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Abstract

In this study, experiments were performed on carbon fiber reinforced polymer (CFRP) retrofitted postfire reinforced
concrete (RC) beams, followed by theoretical analyzes. Experiments were conducted on eleven RC beams, which were
exposed to different fire durations and retrofitted with CFRP in flexure and shear. The experimental results indicated that
fire shifted the flexure failure to the flexure-shear failure of postfire RC beams. CFRP retrofitted postfire RC beams
experienced progressive peeling-off failure. FRP retrofitting significantly increased the yield deflection by 58.2-97.3%
but decreased the ultimate deflection by 43.0—55.5% compared with that of the control beam. Consequently, the ductility
was reduced by 69.7-74.7%, categorized as low ductility. CFRP retrofitting successfully increased the strengths of 30-min
postfire beams by up to 23.1% higher than those of the control beam. Fire significantly decreased the stiffness of postfire
beams by 46.4—49.2% compared with that of the control beam, whereas CFRP retrofitting did not fully recover the stiffness
of postfire beams. Finally, a simple model of the moment capacity of postfire beams without/with CFRP retrofits was
developed based on the practicability of limited data feasibly obtained from real fires. The proposed model, with its
simplicity, practicability, and reasonable accuracy, can be a useful tool for structural engineers in the FRP retrofitting of
postfire RC structures.
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1. Introduction

Fire negatively affects structures and results in various damage extents, including collapse [1, 2]; therefore, postfire
members/structures cannot perform their original design function. Except in cases of collapse [3, 4], post-fire buildings
fall somewhere between the two options: 1) demolishing and rebuilding or 2) retrofitting. The second option seems
preferable since it is significantly more cost-effective than the first one. To meet the requirements of the original design,
postfire structures must be retrofitted to improve their performance.

Fiber-reinforced polymer (FRP) has demonstrated itself as a material of choice for retrofitting buildings in general
and post-fire buildings because of its flexible and favorable properties, e.g., high strength, high corrosion resistance, low
weight, ease of usage, and quick construction. FRP applications for reinforcement of structures have drawn a lot of
attention from academics worldwide in recent decades [5, 6]. Researchers’ findings were incorporated into retrofitting
design guidelines such as ACI 440.2R-17 [7]. FRP can be used to wrap concrete columns to increase their axial load-
carrying capacity [8-10]. FRP can also be used for shear strengthening [11-13] and flexural strengthening [14, 15].
With its flexible characteristics, FRP can be used for combined retrofitting [16]. FRP can be used to repair damaged
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reinforced concrete (RC) structures [17-19], or damaged concrete [20]. FRP offers various solutions using the externally
bonded (EB) technique [21] and near-surface mounted (NSM) technique [22—24]. External bonded reinforcement on
grooves (EBROG) is another solution [25], which was reviewed by Sanginabadi et al. [26]. Such FRP solutions are
almost free from problems of modifying the architecture, occupying the living space of buildings, or adding load to
structures when compared with conventional retrofitting methods, e.qg., steel braces or sectional enlargement.

The EB technique is commonly used for FRP retrofitting, and its effectiveness has been confirmed by researchers.
Sharif et al. [21] conducted experiments on the efficacy of EB FRP strengthening of preloaded RC beams and discovered
that the increase in FRP thickness increased the flexural strength but reduced the ductility. EB carbon fiber reinforced
polymer (CFRP) retrofitting significantly increased the ultimate load-carrying capacity of pre-cracked RC beams [27].
Spadea et al. [28] found that EB CFRP considerably reduced the ductility and deformation capacities of RC beams,
whereas adequate anchorages increased the ductility and load-carrying capacity by about 65% and 70%, respectively.
EB FRP retrofitting increased the flexural strength of pre-cracked RC beams while the failure became more brittle [29].
EB CFRP can be used to repair corroded RC beams [30], and EB FRP retrofit recovered the corroded RC beams to the
control RC beams [31]. EB FRP retrofitting significantly increased the ultimate deformation capacity [32]. The ultimate
load-carrying capacity of EB FRP retrofitted RC beams was 230% of the control beam [33]. White et al. [34] examined
the response of RC beams retrofitted with EB CFRP laminates under various loading rates and discovered that the
loading rates did not affect the ductility and failure mechanism. In addition, EB CFRP strengthening decreased ductility
and energy absorption but increased flexural strength and stiffness. Malek & Patel [35] derived equations for designing
RC beams that were strengthened with EB FRP laminates. The damaged RC beams retrofitted with EB CFRP laminates
had much higher stiffness and load-carrying capacity than the control beam [36]. Jeevan and Jagannatha Reddy [37]
found that EB CFRP strengthening without/with anchorages increased the load-carrying capacity of CFRP retrofitted
RC beams by 34.0% and 48.5% compared with that of the control beam, respectively. Recently, Al-Ghrery et al. [38]
found that EB CFRP increased the flexural load-carrying capacity, and the retrofitted RC beams failed by intermediate
cracked debonding. Choi et al. [39] evaluated the long-term behavior of 15-year-old RC beams retrofitted with EB glass
FRP (GFRP) and confirmed the long-term effectiveness of this retrofitting. Li et al. [40] developed a model to predict
the flexural strength of RC beams retrofitted with CFRP, considering the intermediate crack. EB FRP strengthening
investigations have been thoroughly reviewed by Fayyadh & Razak [41] and most recently by Askar et al. [42].

In narrowing the discussion on FRP retrofitting of postfire RC beams, different aspects have been investigated by
researchers. Liu et al. [43] analyzed failure modes of CFRP retrofitted RC beams exposed to fire and showed that fire
significantly decreased the shear capacity, leading to shear failure of retrofitted beams in fire. The fire behavior of RC
beams was not always improved by increasing the fire insulation thickness. Ahmed & Kodur [44] tested one control RC
beam and four EB CFRP retrofitted RC beams simultaneously subjected to load and fire and found that the anchorage
configurations had a substantial impact on the deflection of the retrofitted beams. RC beams, which were strengthened
with FRP and had a 25-mm-thick insulating layer, were able to endure the test fire. Yu and Kodur [45] tested four RC
T-sectional beams retrofitted with near-surface mounted (NSM) FRP under load and fire with consideration of fire
protection. The results indicated that, under sustained service loads, NSM FRP retrofitted RC T beams without fire
protection could have a fire resistance of up to 3 h. NSM FRP retrofitted RC T beams under higher service loading can
achieve a similar fire resistance to the control beam. NSM FRP could resist the tensile forces if its anchorage zone was
well protected. Jiangtao et al. [46] indicated that the fire resistance of NSM CFRP retrofitted RC beams could be more
than 3 h if appropriate fire protection was used. Their experimental results also proved that NSM CFRP strengthening
exhibited much better fire performance than EB CFRP strengthening. Truong et al. [47] found that GFRP strips using
epoxy beneficially retained the flexural strength of retrofitted postheated RC beams. However, the effect of GFRP strips
using mortar on deformability was more pronounced than that on flexural strength. Recently, Nguyen & Van Cao [48]
confirmed that NSM GFRP retrofitting recovered and increased the strength of postfire RC beams by 39% compared
with control RC beams. Fire and NSM GFRP significantly changed the flexure failure to peeling-off failure of concrete
between GFRP and steel, decreasing the ductility. NSM GFRP slightly improved the elastic stiffness and significantly
increased the plastic stiffness.

FRP retrofitting has been extensively investigated for RC structures at normal temperature conditions; however, it
seems to be less explored for those after fire exposure. In addition, postfire structures experienced reductions in both
flexural and shear capacities. Thus, these structures need to be retrofitted in flexure and shear, which seem to have been
limitedly investigated as reviewed above. In this direction, this study aimed at combining flexural and shear EB CFRP
to strengthen postfire RC beams. To achieve this aim, experiments on eleven RC beams were performed, followed by
analytical investigations. In the experiments, ten RC beams were exposed to fire and then retrofitted with both flexural
and shear CFRP using different numbers of U wraps. These ten retrofitted postfire beams and the control beam were
loaded until failure. The test results were analyzed and discussed to come up with conclusions. In theoretical analyzes,
the load-carrying capacities of postfire RC beams without/with FRP retrofitting were calculated and compared with
those obtained from the experiments. The comparisons indicated a reasonable agreement between the two results. A
model was proposed to predict the load-carrying capacity of CFRP-retrofitted postfire RC beams, which can be a helpful
tool for engineers in practice.
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2. Experimental Program
2.1. Materials and RC Beams

The mix per m® of concrete included 327 kg of PC 40 cement, 0.880 m® of stone aggregate (coarse aggregate) with
a maximum size of 22 mm, 0.475 m? of river sand (fine aggregate) with a maximum size of 4 mm, and 185 L of water.
Three cylinder samples of concrete with a diameter x height = 150x300 mm were taken. Their average compressive
strength at 28 days was 24.3 MPa. The length and cross section of the tested beams were 1800 mm and 150200 mm,
respectively. The longitudinal steel was 414 and the transverse steel was ¢6 with intervals of 100 mm. Six $14 steel
samples had an average yield and ultimate stresses of 443.6 MPa and 535.4 MPa, respectively. Six ¢6 steel samples had
an average yield and ultimate stresses of 334.9 MPa and 466.4 MPa, respectively. The steel arrangement and dimensions
of the tested beams are shown in Figure 1. The concrete cover had a thickness of 25 mm, which was measured at the
center of the ¢6 stirrups. CFRP was used for retrofitting postfire RC beams. A CFRP layer had a thickness of 0.131 mm.
The average tensile strength of six CFRP specimens was 2825.6 MPa.

$6@100 2014 $6@100

| S 4914

200

L 1800 2614 \ 150

Figure 1. Dimensions and steel arrangement (in millimeter)

Figure 2-a shows the steel reinforcement and formwork of eleven tested beams prior to concrete casting. Figures 2-
b and 2-c show these RC beams after casting concrete and after removing the formwork, respectively. The flowchart of
the experiments is shown in Figure 2-d. The labels of these beams were permanently written at the beam ends, and
printed labels were temporarily attached for picture-taking purposes. The structure of beam labels is "Bt-Ui", where B
designates the beam, t is the fire exposure duration of 30 and 60 min, U designates the U-wrapping, and i = 1, 2, 3, and
4 are the number of U-CFRP pairs wrapped at each beam end. For example, B30-U2 means that this RC beam was
exposed to a 30-min fire and was then retrofitted with CFRP configuration U2. Table 1 shows details of the tested RC
beams, including names, fire durations, and CFRP retrofitting. These beams were classified into three groups by fire
duration, namely B0, B30, and B60. Group BO included one beam BO. Group B30 included one beam B30 and four
CFRP retrofitted postfire beams. Group B60 was similar to group B30 but the fire duration was 60 min. Beam BO is the
control beam, while beams B30 and B60 can also be considered the control beams of groups B30 and B60, respectively.
Four retrofitting configurations, namely U1, U2, U3, and U4, are presented in Section 2.3. For convenience, four
retrofitted postfire beams of groups B30 and B60 can be sub-grouped as B30-U and B60-U, respectively.

a) Reinforcement and formwork b) Beams after casting and concrete samples

\ 11 RC beams \

\ Fire tests \

\ GFREP retrofitting \

\ Loading tests \

c) RC beams d) Flowchart of the experiments

Figure 2. Reinforcement, concrete casting, RC beams, and the flowchart
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Table 1. Labels and retrofitting of beams

No. Group Beam name Fire duration (min) FRP retrofitting
1 BO BO 0 No
2 B30 30 No
3 B30-Ul 30 FRP retrofitting U1
4 B30 B30-U2 30 FRP retrofitting U2
5 B30-U3 30 FRP retrofitting U3
6 B30-U4 30 FRP retrofitting U4
7 B60 60 No
8 B60-U1 60 FRP retrofitting U1
9 B60 B60-U2 60 FRP retrofitting U2
10 B60-U3 60 FRP retrofitting U3
11 B60-U4 60 FRP retrofitting U4

2.2. Fire Tests

Vol. 9, No. 07, July, 2023

RC beams of groups B30 and B60 were subjected to fire for 30 and 60 min, respectively. Figure 3-a shows an RC
beam installed in the furnace. The primary components included an oil burner and a 1200°C-capacity thermocouple
system. The secondary components included a steel frame structure, layers of high-temperature-resistant bricks, two
cover blocks, and an exhausted pipe. A manual adjustment button on the oil burner was used to control the oil volume
injected for burning, allowing the temperature to closely follow the desired temperature curve during the tests. It is easier
to spot flames at night time than at day time; thus, night time is safer to control fire. Night time was therefore chosen to
conduct fire tests due to safety concerns. Throughout the fire tests, including the cooling phase, the temperature in the
furnace was measured and recorded every 15 seconds. Figure 3-b shows an RC beam in the furnace after a fire test,
while Figure 3-a shows that beam before the fire test. It is evident that the surface of the concrete changed from grey
colour of normal concrete to pale pink. Figure 3-c shows ten RC beams after the fire tests in comparison with the control
beam BO (without fire exposure). The surfaces of postfire beams appeared to have hair cracks with different lengths.
Some local minor spalling of concrete was also observed.

a) A beam in the furnace before fire test

——

¢) RC beams after fire tests

Figure 3. Fire test setup
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Figures 4-a and 4-b plot the obtained temperature—time curves of group B30 and B60 beams, respectively. For
comparison, the 1ISO 834 temperature—time curve is also plotted. Overall, because the oil intake was manually adjusted
throughout the tests, the measured curves closely followed the ISO 834 curve. The temperature is slightly higher than
the 1SO 834 curve.

1000 1000
—~ 800 bk o emSEm= | B30 — |
® 800 G 800
< | gz - B30-U1 <
% 600 o —B30O-U2 g 600 -4
£ 2 - — —B60-U2
2 400 - - -B30-U3 o 400 - = B60-U3
IS IS
— —B30-U4 — —B60-
200 / 2 200 Bo0-U4
——1S0-834 ——1S0-834
O 1 1 1 1 0 1 1 1 1
0 15 30 45 60 75 0 15 30 45 60 75
Time (min) Time (min)
a) Group B30 beams b) Group B60 beams

Figure 4. Temperature—time curves
2.3. FRP Retrofitting

After fire exposure and cooling down to ambient temperature of ten RC beams, of each postfire group, one beam
was not retrofitted, while the remaining four beams were retrofitted with four CFRP retrofitting configurations U1-U4,
as shown in Figures 5-a to 5-d. Figures 5-e and 5-f show cross sections A-A and B-B of CFRP retrofitted RC beams at
the locations without and with U-wraps, respectively. The flexural CFRP included two 200-mm-width CFRP layers that
were longitudinally bonded on the bottom surface and extended 25 mm on the two side surfaces. The length of flexural
CFRP is 1600 mm. After two layers of flexural CFRP were bonded, CFRP U-wraps were applied. CFRP U-wraps
included 1, 2, 3, and 4 pairs at each beam end, namely U1-U4, respectively. For example, U3 means three pairs of U
wraps at each beam end. Figure 5-g shows eleven beams after retrofitting to be ready for the loading tests. In Figure 5-
g, the farthest beam is the control beam BO; five beams on the left are of group B30; and five beams on the right are of
group B60.

1 pair of CFRP U-wraps 2 layers of CFRP 2xBxL=2x200x1600mm,
B=50mm longitudinally bonded
A B
™ ™
g
A, B,
100 5050050| 1300 5050 550] 100
L T T 1800 T T |
a) FRP retrofitting Ul
2 layers of CFRP 2xBxL=2x200x1600mm,
. longitudinall
2 pairs of CFRP U-wraps, B=50mm 5 ongitudinally bonded B
/ ™
g
A B
100 550/50l5050 50 50/50| 900 5050500505050 50| 100
1800

b) FRP retrofitting U2
2 layers of CFRP 2xBxL=2x200x1600mm,

3 pairs of CFRP U-wraps, B=50mm 5 / longitudinally bonded B
8[
=llI=ll=E=E = ===
100 50/50[50/50/50 50/50/50[50 50150 500 50550/50/50/50/50 5050 50/50/50| 100
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¢) FRP retrofitting U3
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2 layers of CFRP 2xBxL=2x200x1600mm,

4 pairs of CFRP U-wraps, B=50mm 5 / longitudinally bonded B
A W W W W —
S
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100 50150[50/50/50 50150/5050]50/50/50 50 /50[50/ 100 50150 50150[5050/50 50150 50 50[50/50/50 50| 100
1800
d) FRP retrofitting U4
150 150
o o
b & CFRP U-wraps
B=50mm, L=550 mm
na i
& L J a8
J \\ 2 CFRP layers I 2 CFRP layers
2xBxL=2x200x1600 mm, 2xBxL=2x200x1600 mm,
longitudinally bonded longitudinally bonded
e) Cross section A-A f) Cross section B-B

g) Beams after CFRP retrofitting

Figure 5. FRP retrofitting

2.4. Loading Test Setup

Figure 6 shows the experiment setup for loading tests. The beam was simply supported with a span length of 1650
mm. Three linear variable displacement transducers (LVDT), a hydraulic jack, and a load cell were used for the tests.
The load cell was used to measure the force acting on the beams. Two LVDTs were installed at the two supports to
measure support settlements, while the other LVDT was installed at the mid-span to measure the deflections of the tested
beams. The load and deflections/settlements were simultaneously recorded during the tests. Based on the data obtained,
the deflections of mid-span relative to the supports were computed. To avoid errors due to contact between RC beams
and the testing system, each beam was first loaded to around 1 kN and then released to an almost zero load. After that,
the main testing procedure was conducted until the beams failed.

Figure 6. Loading test setup
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3. Experimental Results and Discussions
3.1. Failure Modes

Figure 7 shows the failure states of the tested beams on the testing apparatus. Among the un-retrofitted beams, beam
BO failed with the largest deflection, followed by beam B30, whereas the failure deflection of beam B60 is the smallest.
Beam BO failed in flexure, with the main cracks concentrated at the mid-span. The failure of beam B30 was almost
similar to the flexural failure of beam BO. In contrast, beam B60 had flexural cracks that developed as the load increased,;
then, crushing of concrete occurred, followed by inclined cracks that started from this crushing point. As the load further
increased, shear cracks developed and were finalized by shear failure with two shear failure surfaces, as can be seen in
Figure 7-g. This can be explained by the higher reduction of concrete strength after a longer fire exposure (60 min)
compared to beam B30. In contrast to the un-retrofitted beams, the deflections of the retrofitted beams were relatively
small. This can be generally attributed to the presence of CFRP retrofitting, which significantly reduced the deformation,
leading to low curvature and ductility in retrofitted beams. Another aspect is that the failure of CFRP retrofitted beams
is associated with CFRP retrofitting, whereas the failure of control beam B0 and postfire beams B30 and B60 is
associated with the yielding of steel. No rupture of the flexural CFRP was observed. This can be explained by the fact
that the tensile strength of CFRP is much higher than the strength of cover concrete, which was reduced by fire.
Therefore, the cover concrete became the weakest region for failure.

k) B60-U4

Figure 7. Failure of beams after testing
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Regarding the control beam BO, tiny flexural cracks on the bottom and side surfaces in the tension zone developed
at about 6 kN. As the load further increased, the widths and lengths of these cracks continued to develop and propagated
upward to the center axis of the beams, while new cracks developed in a wider region. When the load was approaching
the yield load, the cracks propagated beyond the center axis, and the cracking region expanded over a larger area, forming
an inclined angle of about 45°. When the beam went into its plastic stage, almost no new cracks were developed, while
the widths of current cracks continued to be widened. The speed of width development was fastest for the cracks close
to the mid-span. As the displacement further increased in the plastic stage, the development of crack widths tended to
focus on a few cracks at the mid-span. This phenomenon can be resulted from the yielding of steel. When the beam
approached its ultimate stage, minor crushing of concrete occurred in the compression zone due to the large curvature
of the beam.

Moving on to postfire beams B30 and B60, their crack development was generally similar to that of control beam
BO up to yielding. However, differences were observed when the tested beams were approaching the ultimate state. For
beam B30, the concrete in the compression zone crushed earlier at a smaller deflection, and inclined cracks developed
downward from the top side to about 1/3 the height of the beams. The difference was more pronounced for beam B60
when it approached the ultimate. The concrete in the compression zone was crushed, and inclined cracks developed.
The development of cracks started at the loading point and on one support. These cracks gradually formed two parallel
shear failure surfaces, as can be seen in Figure 7-g. Therefore, beam B60 failed by yielding of steel, followed by crushing
of concrete in the compression zone, and finalized by shear failure. The shear failure of beam B60 can be attributed to
the higher reduction in concrete strength after 60-min fire exposure.

Regarding CFRP retrofitted postfire RC beams (Figures 7-c to 7-f and 7-h to 7-k), peeling-off failure of cover
concrete between U-wrap FRP and steel occurred, whereas minor concrete crushing was observed. In the vertical
direction, the peeling-off started at the ends of U-wraps and quickly propagated downward. In the horizontal direction,
the peeling-off progressively propagated toward the mid-span and the support. The failure sequence of B60-U group
beams was generally similar to that of B30-U group beams; however, B60-U group beams had the peeling-off occurring
shortly after the yielding point, and their inclined cracks were much more obvious. These differences can be attributed
to the higher reduction in concrete strength due to the longer fire. The higher reduction in concrete strength shifted the
beam from flexural failure to shear failure. CFRP U wraps successfully prevented the shear failure. CFRP retrofitting
systems altered the failure mode in the form of yielding of steel (beams B30-B0) to the failure mode by peeling off of
concrete between CFRP and steel reinforcement. This is because the strength of the concrete cover was significantly
reduced by the fire.

3.2. Load-Deflection Curves

Figure 8 plots the load-deflection curves of B30-group beams in comparison with the curve of control beam BO. The
same axis system limits were used for visual comparison. The yield and ultimate points and their coordinates are shown
in this Figure. The coordinates of these points represent the strength and deformation capacities, which are analyzed in
the subsequent sections. After the yield point, the curves deviated away from their linearity, and the nonlinearity
increased as the beams approached their ultimate states. Up until yielding, the behavior of the tested beams was nearly
linear. A straight line can be used to approximate the curve from zero to the yielding point. Similarly, the curve from
the yielding point to the ultimate point can also be approximated by a straight line. The idealized lines are plotted in the
Figure. The slopes of these straight lines before yielding and after yielding are called yield stiffness and plastic stiffness,
respectively.
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Figure 8. Load—deflection curves of beams of groups B30 and B0

Figures 8-a and 8-b show that beams B0 and B30 have similar load-deflection curves, which have a long plateau in
plastic regions. However, a 30-min fire shifted the curve of B30 downward and rightward compared with the curve of
beam BO0. 30-min fire also shortened the plastic plateau. Interestingly, the presence of CFRP retrofitting systems greatly
changed the shape of the curves of retrofitted beams B30-U1-B30-U4 (Figures 8-c to 8-f) compared with the curves of
beams B30 and BO. The load-deflection curves are linear up to yielding, followed by a short nonlinear portion, and
finalized by peeling-off of U-wrap FRP. The curves of beams B30-U1-B30-U4 have a longer elastic phase but a much
shorter plastic phase than those of beams B30 and BO. This is attributed to the elastic behavior of CFRP until failure of
the beams. No rupture of CFRP was observed during the tests. CFRP also delayed the yielding of steel and redistributed
the strain in the tension and compression zones. After yielding, the strain of tension steel increased while its stress
remained almost unchanged. This provides conditions that the increased amount of force after yielding was mainly
resisted by the flexural CFRP. The increase in tension force of CFRP further leads to the difference in force distributed
in steel and CFRP, providing a condition for the development of shear cracks in concrete between CFRP and steel. The
peeling-off failure is the reason that significantly shortened the plastic phase of FRP retrofitted RC beams compared
with that of un-retrofitted beams. The peeling-off failure of the concrete occurred quickly, resulting in a sharp drop in load.

Figure 8-g compares the curves of B30-group beams with the curve of control beam BO. CFRP retrofitting
significantly improved the strengths (yield and ultimate loads) of CFRP retrofitted beams. CFRP retrofitting successfully
enhanced the strengths of postfire RC beams compared with the strengths of control beam BO0. The slope (stiffness) of
retrofitted postfire RC beams was also recovered to an extent, at which it is higher than that of beam B30 but still lower
than that of beam BO. This can be attributed to the reduction in strength of the cover concrete due to fire exposure.
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Figures 9b to 9f plot the load-deflection curves of B60-group beams. The same phenomenon can be observed: the
plastic stages of the curves are very short, and they are much shorter than the plastic stages of B30-group beams. The
characteristics described in the previous paragraph become more pronounced for B60-group beams. The levels of
shifting the curves were stronger. 60-min fire greatly decreased the curves of B60-group beams. This is because these
beams suffer a higher reduction in concrete strength because of the longer duration of fire. A thicker layer of concrete
cover experienced a reduction in strength. The higher strength reduction in a thicker layer of concrete cover resulted in
earlier debonding, significantly decreasing the mechanical properties of the retrofitted beams compared with those of
beam B30. This is also the reason for the lower effectiveness of the CFRP retrofitting system.

Figure 9-g compares the curves of B60-group beams with the curve of control beam BO. It can be seen that, compared
with beam B60, CFRP retrofitting caused a significant increase in both load-carrying capacity and stiffness; however,
CFRP retrofitting significantly reduced the ductility. The curves of retrofitted beams are still below the curve of control
beam BO. Fire shifted the load-deflection curves downward and rightward. In contrast, FRP retrofits significantly altered
the load-deflection behavior of postfire RC beams by shifting the curves upward and leftward. The "upward"
recoverability for beams exposed to 30-min fire is very satisfactory, but that for beams exposed to 60-min fire is still
lower than the curve of the control beam.
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Figure 9. Load—deflection curves of beams of groups B60 and BO

The effectiveness of the U-wrap CFRP slightly increased with the increase in the number of wraps. It is more
pronounced in the case of a longer duration of fire because the strength of the concrete was significantly affected, which
resulted in the peeling off of the concrete. The effectiveness was marginally and positively affected by the number of
FRP U-wraps, whereas it was significantly and negatively affected by the fire duration. The effectiveness of FRP
retrofitting increased as the number of U-wraps increased because U-wraps delayed and prevented the early peeling off
of concrete.

3.3. Yield Load

The yield loads of the tested beams are displayed in Figure 10-a. The yield loads of CFRP retrofitted beams B30-
U1-B30-U4 (B30-group beams) were much higher than those of control beam B0 and beam B30. In contrast, the yield
loads of CFRP retrofitted beams B60-U1-B60-U4 (B60-group beams) and beam B60 were much lower than the yield
load of control beam BO. The yield load of beam B60 was the lowest. Particularly, the yield load of beam B30 was 51.9
kN, which is 3.4% lower than that of control beam B0. With CFRP retrofitting, the yield loads of beams B30-U1-B30-
U2 increased to 61.9 kN-64.3 kN, which is corresponding to 15.3—19.7% higher than the yield load of control beam BO.
Compared with the yield load of beam B30, the yield load increased by 18.7-23.1%. This shows that FRP retrofitting
is effective in recovering/increasing the yield load of RC beams exposed to 30 min of fire.
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Figure 10. Yield loads of beams

Moving on B60-group beams, fire exposure reduced the yield load of beam B60 to 42.1 kN, which is 21.6% lower
than that of control beam BO0. The yield loads of CFRP retrofitted beams B60-U1-B60-U3 are 51.3 kN—52.6 kN, which
are 4.5-2.0% lower than the yield load of control beam B0. Thus, the retrofitting of U1-U3 almost recovered the yield
load to that of control beam BO. Beam B60-U4 had a yield load of 56.1 kN, which is 4.5% higher than that of control
beam BO. Overall, FRP retrofitting significantly increased the yield load of B30-group beams; however, its effectiveness
was limited for B60-group beams because of the significant reduction in yield load of beam B60 caused by the longer
duration of fire. With the same flexural CFRP, the increase of U wraps slightly increased the yield load of retrofitted
postfire RC beams because U wraps help to increase the tensile force in the flexural CFRP, leading to the occurrence of
peeling-off failure.

3.4. Yield Deflection

Figure 11-a shows the yield deflections of CFRP-retrofitted postfire beams compared with those of beams B0, B30,
and B60. Figure 11-b shows the comparison of yield deflections of postfire RC beams (with and without FRP
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retrofitting). The yield deflections of beams B30 and B60 were 19.9 mm and 17.4 mm, which are 80.9% and 58.2%
higher than the yield deflection (11.0 mm) of control beam BO, respectively. CFRP retrofitting increased the yield
deflection of beam B30-U1, whereas the increase in the number of U wraps slightly decreased the yield deflection.
Beams B30-U1-B30-U4 had yield deflections of 21.7—17.3 mm, which are 97.3—57.3% higher than the yield deflection
of control beam BO, respectively.
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Figure 11. Yield deflections

Moving on beams exposed to fire for 60 min, the yield deflections of beams B60-U1-B60-U4 varied around 19.5
mm, which is about 78% higher than the yield deflection of the control beam. The CFRP U-wraps increased the bonding
between the longitudinal CFRP and concrete, preventing the early debonding of the longitudinal CFRP, thus increasing
the yield deflection of CFRP retrofitted postfire RC beams. The elasticity up to rupture of CFRP, the decrease in
mechanical properties of materials, and the decrease in bond between steel and concrete can contribute to the increase
in yield deflection of FRP retrofitted beams compared with that of the control beam.

3.5. Ultimate Load

The ultimate loads of the tested beams are shown in Figure 12-a. Control beam B0 had an ultimate load of 60.0 kN,
which was reduced to 54.9 kN and 45.5 kN after exposure to fire for 30 min and 60 min, respectively. These reductions
correspond to 8.5% and 24.2% compared with the ultimate load of control beam BO. The ultimate loads of B30-U1-
B30-U4 beams varied from 65.6 kN—71.1 kN, which are 9.3—18.5% higher than those of control beam B0. This shows
the capability of CFRP retrofitting to recover and increase the strength of postfire beams.
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Figure 12. Ultimate loads

Moving on to group B60, the ultimate loads of B60-group beams varied from 52.2 kN to 59.4 kN, which are
13.0—1.0% lower than the ultimate load of control beam B0. The ultimate 1oad of beam B60-U4 was almost equal to
that of control beam BO, showing that CFRP retrofitting with a higher number of U wraps can be more effective in
recovering the strength of RC beams exposed to longer fire durations. Figure 12 also indicates that the higher number
of U wraps increased the effectiveness of CFRP retrofitting, although the same flexural CFRP amount was used. This
can be attributed to the decrease in concrete strength, whereas the higher number of U-wraps tends to delay the
debonding.

3.6. Ultimate Deflection

The deflections at the ultimate states of the tested beams are shown in Figure 13-a. Figure 13-b compares the ultimate
deflections of un-retrofitted and CFRP-retrofitted postfire RC beams with the ultimate deflection of control beam BO.
The control beam B0 had an ultimate deflection of 46.5 mm, whereas CFRP-retrofitted beams had much lower ultimate
deflections. Beam B30 had an ultimate deflection of 51.8 mm, which increased by 11.4% compared with control beam
BO. Beam B60 had an ultimate deflection of 26.8 mm, which is 42.4% lower than that of control beam BO.
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Figure 13. Ultimate deflections

Ultimate deflections of postfire RC beams were further decreased by the presence of CFRP retrofitting. Beams B30-
U1-B30-U4 had ultimate deflections varying from 22.2 mm to 26.5 mm, which decreased by 43.0—52.3% compared
with control beam BO. The ultimate deflections of beams B60-U1-B60-U4 varied from 20.7 mm to 23.5 mm, which are
55.5-49.5% less than the ultimate deflection of control beam B0. Overall, the reduction in ultimate deflections includes
the two following stages. First, fire caused a significant reduction in ultimate deflections, which is attributed to the
negative change in the mechanical properties of materials. Then, FRP retrofitting further reduced the ultimate deflection
by the peeling-off failure.

3.7. Yield Stiffness

The stiffness of the tested beams is plotted in Figure 14-a, and it is compared with the stiffness of control beam B0
as shown in Figure 14-b. The stiffness of control beam BO was highest at 5.24 kKN/mm. The stiffness of beams B30 and
B60 was reduced to 2.81 kN/mm and 2.66 kN/mm, which are 46.4% and 49.2% less than that of the control beam,
respectively. The stiffness of postfire beams retrofitted with CFRP slightly increased compared with that of postfire
beams B30 and B60; however, the stiffness of these beams was not completely recovered from that of control beam BO.
The stiffness of beams B30-U1-B30-U4 varied from 3.14 kN/mm to 4.09 kN/mm, which is 40.1% to 21.9% lower than
that of control beam BO, respectively. The stiffness of beams B60-U1-B60-U4 varied from 2.95 kN/mm to 3.06 kN/mm,
which is 43.7-41.6% less than that of control beam B0. Another aspect that can be observed from Figure 14 is that the
increase in U wraps increased the stiffness of CFRP retrofitted postfire RC beams.
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Figure 14. Stiffness
3.8. Ductility

The ductility of tested beams was computed as the ratio of ultimate deflections (presented in Section 3.6) to yield
deflections (presented in Section 3.4), and the results are shown in Figure 15. The ductility of control beam B0 was 4.23,
classified as high ductility, according to ASCE/SEI 41-17 [49]. However, 30-min and 60-min fires significantly
decreased the ductility of beams B30 and B60 to 2.60 and 1.54, which are 38.5% and 63.6% lower than that of the
control beam, respectively. Beams B30 and B60 are thus classified as ‘moderate ductility’ and ‘low ductility’ [49],
respectively. Fire increased the yield deflection, whereas it significantly decreased the ultimate deflection; consequently,
the ductility significantly decreased. CFRP retrofitting further reduced the ductility of retrofitted beams of groups B30
and B60 to lower values of 1.07—1.28, which are 69.7-74.7% lower than the ductility of the control beam. Although
these ductility values classified these beams as ‘low ductility’ [49], these values are close to 1, and thus they are very
close to brittle behavior. This low ductile behavior can be explained by the failure modes of these beams, which are
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attributed to the peeling-off of concrete because the concrete around the beams was exposed to fire and suffered a
significant reduction in strength. The ‘low ductile’ behavior of these CFRP retrofitted postfire beams is a drawback of
CFRP retrofitting. Further investigations should be carried out to improve the mechanical properties of postfire concrete
and increase the ductility of these beams.
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Figure 15. Ductility

4. Theoretical Model

As observed and described in Section 3.1, no shear failure occurred on FRP retrofitted postfire RC beams. Therefore,
it can be concluded that U-wrap CFRP successfully prevents the shear failure of FRP retrofitted postfire RC beams. In
addition, the increase in the number of U wraps slightly increases the load-carrying capacity, as presented in Sections
3.3 and 3.5. For the sake of simplification, it can be assumed that the flexural CFRP contributes to the flexural resistance
while the U wraps contribute to the shear resistance.

A typical cross section of postfire beams retrofitted with FRP is shown in Figure 16-a. The 500°C isotherm line x5,
(the dashed line) is also shown in this Figure, and this isotherm line divided the section into two parts by the outer and
inner areas. The longitudinal FRP can be divided into FRP bonded on the bottom surface (A]’er) and FRP on the two
side surfaces (A¢,,,). Plane strain distribution of cross section is adopted and is shown in Figure 16-b. Figure 16-c shows
tensile forces of FRP and steel and the compressive stress on concrete. Figure 16-d shows the equivalent stress block of
concrete, and its total compressive force (Cc) is shown in Figure 16-e.
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Figure 16. Theoretical analyzes of beam sections
Three tensile forces:

1) The tensile force of steel bars Ts is computed by Equation 1. When fs = fy, Ts = Ty. In other words, Ty is the yield
tensile force of steel bars;

2) The tensile force of bottom FRP berp is computed by Equation 2;

3) The tensile force of side FRP T¢,., is computed by Equation 3;

Two compressive forces:

1) The compressive force of steel (C,) is expressed Equation 4;

2) The compressive forces of concrete (C¢) is expressed by Equation 5;

where fs and A are the stress and area of tensile steel, respectively; ff”rp and f7,are stresses of CFRP at bottom and side
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surfaces, respectively, £, and A are the stress and area of compressive steel; f, is the concrete strength; a = 8,c and
0.85fis the depth and stress of the equivalent stress block; 4’ is the width of the cross section within the 500°C isotherm
lines, calculated by Equation 6, where x5, (M) is the depth measured from the surface to the 500°C isotherm lines.

The 500°C isotherm depth x5, (m) based on the Wickstrom’s model [50] of temperature distribution is calculated
by Equation 7, as suggested by Purkiss & Li [51]. In Equation 7, a; is ratio of the thermal diffusivity to the reference
value of 0.417 x 10% m?/s [52]; t is the fire duration in hours; ny is the ratio of the fire temperature to the temperature of
concrete, calculated by Equation 8; T is the fire temperature determined by Equation 9 based on the 1SO-834 fire:

T, = f.A, 1)
Thp = firpAfrp (2)
Terp = frroAfre (3)
Cs = Asfs 4)
C. = 0.85f.ab’ ©)
b'=b — 2x500 (6)
X500 = airtwo

exp (4.s+ - SnWT) (7)
n, =1—0.0616t7°88 (8)
T =20 + 345X log(8 X 60 X t + 1) 9)

The 500°C isotherm depths x5, for 30 and 60 min of fire are 12.5 mm and 23.4 mm, respectively. The tensile forces
Ty, berp, and T7,,, have the lever arms with respect to the centroid of the equivalent compressive stress block are
calculated by Equations 10 to 12, respectively, where h is the cross-sectional height; a, is the thickness of concrete
cover calculated from the centroid of tensile steel; d = 1 — a, is the effective depth of the tensile steel; a is the distance
from the centroid of side CFRP to bottom surface; c is the depth to the neutral axis:

]d = d —_ 05a - X500 = h - ao —_ 05a - x500 (10)
kh? = h — 0.5a — x5 (11)
kh® = h — 0.5a — a; — X500 (12)

Due to its location in the concrete compression zone, the lever arm of compressive steel force is relatively small and
its bending moment with respect to the compressive concrete block's center can be ignored. Equation 13 shows the
bending moments of CFRP retrofitted sections with respect to the center of the equivalent concrete stress block.

M, = Tyjd + T ,kh" + Tf, , kh® (13)

Equation 14 shows the equilibrium condition while Equation 15 shows the equilibrium at yield (Ts; = A,f;). The
depth a is thus found by Equation 16.

Co+Co =T+ T}, +Tf, (14)

0.85f,ab"+ Asfy = Asfy + Apen g + Ao ffrp (15)

o = ATy TASS A gt A (16)
0.85f,b

Equations 17 and 18 are used to calculate the stresses in bottom and side CFRP, respectively, where s}’rp and &7,
are strains of FRP bonded on bottom and side surfaces, respectively, and Ef,.,= 240 GPa is the modulus of CFRP.

firp = frpErrp 17)

ffro = frpErrp (18)

Similar triangles in Figure 16-b are used to obtain Equations 19 to 21. In this work, &,, = 0.003 [53], which is the
concrete strain at the top fibre, is adopted.
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c 0.003
d—(c+x500) - &y (19)
d—(c+xs500) _ &y (20)

h—(c+xs00) E?m

d—(ct+xs00) _ €y
h=(c+xs500)=as €y (1)
The depth ¢ is computed by Equation 22 by rearranging Equation 19. After having the depth c, the strains of bottom
and side CFRPs are calculated by Equations 23 and 24, which are the arrangements of Equations 20 and 21, respectively.
Yield bending moment (Equation 25) is computed as the total moment of tensile forces with respect to the center of the
equivalent stress block. This model can also be used for the case of un-retrofitted postfire RC beams by eliminating the
second and third terms of Equation 25.

_ d—Xxs590 __ d—Xs500

ETEA (22)
g, = ) 23)
fro = 2 e S (24)

M, = Asf,(d = 0.5a = x500) + Ay firp(h = 0.5a = x_ ) + Afy iy (h = 0.5a — @5 — X500) (25)

Yield moments predicted by this model and those of experiments were presented and compared in Table 2. Because
the model does not account for the effect of CFRP U wraps; therefore, the predicted values of yield moment for four
retrofitting cases of different number of U wraps are the same. This is a limitation of the model because it is difficult to
account for the effect of U wraps. However, it is interesting to closely examine the experimental values, which vary
from 25.5 kNm to 26.5 kNm for group B30-U and from 21.2 kNm to 23.1 kNm for group B60-U. The difference of
these values of group B30 beams is only (26.5-25.5)/25.5%100% = 3.9%. Similarly, the difference of group B60 beams
is about (23.1-21.2)/21.2x100% = 9%. These show a negligible effect of U wraps on the load-carrying capacity of FRP
retrofitted postfire beams.

Table 2. Comparisons of yield moments

Beam  Group X500 a Yield moment (KNm) Difference

(mm)  (MmM)  Apalysis  Experiment (%)

BO B-0 0 6.5 221 222 -0.5
B30 12.5 0.0 20.8 214 -2.8
B30-U1 12.5 14.2 26.5 255 3.9
B30-U2 B30 12.5 14.2 26.5 26.5 0.0
B30-U3 12.5 14.2 26.5 26.4 0.4
B30-U4 12.5 14.2 26.5 26.4 0.4
B60 234 0.0 19.3 17.4 10.9
B60-U1 234 15.7 24.6 21.2 16.0
B60-U2 B60 234 15.7 24.6 214 15.0
B60-U3 234 15.7 24.6 21.7 13.4
B60-U4 234 15.7 24.6 231 6.5

Specifically, beam BO has a predicted yield moment of 22.1 kN.m, which is almost similar to the experimental yield
moment. Moving on to group B30 beams, the predicted yield moments of beam B30 are 20.8 kN.m which is 2.8% lower
than the experimental value. The predicted yield moment of beams B30-Ul — B30-U4 is 26.5 kN.m while the
experimental yield moments of these beams vary from 25.5 kN.m to 26.4 kN.m., and the difference is thus less than
3.9%. For beam B60, the predicted yield moment is 19.3 kN.m, which is 10.9% higher than the experimental yield
moment. For group B60 beams, the predicted yield moment of CFRP retrofitted beams is 24.6 kN.m, whereas the
experimental yield moment varies from 21.2 kN.m to 23.1 kN.m. Thus, the difference between the two results is 16.0%.
This relatively large difference can be attributed to the reduction in mechanical properties of cover concrete, which
governs the peeling-off of the concrete, whereas it was not taken into account in the model. Further study should be
encouraged to recover the mechanical properties of concrete, which in turn will delay or prevent the peelling-off failure.
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5. Conclusions

Conclusions can be drawn as follows:

Fire shifted the flexure failure of the control RC beam to the flexure-shear failure of postfire RC beams. The shift
was more pronounced with longer fires. CFRP retrofitted postfire RC beams failed by peeling off of concrete
between the U-wrap FRP and concrete, whereas both flexural and shear FRP did not experience any rupture. CFRP
U wrapping successfully prevented the shear failure and delayed the peeling-off failure. The peeling-off started at
a U wrap and progressively propagated to adjacent U wraps. The delay in peeling off was more pronounced as the
number of U-wraps increased. These failure features can be attributed to the significant reduction in strength of
the concrete cover.

Fire shifted the load-deflection curves downward and rightward, whereas FRP retrofitting shifted these curves
upward and leftward. Compared with the control beam and postfire beams, CFRP-retrofitted postfire RC beams
had a longer elastic phase but a much shorter plastic plateau. The longer elastic phase is explained by the fact that
CFRP delayed the yielding of steel by sharing the tension force, while the much shorter plastic plateau is explained
by the peeling-off failure. A longer fire resulted in the earlier peeling off due to the higher reduction in concrete
strength.

CFRP retrofitting considerably increased the yield deflection by 58.2—-97.3% but decreased the ultimate deflection
capacity by 43.0—-55.5% compared with the control beam. Consequently, the ductility of CFRP retrofitted postfire
RC beams was reduced by 69.7-74.7% compared with that of the control beam, and the ductility was close to 1,
categorized as ‘low ductility” and close to ‘brittle failure’. The ultimate state of the tested beams was governed by
the peeling-off failure that occurred shortly after the yielding of tensile steel. The peeling-off failure and its
progressive occurrence caused a sharp drop in load. The non-ductile and progressive characteristics can be
considered drawbacks of the retrofitting technique, which need further studies to address these issues.

CFRP retrofitting was able to recover the load-carrying capacity diminished by the 60-min fire, and it successfully
increased the load-carrying capacity of 30-min postfire beams by up to 23.1% compared with that of the control
beam. Fire significantly decreased the stiffness of postfire beams by 46.4—49.2% compared with that of the control
beam. CFRP retrofitting did not completely recover the stiffness of 30-min postfire beams, e.g., at least 21.9%
lower than the stiffness of the control beam, whereas it marginally recovered the stiffness loss of 60-min postfire
beams. The fire duration importantly governed the mechanical properties and the FRP retrofitting effectiveness of
postfire RC beams via the decrease in strength of cover concrete.

The load-carrying capability of CFRP retrofitted postfire beams can be predicted using the analytical model, which
was developed based on the fire duration and a model of temperature distribution in concrete. In contrast to the
infeasibility of obtaining temperature distribution in concrete in a real fire event, the feasibility of obtaining fire
duration makes the model viable for practical use. The simplicity, practicability, and reasonable accuracy of the
proposed model can make it a useful tool for structural engineers in practice.

As observed in the experiments, the concrete cover, which was exposed to fire and suffered a significant reduction
in strength, played a critical role and governed the failure and behavior of CFRP retrofitted postfire RC beams. Further
studies should be carried out to address this issue. For example, improving the strength of the concrete of postfire RC
beams seems vital to the effectiveness of FRP due to the bond between concrete and FRP. Removing the concrete cover
and replacing it with a layer of special materials before applying the FRP retrofitting can also be a research direction to
address the above-mentioned issue.
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