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Abstract

In this study, the comparative residual performance of fire-exposed reinforced concrete
(RC) beams with rectangular and T-shaped cross-sections is investigated. Two concrete
beams, one with a T-section and the other with a rectangular section, were tested under the
combined effects of fire exposure and structural loading. Data generated in the tests during
and following fire exposure is utilized to compare the thermal and structural response of
the beams. The results indicate a notable difference in the temperature evolution, mid-
span deflection, and the residual capacity of the beams. The T-beam experienced greater
deflection and stiffness degradation due to its larger exposed surface area (approximately
17% higher than the rectangular beam) and flange geometry, despite comparable peak
rebar temperatures. A simplified approach, based on the maximum concrete and rebar
temperatures and corresponding strength reductions, is proposed to evaluate the residual
capacity of fire-exposed RC beams. For equal cover depth to reinforcement, peak rebar
temperature is unaffected by cross-section shape as long as the web of the T-beam is
not slender. T-shaped beams with similar overall depth exhibit greater post-fire strength
retention than rectangular beams when the neutral axis lies within the flange. A 20%
reduction in the web thickness and a combined reduction of 20% in web and 37% in
flange thickness result in a comparable decrease in the flexural capacity to that of the
rectangular beams of similar depth, indicating that the flange plays a key role in maintaining
post-fire performance.

Keywords: reinforced concrete; standard fire; fire damaged beam; residual capacity;
structural response

1. Introduction

Fire is a common and potentially destructive hazard that affects the safety and perfor-
mance of structural members. When exposed to fire, structural members experience a loss
in strength and stiffness due to the rise in cross-sectional temperature of the constituent
materials. To mitigate this adverse effect, structural members are required to be provided
with appropriate fire resistance provisions as specified by building codes [1], ensuring life
safety, stability, and structural integrity. Consequently, fire-induced structural collapse in
reinforced concrete (RC) structures is very rare due to concrete’s low thermal conductivity,
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high specific heat, and slower degradation of its mechanical properties [2]. However,
concrete structures might experience a certain level of fire damage, which can reduce the
capacity of the members following a fire. Assessing the residual capacity of RC members
following fire exposure is essential for evaluating structural damage, ensuring safety, and
determining appropriate repair strategies. Past events have demonstrated that, with proper
inspection and rehabilitation, most fire-damaged RC structures can be safely restored
and reoccupied [3,4].

According to Kodur and Agrawal (2016) [5], the residual capacity of fire-damaged
reinforced concrete (RC) structures is influenced by several factors, including structural
geometry, fire exposure duration and severity, temperature-dependent material properties,
applied load, and boundary conditions. Among common RC configurations, T-shaped
beams are increasingly used due to their structural efficiency and ability to reduce overall
floor depth. However, their geometry with relatively thin flanges and webs makes them
more susceptible to strength degradation and the onset of instability under fire conditions.
This can significantly affect their residual capacity of T-beams after fire exposure [6].

Previous studies have shown that the residual capacity of fire-exposed RC structures
can be evaluated using testing under laboratory conditions, simplified analytical methods,
or finite element analysis [7,8]. Agrawal and Kodur (2020) [9] proposed a novel three-stage
(pre-fire exposure condition, during fire exposure comprising heating and cooling phases
of fire, and post-fire exposure conditions) experimental approach and applied it to RC
rectangular beams exposed to ASTM E119 fire curve with heating durations of 90 min
and 120 min and load conditions. The findings revealed that rectangular beams retained
considerable residual strength; however, they exhibited large post-fire deformations, affect-
ing serviceability. Liu et al. (2021) [10] tested ten RC T-beams under three different load
levels (i.e., 0, 12%, and 44%), and the ISO 834 standard fire curve with heating durations
of 60 min, 90 min, and 120 min, followed by residual flexural capacity evaluation using
experiments and FE modeling in ANSYS. The results showed that higher load ratios and
longer fire exposure led to greater crack development, increased deflections, and up to
20% strength loss, with stiffness degradation being more significant than strength loss.
Liu et al. (2023) [11] developed a calculation method combining the FE thermal model-
ing and equilibrium analysis to estimate the residual capacity of fire-damaged T-beams,
incorporating fire-induced cracking. Their findings show that crack effects significantly
influence post-fire capacity on concrete beams. In addition to analytical developments
on beam behavior, experimental investigations on other structural members have further
emphasized the importance of cooling conditions in post-fire assessment. Awad et al.
(2022) [12] investigated the influence of different cooling schemes on the ultimate strength
of RC columns and demonstrated that both fire severity and cooling methods significantly
affect strength degradation and stiffness loss. Their findings highlight the critical role of
the cooling phase and internal temperature evolution in determining post-fire capacity.

Recent work by Wang et al. (2024) [13] investigated the fire performance of several
prestressed concrete T-beams subjected to varying fire durations, using both finite ele-
ment and simplified analytical methods. Their results showed up to 93 percent loss in
prestress and a 28 percent reduction in load-carrying capacity. Although several stud-
ies have evaluated the fire performance and residual capacity of rectangular beams and
T-shaped beams independently, direct and normalized comparisons between these two
cross-sectional configurations under identical fire exposure and loading conditions remain
limited. Moreover, existing simplified post-fire assessment approaches are typically vali-
dated for a single geometry and do not explicitly isolate geometry-driven effects. Therefore,
a systematic comparative framework is required to clearly distinguish the influence of
section configuration on post-fire residual behavior.
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The objective of this study is to compare the post-fire residual performance of rein-
forced concrete beams with T-shaped and rectangular cross-sections. To achieve this, two
beams of similar depth, one T-shaped and the other rectangular, were tested under standard
fire exposure to examine their thermal and structural responses during and after fire. In
addition, a simplified approach is proposed to predict the residual strength of fire-exposed
RC beams, providing a practical tool for post-fire evaluation and repair strategies.

2. Response of RC Beam During Fire Exposure

Figure 1 illustrates the typical structural response of a reinforced concrete (RC) beam
prior to fire exposure, during fire exposure, and after cooling down following fire exposure.
The RC beam undergoes three distinct phases during and after a fire: the heating phase,
the cooling phase, and the residual phase. After flashover, cross-sectional temperatures
gradually rise, leading to a reduction in load-carrying capacity and an increase in de-
flection due to degradation in the strength and stiffness properties of both concrete and
reinforcement. Even as the fire temperature begins to decrease during the cooling phase,
internal temperatures within the member remain elevated for an extended period due
to the high thermal inertia of concrete. Depending on the member’s size (thermal mass)
and the severity of the fire, it may take 24 to 72 h for temperatures in the concrete core
to return to ambient levels after fire extinguishment. Once the member cools to ambient
conditions, residual deflection is typically observed. This unrecoverable deformation (as
seen in Figure 1) reflects the extent of structural damage sustained during the fire and
serves as a key indicator of the beam’s residual capacity [14].
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Figure 1. Structural response of a typical RC beam prior to and post-fire exposure.

The residual capacity of a fire-exposed reinforced concrete (RC) beam is influenced by
several factors, including the internal temperature distribution during fire exposure, the
applied load level, peak temperature attained, boundary conditions, cooling rate, cooling
method, and the duration of post-fire strength recovery. Although the cooling method (air
cooling or water quenching) has a limited impact on the post-fire compressive strength of
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concrete, it significantly affects the failure strain and elastic modulus [15]. Concrete that is
quenched typically exhibits a higher compressive strain at failure compared to concrete
cooled gradually under ambient conditions. Apart from these factors, the cross-sectional
geometry of the members also significantly affects the residual capacity and performance
of the beam. However, as indicated in the previous section, there are no studies quantifying
the effect of cross-section geometry on the post-fire residual capacity of concrete beams.
Therefore, post-fire residual capacity tests are performed on beams of rectangular and
T-shaped cross-section; the details of the tests are described in the following sections.

3. Experimental Program

As part of the experimental program, two beams, one rectangular beam designated
as B1 and a T-shaped beam designated as TB1, were tested under the combined effect of
structural and fire loading. Data from the tests is utilized to compare the thermal and
structural response of these beams under three stages, namely, prior to fire exposure, during
fire exposure, and post-fire exposure conditions, respectively.

3.1. Fabrication of Test Beams

Two concrete beams were fabricated at the Civil Infrastructure Laboratory (CIL)
of Michigan State University (MSU). Figure 2 illustrates the fabrication process, where
Figure 2a shows the steel cage and Figure 2b shows the finished concrete surface after
casting. The detailed batch mix proportions for both beams are summarized in Table 1,
along with the measured compressive strengths at 28 days and on the day of testing. The
average compressive cylinder strengths, determined from three specimens per batch, were
58 MPa and 62 MPa for the Bl beam, and 38 MPa and 48 MPa for the TB1 beam at 28 days
and test day, respectively. The higher compressive strength of the Bl beam is attributed
to the addition of a water-reducing admixture, which lowered the overall water/cement
ratio; in addition, the air content of the B1 concrete was also lower than that of the TB1
concrete. The continued gain in compressive strength beyond 28 days can be attributed to
the sustained hydration of the cementitious matrix. The 28-day splitting tensile strengths
of the Bl and TB1 concretes were 3.7 MPa and 2.8 MPa, respectively.

Figure 2. Fabrication of beams: (a) steel cage, (b) finished surface after concrete pour.
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Table 1. Batch mix proportions used in the fabrication of RC beams.

Beam
Mix Design
B1 TB1
Cement (kg/m?) 389.9 335
Water (kg/m?3) 156.4 151
Coarse aggregate (kg/m?) 1036.9 1032
Fine aggregate (kg/m?) 830.1 790
Portland cement type Typel Typel
Coarse aggregate type Carbonate Carbonate
Fine aggregate type Natural sand Natural sand
Water reducing agent 19 B
(kg/m?) '
Slump (mm) 100 100
Water/cement ratio 0.4 0.45
Air content (%) 1.7 5.5
Unit weight (kg/m?) 2415 2410
Split tensile strength—28th
P day (MP ag) 3.7 2.8
Compressive
strength—28th day (MPa) 58 38
Compressive 62 48

strength—test day (MPa)

The beam dimensions were selected based on the constraints of the fire-testing furnace
and loading setup. Both the normal-strength concrete (NSC) rectangular and T-shaped
beams were designed in accordance with ACI 318 provisions (ACI, 2019) [16], and their
geometric details are provided in Table 2. Plywood molds were prepared for casting,
followed by the placement of the reinforcement cages. Ready-mix concrete supplied from
a local batching plant was used for fabrication, and the beam surfaces were leveled and
finished after casting. The specimens were kept in the molds for 7 days to allow initial
curing and were subsequently stored under ambient laboratory conditions of approximately
25 °C temperature and 40% relative humidity until testing.

Table 2. Geometric details of RC beams for fire resistance tests.

p . Beam
roper
perty B1 TB1
Length (m) 3.96 3.96
. . . Flange: 432 x 127
Cross-section, width x height (mm) 254 x 406 Web: 254 x 279
1 . Top: 2-13 mm ¢ Top: 4-12 mm ¢
Longitudinal rebar diameter Bottom: 3-19 mm ¢ Bottom: 3-16 mm ¢
Transverse rebar diameter 10 mm ¢ @ 305 mm c/c

Stirrup rebar diameter 6mme @150mmc/c 10mm ¢ @152 mm ¢/c
Top: 50; Bottom: 38 38

Concrete cover (mm) Left: 38; Right: 38

The design and actual room temperature moment capacities are calculated according
to ACI 318 for the rectangular (B1) and T-shaped (TB1) beams. The design capacity was
determined using the design yield strength of the steel reinforcement and the design
compressive strength of concrete. The actual capacity was calculated using the measured
strengths of concrete and steel reinforcement obtained from laboratory testing at Michigan
State University (MSU) without using a strength reduction factor. For the B1 beam, both

https:/ /doi.org/10.3390/fire9030122


https://doi.org/10.3390/fire9030122

Fire 2026, 9, 122

6 of 23

the design and actual moment capacities were calculated and found to be 121 kNm and
129 kNm, respectively. For the TB1 beam, the design and actual moment capacities were
calculated as 89 kNm and 95 kNm, respectively.

3.2. Instrumentation

The tested beams were instrumented with Type-K chromel-alumel thermocouples
and linear variable displacement transducers (LVDTs) to monitor thermal and structural
responses during testing. Type-K thermocouples with a wire diameter of 0.91 mm were
embedded to monitor temperature development in both the reinforcement and concrete
at three cross-sections along the span of the reinforced concrete beams. Figures 3 and 4
show the elevation views and thermocouple locations for the Bl and TB1 beams. In
Figures 3b and 4b, Sections A-A and C-C indicate thermocouple locations at the loading
points, while Section B-B represents the mid-span. The locations of Sections A-A, B-B,
and C-C for the B1 and TB1 beams are shown in Figures 3a and 4a, respectively. The
notations TC1 to TC15 in Figures 3b and 4b indicate the locations of the thermocouples.
Beam deflections were measured using three linear variable displacement transducers
(LVDTs), placed at the mid-span and at the two loading points.

P (kN) P (kN)

1-430 mm-—=+=-430 1111111

A B kil ke e T

2440 mmy

3660 mm

TC

3960 mm

(@)
,—1C5 TC10—, TC15—,
—TC4 L 4—TC9 | —TC14

=¥

Section A-A

TcT—Hd Tc12—H
W e ¢
e | _1cs 1c6— | _1cg Tc1—~ [ 13
Section B-B Section C-C
(b)

Figure 3. Beam setup and instrumentation of rectangular section beam Bl: (a) elevation view,
(b) thermocouple locations.
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Figure 4. Beam setup and instrumentation of T-beam TB1: (a) elevation view,

(b) thermocouple locations.

3.3. Fire Test Furnace

Two different fire resistance tests were conducted using the structural fire testing
furnace at the Civil Infrastructure Laboratory of Michigan State University (MSU), shown
in Figure 5. To replicate realistic fire conditions, the furnace is integrated with a loading
frame that allows simultaneous application of heat and structural load. The loading frame
consists of steel beams and columns that provide real-time support and loading conditions.
The furnace has a steel frame supported by four columns and includes a fire chamber
measuring 3.05 m in length, 2.44 m in width, and 1.78 m in height. Six natural gas burners,
capable of producing up to 2.5 MW of heat, are mounted on the furnace walls to ensure
uniform heat distribution. Six Type-K chromel-alumel thermocouples are installed on the
interior walls to monitor furnace temperatures. Gas input and ventilation are manually
controlled to maintain furnace temperatures according to the desired fire curve. All sensors,
including thermocouples, linear variable differential transducers (LVDTs), and load cells,
are connected to a data acquisition system for real-time monitoring and recording of
temperature, displacement, and load.

https:/ /doi.org/10.3390/fire9030122
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Figure 5. Fire test setup at MSU Civil Infrastructure Laboratory.

3.4. Test Conditions and Procedure

The fire resistance tests of the RC beams were conducted under predetermined fire
exposure, loading, and boundary conditions. Both beams were tested under simply sup-
ported end conditions and subjected to four-point flexural loading. The loads were applied
at approximately 1.4 m from each support to produce pure flexural behavior in the region
between the loading points, as shown in Figures 3a and 4a. The B1 and TB1 beams were
loaded to approximately 55% and 50% of their flexural capacities, respectively, as calculated
using ACI 318 provisions (ACI Committee, 2008) [17]. The load was applied and held for
30 min prior to fire exposure to stabilize deflections.

In fire testing, the duration of heating is often used to distinguish between short
and long fire exposures. Short-duration curves typically represent heating up to about
90 min, while long-duration curves extend to about 120 min and beyond [9]. In this study,
only the long-duration fire curves were used. The Bl and TB1 beams were exposed to
the long-duration fire curves (LF1 and LF2), respectively, as shown in Figure 6. During
the fire tests, the beams were exposed to fire on three surfaces, i.e., the bottom soffit and
two sides up to a length of 2440 mm for a duration of 120 min following the ASTM E119
standard fire curve. The LF1 curve closely follows the standard fire curve, while LF2 shows
lower temperatures during the heating phase due to the failure of one burner after the test
began. However, the resulting temperature difference between the LF1 and LF2 curves was
generally less than about 100 °C, and this variation is considered small and not expected to
have a significant influence on the post-fire structural performance of the beams. During
the cooling phase, LF2 exhibited a slower temperature drop compared to LF1 because
the cooling fan was turned off to simulate natural cooling. Table 3 summarizes the test
parameters for both beams. Various output parameters, including temperature distribution,
mid-span deflection, and residual capacity, were recorded during the test and are used to
evaluate performance in the following section.

https://doi.org/10.3390/fire9030122
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Figure 6. Time-temperature curves showing heating and cooling phases of the fire scenario used in
the test.

Table 3. Test parameters and results for NSC beam:s.

Beam
Parameters
B1 TB1
Fire exposure LF1 (120 min heating) = LF2 (120 min heating)
Support conditions SS SS
Load applied before fire (minutes) 30 30
P (kN) (ratio to nominal capacity, %) 50 (55%) 32 (50%)
Relative humidity (%) 89.8 92
Measured fire resistance NF NF
Predicted fire resistance (minutes) 90 90
Spalled volume ratio (%) 0.1 0.6
Extent of spalling Minor Minor

NEF: no failure; SS: simply supported; LF: long-duration fire.

4. Comparative Fire Performance of Beams

The generated test data are used to evaluate the comparative fire response of rectangu-
lar and T-shaped beams, with emphasis on the influence of beam geometry on post-fire
residual capacity. The extent of spalling in the B1 and TB1 beams was 0.1% and 0.6%,
respectively, both remaining below 2%, which indicates minor spalling. The slightly higher
spalling in the TB1 beam is attributed to its larger exposed surface area resulting from the
flange. The overall response of the beams is evaluated in three stages: prior to fire exposure,
during fire exposure, and after fire exposure.

4.1. Just Prior to Fire Exposure

The measured pre-fire mid-span deflection (during service life) for both beams is
presented in Table 4. In both cases, deflection increased steadily with the applied load,
exhibiting an almost linear trend until the onset of tensile cracking. This cracking was
primarily localized within the critical region between the two point loads, where a constant
bending moment induced high flexural stresses. The higher mid-span deflection observed
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in the Bl beam is attributed to the greater applied load. After reaching peak load, the
applied load was maintained for 30 min to allow deflections to stabilize before initiating
fire exposure.

Table 4. Pre-fire response of RC beams.

Beam
Parameters
B1 TB1
Nominal capacity, P (kN) 50 (55%) 32 (50%)
Support conditions SS SS
Mid-span deflection (mm) 55 3.2

SS: simply supported.

4.2. Response During Fire Exposure

The thermal and structural responses of the tested beams were evaluated throughout
the duration of fire exposure, as well as during the subsequent extended cooling phase,
defined as the period between fire extinction and the return of the entire cross-section to
ambient temperature. During this stage, key response parameters such as cross-sectional
temperatures, mid-span deflections, spalling, and post-fire residual deformations were
systematically monitored.

4.2.1. Thermal Response

The thermal response of the tested B1 and TB1 beams during fire exposure is illustrated
in Figure 7a,b, which shows the variation in rebar and concrete temperatures at section
BB across the cross-section over time. Unlike the rapid rise in furnace (fire) temperature
during the initial fire exposure duration, the temperatures within the beam cross-section
remained relatively low in the early stages. A significant increase in internal temperatures
was observed approximately 10 to 15 min after the start of fire exposure, by which point
the furnace temperature had already exceeded 700 °C. Figure 7a shows the furnace, corner
rebar, and mid-depth temperature for the Bl beam. Figure 7b shows the furnace, exposed,
corner rebar, mid-rebar, mid-depth, and corner compression rebar temperatures. The
slightly lower temperatures at the exposed surface (TC6) for the TB1 beam compared to the
furnace are due to heat loss through radiation and convection. The temperature rise in the
corner rebar (TC8) of both beams was faster than that in the mid-rebar (TC7). This is because
the corner rebars experienced heat spread from the bottom and side surfaces. It was also
observed that the temperature rise in the inner concrete core (TC9) was significantly slower
due to the low thermal conductivity and high specific heat capacity of concrete, which
reduced heat transfer to the interior core. Cross-sectional temperatures were monitored
until the beam cooled back to room temperature. Notably, the temperature within the beam
continued to increase even after the furnace started cooling, which can be attributed to the
high thermal inertia of concrete that causes heat to redistribute and retain within the section
for a longer duration. Figure 7b also shows the peak temperatures reached during the
cooling phase. The mid-depth (TC9) of the beam showed a stronger influence of thermal
inertia than the outer layers. As a result, the time required for the beam to cool back to
ambient temperature was considerably longer than the heating duration, since the increased
porosity of fire-exposed concrete reduces thermal conductivity and leads to greater heat
retention. In the TB1 beam, thermocouples were also placed on the compression rebars
located within the flange, and these recorded lower peak temperatures compared to the
tension rebars. This behavior highlights the heat shielding effect provided by the flange,
and this helps in the greater stiffness retention observed in the T-shaped beam.

https:/ /doi.org/10.3390/fire9030122
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Figure 7. (a) Measured cross-sectional temperatures in the Bl beam, (b) measured cross-sectional
temperatures in the TB1 beam.
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Figure 8 shows a comparison between the corner rebar (TC8) and mid-depth (TC9)
temperatures of the TB1 and B1 beams. The corner rebar temperatures show similar trends
in both beams, reaching a peak of 500 °C at about 150 min. However, beam B1 exhibits a
mid-depth temperature nearly 15% higher than that of beam TB1. This difference is due
to the presence of a flange in the TB1 beam, which serves as a heat shield, whereas the Bl
beam is more uniformly exposed to heat from all sides [18]. During the cooling phase, the
T-shaped (TB1) beam shows a slower decrease in cross-sectional temperature compared to
the rectangular (B1) beam. This slower cooling rate represents a scenario in which the fire
is allowed to decay naturally.

—e— TBI1 (corner rebar)

—+— Bl (corner rebar)
TB1 (mid depth)

—— B ((mid depth)

200 400 600 800 1000
Time (minutes)

Figure 8. Measured corner rebar (TC8) and concrete mid-depth (TC9) temperatures as a function of
fire exposure time in the tested B1 and TB1 beams (heating and cooling phases), as well as extended
cool down.

Overall, the T-beam experienced marginally lower temperatures at mid-depth com-
pared to the rectangular beam due to the presence of the flange, which acted as a heat
shield. It also cooled more slowly, reflecting the combined effect of thermal inertia and
the natural decay of the fire. In addition, the slower cooling in the T-beam can be partly
attributed to the use of natural cooling, whereas the rectangular beam was subjected to
fan-assisted cooling.

4.2.2. Structural Response

Figure 9 shows a comparison between the structural response of the TB1 and B1 beams
during the heating phase, cooling phase, and extended cooldown phase based on mid-span
deflection measurements. Beam B1 with a rectangular section undergoes slightly higher
deflection during the first 20 min of fire exposure. This is due to the applied loads having a
dominant influence on deflection during the early stages of heating.

https:/ /doi.org/10.3390/fire9030122
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Figure 9. Measured deflection response at mid-span of tested RC beams during fire exposure (heating
and cooling phases) and extended cooldown.

As fire exposure continues, cross-sectional temperatures rise, and the thermal gradient
across the beam depth decreases because the heat gradually penetrates from the surface
to the core. As a result, the temperature difference between the outer and inner regions
reduces, leading to a more uniform temperature distribution within the section. Mid-span
deflection increases gradually, mainly due to the degradation of mechanical properties,
particularly the elastic modulus of the reinforcing steel.

Both beams were exposed to 120 min of heating following the ASTM E119 standard
fire curve [19]. After 20 min, the mid-span deflection of the TB1 beam exceeds that of the
B1 beam. This behavior is attributed to the reduced effective stiffness of the flange, which
is directly exposed to heat on its bottom surface, resulting from rapid temperature rise
and early material degradation. Additionally, the non-uniform temperature distribution
between the flange and web further contributes to the loss of stiffness. The larger heat-
exposed surface area of the TB1 beam, combined with its lower elastic modulus compared
to the B1 beam, is also likely to have contributed to the greater deflection response. The
peak mid-span deflections of the B1 and TB1 beams are 33 mm and 57 mm, respectively,
occurring around 160 min. After this period, the beam deflections recover slightly, with the
rectangular cross-section beam recovering faster.

The deflection trends, shown in Figure 9, indicate that mid-span deflection is strongly
influenced by the peak temperature attained in the tensile reinforcement. After 120 min of
heating, the deflection continues to increase as the rebar temperature remains above 400 °C.
The residual deflection in both beams begins to stabilize at around 700 min, corresponding
to a rebar temperature of approximately 150 °C. Therefore, the cooling-phase data from
700 to 1000 min were retained to allow the beams to further cool down and to monitor
whether any additional deflection recovery or delayed deformation occurred during the
stabilization stage. The final stabilized cooldown deflections for the TB1 and B1 beams are
51 mm and 23 mm, respectively.
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To provide a more quantitative interpretation of stiffness degradation during heating,
an effective flexural stiffness trend can be inferred from the load—deflection response.
Although both beams were subjected to comparable load ratios (55% for B1 and 50% for
TB1), the peak mid-span deflection of TB1 (57 mm) was approximately 73% higher than
that of B1 (33 mm). At the end of the 120 min heating phase, TB1 exhibited significantly
greater deflection despite similar peak rebar temperatures (~500 °C), indicating a more
pronounced reduction in effective stiffness. This accelerated stiffness degradation in the
T-beam can be attributed to its larger exposed surface area (approximately 17% higher)
and the direct exposure of the flange soffit, which led to earlier thermal softening in the
compression zone.

Furthermore, the difference in residual deformation (51 mm for TB1 versus 23 mm for
B1) suggests differences in curvature distribution and compression block behavior. In the T-
beam, the upward shift of the neutral axis into the flange region during heating reduced the
effective compression block depth and increased tensile strain demand in the reinforcement.
This resulted in larger curvature development at mid-span and greater unrecoverable
deformation. In contrast, the rectangular beam maintained a more uniform compression
zone, contributing to improved stiffness retention and lower residual curvature. These
geometric effects, combined with thermal gradients across the flange and web, provide
a mechanistic explanation for the higher deflection and residual deformation observed
in the T-beam.

Table 5 presents a comparison of the key structural and thermal response parameters
of the B1 and TB1 beams subjected to fire exposure. Both beams experienced similar peak
rebar temperatures of 500 °C, suggesting equivalent thermal exposure. However, the TB1
beam showed a significantly higher peak mid-span displacement (57 mm) and residual
deformation (47 mm) than the Bl beam (33 mm and 16 mm, respectively), indicating greater
structural damage and reduced stiffness retention. The cracking moments during the pre-
fire stage were comparable for both beams, with the B1 beam having a slightly higher value
(38.5 kNm) than the TB1 beam (37.6 kNm). Overall, the Bl beam demonstrated better fire
performance in terms of deformation control, which can be attributed to the larger exposed
surface area of the TB1 beam.

Table 5. Summary of measured response for tested beams.

Beam
Parameters
B1 TB1
Peak rebar temperature (°C) 500 500
Peak mid-span displacement (mm) 33 57
Residual deformation (mm) 16 47
Residual capacity (kN) 93 82
Cracking moment, M (kNm) 38.5 37.6

4.3. Residual Response of Fire-Damaged Beams

Both beams, B1 and TB1, did not attain failure during the entire fire exposure and
extended cooling phase period. Following the cooldown, the residual capacity of the TB1
beam was evaluated by incrementally loading it to failure. The load—deflection response
and failure mode were monitored during this test. Mid-span deflection for each beam was
measured using LVDTs installed at the mid-span. The measured load—-deflection responses
for the B1 and TB1 beams are shown in Figure 10. The fire-damaged beams exhibit three
distinct phases in the deflection response: an initial linear phase (A-B), the onset of yielding
in the steel reinforcement (point B), and a plastic deformation phase with strain softening
until failure (B-C).
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Figure 10. Load versus deflection response of fire-damaged reinforced concrete beams during residual
capacity tests.

In the first phase (A-B in Figure 10), the load—deflection response of the fire-damaged
beams follows a linear trend, consistent with the behavior of a cracked section, until the
onset of yielding in the steel reinforcement. This response is attributed to extensive tensile
cracking and temperature-induced material degradation in concrete and rebars during
fire exposure.

The stiffness of fire-exposed RC beams is influenced by several factors, including
the peak temperatures attained within the cross-section, the level of loading during fire
exposure, material degradation of concrete and steel reinforcement, the area exposed to
fire, and the ambient capacity of the beam. These factors collectively affect the post-fire
stiffness of RC beams.

The second phase of the load-deflection response is marked by the onset of yielding
in the tensile steel reinforcement. Beams B1 and TB1 both experienced similar peak rebar
temperatures of 500 °C, and yielding of steel occurred at loads of 93 kN and 82 kN,
respectively. The Bl beam yielded at a load approximately 13.4% higher than the TB1 beam,
despite being exposed to fire for the same duration. This difference can be partly attributed
to the higher room temperature capacity of the Bl beam and its smaller exposed surface
area during fire exposure due to the absence of a flange.

At room temperature, the nominal moment capacities of the Bl and TB1 beams were
estimated as approximately 127 kNm and 90 kNm, respectively, indicating that the Bl beam
possessed about 41% higher load-carrying capacity prior to fire exposure. When compared
on a normalized basis, the smaller difference in residual strength after fire (13.4%) suggests
that the TB1 beam experienced a relatively lower reduction in load-bearing capacity than the
B1 beam. This observation highlights the importance of considering residual performance
normalized by ambient capacity when comparing fire-damaged beams with different
cross-sectional configurations.
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Figure 10 (B-C) shows that the delayed strain-softening in the T-beam compared to the
rectangular beam is mainly due to the flange, which provides a wider compression zone
and reduces stress concentration in concrete. The flange delays crushing and stabilizes post-
yield behavior, allowing the beam to sustain nearly constant load over a larger deformation
range [20]. Figure 11a,b show the crack patterns and failure modes of both beams after the
residual capacity test. The T-beam exhibited a greater number of flexural cracks than the
rectangular beam due to the presence of the flange, which shifted the neutral axis upward
and caused the compression zone to lie within the flange. This shift led to higher strain in
the steel reinforcement, resulting in increased flexural ductility. Consequently, more cracks
developed, and several of them extended through the flange region [20]. The orientation
and extent of cracking around the mid-span clearly indicate flexural failure. Since the
beam ends (support zones) were not exposed to fire, the shear capacity at the supports did
not reduce significantly, unlike the flexural capacity at the mid-span. The large mid-span
deflection relative to the beam span further confirms a flexural (ductile) failure mode.

(b)

Figure 11. Crack pattern and failure mode after residual capacity test for beams: (a) B1, (b) TB1.

The experimental program included only two specimens, and the measured com-
pressive strengths differed by approximately 23%. In addition, the rectangular beam
incorporated a water-reducing agent, which may have influenced its initial stiffness and
cracking behavior. Although the residual capacity calculations were based on the measured
material properties of each beam to account for these differences, some inherent material
variability remains. These variations may have a minor influence on both during the fire
response and the post-fire residual capacity assessment; however, their effect is expected
to be small relative to the dominant influence of section geometry under identical fire
exposure and loading conditions. Accordingly, while geometry-driven trends are evi-
dent, the potential contribution of material variability is acknowledged as a limitation of
the study.

5. Simplified Approach for Post-Fire Assessment

In order to further highlight the difference in residual capacity of T and rectangular
beams, a simplified approach is applied to analyze the effect of cross-section on the residual
response of beams. This simplified approach is based on the following assumptions:
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The plane section of the beam remains unchanged before and after bending. There is no
relative bond slip between the rebar and concrete during or after fire exposure. The tensile
contribution of concrete in the tension zone is neglected. The residual strength using a
simplified approach for RC beams after fire exposure is determined using the following
procedures and is discussed in the following subsections.

5.1. Concrete Cross-Section Temperature and Maximum Rebar Temperature

The maximum temperature in the rebar and concrete cross-section can be estimated
using empirical methods or heat transfer models developed utilizing finite element-based
software. In this study, a heat transfer model developed in ABAQUS (2023) was used to
determine the cross-sectional temperatures of the beam. The element types used to model
the concrete and steel reinforcement were C3D8T and T3D2T, respectively. A mesh size of
15 mm x 15 mm was used for the concrete. These elements are capable of conducting heat
through the beam model under applied transient temperatures, which were initiated at the
fire-exposed surfaces.

The C3D8T element is an eight-node, thermally coupled brick element with three
translational degrees of freedom in the X, y, and z directions [21]. The T3D2T element is
a two-node, thermally coupled truss element used to model one-dimensional reinforcing
bars or rods [21]. The interaction between concrete and reinforcement was modeled using
the embedded region constraint, where the reinforcement was defined as embedded in the
concrete. This constraint allows for the effective transfer of temperature from the concrete
to the steel reinforcement at corresponding locations.

The fire-exposed surfaces of the C3D8T elements were used to simulate heat transfer
due to convection and radiation. According to Eurocode 2 (2004) [22], a convective heat
transfer coefficient of 25 W/m?2-°C was applied to the fire-exposed surfaces. For the
unexposed surfaces, a lower coefficient of 5 W/m?-°C was used to represent radiative
heat exchange with the surroundings. An emissivity value of 0.5 was adopted for the
fire-exposed concrete surfaces. The material properties used for the concrete and steel
rebars were taken from Eurocode 2 (2004) [22].

The isotherms obtained from the heat transfer model at 120 min for the Bl and
TB1 beams are shown in Figures 12a and 12b, respectively. The peak rebar tempera-
tures predicted by the model were consistent with the temperatures measured during the

fire tests.

\ NT11
+8.943e+02
+8.235e+02
+7.527e+02
+6.820e+02
+6.112e+02
+5.405e+02
+4.697e+02
+3.98%e+02
+3.282e+02
+2.574e+02
+1.867e+02
+1.15%e+02
+4.515e+01

(b)

Figure 12. Isothermal distribution in the RC beam at 120 min: (a) rectangular (B1), (b) T-shape (TB1).
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5.2. Residual Strength in Rebar and Concrete

An increase in cross-sectional temperature leads to a reduction in the strength of both
rebar and concrete. While rebar recovers most of its strength and stiffness upon cooling, it
does not regain its full strength if the peak temperature exceeds 500 °C [2,23,24]. According
to Neves et al. (1996) [24] and Kodur et al. (2013) [2], the temperature-dependent residual
strength of rebar can be estimated using the equation proposed in their study, as shown

fyt T — 500
1o <
3 1 028><< 200 )_1 (1)

where fy, fyr, and T represent the yield strength at room temperature, yield strength at

in Equation (1).

elevated temperature, and temperature of rebar, respectively. In the case of concrete, it
experiences severe degradation beyond approximately 600 °C due to decomposition of
hydration products and extensive microcracking. Therefore, its compressive strength is
assumed to be zero when the temperature exceeds 600 °C. For temperatures less than
or equal to 300 °C, the compressive strength is considered to be equal to its value at
ambient conditions. The post-fire compressive strength of concrete can be estimated using
a simplified representation, as proposed in analytical studies [13]. The proposed equation is
a conservative but widely adopted simplification in post-fire calculation methods to avoid
overestimation of compression capacity in heavily heated regions.

5.3. Residual Capacity Evaluation

The ACI 318 provisions are employed to determine the post-fire neutral axis depth of
the beam. The moment capacity for rectangular beam B1 is calculated using Equation (2):

fyT As

0.85 fc b
Mar = fyr As(d— 220, @

where My, As, fe, b, and d represents residual moment capacity, area of rebar, compressive
strength of concrete, width of flange, and effective depth, respectively.

For T-beams, two different cases are considered in the calculation of the moment
capacity, depending on the location of the neutral axis. In Case I, the neutral axis lies within
the flange, and the capacity is computed using Equation (2). In Case II, the neutral axis lies
within the web region, and the capacity is computed using Equation (3).

Case II, when a neutral axis lies in the web, is shown as follows:

N <?

©)

Mt = 0.85 Kep fe bt £ (\7 n t2f> +0.85 Kaw fe bu (\7> d—

where t; and by, represent the thickness of the flange and the width of the web.

. 7 S fyr As — 085 Kef fe by £
In Equation (3), V is expressed as V = 085 Ky 7 B
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where K and K.y represent the equivalent strength reduction factors for the flange

)

Kew =

and web, respectively. r and g are the total number of elements for the flange and web,
respectively. fqi represent the residual compressive strength of concrete at the ith element
after fire exposure. A; denotes the area of the ith element. Ap and Ay represent the area
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of the flange and the area of the web, respectively. Thus, the summations };_; fcri4;
and Zig:l fc1iAj represent the post-fire effective compressive capacity of that region. The
denominators f.Afp and f. A, correspond to the ambient capacity of the flange and web,
respectively. Using these parameters, the depth of neutral axis (y) can be determined by
dividing the height of the stress block () by the block parameter ([3), where 3 is obtained
from ACI 318 and « is calculated as (#j}cm).

Table 6 presents a comparison of the predicted and measured residual strengths
of the rectangular (B1) and T-shaped (TB1) beams. Both beams were exposed to fire
following the ASTM E119 standard for 120 min. The peak rebar temperatures from both the
measured and predicted values are in close agreement, indicating good accuracy of the heat
transfer model.

Table 6. Comparison of predicted and measured residual strength in fire-exposed RC beams.

Measured Residual Value Predicted Residual Value

Beam C r Maximum Rebar Momept Maximum Rebar Mome_nt
Time (min) Temperature (°C) C&pNaICI:’;y Load (kN) Temperature (°C) C(il’l)\?;i;y Load (kN)
Bl 500 130.2 93 500 119.8 85.6
TB1 500 114.8 82 500 88.2 63

The validity of the proposed approach was evaluated by comparing the predicted
moment capacities with the values obtained from the residual strength tests. The predicted
residual flexural capacities for both beams are conservative, ranging from approximately
10% to 20% lower than the measured values. This difference is mainly due to the fact that
the proposed approach does not account for strain hardening, similar to the approach
adapted in room temperature design, as specified in ACI 318 (ACI, 2008) [17]. Strain
hardening in rebars can enhance the flexural capacity of reinforced concrete beams at
ambient conditions [2].

As shown in Table 6, the predicted residual capacity of the TB1 beam is approximately
20% lower than the predicted value, while for the Bl beam, the predicted value is about 8%
lower. The larger difference in the TB1 beam can be attributed to a greater contribution from
strain hardening in its reinforcement. The difference between the predicted and measured
flexural capacities generally decreases with increasing rebar temperature [2]. This is because
at higher temperatures, as steel softens, the effect of strain hardening reduces, making
the predicted capacity closer to the measured value. Overall, the proposed method can
estimate the residual load-carrying capacity of fire-exposed RC beam:s.

The simplified model does not explicitly incorporate post-fire strain hardening of
reinforcement. Inclusion of even modest post-yield strength enhancement could increase
the predicted moment capacity by a few percent, thereby contributing to the conservative
underprediction observed in the analytical results. For the T-beam, the larger discrepancy
is further associated with flange compression block behavior. During heating, the upward
shift of the neutral axis into the flange reduces the effective compression block depth
and increases curvature demand. These geometric and thermal interaction effects are not
fully captured by the simplified rectangular compression block idealization, which may
underestimate the residual compression contribution of the flange.

6. Application of the Simplified Approach in a Parametric Study

The simplified approach is further applied to carry out a parametric study on rectangu-
lar and T-shaped reinforced concrete (RC) beams with varying cross-sectional dimensions.
The geometric and material properties of the beams are presented in Table 7. In Table 7,
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beams BI and BII represent rectangular beams, while beams BIII, BIV, BV, BVI, and BVII
represent T-shaped beams.

Table 7. Properties for RC beams used in the parametric study.

Beam
Property Rectangular T-Shape
BI BII BIII BIV BV BVI BVII
Length (m) 3.96 3.96
Flange: Flange: Flange: Flange: Flange:
. 372 x 127 532 x 127 532 x 127 532 x 80 532 x 80
Cross-sectional (mm) 210 x 350 300 x 500 Web: Web: Web: Web: Web:
210 x 223 300 x 373 240 x 373 300 x 420 240 x 420
s : Top: 2-14 mm ¢ Top: 4-14 mm ¢
Longitudinal rebar diameter Bottom: 3-20 mm & Bottom: 3-20 mm &
Transverse rebar diameter - - 10 mm ¢ @ 305 mm c/c
Stirrup rebar diameter 10mm ¢ @150 mm c/c 10mm ¢ @150 mm c/c
Concrete cover (mm) 40 40
f’c (MPa) 30 30
f’y (MPa) 400 400

Beams BII, BIV, and BV also share the same overall depth. Beam BIV has the same
web width as beam BII, whereas beam BV has a 20% reduction in web width to evaluate
the effect of reduced web thickness. Beams BVI and BVII, which are similar to beams BIV
and BV, respectively, have a 37% reduction in flange thickness. All beams were exposed to
the three sides of the ASTM E119 standard fire curve for durations of 60, 90, and 120 min.
This parametric study enables the evaluation of how variations in web thickness and flange
depth influence the residual capacity of beams with the same overall depth.

Table 8 presents the results of the parametric study for rectangular and T-shaped
beams with varying cross-sectional properties under different fire exposure durations.
For beams with similar depth but different cross-sections, the moment capacity at room
temperature ranges from 96.05 kNm (beam BI) to 160.64 kNm (beams BIV to BVII).

After 60 min of ASTM E119 fire exposure, the peak reinforcement temperature in
all beams reached approximately 298 °C. At this temperature, the reductions in residual
flexural capacity were 2% and 0.5% for beams BI and BIII, 1%, 0.2%, and 0.2% for beams
BII, BIV, and BV, and 0.5% for beams BVI and BVII. When the exposure duration increased
to 90 min, the peak rebar temperature rose to 420 °C, resulting in further capacity losses of
6% and 2% for beams BI and BIII, 2%, 0.4%, and 0.4% for beams BII, BIV, and BV, and 1%
for beams BVI and BVII. After 120 min, the rebar temperature reached about 516 °C, and
the combined degradation of concrete and steel led to larger capacity reductions of 8% and
3% for beams BI and BIII, 3%, 2%, and 2% for beams BII, BIV, and BV, and 3% for beams
BVI and BVIL Overall, the results indicate that the reduction in residual flexural capacity
remains relatively small even after 120 min of ASTM E119 fire exposure.

This modest reduction is consistent with the predicted post-fire material degradation
at this exposure level. At 120 min, the peak rebar temperature of approximately 516 °C
corresponds to a residual yield strength of about 0.985f; based on Equation (1), indicating
only limited steel strength loss. Similarly, the post-fire concrete strength ranges from
approximately 0.68f. to 0.86f., depending on the cross-section, which is determined by
estimating the average temperature of the compression block above the neutral axis and
applying the corresponding reduction relation. Since the governing reduction factors for
both steel and concrete remain moderate at this stage, the resulting decrease in residual
flexural capacity is correspondingly limited, as reflected in Table 8.
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Table 8. Results for RC beams used in the parametric study.
Moment Capacity Peak Rebar Prec!lcted
at Room . . Residual
Beam Type Time (min)  Temperature .
Temperature Q) Capacity
(kKNm) (kNm)
Beam BI 60 298 94.16
(Rectangular) 96.05 90 420 90.70
120 516 88.79
Beam BII : 60 298 155.09
(Rectangular) 56.6 90 420 154.35
120 516 151.96
Beam BIII 60 298 101.3
(T-shape) 101.84 90 420 100.41
120 516 98.75
Beam BIV 60 298 160.36
(T-shape) 160.64 90 420 159.96
120 516 157.50
Beam BV 60 298 160.26
(T-shape) 160.64 90 420 159.94
120 516 157.44
Beam BVI 60 298 159.77
(T-shape) 160.64 90 420 159.41
120 516 156.4
Boam BVII 60 298 159.85
(T-shape) 160.64 90 420 159.3
120 516 156.2

The predicted responses consistently show lower capacity degradation in T-shaped
beams compared to rectangular beams, in agreement with the experimental observations.
Because all beams were modeled with a constant 40 mm concrete cover, the peak reinforce-
ment temperatures remained nearly identical across different cross-sections, confirming
that reinforcement heating is governed primarily by cover thickness rather than section ge-
ometry. This observation aligns with the findings of Vishal and Satyanarayanan (2022) [25],
who also reported that cover thickness plays a dominant role in controlling reinforcement
temperature under fire exposure. Therefore, differences in residual capacity arise mainly
from variations in compression block geometry and stiffness distribution. These results
indicate that appropriate proportioning of flange and web dimensions in T-beams can en-
hance post-fire residual strength without altering cover depth, providing practical guidance
for structural fire design and assessment.

7. Conclusions

The experimental investigation provides valuable insights into the fire behavior and
post-fire performance of rectangular and T-shaped reinforced concrete beams. Based on the
measured thermal and structural responses, the following conclusions are drawn:
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1.  Both rectangular and T-shaped beams experience similar peak rebar temperature
because reinforcement heating is governed by concrete cover, and not by the cross-
sectional geometry.

2. The T-shaped beam exhibited significantly higher mid-span deflection during fire
exposure despite similar peak rebar temperatures. This is mainly due to a larger
exposed surface area, which accelerates heat transfer and stiffness degradation.

3. The T-shaped beam developed more and wider flexural cracks in the post-fire residual
test. This is mainly due to the upward shift of the neutral axis, which reduced the
compression zone and increased tensile strain in the reinforcement, leading to greater
crack formation.

4.  Rebar temperature is dictated primarily by cover thickness, but relative residual ca-
pacity still differs between different cross-sections due to differences in compression
block geometry and stiffness distribution. Proper proportioning of flange and web
geometry (thicker flange and thinner web) of T-beams can offset geometric vulner-
abilities to fire-induced stiffness degradation, and this can achieve higher post-fire
residual capacity.

5. The simplified method proposed here provides conservative estimates of post-fire
residual capacity, typically within 10-20% of detailed numerical predictions, making
it suitable for rapid post-fire evaluations where detailed analysis is impractical.

6. Fire damage evaluation solely based on peak rebar temperatures is inadequate.
A comprehensive assessment incorporating residual deflection, stiffness degrada-
tion, and crack mapping, with due consideration to sectional geometry (rectangular
or T), is essential for developing effective post-fire residual capacity assessment and
rehabilitation strategies.
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