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In this study, a simplified cross-sectional approach based on finite-element analysis was developed to evaluate

the flexural strengthening performance of fire-damaged RC beams using externally bonded steel plates and CFRP
strips. The strength degradation of the simplified concrete cross section and reinforcing bars was determined based
on the temperature field calculation results from FE software. The strength degradation models proposed in previ-
ous literature were adopted and applied based on the obtained temperature distribution. The finite-element model
was validated with the previous experimental test to evaluate the accuracy of the model in predicting the residual
flexural capacity of RC beams after fire exposure. It is shown that the finite-element model (FEM) was able to predict
the flexural behavior of fire-damaged RC members reasonably well. The ISO-834 standard fire curve was applied

to the reference flexure beam for 60 min, 90 min, and 120 min of heating before strengthening by employing the pro-
posed methodology. The parametric study in this investigation includes the thickness and width of the strengthen-
ing materials for the comparison of the flexural capacity recovery of both retrofitting methods. The analysis results
showed that the ultimate load and stiffness of fire-damaged beams strengthened with both materials improved sig-
nificantly compared to the heated beams without strengthening. The damaged beams group retrofitted with exter-
nally bonded steel plates exhibited a greater increase in both ultimate load and stiffness compared to the damaged
beams group retrofitted with externally bonded CFRP strips.

Keywords RC beam, Fire damage, Finite-element analysis, Flexural strengthening, Externally bonded reinforcement

1 Introduction

Reinforced concrete (RC) exhibits relatively good fire
resistance compared to other building materials (Huang,
2010; Thanaraj et al., 2020). The high thermal capac-
ity, low thermal conductivity, and slow degradation of
the mechanical properties of concrete during fire can
protect the reinforcing bars from excessively high-tem-
perature exposure. Therefore, in most cases, RC mem-
bers can be reused after a fire event (Ma et al., 2019).
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Although RC members can still be reused, the original
design criteria of the structure may not be satisfied. Thus,
strengthening is required to restore the designed ulti-
mate structural capacity of fire-damaged RC members.
Various strengthening techniques for existing RC struc-
tures have been applied, including section enlargement
(Hao et al., 2022; Wang et al., 2013; Yang, 2019), exter-
nally bonded steel plate (Alam et al., 2020; Altin et al.,
2005; Baluch et al., 1995; Ciampa et al., 2023; Hamoda
et al,, 2023; Hamoush & Ahmad, 1990), external pre-
stressing (Lou et al,, 2012, 2013; Tianlai et al., 2016),
replacement of damaged concrete, externally bonding or
near-surface mounting of carbon FRP (Abdallah et al.,
2020; Haroon et al., 2021; Kim et al., 2017), glass FRP
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(Sundarraja & Rajamohan, 2009), and basalt FRP (Kar &
Biswal, 2021) composite materials.

Many experimental studies regarding the strengthen-
ing of fire-damaged RC members have increased in the
last decade. Shang et al. (2020) used stirrup-reinforced
engineered cementitious composites (ECC) to strengthen
fire-damaged RC beams in shear after exposure to the
ISO 834 heating curve for 2 h. Another experimental
test was carried out by da Costa et al. (2023). Thirteen
RC beams were exposed to the ISO 834 heating curve
for durations of 60, 90, and 120 min. Near-surface-
mounted CFRP laminates were applied at spacings of 75,
150, and 200 mm for shear strengthening. Anasco Bas-
tin et al. (2017) experimentally investigated the strength-
ening effect of high-strength fiber-reinforced concrete
(HSERC), ferrocement (FC) jacketing, and externally
bonded fiber-reinforced polymer (FRP) on fire-damaged
T-beam. This study concluded that externally bonded
FRP was determined to be the most effective strength-
ening method among all. Mejia et al. (2024) conducted
experimental tests to evaluate the shear and flexural
strengthening performance of post-fire damaged RC
beams using externally bonded CFRP sheets. An experi-
mental study conducted by Li et al. (2022) was to study
the flexural performance of eight full-scale beams dam-
aged by fire. Strain-hardening cementitious composite
(SHCC) and basalt-fiber-reinforced polymer fabric were
used as strengthening matertials. Jiang et al. (2017), Li
et al. (2019) experimentally studied the shear and flex-
ural performance of fire-damaged RC beams using the
bolted side-plating (BSP) technique. Aldhafairi et al.
(2020) conducted experimental and analytical research
on the effectiveness of steel jacketing in normal-strength
concrete, high-strength concrete, and self-compacting
concrete beams after exposure to elevated tempera-
tures. The experimental studies reviewed have employed
various strengthening materials and techniques for
both shear and flexural strengthening of fire-damaged
beams. Compared to other strengthening materials
investigated, steel plate strengthening using the exter-
nally bonded reinforcement (EBR) method has received
less attention in the application of flexural strengthening
for fire-damaged beams. Externally bonded steel plating
has been widely used for strengthening of RC members
over the last few decades (Barnes & Mays, 2006; Tham-
rin & Sari, 2017; Vilnay, 1988; Zhang et al., 2001) due to
its ease of application, low material costs, minimal dis-
ruption to the structure, and less skilled labor require-
ments compared to other strengthening materials and
techniques (Aykac et al., 2013). Therefore, externally
bonded steel plates should also be given consideration
in the repair applications of fire-damaged beams. The
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application of strengthening using externally bonded
CFRP on fire-damaged beams has been observed to be
limited. The application of externally bonded CFRP has
been experimentally investigated by Anasco Bastin et al.
(2017) and Mejia et al. (2024). However, these studies
did not consider the variation in strengthening effects
due to different widths and thicknesses of CFRP applica-
tion. The use of CFRP material as externally bonded on
existing RC members has been increased. This is due to
the high tensile strength, excellent corrosion resistance,
high strength-to-weight ratio, ease of installation, and
low thermal conductivity of the materials (Fayyadh &
Razak, 2021; Moon et al., 2023; Oller et al., 2019). The
use of externally bonded CFRP should be considered for
the repair of fire-damaged beams, with the strengthen-
ing effects of CFRP thickness and width also taken into
account.

Numerical models based on the finite-element method
(FEM) have been developed to study the effect of fire
and the strengthening performance of RC members
exposed to high temperatures due to the time and cost
consumption of fire testing and certain phenomena that
are exceedingly challenging to observe experimentally.
Jadooe et al., (2017) numerically simulated the behav-
iour of heat-damaged RC beams strengthened with NSM
CFRP laminate using epoxy and cement-based adhe-
sive. The proposed finite-element models (FEMs) accu-
rately predicted experimental behavior. Later, Jadooe
et al.,, (2018a), Jadooe et al., (2018b), developed another
finite-element model to examine the behavior of NSM
CERP-strengthened heated beams, considering concrete
top surface insulation with cement-based adhesive and
epoxy-based adhesive, respectively. However, the heating
curves considered in their study were limited to a maxi-
mum temperature of 800 °C. Sabar and Kadhum, (2022)
investigated the behavior of fire-damaged high-strength
lightweight RC beams strengthened with a SIFCON
jacket using the finite-element method by the ABAQUS
program. The highest heating temperature in the study
by Sabar and Kadhum, (2022) was limited to 600 °C, with
a heating duration of 60 min.

Belakhdar et al., (2023) conducted a numerical investi-
gation on the strengthening performance of steel jacket-
ing after exposure to fire for different durations of 15, 30,
60, and 90 min. This study examined the effect of vari-
ous steel jacket configurations on the concrete, including
steel corner jackets, vertical steel jackets, and horizontal
jackets. Different heating durations and steel plate jack-
eting schemes were examined. However, the variation in
the thickness and width of the plates was not considered
in their study. In a recent study, Shareef and Kadhum,
(2025) proposed a numerical model to examine the effect
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of a new composite strengthening method using a basalt
fiber-reinforced polymer (BFRP) grid combined with
an engineered cementitious composites (ECC) matrix
to repair the strength of fire-damaged lightweight high-
strength concrete beams for 60 min. The new compos-
ite strengthening method was investigated in the study;
however, the heating duration was limited to 60 min. The
previously proposed numerical methods by research-
ers utilized detailed finite-element analysis to investigate
the effects of strengthening fire-damaged beams. These
methods demonstrated high accuracy in evaluating the
residual capacity and strengthening performance of fire-
damaged RC members. However, this method simulated
the heating phase, cooling phase, implementation of the
strengthening scheme and materials, and applied loading
within a single analytical framework. The application of
thermal load was significant and required multiple steps,
which could potentially lead to convergence issues during
the analysis. Moreover, certain repair techniques widely
applied to fire-damaged members, such as the concrete
enlargement technique, damaged concrete replace-
ment technique, and outer concrete removal prior to
strengthening, were found to be challenging to simulate
using detailed finite-element methods. This is because
such repair techniques involve adding new concrete and
replacing damaged old concrete, which is difficult to sim-
ulate and analyze within a single analytical framework.

Therefore, this research study aims to propose a simpli-
fied analytical approach to evaluate the flexural strength-
ening effect using externally bonded steel plate and CERP
strips. In the simplified approach, the cross section of
the fire-damaged beam was divided into different seg-
ments based on the maximum temperature at the end
of the heating regimes. The strength degradation of each
concrete segment and reinforcement bar was modified
according to the temperatures obtained from the FE soft-
ware. Based on the simplified cross-sectional approach,
the residual capacity of fire-damaged RC beams was
first analyzed, and the accuracy of the numerical model
was verified with reference experimental tests. Using the
numerical model, one reference RC beam was subjected
to the ISO standard heating curve for durations of 60, 90,
and 120 min. Fire-damaged beams were then strength-
ened in flexure with different widths and thicknesses for
evaluating the flexural performance.

2 Analytical Methodology

2.1 Thermal Analysis in ATENA-GiD

ATENA-GiD has been widely utilized in many ana-
lytical research studies for the thermal analysis of RC
members (Cervenka et al., 2020; Jadooe et al., 2017,
2018a, 2018b; Sadaghian et al., 2023). Among those
researches, Jadooe et al. (2018a) compared the FEM
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and experimental time—temperature curves of the con-
crete beam surface, 46 mm from the core of the con-
crete beam, core of the concrete beam, and the middle
of the reinforcing bar under heating regimes of 700 °C
and 800 °C. The four thermocouples reading tempera-
ture in the heating test showed good correspondence
with the FEM calculated temperatures. The research
concluded that finite-element analysis using ATENA-
GiD calculated the heat transport in RC beams reason-
ably well. Similar conclusions were also drawn by other
research studies (Jadooe et al., 2017, 2018b). It can be
concluded that heat transport analysis carried out with
ATENA-GID is reliable for heat transfer and thermal
analysis of RC members.

In this study, the heat transport model of RC mem-
bers was constructed in ATENA-GiD considering the
concrete material properties and the surface tempera-
ture conditions of the heating surfaces of the RC mem-
bers. The heat transport analysis was performed on the
assumption that the RC members consisted entirely of
concrete material. The concrete material model enables
users to input different parameters, such as thermal con-
ductivity, heat capacity, and the initial temperature of the
concrete for fire exposure.

The heat transport by ATENA used Fourier law to pre-
dict the evolution of temperature fields in the structure
(Jendele et al., 2014):

d
a(Q) = —div(qr) 1)

where Q represents the total heat accumulated per unit
volume of concrete and g is the heat flux:
90Q _ 9Q. T  Qy T | 9Qy

ot T ot "ot - Tt ar @

where Q. represents the heat gain or loss due to conduc-
tion, Cr is the heat capacity, and Qj, is the total hydration
heat released at time (t):

qr = —NV(T) (3)

where 1 is thermal conductivity. The unknown tempera-
ture can be calculated by substituting Egs. (2) and (3) in
Eq. (1).

To make the surface time—temperature history varia-
tion of FEM align with the experiment heating tests, Dir-
ichlet temperature conditions for the surface were used.
With the help of interval data settings, the heating tem-
peratures as a function of time from the experimental
test can be applied to the surfaces of RC members. The
results of the heat transport analysis were then imported
into the static analysis model to calculate the temperature
of the reinforcement bars. ATENA-GIiD static analysis
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permits the calculated temperature from heat transport
analysis results to be correlated with reinforcing ele-
ments depending on the location of reinforcement bars
within concrete. Therefore, rebar’s temperature changes
throughout the analysis can be measured using monitor-
ing for line elements in static analysis.

2.2 Static Analysis in ATENA 3D

Nonlinear finite-element analysis of the post-fire residual
capacity and flexural strengthening performance of fire-
damaged RC members under static load was conducted
using ATENA 3D software. Finite-element models using
ATENA 3D were developed by many researchers to
examine the behavior of RC members and the efficacy
of various strengthening materials. Joyklad et al., (2023)
carried out an experimental test on the structural behav-
ior of a full-scale precast post-tensioned girder with
substandard transverse reinforcement. Finite-element
analysis by ATENA 3D was developed to compare with
experimental results. Good accuracy was reported on
load—deflection response and cracking patterns between
experimental and analysis results. Analytical research
conducted by Moon et al.,, (2023) indicated that the FE
model using ATENA 3D accurately described the behav-
ior of CFRP-strengthened RC beams.

In this study, the residual flexural capacity of RC mem-
bers after fire was assessed by dividing the cross section
to analyze concrete strength deterioration based on tem-
perature distribution at the end of the heating regime
obtained from thermal analysis results. The deterioration
in elastic modulus and yield strength of reinforcing bars
due to increased temperature, as measured via thermal
analysis, were calculated following a simplified stress—
strain model after elevated temperature developed by
Tao et al., (2013). The strength of reinforcing bars exhib-
its notable recovery upon cooling down to ambient tem-
perature (Buyiikoztirk et al, 2013), and the residual
strength of rebars has a significant influence on the flex-
ural capacity of RC members after fire (Kodur & Agrawal,
2016). Therefore, the strength degradation model of rebar
after fire proposed by Tao et al., (2013) was considered
for this analytical investigation. In the case of concrete,
unlike rebar, which exhibits significant strength recovery
upon cooling, concrete does not demonstrate any signifi-
cant regain in strength after being cooled down to ambi-
ent temperature. Therefore, Eurocode (2004) was used
for the calculation of the elastic modulus and compres-
sive strength degradation of concrete subjected to ele-
vated temperatures.

Concrete was modeled as a fracture—plastic consti-
tutive model for brittle materials. Figure la shows the
fracture concept of the concrete, which is based on the
uniaxial stress—strain response. Both linearity in tension
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and compression are considered in this ATENA built-in
material model. The behavior of concrete without cracks
in tension was assumed to be linear elastic. In the case
of the post-cracking tensile behavior of concrete, a ficti-
tious crack model based on crack-opening law and frac-
ture energy was used. This formulation is suitable for the
modeling of crack propagation in concrete (Cervenka
et al, 2021). 1D truss element (reinforcement) was
used for the modeling of reinforcing bars. Rebars were
assumed to be elastic-perfectly plastic, and the bilin-
ear constitutive model shown in Fig. 1b was used. Bond
behavior between concrete and rebar differs at ambient
temperatures, elevated temperatures, and after fire expo-
sure, requiring a different bond slip model for each con-
dition. However, for simplification, this research assumed
perfect bond behavior between rebars and concrete. For
the modeling of strengthening CFRP sheets, the mate-
rial model was adopted using the modeling approach by
Moon et al.,, (2023). This modeling approach simplifies
CFRP material by creating a three-dimensional element
that represents a saturant-base material with a thickness
equal to a CFRP sheet. The saturant material (epoxy) was
assigned with the isotropic linear elastic material model
with reinforcement. Bilinear with hardening reinforce-
ment was used to determine the rupture strain of CFRP.
The fibers were defined as smeared reinforcement with a
reinforcement ratio of 100%. The stress—strain relation-
ship of CFRP is shown in Fig. 1c. Strengthening steel
plates were simulated using the bilinear steel Von Mises
model in ATENA presented in Fig. 1b. Su et al., (2008)
also implemented the bilinear steel Von Mises model
for simulating steel plates in their study. This model
used the biaxial failure law combined with the bi-linear
stress—strain law to account for the elastic state and hard-
ening of steel (Su et al., 2008). Using a similar modeling
approach as CFRP, a new 3D element was constructed
with the same thickness as the steel plate. A bilinear steel
Von Mises model was then assigned to the newly created
3D element.

3 Verification of Finite-Element Model

3.1 Experiemental Tests by Jadooe et al. (2017)

The residual flexural capacity of the concrete beam after
elevated temperature tested by Jadooe et al., (2017) was
analyzed by employing the above modeling procedure
to validate the numerical model. The loading points and
reinforcement details of the tested RC beam are shown
in Fig. 2. The dimensions of the investigated beam were
140 mm in width, 260 mm in depth, and 2700 mm in
length. Three bars of D12 were used for tensile reinforce-
ment, while two bars of D12 were used as compressive
rebars. D10 was used as shear reinforcement with spac-
ings of 120 mm. The specimens were tested at the age
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Fig. 1 Constitutive materials models. a Uniaxial stress—strain law of concrete (Cervenka et al, 2021), b stress—strain relationship of rebar and steel
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Fig. 2 Details of the beam specimens. a Loading arrangement. b Section details

of 10 months after casting and the average compressive and 209 GPa, while the material properties of D10
strength of the concrete was 38.6 MPa. D12 rebars had  rebars were 561 MPa and 206 GPa, respectively. The RC
an average yield strength and elastic modulus of 587 MPa  beam was heated on four surfaces to reach a maximum
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Fig. 4 ATENA-GID RC beam models. a Heat transport model. b Static model

temperature of 600 °C and kept heated at the target tem-
perature constant for 2 h before cooling down to ambient
temperature.

3.1.1 Finite-Element Analysis of Heated RC Beam

The unheated RC beam was constructed using ATENA
3D software to verify with the unheated control beam
in the experimental test, as shown in Fig. 3. The material
properties of concrete and reinforcing bars were deter-
mined by the material properties tested in the experi-
ment. Due to symmetry, only half of the RC beam was
modeled to reduce the computation time.

ATENA-GiD was employed to develop the heat trans-
port model of the RC beam without reinforcement, as
presented in Fig. 4a. A separate static model with rein-
forcement was created to measure the temperature of
the rebars throughout the analysis, as shown in Fig. 4b.
Two models were developed, as the heat transport model
was limited to calculating the temperature field distribu-
tion within the concrete. Therefore, a static model was
required to determine the temperature of the rebars. The
material properties of the concrete model are shown in

Table 1 Materials properties for concrete

Thermal conductivity Thermal capacitance Initial temperature
[W/°C.m] [kN/m2.°C] [°C

1.1 2550 25

Table 1. The Dirichlet temperature condition for surfaces
was applied to all four surfaces of the RC beam for 2 h.
To make the time—temperature heating curve in FEM
aligned with the experimental heating test, seven interval
data were considered with different temperature incre-
ments, as summarized in Table 2. Figure 5 compares the
FEM and experimental heating curves of the RC beam.
Figure 6 presents the temperature distribution of con-
crete and rebars after the thermal analysis process.

The static model for the heated RC beam in ATENA
3D was constructed with the same boundary conditions
as the unheated beam model. Figure 7a presents the
actual temperature distribution of the concrete beam
obtained from the thermal analysis results. The simplified
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Table 2 Surface temperature regime for FEA

Interval Number of Starting time Ending time Temperature atthe start  Temperature at the end of Temperature

steps (min) (min) of interval (°C) interval (°C) increment(°C)

1 10 0 1 25 350 325

2 10 1 2 350 445 95

3 10 2 3 445 502 57

4 10 3 4 502 545 43

5 10 4 5 545 575 30

6 10 5 6 575 599 24

7 10 6 120 599 600 1
700 meshes with the size of 0.02 m were used. The strength
600 I- & = =le —le —g — =~ Experiment degradation for each concrete cross section was cal-
S 500 | R - culated based on the simplified temperature shown in
oy 200 T 1Y Fig. 7b. The strength degradation of each reinforcing bar
3 T \|- was determined according to the temperatures from the
3300 ! . thermal analysis results, as shown in Fig. 6b. Concrete
£ 200 : \ cross section and rebar strength deterioration are shown
&= 100 | » - in Tables 3 and 4, respectively. The interface between
0k e - concrete cross sections of the RC beam was modeled to

0 50 100 150 200 250 300 be perfectly connected.
Time (min)

Fig. 5 Comparison of experimental and FEM heating curves

3.2 Experiemental Tests by Van Cao et al., (2022)

To increase the reliability of the proposed FE model in

evaluating the residual flexural capacity of fire-damaged
temperature distribution for each concrete cross sec- RC members, an experimental test by Van Cao et al,
tion of the fire-damaged beam is shown in Fig. 7b. The  (2022) was analyzed. The investigated RC slab was sim-
simplified temperature distributions of the first, second, ply supported with dimensions of 2000 x 750 x 100 mm.
and third cross sections were 581 °C, 529 °C, and 494 °C, D10 rebars were used with a clear cover of 15 mm. The
respectively. Figure 7c shows the dimensions of each average compressive strength of concrete at 28 days was
divided cross section and FE meshes in finite-element 26.02 MPa, and the average yield strength of reinforc-
software. For the modeling of concrete beams, brick ing bars was 335.8 MPa. Figure 8 shows the geometry,

Temperature [°C] Temperature [°C]
600.0 B A
5337 ggg:g e > 47°C
567.4 , . Wik 556.9
551.1 T 550.5
5348 1 5441
518.4 5377 > 523°C
502.1 ‘ 531.4
4858 L 18 5250
469.5 ) j 5186 > 508 °C
l | > 542 °C
(o__® 9

(a) (b)

Fig. 6 Temperature distribution of the heated beam. a Concrete. b Reinforcing bars
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Table 3 Strength degradation of concrete cross sections

Page 9 of 26

Cross section 1st cross section

2nd cross section 3rd cross section

Temperature ('C) 581
Compressive Strength (MPa) 185
Elastic Modulus (MPa) 20427

529 494
215 239
22,143 23,529

Table 4 Strength degradation of reinforcing bars

Reinforcing bar Tensile Rebar (side) Tensile Rebar (mid) Compressive Rebar Stirrup
Temperature ('C) 542 528 547 523
Yield Strength (MPa) 572.7 5774 571 5535
Elastic Modulus (MPa) 207,859 208,239 207,723 205,384
Elevation D-10@122 mm
g
950 mm | 950 mm g
b (=]
H () =
H 1 .
P [
Pl 1900 mm b
f 2000 mm E
D-10@118 mm Concrete cover = 15 mm
Cross-section
g
D-10@118 mm g
. o
=
T LJ L L L _ _!
750 mm

Fig. 8 Geometry, loading, and reinforcement details of the concrete slab

loading, and reinforcement details of the concrete slab
model. The RC slabs were heated on the bottom side for
45 min and 75 min, respectively, before the static loading
test.

3.2.1 Finite-Element Analysis of Fire-Damaged RC Slab

The same modeling procedure as the heated RC beam
was performed. RC slab model was created with temper-
ature increments applied to the bottom surface at inter-
vals of 45 min and 75 min of heating, respectively. To
make the bottom surface temperature increment of FEA
correspond with the experimental heating curve, eight

D-10@122 mm

intervals were divided into different surface temperature
increments for 45 min and 75 min of heating. Table 5a,
b summarizes the eight intervals of surface temperature
increment for 45 min and 75 min of heating, respectively.
The comparison of the heating curve between FEM and
the experiment of the RC slab for each heating duration is
illustrated in Fig. 9a, b. Figure 10 presents the actual tem-
perature distribution of the concrete slab and reinforcing
bars based on the thermal analysis results. Figure 11a,
b shows the simplified temperature distribution of con-
crete and the dimensions of the divided cross sections for
45 min and 75 min of heating. Four cross sections were
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Table 5 (a) Surface temperature regime for FEA (45 min heating) (b) Surface temperature regime for FEA (75 min heating)
Interval Number of Starting time Ending time Temperature atthe start  Temperature at the end of Temperature
steps (min) (min) of interval (°C) interval (°C) increment(°C)
1 10 0 1.5 25 401 376
2 10 15 2 401 568 167
3 10 2 5 568 684 116
4 10 5 11 684 762 78
5 10 1 23 762 838 76
6 10 23 33 838 890 52
7 10 33 40 890 944 54
8 10 40 45 944 964 20
Interval Number of Starting time Ending time Temperature atthe start  Temperature at the end of Temperature
steps (min) (min) of interval (°C) interval (°C) increment(°C)
1 10 0 2 25 427 402
2 10 2 3 427 617 190
3 10 3 617 677 60
4 10 5 15 677 738 61
5 10 15 34 738 810 72
6 10 34 51 810 887 77
7 10 51 62 887 949 62
8 10 62 75 949 984 35
divided with a thickness of 25 mm for each heated slab.
Figure 11c presents the cross-sectional division of the RC
slab in FE software. For each concrete slab model, brick
120 meshes with the size of 0.02 m were used. The strength
1000 o degradation for each concrete cross section was cal-
< 800 p—r = culated based on the simplified temperature shown in
5 o ‘ Fig. 11a, b. Tables 6 and 7 summarize the strength degra-
5 —+— Surface Temperature_Exp dation of each concrete slab cross section and reinforcing
% 4% Surk bars for 45 min and 75 min of heating, respectively.
& 200 = = Surface Temperature FEM
L 20 40 60 80 100 3.3 Comparison of Load-Deflection Responses
Time (min) The load—deflection response of the RC members was
(a) considered the key criterion for evaluating the pro-
posed methodology in comparison with the experi-
mental test. Table 8 presents a comparison of the
difference in the percentage of ultimate load and maxi-
1200 mum deflection of fire-damaged RC members between
_1oo0 e FEA and experimental results. The FEA predicted ulti-
£ 800 e T mate load and maximum deflection of fire-damaged
£ oo - RC members were less than 10% compared to the
S 400 et & Toperature By experimental results. The exception was the 75-min
E B heated slab, which showed a difference higher than
20 == Puice Temncrae ¥R 10% from the test results. Figures 12 and 13 show the
0 comparison of the load—deflection curves of the finite-
20 4%”‘8 (min(;o 80 100 element analysis results with the experimental results
) of the heated RC beam and slab, respectively. It can

Fig. 9 Comparison of experimental and FEM heating curves. a
45 min of heating. b 75 min of heating

be seen that this finite-element analysis approach was
able to reasonably evaluate the residual ultimate load-
carrying capacity and deflection of both fire-damaged
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(d)
Fig. 10 Temperature distribution of heated RC slab. a Concrete (45 min heating). b Reinforcing bars (45 min heating). ¢ Concrete (75 min heating).
d Reinforcing bars (75 min heating)
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15t Cross-section (143°C) —25mm
21 Cross-section (198°C) — 25mm
3" Cross-section (417°C) —25mm
4 Cross-section (745°C) — 25mm

15t Cross-section (240°C) — 25mm
214 Cross-section (309°C) — 25mm
31 Cross-section (518°C) —25mm
4t Cross-section (816°C) —25mm

(a) (b)

—> 15! Cross-section — 25mm
— 21 Cross-section — 25mm
— 3 Cross-section — 25mm
— 4t Cross-section — 25mm

(c)

Fig. 11 Simplified temperature and cross section of concrete beam. a Simplified concrete temperature distribution (45 min heating). b Simplified
concrete temperature distribution (75 min heating). ¢ Cross-sectional division of heated RC slab (FE model)

Table 6 (a) Strength degradation of concrete cross sections (45 min heating) (b) Strength degradation of concrete cross
sections (75 min heating)

Cross section 1st cross section 2nd cross section 3rd cross section 4th cross section
Temperature ('C) 745 417 198 143

Compressive Strength (MPa) 6.1 18.9 242 242

Elastic Modulus (MPa) 12,990 22,355 28,550 28,550
Temperature ('C) 816 518 309 240

Compressive Strength (MPa) 3.6 14.9 219 229

Elastic Modulus (MPa) 10,963 19,471 25,438 27408

RC beams and slabs. However, the analytical stiffness  The observed higher stiffness in the analysis could also
before yielding of fire-damaged members was found to  be attributed to errors in the installation experimental
be higher than the experimental results. The main rea-  testing procedures of the RC members (Hussain et al.,
son for this phenomenon could be the assumption of  2022).

the perfect connection between concrete and reinforc-

ing bars under both unheated and heated conditions.



Eng and Kim Int J Concr Struct Mater (2025) 19:47

Table 7 (a) Strength degradation of reinforcing bars (45 min
heating) (b) Strength degradation of reinforcing bars (75 min
heating)

Reinforcing bar Main bar (D10) Distribution
bar (D10)

Temperature (C) 622 482

Yield Strength (MPa) 312 3358

Elastic Modulus (MPa) 205,685 209,000

Temperature ('C) 703 583

Vield Strength (MPa) 296.1 3196

Elastic Modulus (MPa) 203,484 206,745

4 Strengthening of Fire-Damaged RC Beam

4.1 Exposure to ISO Standard Fire Curve

Reference RC beam specimen from the experiment test
by Ahmad and Bhargava, (2023) was chosen for this
investigation. The investigated RC beam had a cross-
sectional dimension of 230 mm x 400 mm with a length
of 4000 mm. The average compressive strength of con-
crete was 40.3 MPa. 2-D20 and 1-D16 were used for ten-
sile reinforcement, while 2-D8 were used as compressive
rebars. D8 stirrup was used for shear reinforcement at
a spacing of 170 mm. Table 9 summarizes the material
properties of the concrete and reinforcing bars used in
the experimental test. The loading arrangement and sec-
tion details of the tested RC beam specimen are shown
in Fig. 14. During the heating phase, only the thermal
load was applied, with no additional mechanical loading.
Following the heating phase, the beam was subjected to
loading to evaluate its residual capacity.

To study the fire effect on the load—deflection response
of the RC beam, the reference beam was subjected to ISO
standard fire curve for 60 min, 90 min, and 120 min by
employing the above modeling approach. The fire expo-
sure surfaces were the bottom and both sides of the beam,
simulating actual fire conditions on the beam, where the
top surface of the beam is not exposed to fire. Figure 15a,
b presents the cross section of the undamaged beam and
the fire-damaged beam, respectively. The dimensions of

Table 8 Comparison of FEA and experimental results
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the divided cross sections of the fire-exposed RC beam
are shown in Fig. 15b. Tables 10 and 11 summarize the
temperature and strength degradation of each concrete
cross section and rebar for all heating durations, respec-
tively, according to thermal analysis results.

The predicted load—deflection response of the con-
trol unheated beam from the FE model exhibited good
agreement with the experimental results, as shown in
Fig. 16a. The ultimate load of the experimental result was
261 kN, while the FEA result was 256 kN, which showed
only a 2% difference between both results. Figure 16b

== == Control Beam (Experiment)

Load [kN]

== Control Beam (FEA)

0 20 40 60 80 100
Deflection [mm]
(a)
150
125
z N\
=
] R
g Heated Beam (Experiment)
= e Heated Beam (FEA)
40 60 80 100
Deflection [mm]
(b)

Fig. 12 Comparison of load-deflection curves between experiment
and FEA. a Control beam. b Heated beam

Specimen Ultimate Load Maximum Deflection
FEA (kN) Experiment (kN) Difference (%) FEA (mm) Experiment Difference (%)

(mm)

Control Beam 117.2 1155 15 744 80 7.0

Heated Beam 104.3 108.9 42 739 704 50

Control Slab 34.1 347 1.7 60.3 57.7 45

Heated Slab (45 min heating) 32.1 327 1.8 60.5 62.9 38

Heated Slab (75 min heating) 30 335 104 60.5 69.7 132
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50
40
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40 60 80
Deflection [mm]

(©)

Fig. 13 Comparison of load—deflection curves between experiment
and FEA. a Control slab. b Heated slab (45 min heating). c Heated slab
(75 min heating)

illustrates the load—deflection response of beams heated
for 60 min, 90 min, and 120 min compared to the con-
trol beam. In the case of 60 min of heating, the ultimate

Table 9 Material properties of RC beam
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load was 242 kN, which decreased by about 5.8% com-
pared to the control unheated beam. This small differ-
ence in the maximum load of the 60-min heating beam
specimen occurred due to the temperature of the tensile
rebars, which were only 525 °C and 417 °C after 60 min of
heating. At these temperatures, the elastic modulus and
yield strength of the rebars were not notably reduced, as
shown in Table 11a. For 90- and 120-min heated beam
specimens, the ultimate loads were 222 kN and 202 kN,
respectively.

4.2 Flexural Strengthening of Fire-Damaged RC Beams

The fire-exposed RC beam models were strengthened in
flexure to evaluate the strengthening effect of the exter-
nally bonded steel plate and CERP strip based on the
proposed numerical model. In general, prior to strength-
ening application to fire-damaged RC beams, the outer
layer of the beam was removed. This addressed thermally
induced microcracks that could interfere with the bond
between the strengthening material and the concrete.
The removal of the outer concrete surface would increase
construction costs and extend the duration. To avoid
these, the removal of the outer damaged surface was not
performed in this study. Instead, this study assumed that
the plate and concrete were perfectly bonded by provid-
ing a suitable anchorage system to prevent debonding
between the plate and concrete. Therefore, the strength-
ening material was modeled to be perfectly connected
to the concrete. Externally bonded steel plate and CFRP
were modeled on the bottom of the damaged beam
model. The cross-sectional division dimension of the
fire-damaged beam model was described and illustrated
in Sect. 4.1. The material properties of the steel plate
and CFRP strip used in this analytical study are sum-
marized in Table 12. Different widths and thicknesses of
strengthening materials were the variables of this investi-
gation. 100 mm and 200 mm width were considered for
both strengthening materials with a length of 3500 mm,
as shown in Fig. 17. For externally bonded steel plates,
thicknesses of 2 mm and 4 mm were considered as anal-
ysis variables. In the case of externally bonded CFRP
strips, 0.11 mm and 0.22 mm thicknesses were used. The
thickness and width of both strengthening materials were
selected to provide an equal tensile force contribution
to the strengthened beam models for comparison. The

Concrete Beam Tensile Reinforcement

Compressive Reinforcement

Shear Reinforcement

fa(MPa) d fy(MPa) E(MPa) d f,(MPa) E(MPa) d f,(MPa) E(MPa)
403 2-D20 576 210,000 2-D8 567.2 205,000 D8 567.2 205,000
1-D16 587 210,000
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Fig. 14 Details of the beam specimens. a Loading arrangement. b Section details
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Fig. 15 Cross section of concrete beam. a Undamaged beam. b Fire-damaged beam

nomenclature of the specimens in the parametric study is
shown in Fig. 18.

Fig. 19a presents the boundary conditions of the
strengthened RC beam model. Only half of the beam was
modeled, and strengthening materials were assumed to
be perfectly bonded to concrete in both cases. Two moni-
toring points were used, one placed at the applied load
point to measure the load increase and the other placed

at midspan to measure the beam deflection. Monitoring
for line conditions was applied to all tensile reinforcing
bars to measure the strain of the rebars. The finite-ele-
ment mesh of the strengthened beam model is shown in
Fig. 19b. For the modeling of concrete, brick meshes with
the size of 0.04 m were used. Both steel plate and CFRP
strips were modeled using tetra meshes with a mesh size
of 0.04 m.
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Table 10 (a) Strength degradation of concrete cross sections (60 min heating) (b) Strength degradation of concrete cross
sections (90 min heating) (c) Strength degradation of concrete cross sections (120 min heating)

Cross section 1st cross section

2nd cross section 3rd cross section

Temperature ('C) 635
Compressive strength (MPa) 16
Elastic modulus (MPa) 19,284
Temperature (C) 725
Compressive strength (MPa) 10.6
Elastic modulus (MPa) 16,212
Temperature ('C) 788
Compressive strength (MPa) 6.8
Elastic modulus (MPa) 14,062

243 153
354 37.2
32,661 34,130
350 233
323 35.6
29,011 33,004
429 319
285 335
26,314 30,069

Table 11 (a) Strength degradation of reinforcing bars (60 min heating) (b) Strength degradation of reinforcing bars (90 min heating)

(c) Strength degradation of reinforcing bars (120 min heating)

Reinforcing bar Tensile Rebar (D20) Tensile Rebar (D16) Compressive Rebar Stirrup
Temperature ('C) 525 417 411 513
Yield strength (MPa) 567.6 587 567.2 562.9
Elastic modulus (MPa) 209,318 210,000 205,000 204,654
Temperature (‘C) 672 557 524 618
Yield strength (MPa) 5183 567.5 559.3 5283
Elastic modulus (MPa) 205,304 208,444 204,360 201,855
Temperature (‘C) 777 669 612 700
Yield strength (MPa) 483.1 5293 530.2 501.2
Elastic modulus (MPa) 202,438 205,386 202,015 199,670

5 Results and Discussion

5.1 Comparison of Load-Deflection Curves

To determine the strengthening effect, the load—deflec-
tion curves of all specimens were compared. Figure 20
presents the comparison of the load—deflection curves of
all beam specimens obtained by the numerical model for
60 min heated beams. Prior to cracking, elastic behavior
was shown in all of the curves. Following the first crack,
the load—deflection curves of all beam models became
nonlinear. After yielding of the tensile rebars, the curves
increased until the peak load and then became almost
stable until failure, indicating the flexural failure of the
beam models. It is seen that the performance of all the
strengthened beams was found to be superior in compari-
son with the control heated beam H-6. Before the yielding
of tensile rebars, the stiffness of the CFRP-strengthened
beams was similar to that of the control heated beam
H-6. However, the beam specimens strengthened with
CERP exhibited a significant load increase after yield-
ing, primarily due to the presence of CERP on the tension
side of the beam. The stiffness increase of steel plate-
strengthened beams before yielding was observed to be

higher than the CFRP-strengthened beams. This may
be attributed to the fact that the thickness of the steel
plate was significantly greater than the CFRP strip. This
higher increase in stiffness of steel plate-strengthened
beams resulted in a more significant decrease in deflec-
tion at ultimate load and deflection compared to beams
strengthened with CFRP. The ultimate load of the CFRP-
strengthened beams, namely, H-6C1-0.11, H-6C1-0.22,
H-6C2-0.11, and H-6C2-0.22, increased by 7%, 12.8%,
14%, and 23.1%, respectively, as compared to the H-6
beam. For steel plate-strengthened beams, the ultimate
load of beams H-6S1-2, H-6S1-4, H-6S2-2, and H-6S52-4
increased by 12%, 22.3%, 23.1%, and 43%, respectively.
The ultimate original flexural capacity of the unheated
beam (N-0) was effectively restored through strength-
ening methods using externally bonded CFRP and steel
plates of the specified width and thickness. The ultimate
load increase of all strengthened beams is summarized in
Table 13.

The comparison of load—deflection curves of beam mod-
els for 90-min heating is shown in Fig. 21. All of the beam
models exhibited very identical load—deflection response
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Fig. 16 Comparison of load—deflection curves between experiment
and FEA. a Unheated beam. b 60 min, 90 min, and 120 min heated
beam

behavior to the 60-min heated beam models. The ultimate
load of the CFRP-strengthened beams H-9C1-0.11, H-9C1-
0.22, H-9C2-0.11, and H-9C2-0.22 increased by 8.1%,
13.5%, 14.4%, and 24.3%, respectively, in comparison with
the control heated beam H-9. The maximum load of the
H-9S1-2, H-9S1-4, H-9S2-2, and H-9S2-4 beams, which
were strengthened with steel plate, improved by 12.6%,
23.9%, 24.3%, and 46.4%, respectively. The initial flexural
capacity of the control unheated beam (N-0) was effectively
restored through both strengthening materials, except for
the H-9C1-0.11 beam. The ultimate load increase of all
strengthened beams is summarized in Table 14.

Fig. 22 illustrates the load—deflection curves of beam
models for 120 min of heating duration. Compared with
the H-12 beam, the ultimate load of the H-12C1-0.11,
H-12C1-0.22, H-12C2-0.11, and H-12C2-0.22 beams
increased by 6.9%, 10.9%, 11.9%, and 18.8%, respectively.

Table 12 Material properties of the steel plate and CFRP strip
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The ultimate load of H-12S1-2, H-12S1-4, H-1252-2, and
H-1252-4 increased by 12.4%, 13.4%, 22.8%, and 7.4%,
respectively, for steel plate strengthened beam models.
As shown in Fig. 22b, beams H-1251-4, H-1252-2, and
H-1252-4 failed suddenly before reaching their flexural
capacity, indicating premature failures. This is attributed
to the significant reduction in the compressive strength of
the outer concrete after 120 min of heating. After 120 min
of heating, neither of the strengthening materials was able
to restore the original flexural capacity of the fire-damaged
beams. The ultimate load increase of all strengthened
beams is summarized in Table 15.

Table 16 summarizes the tensile force contribution of
CFRP strips and steel plates, varying in width and thick-
ness. f; and A; refer to the tensile (yield strength) and
cross-sectional area of strengthening materials, respec-
tively. At this particular width and thickness, both the
CFRP strip and steel plate provided an equivalent ten-
sile force of 100 kN. The comparison of load—deflection
responses of strengthened beam models at 100 kN tensile
force contribution by CFRP strip and steel plate is shown
in Fig. 23. It is observed that all the strengthened beams
had similar load—deflection response patterns at the same
tensile force contributed by the strengthening material.
The beam models strengthened with steel plates exhib-
ited a higher stiffness and ultimate load capacity in com-
parison with the beam models strengthened with CFRP.
For steel plate-strengthened beams, the tensile force of the
steel plate was observed to begin distributing to the dam-
aged beam at the initial load step. This resulted in greater
improvements in stiffness before yielding and yielding
load compared to the CFRP-strengthened beams. The
steel plate-strengthened beams reached their ultimate load
following the yielding of both the tensile rebars and the
strengthening steel plate. After yielding, the load-carrying
capacity of the beams began to decrease until failure. How-
ever, for CFRP-strengthened beams, the tensile force of the
CERP before yielding of tensile rebars did not significantly
contribute to the damaged beam. After yielding, the CERP
started to contribute the tensile force to the beam, resulting
in an increase in ultimate load.

5.2 Comparison of Tensile Rebar Strains

The maximum strain of tensile rebar in all beam models
was compared to verify the efficacy of flexural strengthen-
ing performance, as shown in Fig. 24. Tensile rebar strain

Steel Plate CFRP
E(MPa) f,(MPa) t(mm) E¢(MPa) fr(MPa) &f t(mm)
210,000 250 2and 4 288,900 4,600 0.016 0.11 and 0.22
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Fig. 17 Strengthening schemes of fire-damaged beam. a Strengthening length. b Strengthening width of 100 mm. ¢ Strengthening width
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Fig. 18 Nomenclature of test specimens for parametric study

values at five different loading stages of 50 kN, 100 kN,
150 kN, yield load, and maximum load were compared.
The black dashed line indicates the yield strain of the con-
trol heated beams H-6, H-9, and H-12, respectively, for
each heating duration (60 min, 90 min, and 120 min). The
yield strain of all three heating periods exhibited vary-
ing values as a result of changes in temperature through-
out each heating duration, which led to differences in the
elastic modulus and yield strength of the tensile rebar. At
all loading levels, the tensile rebar strains of all strengthen-
ing beams using both methods were found to be lower than

Thickness of Strengthening Materials (mm)
(0.11mm, 0.22mm, 2mm, 4mm)

Width of Strengthening Materials (mm)
(1: 100 mm, 2: 200 mm)

C: CFRP, S: Steel Plate

Heating Duration (minutes)
(0: no heating, 6: 60 mins heating, 9: 90 mins heating, 12: 120 mins heating)

N: No heating, H: With heating

the control heated beams due to the higher stiffness of the
strengthened beams.

The strain values of the tensile rebars of all strength-
ened beams were below the black dash line. This
indicates that none of the strengthened beam models
reached the yield stress at the yield load of the con-
trol heated beam. Figure 24a shows the comparison
of tensile rebar strains of beam models in the case of
60 min of heating. For 60 min of heating, the yield
load and ultimate load of the H-6 beam were 230 kN
and 242 kN, respectively. Beams H-6C1-0.22, H-6C2-
0.11, and H-6S1-4, H-6S2-2 exhibited the same strain
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Fig. 20 Comparison of load—deflection curves of 60 min heated

beam models. a CFRP strengthened beam models. b Steel plate
strengthened beam models

Table 13 (a) Ultimate load increase of CFRP strengthened
beams (60 min heating) (b) Ultimate load increase of steel plate
strengthened beams (60 min heating)

Specimen Ultimate Load (kN) Increase in
ultimate load
(%)

H-6 242 -

H-6C1-0.11 259 7.0

H-6C1-0.22 273 12.8

H-6C2-0.11 276 14

H-6C2-0.22 298 231

H-6 242 -

H-651-2 271 12

H-651-4 296 223

H-652-2 298 231

H-652-4 346 43

values throughout all loading stages as a result of the
same tensile force contribution from the strengthen-
ing materials. The H-6 beam showed a strain value of
0.019 at the ultimate load. At the ultimate load of 242
kN, none of the strengthened beam models yielded,
except for the H-6C1-0.11 beam. For all loading stages,
the CERP strengthened beam models exhibited higher
strain values than the steel plated-beam models. The
comparison of tensile rebar strains in the cases of
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Fig. 21 Comparison of load—deflection curves of 90 min heated

beam models. a CFRP strengthened beam models. b Steel plate
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Table 14 (a) Ultimate load increase of CFRP strengthened
beams (90 min heating) (b) Ultimate load increase of steel plate
strengthened beams (90 min heating)
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Fig. 22 Comparison of load-deflection curves of 120 min heated

beam models. a CFRP strengthened beam models. b Steel plate
strengthened beam models

Table 15 (a) Ultimate load increase of CFRP strengthened
beams (120 min heating) (b) Ultimate load increase of steel plate
strengthened beams (120 min)

Specimen Ultimate Load (kN) Increase in Specimen Ultimate load (kN) Increase in
ultimate load ultimate load
(%) (%)

H-6 222 - H-12 202 -

H-9C1-0.11 240 8.1 H-12C1-0.11 216 6.9

H-9C1-0.22 252 135 H-12C1-0.22 224 109

H-9C2-0.11 254 144 H-12C2-0.11 226 11.9

H-9C2-0.22 276 243 H-12C2-0.22 240 18.8

H-6 222 - H-12 202 -

H-651-2 250 12.6 H-1251-2 227 124

H-651-4 275 239 H-1251-4 229 134

H-652-2 276 243 H-1252-2 248 228

H-652-4 325 464 H-1252-4 217 74

90-min and 120-min heating is presented in Fig. 24b,
¢, respectively. It can be seen that all the beam mod-
els presented similar strain distribution patterns at
all loading stages to the 60-min heating beam models
illustrated in Fig. 24a. The yield load and ultimate load

of the H-9 beam were 210 kN and 222 kN, respectively.
The H-9C1-0.11 beam showed a strain value of 0.003,
which was lower compared with the H-6C1-0.11 beam.
From these figures, it can be concluded that the ten-
sile rebar strain value for all loading stages decreased
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Table 16 Tensile force contribution of the steel plate and CFRP
strip with different width and thickness

Materials Width (mm)  Thickness (mm)  f{(MPa)  f;.A«{kN)
CFRP 100 0.22 4,600 101.2
200 0.11 4,600 101.2
Steel Plate 100 4 250 100
200 2 250 100

as the strengthening width and thickness of the steel
plate and CFRP increased.

5.3 Comparison of Concrete Strain

Figs. 25, 26, and 27 compare the strain distribution of
concrete for all the beam models throughout different
heating durations (60 min, 90 min, and 120 min). All the
control heated H-6, H-9, and H-12 beam models showed
the highest strain values that were concentrated in the
middle of the beam model, representing higher flexural
strains on the beams. The comparison of concrete strains
for 60-min heated beam models at 230 kN is shown in
Fig. 25. The strain values of the control heated H-6 beam
in the figure were the highest, around 0.0031, in compari-
son with the other beam models. For all the strengthened
beam models, the strain contour color started to change,
revealing the deduction of concrete strain compared to
the control heated beam H-6. Among all the strength-
ened beam models, the H-65S2-4 beam exhibited the
lowest strain value (0.0014). The next lowest strain dis-
tribution value was 0.0023 for H-6S2-2. These results
indicate that increasing the thickness and width of the
strengthening materials can reduce the concrete strain
resulting from flexural loading. The comparison of con-
crete strains of beam models for 90 min of heating at
210 kN is presented in Fig. 26. The strain distribution
patterns of the control heated beam and the strengthened
beam models in the case of 90-min heating were found to
be highly comparable with the 60-min heated beam mod-
els, as shown in Fig. 25.

Fig. 27 shows the distribution of concrete strain in
120-min heated beam models at a load of 192 kN. It can
be observed that all of the strengthened beams demon-
strated lower concrete strain distribution in the middle
region compared to H-12. As the width and thickness
of both strengthening materials increased, a decrease
in the concrete strain distribution was observed. In the
figure, H-12S1-4, H-12S2-2, and H-1252-4 exhibited
notable strain at the end plate of the strengthening steel
plate, which exhibited a different strain distribution pat-
tern compared to shorter heating durations (60 min
and 90 min). The occurrence of a high strain distribu-
tion value on that region was due to the stress resulting
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from the very strong adhesive bond strength of the
steel plate bonded to the beam, as well as the significant
strength degradation of the first concrete cross section
after 120 min of heating. This stress continued until fail-
ure resulted in brittle failure prior to the yielding of the
reinforcing bars and the strengthening steel plate. These
are shown in the load—deflection curves of the H-1251-4,
H-1252-2, and H-1252-4 beams, as presented in Fig. 22b.

6 Conclusion

This paper presented an analytical study on the flexural
strengthening of fire-damaged RC beams. The proposed
simplified methodology was validated with previous
experimental research for evaluating the residual flex-
ural capacity after fire exposure. The reference beams
were then subjected to the ISO standard fire curve for
60 min, 90 min, and 120 min, respectively. Furthermore,
the damaged beam models were strengthened in flexure
with different widths and thicknesses using the externally
bonded reinforcement (EBR) techniques for evaluating
the flexural response of the fire-damaged beams. The
main conclusions obtained from this study are summa-
rized as below:

1. The strength degradation model of concrete and
reinforcing bars after a fire has a great influence on
evaluating the residual flexural capacity of fire-dam-
aged members. Different strength degradation mod-
els can be considered to optimize the accuracy of the
numerical model.

2. This simplified cross-sectional approach based on
finite-element analysis can be applicable for analyz-
ing the post-fire flexural response of beams. Various
heating curves and durations can be applied to this
model for evaluating the capacity of the RC beam
after being exposed to fire for strengthening consid-
eration.

3. The flexural strengthening performance of fire-dam-
aged RC beams can be investigated by utilizing a
variety of strengthening schemes and materials from
the built-in material model of the finite-element anal-
ysis software.

4. This model can be a useful tool for the design of the
strengthening material strength required to fulfill
the original design criteria of the fire-damaged RC
beams, depending on heating duration and condi-
tions.

5. All the strengthened fire-damaged beam models
exhibited higher flexural capacity and stiffness com-
pared to the fire-damaged beams without strengthen-
ing for all heating durations. As the width and thick-
ness of the strengthening materials increase, there
is a greater improvement in the stiffness, yield load,
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Fig. 24 Comparison of tensile rebar strain. a 60 min heated beam models. b 90 min heated beam models. ¢ 120 min heated beam models
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Fig. 26 Comparison of concrete strains of 90 min heated beam models
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Fig. 27 Comparison of concrete strains of 120 min heated beam models

and ultimate load of the damaged beams. However,
after 120 min of heating, the steel plate-strengthened
beams exhibited brittle failure, primarily attributed to
the substantial reduction in the compressive strength
of the outer concrete.

. Both strengthening techniques investigated in this
study can be considered to be promising methods
for recovering the flexural capacity of fire-damaged
beams. Externally bonded steel plates demonstrated
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a greater enhancement in stiffness and ultimate load
capacity compared to externally bonded CERP strips.

. The outer part of the fire-damaged beam (1st con-

crete cross section) experienced severe damage as the
heating duration increased. After 120 min of heating,
the first concrete cross section should be replaced
with newly cast concrete to improve bond behavior
between the strengthening materials and the con-
crete, thereby enhancing the flexural strengthening
performance of the beams.
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Although this simplified cross-sectional method rea-
sonably described the flexural behavior of fire-damaged
beams, certain simplifications made in this study require
further improvement to accurately describe the residual
flexural capacity of RC beams and the performance of
flexural strengthening. These include the residual ulti-
mate strength of reinforcing bars after fire, the bond-
slip behavior of concrete and rebars before and after fire
exposure, the removal of the outer concrete cross section
before strengthening application, the modeling of the
interface between concrete and plate, and the validation
of the experimental study on fire-damaged beams with
the application of strengthening materials, which will be
considered in the future study.
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