285 by 480 mm, with 4φ20 mm rebar, while 
its cover is 45 mm thick. The area for its cross-sectional dimension 
is 136,800 mm2, with an 8.8% saving on its material compared to 
conventional structural designs. All three designs gradually increase 
the cover thickness from 38 to 45 mm, a key parameter for delaying 
the temperature rise of the steel bars and improving fire resistance. 
In engineering practice, designers can use the Pareto front as a 
decision-making tool to select the design from the front that best 
meets the project requirements based on the owner’s preference for 
cost and safety. Recommended Design B is located at the critical 
inflection point of the front. Moving it to the left saves material 
but sacrifices an excessive safety margin, while moving it to the 
right increases cost but does not significantly improve performance. 
Therefore, it is the most cost-effective option.

A complete finite element verification was conducted on three 
representative design schemes, and the results are shown in Figure 8. 
The temperature distribution cloud diagram in Figure 8a shows that 
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FIGURE 7
Pareto front for multi-objective optimization of RC beam design.

TABLE 7  Comparison between optimized solution and conventional design.

Design Section (mm) Reinforcement Cover (mm) Area (mm2) Fire resistance 
(min)

Material saving 
(%)

Conventional design 300 × 500 4φ20 30 150,000 125 Baseline

Optimized A 245 × 420 3φ20 38 102,900 110 31.4

Optimized B 260 × 440 3φ22 40 114,400 128 23.7

Optimized C 285 × 480 4φ20 45 136,800 150 8.8

Fire resistance time is based on finite element verification results. Kriging surrogate predictions for Designs A, B, and C are 108.5, 127.8, and 152.3 min; FE, verification yields 110.0, 128.0, and 
150.0 min; errors are −1.4%, −0.2%, and +1.5%, respectively (average |error| = 1.0%).

at 120 min, the temperature of the bottom fire-exposed surface 
exceeds 900 °C, while the top remains between 200 °C–300 °C, 
exhibiting a significant temperature gradient. The temperature of the 
steel bars is controlled by the thickness of the protective layer. The 
deflection-time curves in Figure 8b all exhibit the typical three-stage 
characteristics of a slight upward arch in the early stage, accelerated 
downward deflection in the middle stage, and a sharp increase 
in the late stage. As shown in Figure 8b, the Kriging surrogate 
model predicted that Designs A, B, and C would reach the L/30 
deflection limit at 108.5, 127.8, and 152.3 min, respectively. High-
fidelity FE verification confirmed fire resistance times of 110, 128, 
and 150 min for the three designs, yielding prediction errors of 
−1.4%, −0.2%, and +1.5%, respectively, with an average absolute 
error of only 1.0%. This close agreement validates the accuracy 
of the surrogate model and the reliability of the optimization 
procedure. From Figure 8c, it can be seen that the temperature 
history for the steel bar in Design C with 45 mm thick cover is 600 °C 
at 120 min, while for Designs B with 40 mm thick cover, it is 620 °C; 

for Design A with 38 mm thick cover, it is 650 °C. Additionally, it is 
also clear that for every 5 mm increase in thickness, the temperature 
falls by 30 °C.

The rolling over limit for each of the three designs corresponds 
to reaching the deflection limit, in accordance with the fire resistance 
law for reinforced concrete beams. Design A achieves 31.4% 
material savings with 108.5 min fire resistance, suitable for areas 
with reduced fire protection requirements. Design B (23.7% savings, 
127.8 min) is recommended for general residential structures. 
Design C (8.8% savings, 152.3 min) suits critical structures and 
densely populated areas. The design optimization method presented 
in the research yields simultaneous benefits over traditional 
approaches in the following areas: Material saving improvement 
up to 31.4%, accuracy in prediction improved to 3%, and instead 
of a single conservative design, the set of design solutions is 
enlarged to encompass a Pareto-optimal solution set. With the 
aid of the Pareto front, designers can simultaneously pursue safe 
and economically optimal designs for structures. The proposed 
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FIGURE 8
FE Validation Results of Optimized Designs: (a) Temperature distribution at 120 min; (b) Deflection-time curves; (c) Steel temperature evolution.

theoretical structure can be extended for other types of components, 
henceforth providing technical aid for performance-based fire 
protection design approaches in practice. 

4 Discussion

The temperature-dependent damage plasticity model exhibits 
high precision in terms of error percentage at the material level 
with an average error percentage of 7.9% compared to 15%–20% for 
traditional simplified approaches (Gustaferro and Lin, 1986; Issa and 
Izadifard, 2021). Additionally, precision is improved at the structural 
level with an average error percentage of 2.9%, providing a stable 
basis for structural performance analyses during fires. Comparative 
analysis demonstrates the model’s advantages (see Table 6): (1) EN 
1992–1-2 simplified zone method yields 15%–20% average errors 
versus 2.9% for the proposed model; (2) conventional CDP without 
temperature-dependent damage evolution produces 11.4% errors, 
underestimating deflection rates between 60–100 min; (3) the 
500 °C isotherm method overestimates fire resistance by 10%–25% 
for load ratios > 0.5. Computational costs are comparable: proposed 
sequential analysis requires 4.2 versus 3.8 h for conventional implicit 
FE on a standard workstation.

The 2.9% prediction error compares favorably with recent 
ML-based approaches for structural fire analysis (Prakash and 
Parthasarathi, 2025). Ali et al. (2025b) achieved R2 > 0.95 
using XGBoost for hybrid fiber-reinforced concrete fire response, 
while Ali et al. (2025d) applied genetic programming to blast 
scenarios. Additionally, Ali et al. (2025c) demonstrated that AI-
driven frameworks can predict CO2 emissions under thermal 
exposure, enabling carbon footprint optimization as an additional 
design objective. However, the proposed physics-based CDP model 
offers complementary advantages: thermodynamic consistency 
ensuring positive energy dissipation, explicit damage-temperature 
coupling, and reliable extrapolation capability beyond training 

domains. The integration of physics-based modeling with data-
driven approaches represents a promising direction for future 
structural fire engineering.

Sensitivities in the error percentage show the effect of structural 
design parameters on the accuracy of fire resistance time, filling 
an existing gap in research studies systematically. Among these 
factors, the load ratio and cover thickness show higher significance, 
cumulatively accounting for 71% variation in the fire resistance time 
dataset. Increase in cover thickness from 25 to 45 mm increases the 
fire resistance time by 94%, while an increase in the load ratio from 
0.3 to 0.7 reduces the fire resistance time by 58% (Szép et al., 2023; 
Pulkit et al., 2025). The physical mechanisms underlying the 
parameter trends are consistent with established fire engineering 
principles. Cover thickness delays rebar heating through thermal 
insulation (Kodur, 2014; Paul Thanaraj et al., 2023), while load 
ratio governs stress reserve capacity (Kodur and Banerji, 2024; 
Bao et al., 2025). The competitive effects of reinforcement 
ratio—enhanced capacity versus accelerated heat diffusion—yield 
an optimal range of 1.0%–1.4% (Kodur, 2020; Zhang et al., 2024).

The Pareto-optimal front obtained from the optimization 
strategy enables more flexible designs in structural engineering. 
Savings in construction materials were obtained at 31.4%, 23.7%, 
and 8.8% in three representative structures, providing a quantitative 
basis for project structural designs with varying safety standards 
(Chaudhary et al., 2024; Huang et al., 2023). The nonlinear 
Pareto front reflects diminishing marginal returns beyond critical 
thresholds (Franchini et al., 2024; Chaudhary et al., 2022).

The research work offered in this study is an extensive 
solution for performance-based fire design from theoretical to 
real-world applications. The engineering application values can 
be realized from the following three perspectives: the accuracy 
range is reduced from 15% to 20% to less than 3%; the material 
usage increases from 50% to 60% to almost 90%; and the design 
flexibility is extended from single, conservational solution to multi-
objectives Pareto optimal solutions. Validated models would allow 
engineers to derive optimized designs that exceed code standards 
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(Gernay, 2024; Franchini et al., 2024). The Pareto front serves 
as an objective function-based tool for multi-criteria decision-
making, balancing safety and cost. Material usages could be 
reduced by up to 31.4% following the principles for responsible 
development (Yu et al., 2025).

The framework integrates with prescriptive codes: optimized 
cover thicknesses (38–45 mm) exceed the tabulated minimum 
dimensions in EN 1992-1-2 minimum values for R120; section 
dimensions satisfy ACI 216.1 requirements. Practical design 
guidelines include: minimum cover 35 mm for R120 at load ratio 
≤0.5; each 5 mm cover increase provides ∼12% fire resistance 
improvement; reducing load ratio from 0.7 to 0.5 increases fire 
resistance by ∼40%. For preliminary design, fire resistance can 
be estimated as t_fire ≈ 45 + 2.8c - 180λ + 0.15 h (c in mm, λ 
dimensionless, h in mm), valid within the studied parameter ranges.

Several limitations should be acknowledged: (1) Validation 
scope: validated under ISO 834; extension to hydrocarbon fires 
requires additional validation. (2) Spalling: not modeled; low risk for 
NSC with cover ≤45 mm; for HSC (>60 MPa), fire resistance may 
be overestimated by 15%–40%. (3) Bond: perfect bond assumed, 
valid for ribbed bars below 500 °C (∼90 min for 35 mm cover). (4) 
Steel creep: negligible for durations ≤2 h (5) Material uncertainty: 
propagates to ±8% fire resistance variation. (6) Design space: Kriging 
validated for b∈[200, 400], h∈[300, 500], As∈[600, 2,500] mm2, 
c∈[25, 50] mm; extrapolation not recommended.

Future work should address four areas: (1) incorporating 
spalling and moisture transport effects (Kodur, 2020; 
Alhamad et al., 2022); (2) temperature-dependent bond-
slip and steel creep models; (3) extending to slabs, 
columns, and frame systems; (4) reliability-based design 
optimization considering fire scenario and material 
uncertainties, as well as post-fire and multi-hazard scenarios 
(Franchini et al., 2024; Yarmohammadian et al., 2025). 

5 Conclusion

The research discusses the essence of fire-resistant design for 
reinforced concrete structures by incorporating a temperature-
dependent concrete damage plasticity model, focusing on the impact 
of design factors, with a multi-objective optimization approach 
being offered. The contributions made and the findings obtained in 
the research can be articulated below. 

1. Significantly Improved Model Accuracy
In the CDP model with thermodynamic consistency, an error 
level of 7.9% is reached for the matter level and 2.9% for the 
structure level, thereby improving over the 15%–20% error 
level obtained in the traditional method. By incorporating the 
thermodynamic system, the level of accuracy improves to 3% 
for the structure level simulation.

2. Identification and Quantification of Key Parameters
Factors with the greatest influence on fire resistance time were 
load ratio, cover thickness, accounting for 71% variation in fire 
resistance time; rising the cover thickness from 25 to 45 mm 
resulted in an increase in fire resistance time by 94%, while 
rising the load ratio from 0.3 to 0.7 resulted in a fall in fire 
resistance time by 58%; critical load ratio value is 0.55, while 

optimal range values for reinforcement ratio were 1%–1.4% for 
percentage reinforcement ratio.

3. Optimization Design Achieves Multi-Dimensional 
Improvements

The NSGA-II-based optimization tool resulted in 23 non-
dominated solutions, with representative solutions indicating 
material savings from 8.8% to 31.4%. Compared with conventional 
code-based methodologies, the accuracy level dropped from 
15%–20% to 3%, while the usage level improved from 
50%–60% to 90%, with the number of design alternatives 
varying from one conservative design to a Pareto-optimal
front.

The present research offers an integrated solution to 
the issue of performance-based fire protection design. The 
Pareto frontier seeks an optimal trade-off between safety and 
economic factors with a possible material saving of 31.4% 
in accordance with the principles recommended for green 
buildings. The proposed procedure is also applicable for other 
types of structural components to facilitate an evolutionary 
shift from code-based to performance-based design for fire
resistance.
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