
GFRP-Reinforced Concrete Slabs:
Fire Resistance and Design Efficiency

Hamzeh Hajiloo1; Mark F. Green2; Martin Noël3;
Noureddine Bénichou4; and Mohamed Sultan5

Abstract: Thickening concrete cover to obtain an adequate fire resistance lowers the efficiency of glass fiber–reinforced polymer (GFRP)
reinforcement and increases the cost relative to conventional steel reinforcement. This paper investigates the fire resistance of two full-scale
GFRP-RC slabs with only 40 mm of clear concrete cover and 200 mm of unexposed (cool) anchor zone at the ends. Both slabs endured 3 h
under the standard fire. The slabs were loaded with a sustained load, which caused a moment equal to 45% of their ultimate flexural strength.
Emphasis was placed on studying the bond behavior of GFRP bars by comprehensively investigating temperature distributions particularly at
the unexposed anchor zones at the ends of the slabs. The temperature reduces significantly in the unexposed zones, providing an adequate
anchorage for the bars when almost the entire GFRP-to-concrete bond deteriorated in the exposed zone. The analysis of the experimental
results showed that the increase in the tensile force in the GFRP bars during the standard fire is below 50% of the existing sustained force. A
new model considers the bond degradation to predict the fire resistance of GFRP-reinforced slabs. The results enable an efficient, economic,
and fire-safe application of GFRP reinforcement in concrete construction by reducing the concrete cover. DOI: 10.1061/(ASCE)CC.1943-
5614.0000937. © 2019 American Society of Civil Engineers.
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Introduction

Concrete elements reinforced with glass fiber–reinforced polymer
(GFRP) are commonly assumed to have lower fire resistance than
equivalent conventional steel-reinforced concrete ones. Until the
latest version of ACI 440.1R (ACI 2015), the application of fiber-
reinforced polymer (FRP) reinforcing bars was not recommended
where fire resistance was vital to maintain structural integrity. The
enhanced confidence in fire performance of GFRP bars was at-
tained as a result of experimental studies (Bisby and Kodur 2007;
Nigro et al. 2011a; Hajiloo et al. 2018). A conservative approach
was adopted by CSA S806 (CSA 2012), which proposes thick
concrete cover (i.e., 60 mm for 2 h of fire resistance) to delay
the deterioration of GFRP bars during the fire. However, such
thicker concrete cover results in inefficient material use in GFRP-
reinforced concrete. Because the GFRP costs relatively more than
conventional black steel, efficient use of the material is essential.
Therefore, this paper investigates the performance of GFRP-RC
slabs in fire with only 40 mm of clear concrete cover to develop
more efficient approaches for achieving fire resistance.

Literature Review

The concerns regarding GFRP-reinforced concrete in fire were ar-
ticulated when several full-scale fire tests revealed serious damage
to the bars and premature failure of GFRP-RC elements. Abbasi
and Hogg (2006) tested two GFRP-RC beams with different types
of reinforcing bars. Beam-1 was reinforced using bars with thermo-
set resin, while Beam-2 was reinforced with bars with thermoplas-
tic resin. The total reinforcement ratio was the same for both beams.
Although the exact information was not provided to determine the
unexposed length of the bars at the ends, the beams both failed due
to rupture of the bars at midspan. This shows that an adequate bond
was provided at the ends that allowed the tensile rupture of the
GFRP bars. Inferior fire performance was observed for Beam-2,
which was reinforced with bars manufactured with thermoplastic
resin. Nonetheless, the superior performance of Beam-1 with ther-
moset resin cannot certify that thermoset resin necessarily acts bet-
ter than thermoplastic resin at elevated temperatures because the
earlier study by Kumahara et al. (1993) showed that bars with
thermoplastic resin [namely, polyphenylene sulfide (PPS)] may
have higher heat resistance than vinyl ester resin, which is thermo-
set. In the beams tested by Abbasi and Hogg (2006), the resin con-
tent of the bars was not provided in the literature, although it was
shown that bars with thermoplastic resin lost more weight due to
fire exposure, which implies higher resin content of the bars. The
lower fire resistance of Beam-2 can be attributed to the higher resin
content that makes the reinforcing bars more vulnerable at elevated
temperatures. In addition, the fire test of Beam-1 and Beam-2 was
conducted 38 days after casting the beams, which means higher
water content was present in the beams during the fire test, causing
noticeable spalling of the beams. Although the concrete cover was
thick (70 mm) and the beams were loaded only with 40 kN (2=3 of
the cracking load and 13% of the failure load at room temperature),
Beam-1 and Beam-2 endured 128 and 94 min, respectively. Based
on the outcome of the fire test, Abbasi and Hogg recommended
70-mm clear concrete cover to achieve 90 min of fire resistance
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for GFRP-RC beams. The fire test byWeber (2008) showed that the
reinforcement layout in GFRP-RC slabs cannot be arbitrary if fire
safety is required. The slab in Weber’s experiment failed due to the
complete loss of bond strength of the spliced GFRP bars at mid-
span. With 60-mm clear concrete cover, the reinforcing bars
reached 225°C after 90 min with a gradual degradation in bond
strength, which resulted in collapse.

Although the previously mentioned experimental studies raised
concerns regarding fire safety and an efficient application of GFRP
bars in concrete, experimental studies (Nigro et al. 2011a; Hajiloo
et al. 2017) showed that the bond failure of fire-exposed GFRP-RC
slabs can be prevented by providing sufficiently long unexposed
(cool) regions to ensure adequate anchorage of the bars. As a part
of a research study on the behavior of GFRP reinforcing bars at
elevated temperatures, two full-scale slabs were tested in the floor
furnace at the National Research Council (NRC) Canada facilities.
The slabs were designed and fabricated based on the findings from
the previous fire tests on GFRP-RC slabs by Hajiloo et al. (2017).
The objectives of the study presented in the current paper are to
1. determine the fire performance of GFRP-reinforced slabs with

only 40 mm of clear concrete cover and with only 200 mm of
unexposed (cool) anchor zones at the ends in contrast to pre-
vious work with more cover (60 mm);

2. experimentally examine the temperature distribution along the
unexposed anchorage length with substantial instrumentation in
the unexposed anchor zones;

3. study the tensile force condition in the GFRP bars during fire
and provide an estimation of the tensile force by evaluating the
experimental data; and

4. develop a new model to predict the fire resistance of GFRP-RC
slabs based on the retained bond strength and the numerical heat
transfer analysis that was presented in Hajiloo et al. (2017).
This paper presents new, original, and important information on

the fire performance of GFRP-RC slabs that the efficient design and
use of GFRP bars is not compromised to obtain an adequate fire
resistance. The GFRP-reinforcement ratio of the slabs with 40 mm
of cover was reduced to 2=3 of the slabs with 60-mm cover. Addi-
tionally, a novel and fundamental understanding of temperature
distributions was obtained through a systematic instrumentation
in the unexposed anchor zones.

Experimental Program

The intended purpose of the current fire test was to achieve 2 h of
fire resistance with only 40-mm cover for simply supported
unrestrained slabs under standard fire; CSA S806 (CSA 2012) re-
quires 60-mm cover to achieve the same resistance. Two concrete
slabs were fabricated that were identical in every aspect except the
type of GFRP reinforcing bars. The slabs were 3,900 mm long,
1,200 mm wide, and 200 mm thick, which is typical for slabs
in many applications such as parking garages. The clear concrete
cover to the bottom of the longitudinal reinforcing bars was 40 mm.
The center-to-center spacings of the bottom and top longitudinal
reinforcement were 150 and 220 mm, respectively. The balanced
reinforcement ratio was 0.15%, and the reinforcement ratio of
the bottom reinforcing bars was 0.88%. The transverse reinforcing
bars were placed at 200-mm intervals in the bottom and top meshes
to control shrinkage and thermal cracks.

Materials

The two slabs were labeled as Slab-A and Slab-B. Slab-A was
reinforced with GA bars and Slab-B with GB bars. The GA bars
utilized sand coating on the surface, which was applied on the

hardened reinforcing bar following the pultrusion process. The
GB bars had a helical braid of fibers in addition to a sand coating
(Fig. 1). The GA (Pultrall, Thetford Mines, Quebec, Canada) and
GB (TUF-BAR, Alberta, Canada) reinforcing bars with a nominal
diameter of 16 mm (#5 bars) were received from two different man-
ufacturers, and the reported properties by the manufacturers are
summarized in Table 1. The ultimate tensile capacities were 340
and 256 kN for GA and GB, respectively. The actual average
cross-sectional areas of GA and GB bars were measured by the
immersion method as instructed by CSA S806 (CSA 2012). The
actual average cross-sectional areas and the equivalent diameters
of the bars were higher than the nominal values. The nominal val-
ues were used to define the nominal tensile strength and modulus of
elasticity, and these values were used throughout this paper. The
glass transition temperature (Tg) was determined by the differential
scanning calorimetry (DSC) method according to CSA S807
(CSA 2010).

Carbonate aggregate with a maximum size of 20 mm was used
in the concrete. The compressive strength of the concrete was mea-
sured by crushing standard concrete cylinders (100 × 200 mm)
according to CSA A23.1-14/A23.2-14 (CSA 2015). The average
compressive strength at 28 days was 34.0 MPa with the standard
deviation of 0.9 MPa. The compressive strength of the concrete was
also measured before the fire test (6 months after concrete cast),
which was 36.6 MPa with a standard deviation of 1.2 MPa.

Sand coating

GA

Core

braided
fibers

GB

11
 m

m

19 mm 18.2 mm

17.5 mm 16.8 mm

Fig. 1. GFRP reinforcing bars.

Table 1. Material properties of the bars

Property GA (#5) GB (#5)

Actual cross-sectional area (mm2) 280 252
Equivalent diameter (mm) 19 18
Nominal diameter (mm) 16 15
Nominal cross-sectional area (mm2) 200 200
Nominal tensile strength (MPa) 1,700 1,280
Nominal modulus of elasticity (GPa) 64.1 62.6
Ultimate elongation (%) 2.7 2.1
Fiber content (% by weight) 80.7 82.9
Glass transition temperature (°C) 110 114
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Test Setup

The floor furnace is equipped with a movable steel rig to mount the
slabs on top of the furnace. The slabs were placed side by side with
ceramic insulating blankets between them on the floor furnace.
Figs. 2(a and b) show the setup of the slabs on the furnace from
above and underneath. The furnace is equipped with protected ther-
mocouples, which were placed close to the bottom of the slabs,
to maintain the temperature near the bottom surface of the slabs at
the desired temperature. The standard fire test was performed ac-
cording to the provisions of ASTM E119 (ASTM 2015). Closely
following the ASTM E119 fire curve, the temperature increased
rapidly during early stages and stabilized at around 1,000°C and
slowly reached 1,050°C in 3 h. The uniformly distributed load was
applied by a loading system that included six jacks for each slab as
shown in Fig. 2(c). The superimposed load was constant during the
fire test until failure occurred.

Fig. 3 illustrates a cross section of the furnace with one slab
placed on the frame. The slabs were tested without end restraints
and were free to rotate and expand. The slabs were deliberately
allowed to expand and move at both sides so that the unexposed
zones at the ends would remain equal at both sides. A sufficient gap
length (30 mm) was provided at the ends so that the slab could
freely expand upon loading and heating. Heat-insulating layers
were 50 mm thick and placed on the bottom surfaces of the slabs
at the ends. Refractory ceramic fiber (RCF) materials that can func-
tion up to 1,400°C were used to protect the steel rig and the ends of

the slabs. With the low thermal conductivity, the 50 mm of RCF
layers keeps the temperature on the cold face at 100°C when the hot
face is 1,100°C. Considering the support length, approximately
200 mm of the ends of each slab were protected from direct fire
exposure, which is referred to as unexposed zones in the paper
hereafter. The main reinforcing bars were 3,890 mm long with only
5-mm concrete cover on the extremities. The test setup and fire
exposure condition are shown in Fig. 3.

Instrumentation

The slabs were instrumented to collect an extensive set of data to
investigate temperature distributions in both fire-exposed and un-
exposed zones. Primary emphasis was placed on acquiring the
temperature data in unexposed zones because earlier experiments
by the authors revealed that the failure behavior is governed by the
bond performance of reinforcing bars at the ends. Moreover, the
temperature readings in the exposed zones showed that heat was
uniformly distributed in the furnace and penetrated within the slab
thickness (Hajiloo et al. 2017). Fig. 4 shows the layout of the bot-
tom reinforcing bars and Section C-C, which contains most of the
thermocouples. The schematic layout and positions of other instru-
ments are also shown in this paper where the respective results are
presented. In total, 23 thermocouples were installed in unexposed
zones of each slab. The demonstrated thermocouples in the unex-
posed zones (Fig. 4) were installed at a depth of 40 mm. To
prevent disturbing the GFRP-to-concrete bond over the main

Fig. 2. Floor furnace: (a) preparation after placing the slabs on top; (b) view from inside and the protected thermocouples; and (c) loading pads
aligned on the slabs.

3500 mm

Insulation (Refractory Ceramic Fiber) Insulation

200
mm

Protected unexposed zoneProtected unexposed zone 30
mmLoading pads

200
mm

30
mm

Fig. 3. Fire test setup.
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longitudinal bars, two short (200-mm) dummy bars were used to
install thermocouples. The first thermocouple was placed 25 mm
from the end of the slabs and the remaining thermocouples were
installed at 25-mm intervals; the last thermocouple was located
at the boundary of the exposed and unexposed zones. There were
12 thermocouples in Sections A-A and B-B to investigate the tem-
perature distribution at various positions within the unexposed
zones. At midspan, five thermocouples were placed within the
thickness of the slabs. In order to monitor heat transfer at the
top surface of the slabs, three thermocouples were used to ensure
that the average temperature remained below 140°C at the top un-
exposed surface throughout the fire test as required by ASTM
E119 (ASTM 2015).

Regardless of the inherent delicacy of strain gauges at elevated
temperatures, strain gauges are still used for measuring strains and
stress in concrete and reinforcing bars. Strain gauges were installed
on reinforcing bars at midspan to measure strains before the fire test
under sustained loads and during the early minutes of the fire test.
Electrical resistance strain gauges (5 mm long) with a functional
temperature range of −75°C to þ95°C were installed on the GFRP
bars over an area where the sand coating was removed. Two long
strain gauges were installed on the top surface of the slabs to mea-
sure the compression strains under sustained loads as well as the
thermally induced strains in the concrete. The strain gauges were
60 mm long with the functional temperature of 80°C.

Design of Slabs

Serviceability criteria including deflection and crack width were
checked using three common FRP-RC codes and guidelines includ-
ing ACI 440.1R (ACI 2015), CSA S806 (CSA 2012), and ISIS
Canada Design Manual 3 (ISIS Canada 2007).

Table 2 summarizes the predicted results for deflections and
crack widths at five moment levels (Ma ¼ 27, 40, 45, 52, and
61 kN · m). The main difference among the guidelines that were
used to calculate the midspan deflection is the formula for the ef-
fective moment of inertia (Ie). In general, ACI 440.1R (ACI 2015)
gives lower deflection values than the others in Table 2. The de-
flection values from ISIS Canada Design Manual 3 (ISIS Canada
2007) and CSA S806 (CSA 2012) are relatively close except for
27 kN · m. This is because ISIS Canada Design Manual 3 adopts
a conservative calculation of Ie where it reduces the Ie even if the
applied total moment is less than the cracking moment.

Considering the live-load deflection limit as ln=360 from the
serviceability criteria in CSA S806 (CSA 2012), and assuming the
same deflection under dead-load effects, then the total deflection
limit would be 21 mm. Furthermore, CSA S806 (CSA 2012) allows
crack widths of 0.5 mm for exterior and 0.7 mm for interior appli-
cations. From the serviceability calculations, the service limits
for cracking and deflection were exceeded for moments above
40 kN · m. As a compromise between the ultimate load and service
load requirements, the test superimposed load was chosen as a

T43

T42

T41

T16

T11

T12

T13

T14

T15 T17

T18

T21

T23
T22

T24

T25

75 mm75 mm

A

20
40

80

120

160 mm

40

200

15
0

40

200 200

20
0

Section C-C

Protected unexposed zone

25 8 @ 25 mm

Dummy GFRP bar

B

C

A

B

C

Fig. 4. Instrumentation details.

Table 2. Serviceability conditions design for Slab-A

Parameter Standard

Moment (kN · m)

27 40 45 52 61

Total deflection (mm) ACI 440.1R5 1 18 21 29 42
ISIS Canada Design Manual 3 12 29 32 39 51

CSA S806 3 33 36 43 55
Crack width (mm) ISIS Canada Design Manual 3 0.50 0.78 0.83 0.97 1.20
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distributed load of 19.1 kN=m, causing a total moment of 45 kN ·m
at midspan, which is 45% of the ultimate flexural capacity of the
slabs. It was conservatively assumed that the slabs will carry a live
load of 6 kN=m2 and the self-weight dead load. If the dead- and
live-load factors are 1.25 and 1.5, respectively, the factored service
moment would be 32.5 kN · m. Thus, the slabs were loaded to a
notably heavy sustained load, which is approximately 50% higher
than the expected factored service loads, before and during the
fire test.

Experimental Results

The internal relative humidity (RH) values of the slabs were 75%
and 71% for Slab-A and Slab-B. The RH values were measured by
drilling a hole 75 mm deep at the corner of each slab and using a
humidity probe. The holes were made at the corners so that the
integrity of the slabs was not disturbed. Some local and small spall-
ing occurred in the first hour of fire but did not influence the slab’s
integrity. Visual inspection after the test showed concrete flaking on
the bottom surface. In a few locations, the slabs lost some thickness
of concrete up to 10 mm. Regardless, the integrity of the remaining
concrete was observed to be in an undamaged condition. This was
verified when the concrete cover was removed from a few defined
locations to uncover the reinforcing bars for assessment purposes.
Consequently, the heat propagation in the slabs was normal without
abrupt changes due to concrete loss. The experimental results are
presented in the following sections.

Temperature Variation

Temperature distribution in various sections of the slabs is a critical
factor in defining the overall behavior of fire-exposed elements.
The changes in material properties, either concrete or reinforcing
bars, take place with the evolution of heat within the element. Thus,
the comprehensive data were collected from the critical positions
during the fire. The protective and insulating role of concrete is
beneficial for reinforcing bars to delay the degradation of mechani-
cal properties at high temperatures. Fig. 5 demonstrates the temper-
ature variations as a function of fire exposure time within the depth
of the slabs at midspan. The temperatures at the various depths of
10, 20, 40, 60, and 80 mm were measured. Measurements at 40 and
60 mm represent temperatures at the bottom and top of the reinforc-
ing bars. The recorded temperatures at 10 and 20 mm were quite

extreme, reaching around 900°C and 750°C, respectively, after 3 h.
The great temperature difference between the readings at 20 and
40 mm shows the significant function of concrete cover in protect-
ing reinforcing bars. Although there is a big difference between
temperatures at 20 and 40 mm, temperature variations within the
thickness at 40, 60, and 80 mm reached a steady condition. This
encourages the placement of reinforcing bars with a clear concrete
cover of not less than 40 mm.

A notable spike was recorded particularly at the depths of 10 and
20 mm at around 75 min. Notwithstanding the local and small
spalling of concrete, the previously mentioned spikes were due
to local temperature variations in the furnace. The temperature
in the furnace was programmed to follow the ASTM E119
time-temperature curve. The average of readings from nine thermo-
couples in the furnace [Fig. 2(b)] was used to control the fuel flow
and temperature. A temperature variation of up to 250°C among the
controlling thermocouples was recorded at 75 min, causing short-
time inconsistent temperatures in various locations of the furnace.
As seen in Fig. 5, the time length of the spikes was approxi-
mately 25 min.

While the temperature at the bottom of the reinforcing bars in-
creased to 460°C after 3 h, the temperature at the top of the bars was
340°C, indicating a thermal gradient of 120°C across the bars. The
temperature distribution data were also collected from the unex-
posed anchor zones where eight thermocouples were aligned over
a length of 200 mm. These areas of interest were heavily instru-
mented since the failure of the slabs was expected to initiate by
GFRP-to-concrete bond degradation based on a previous set of
fire tests (Hajiloo et al. 2017). The results (Fig. 6) showed that
the temperatures remained below 100°C at 75 mm from the ends
of Slab-A during the entire fire exposure; the maximum tempera-
ture at the same location for Slab-B was 116°C. At these temper-
atures, the bond strength between the concrete and the GFRP was
approximately 30% of the room-temperature strength (Hajiloo and
Green 2018). Temperatures drop significantly from the edge of the
exposed zone toward the end, especially between 200 and 125 mm
from the end of the slabs. The thermal field becomes more uniform
at the end 75 mm.

Several thermocouples were placed at various depths in the
unexposed zones to thoroughly investigate the thermal field in
the unexposed zones and measure the effectiveness of the heat-
insulating layer. Figs. 7(a and b) show that the temperatures at
the bottom of the slabs reduce significantly toward the end of
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Fig. 5. Temperatures within the thickness of slabs during fire exposure: (a) Slab-A; and (b) Slab-B.
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the slabs. In general, the intensity of heat diminished with increas-
ing distance from the heat-exposed zone. The measurements at
150 mm in Slab-B show higher heat intensity than Slab-A, which
can be attributed to some variances in the thermocouple’s positions
and slight variances in the width or alignment of the heat-insulating
ceramic fabric. However, the temperature distribution was consis-
tent at 75 mm from the ends of both slabs.

The temperature measurements presented in Fig. 8 provide a
basis to evaluate the conditions of top reinforcing bars in restrained
or continuous multispan elements. The temperature distribution
at the top part of the concrete cross section is important to deter-
mine the temperatures at the negative reinforcement near the sup-
ports. The thermocouples were placed at 150 mm from the end of
Slab-A and the temperatures were measured at 10, 40, 80, and
120 mm from the bottom of the slabs [Fig. 8(a)]. In addition,
the measurements at 75 mm from the end of Slab-A showed a slight
temperature increase as temperatures at depths of 100 and 160 mm
reached 70°C and 50°C, respectively, after 3 h [Fig. 8(b)].

Load and Deflection Behavior

The specified superimposed load was applied in four steps with
15-min intervals between each step. Fig. 9 shows the superimposed

moment–deflection diagrams where a similar behavior can be seen
for both slabs. The slabs were indeed subject to a high level of
superimposed load to simulate critical situations during a fire in-
cident. The applied load was considerably beyond the expected
load on such slabs in a real fire incident.

Fig. 10(a) shows the time–deflection behavior of the slabs dur-
ing the fire. Nonlinear thermal gradient within the depth of the slabs
caused the thermal bowing of the slabs. The deflection consisted
of rapidly developed thermal bowing deflection and the gradual
deflection due to the degrading properties of concrete and reinforc-
ing bars as temperature rises. Temperature increased at the bottom
layers of concrete very quickly, causing a rapid deformation in the
first 20 min of fire, and afterward the slabs deformed at a slower
rate. After 60 min, the temperatures at the bottom of the reinforcing
bars in the exposed zone reached 180°C, at which time the remain-
ing bond strength of the reinforcing bars is small (around 10%)
according to the pullout tests that were performed on the same
types of the bars at high temperatures (Hajiloo and Green 2018).
However, the relatively short embedment of the reinforcing bars
into the unexposed anchor zone still provided sufficient bond
strength. In other words, the slabs were anchored from both ends,
acting like a tied arch.
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Both slabs, especially Slab-B, showed a higher rate of deforma-
tion at 105 min, yet slower than the rate of thermal bowing at the
beginning of the fire. Right after 3 h (at 188 min), Slab-B failed
with excessive deformations that left a gap between the slabs on
the furnace where flames leaped through. The test was stopped
to prevent Slab-B from falling into the furnace and causing damage
to the furnace. Fig. 10(b) shows the deflection behavior versus tem-
perature in the furnace. The furnace temperature reached 800°C and
1,000°C in 30 and 75 min, respectively.

Failure Modes and Visual Observations

According to ASTM E119 (ASTM 2015), the average temperature
rise of the unexposed surface of slabs with respect to the room
temperature has to remain below 140°C. In addition, the passage
of flame through slabs is not permitted. None of these failure
criteria associated with thermal behavior occurred during the fire
exposure.
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Slab-B endured 3 h of standard fire exposure under a sustained
moment of 45 kN · m that corresponded to 45% of the ultimate
flexural strength of the slabs based on concrete compressive
strength at 28 days. Fig. 11(a) shows a view of the inside of the
furnace at the time when Slab-B failed. Excessive transverse cracks
are visible on the bottom surface of Slab-B. The other slab did not
fail and was removed to be tested at room temperature to investigate
the postfire residual remaining strength. Slab-A and Slab-B are
shown in Fig. 11(b) a day after the fire test. The image of
Slab-A was taken when the slab was still on the floor furnace,
and the permanent deformation (approximately 25 mm) of the slab
can be seen. Slab-B was removed from the top of the furnace for
investigation and placed on the ground. Substantial deformation
of Slab-B illustrates the extent of damage to the slab. The sides
of the slabs were covered with RCF, and the visible cracks on
the sides of the slabs are the gaps between the RCF blanket pieces.

One of the most informative parts of the fire experiment was
the postfire investigation of Slab-B. To discover the failure mode,
a thorough investigation was performed by removing concrete to
expose the GFRP reinforcing bars. By using a concrete saw, a rec-
tangular prism with dimensions of 120 × 50 × 1,200 mm was cut at
both ends of Slab-B.

Regardless of the fully burnt-out resin of the GFRP bars, the
failure did not occur due to tensile strength loss. The maximum

temperatures at the bottom and top of the reinforcing bars upon
failure were 500°C and 350°C, respectively. The experiments on
the mechanical properties of GFRP bars at high temperatures
showed that GB bars held approximately 85 kN at 400°C (Hajiloo
et al. 2018). Given that the estimated existing tensile force in the
bars before the fire was 40 kN, the remaining tensile strength was
higher than the tensile stress. Moreover, as shown in Fig. 12, the
failure was initiated by the pullout of the GFRP bars at the ends of
Slab-B. If the bars were to rupture, pullout of the bars could not
have occurred. The observed failure was of a similar pattern in
all bars with various extents of slip. Fig. 12(a) shows the measured
slips at one end of Slab-B, while there was no sign of slip at the far
end. The cuts that were made at the end of the slab went through the
reinforcing bars as seen in Fig. 12(b). Some bars were completely
cut, and others were cut longitudinally in halves. The extent of
slip and the situation of the bars convincingly demonstrate that
the failure was attributed to the progressive bond loss in the unex-
posed zone.

The concrete around the reinforcing bars was visually assessed
and large splitting cracks were spotted. The cracking condition
at the end of Slab-B, in which slip of bars occurred, is shown
in Fig. 13(a), and a large crack extended along the half-width of
the slab. The cracks all initiated from the reinforcing bars and ex-
tended in all directions, although most of the cracks extended

Fig. 11. (a) Failure time of Slab-B seen from the furnace; and (b) Slab-A and Slab-B after the fire test.

Fig. 12. (a) Slip measurements of bars at one end; and (b) end conditions after test investigations.
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toward the bottom of the slab. The mentioned crack also extended
lengthwise in the plane containing the reinforcing bars. The cracks
around the bars shown in Fig. 13(b) at the same end of the slab
developed individually extending downward. Fig. 13(c) shows
some cracks at the other end of Slab-B where the overall extent
and size of the cracks were lower with respect to the other end.
This leads to speculations as to whether the slip of the reinforcing
bars was the main cause of the substantial cracks. The answer can
be found by evaluating the crack shown in Fig. 13(d). The men-
tioned crack developed around the short dummy GFRP bar that
was placed at the end of the slabs to install thermocouples. Since
the force in the dummy bar was zero, the cracks developed most
likely because of the lateral thermal expansion of the bar. The re-
lation of concrete cover and the extent of thermal-induced lateral
cracks in FRP-RC was investigated by Masmoudi et al. (2005) and
a ratio of 1.9 was recommended for concrete cover to FRP bar
diameter to avoid cracking of concrete at elevated temperatures
up to 80°C for the tested materials.

Strains

One of the inherent limits of any experiments at high temperatures
is the strain measurement. The mechanism of transferring strains
from a reinforcing bar to a strain gauge becomes ineffective as tem-
perature rises (Hajiloo et al. 2017). In fire tests by Nigro et al.
(2011b), the strain gauges on top of the main reinforcing bars
stopped working after 10 min of fire exposure. The strains in-
creased 1,000 microstrain, from which a considerable portion is
believed to be due to free thermal elongation of the reinforcing
bars. The precise evaluation of its value is not feasible because
of unknown factors such as the coefficient of thermal expansion
(CTE) of GFRP bars at high temperatures. It is expected that
the different CTEs of a reinforcing bar and concrete cause opposite
stresses in the bar and concrete as long as the bond between bar and
concrete is effective. Considerable heat-induced tensile stress in the
steel reinforcing bars, which was five times as large as the stress
from the sustained loads, was shown in the numerical work of Gao
et al. (2013). However, the stress level cannot be determined with
adequate certainty due to the absolute lack of experimental data.
On the other hand, determination of the stress in a reinforcing
bar during fire is essential to estimate fire resistance of the RC
element. To estimate the total tensile force in the reinforcing bars
during the fire, the strains of the bars were thoroughly examined.
The discussions and calculations in the following sections were de-
veloped based on the results from the two separate sets of full-scale

fire tests of GFRP reinforced slabs with 60-mm (Hajiloo et al.
2017) and 40-mm clear concrete cover (current paper).

Heat-Induced Strains
The heat-induced tensile stress in the bars was studied in two steps.
First, the readings from the strain gauges were used to estimate the
heat-induced stress during the fire until the strain gauges stopped
working. Second, the observations during the fire test, deflection
behavior, and the strain gauges on the top surface of concrete were
used to study the tensile stresses in GFRP after the failure of strain
gauges.
Measured Heat-Induced Strains from Strain Gauges. Only the
valid strain readings from the fire tests on GFRP-reinforced slabs
with 60 and 40 mmwere evaluated. The strains in the first 20 min of
fire exposure on the slabs with 60-mm cover (Hajiloo et al. 2017)
show that the total strain increased from 2,250 to 3,100 micro-
strains, resulting in an additional 850 microstrains. The thermocou-
ples, which were placed very close to the strain gauges, recorded
the temperatures that were used to calculate the free thermal elon-
gation of the bars. At 20 min, temperatures at the bottom and top of
the bars were 100°C and 60°C, respectively, resulting in an approxi-
mated average of 80°C in the centerline. The ambient temperature
of the bars was 20°C at the beginning of fire exposure. The CTE
was assumed constant and equal to 7.0 × 10−6 (provided by the
manufacturers) to calculate the free thermal elongation at the re-
spective temperatures. Thus, the 60°C temperature increase in
the bar centerline created 420-microstrain free thermal elongation.
Then, only 430 microstrains of the heat-induced strain can cause
additional tensile stress in the GFRP bars, which is resulted from
the different CTEs of the concrete and GFRP. The heat-induced
tensile stress was approximated to be 27 MPa (5.5 kN) in the first
20 min of the fire. This stress should be compared to the stress
(140 MPa) from the sustained loading. This means the heat-induced
tensile stress increased by approximately 20% in the first 20 min
of fire.

Regarding Slab-B with 40-mm concrete cover, similar calcula-
tions show that the tensile stress of the GFRP bars after 15 min of
fire exposure increased 22 MPa (4.4 kN). The maximum strain at
the end of loading before the fire was 3,100 microstrains, which
results in a stress level of 192 MPa equivalent to 39 kN. This means
the heat-induced tensile stress increased by approximately 10% in
the first 15 min of the fire. Therefore, the results from the calcu-
lations on the slabs with 60- and 40-mm cover appear to suggest
that the heat-induced tensile stress in the first 20 min of the standard
fire was 20% of the existing stress before the fire.

Fig. 13. (a) Widthwise crack; (b) crack initiation around the bars; (c) cracks extended downward; and (d) cracks around the dummy GFRP bar after
test investigations of Slab-B.
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The accuracy of the measured strains (before the fire) was stud-
ied by comparing the measured strains with the values from the de-
sign calculations. The specified superimposed load was applied in
four steps as recommended by CAN/ULC-S101-07 (Underwriters’
Laboratories of Canada 2007). Two strain gauges (#3 and #6)
were installed at the midspan of Slab-B on two different reinforcing
bars. The strains in the GFRP bars that were caused by the sustained
loading (before the fire) are shown in Fig. 14(a). The measured
strains upon applying the sustained load were very close to the
estimated values from the design calculations of the slabs. The
cracking moment of the slabs was predicted as 28 kN · m, which
can be caused by a superimposed distributed load of 9.8 kN=m and
a dead load of 5.8 kN=m. The strains in the bars started to develop
when the superimposed load reached 10 kN=m around the cracking
load. Fig. 14(b) shows the heat-induced strains in the reinforcing
bars with the temperature increase.
Heat-Induced Strains after Strain Gauges Failure. To extend the
calculations to the rest of the fire exposure time, wherein the strain
gauges had stopped working, two plausible hypotheses are pro-
posed based on the experimental results and the observations. First,
the bond between GFRP bar and concrete deteriorates as the tem-
perature at the GFRP-to-concrete interface increases. In the slabs
with 60-mm cover, for instance, temperatures reached 200°C and
120°C at the bottom and top of the GFRP bars after 60 min (Hajiloo
et al. 2017). If the average temperature in the bar centerline is ap-
proximated as 160°C, the retained bond strength is around 20% of
the original room temperature bond strength (Hajiloo and Green
2018). Thus, the shear stress transfer mechanism between GFRP
bar and concrete is affected, and the differential thermal elongations
of the GFRP bar and concrete cause less counteracting influence
because the core of the bar can slide alongside the coating. Con-
sequently, an increase in tensile stress of the reinforcing bars during
fire exposure can occur only up to the functional temperature of the
GFRP-to-concrete interface. Second, the midspan deflection versus
the fire exposure time curve presents an important fact in many fire
tests (Nigro et al. 2011a; Hajiloo et al. 2017), according to which
the deformation of slabs takes place at a higher rate in the early
minutes (30 min) of fire than the rest of the fire exposure time.
The deformation takes place due to the thermal gradient between
the bottom exposed and top unexposed surfaces of the concrete
element, which is referred to as bowing effects. At the end of
the thermal bowing effects, the deformations of the slabs become
relatively stable. The slowly increasing deformations are due to the

spread of heat into the concrete and degradation of the material
properties such as tensile strength and bond strength of GFRP
reinforcing bars. A conclusion based on the previously mentioned
hypothesis states that the heat-induced tensile stresses in the
reinforcing bars is caused in the early minutes of fire exposure,
i.e., 30 min in the experiments by the authors.

Substantial support for the previously discussed hypothesis is
found in Fig. 15, where the strains on the top surface of the concrete
are presented. Fig. 15(a) shows a consistent strain development at
the concrete top surface at the midspan of both slabs where the
strains reached 800 microstrains at the end of loading (before fire).
The key information can be found in Fig. 15(b), where the strains
rapidly increase in only the first 15 min (thermal bowing) and then
gradually become steady before the strain gauges stopped working
at around 120 min, when the temperature reached on average 60°C
on the top surface of concrete.

Strains in the Unexposed Anchor Zones
It was anticipated that the strains of GFRP bars at the unexposed
anchor zones would be zero at the start of fire exposure. The strains
would increase gradually because of the degradation of the GFRP-
to-concrete bond with temperature rise and the free thermal
elongations. The approach to measure the strains was effective be-
cause the strain gauges endured longer than the strain gauges in-
stalled at midspan on the GFRP bars. The heat propagation into the
unexposed zones was considerably slower than the fire-exposed
areas. Only the useful part of the strains is shown in Fig. 16, where
the sensors remained functional and attached to the underlying
surface.

To summarize the discussion on the heat-induced strains and the
tensile stresses, the tensile stress increase (during fire) in the GFRP
reinforcing bars of the slabs with 60 and 40 mm is conservatively
estimated to be 50% of the tensile stress caused by the sustained
loads. In another conservative approach, the GFRP-to-concrete
bond in the fire-exposed areas is considered fully deteriorated.
Thus, the entire tensile forces in the GFRP bars transfer to the un-
exposed anchor zones. This is the basis in the model to determine
the fire resistance of the slabs.

New Model to Predict Fire Resistance

The progressive degradation of the GFRP-to-concrete bond in
unexposed zones of a fire-exposed GFRP-RC element can be
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Fig. 14. Strains on the reinforcing bars in the midspan of Slab-B: (a) loading before fire; and (b) during fire.
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estimated if the temperature distribution and bond strength proper-
ties at high temperatures are known. The concrete-to-GFRP stress
transfer mechanism changes with the increasing temperature. At a
certain time after the start of the fire, the tensile force in bars
is resisted only by the retained bond strength at the unexposed
zones because the GFRP-to-concrete bond has deteriorated in
the fire-exposed areas. The ultimate failure of the GFRP-RC is
estimated by comparing the retained bond strength against the ten-
sile force in bars. By implementing this method, an analytical
model was developed to estimate the fire resistance of GFRP-
RC slabs. The full-scale fire tests on GFRP-reinforced slabs with
60-mm clear concrete cover (Hajiloo et al. 2017) and the slabs with
40-mm clear concrete cover provide a sound basis for validating
the model.

The prediction of the fire resistance in the present model was
achieved in three steps: first, the temperature distribution at any
location and any time was determined by numerical heat transfer
analysis, which was verified against the experimental results
(Hajiloo et al. 2017); second, the retained GFRP-to-concrete bond
capacity (pullout) at any time and temperature was determined from
the pullout bond tests (Hajiloo and Green 2018); third, the total
tensile load in GFRP reinforcing bars was determined to compare

with the retained pullout load capacity at any time during fire.
The assumptions made in developing the model for GFRP rein-
forced slabs are as follows:
• The retained tensile strength of the bars at any time is higher

than the tensile stress in the bars. Thus, the tensile failure does
not occur.

• The bond strength in the fire-exposed areas is entirely deterio-
rated, and the entire tensile force in the bars is transferred to the
unexposed end zones.

• The length of a reinforcing bar in the unexposed zone is divided
into several segments at which the temperatures are considered
constant.
The bond between GFRP and concrete at elevated temperatures

was investigated for three types (GA, GB, and GC) of GFRP
reinforcing bars (Hajiloo and Green 2018). The retained bond
strength of the bars was fitted using sigmoid curves and they were
incorporated into the predictive model. Slab-A and Slab-B were
reinforced with GA and GB reinforcing bars. To better demonstrate
the procedure that the model adopts, the temperatures and the re-
tained pullout capacity of the GFRP bars at the unexposed zones of
the slabs with 60 and 40 mm of cover are shown in Fig. 17. The
ends of GFRP bars at the unexposed zones were divided into eight
segments, and the temperature in the middle of each segment and
the retained pullout capacity of each segment are shown. The draw-
ings of the unexposed length of the bars are provided in Fig. 17
with labeling of the segments and the dimensions. The sum of
the retained pullout capacity of the segments was the retained pull-
out capacity of each bar, which were 57 and 61 kN for the slabs
with 60- and 40-mm cover, respectively. The unexposed length of
GFRP bars in the slabs with 40 mm of cover was 20 mm longer
than the slabs with 60 mm of cover.

The model predictions of the slabs with 60-mm cover (Hajiloo
et al. 2017) and the slabs with 40-mm cover are shown in Fig. 18 as
a function of the standard fire exposure time. The very comparable
bond properties of GA and GB bars are reflected in the model, and
the failure time of GA and GB reinforced slabs are quite close. The
horizontal lines in Fig. 18 show the measured tensile force in the
bars at the beginning and the estimated ultimate force at the end of
the fire (150% of the initial force). The failure of the slabs due to the
bond loss occurs within the shaded area. Fig. 18(a) shows that the
slabs with 60-mm cover are expected to entirely lose the bond
strength and fail after 3 h, which correlates well with the experi-
mental results (Hajiloo et al. 2017). Fig. 18(b) shows that the GA
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and GB reinforced slabs with 40-mm cover fail after 2.5 h, which is
slightly conservative. Overall, the model predicts the failure time of
the tested slabs with a reasonable accuracy margin considering the
complexity of the mechanism and the affecting parameters. Be-
cause the rigorous determination of tensile forces in the bars during
fire has remained unreachable, the approximate approach in this
paper based on the measurements and observation from two sets
of full-scale standard fire tests appears promising.

Conclusions

To achieve both fire safety and efficient use of GFRP reinforcing
bars in construction, two full-scale GFRP-RC slabs with only
40 mm of clear concrete cover were tested under a standard fire.
Both slabs obtained 3 h of fire resistance while subjected to sus-
tained loading that was greater than the expected service load based
on serviceability design criteria (deflection and crack control). The
slabs were provided with only 200-mm-long unexposed (cool) an-
chor zones at the ends of the slabs.

• The loaded slabs endured 3 h of ASTM E119 standard fire
exposure. One of the slabs failed due to bond failure.

• The concrete and the ends of the bars were effectively protected
to provide adequate anchorage during the fire test. The tempera-
ture of GFRP bars in the exposed zone (600°C) substantially
reduced when compared with the temperature at 100-mm dis-
tance into the unexposed zone (200°C).

• The temperature measurements in the unexposed zone showed
that GFRP bars can be safely used as negative reinforcing bars
in multispan slabs or beams.

• The retained bond strength and the temperature gradients in the
unexposed zones emphasize the effects of unexposed zones. By
providing a proper unexposed anchorage length at the ends of a
GFRP-reinforced slab, the concrete cover can be reduced. The
practical recommendation is to make GFRP bars continuous
over walls or columns within a fire compartment.

• The increase in the tensile force of GFRP bars during fire is
conservatively estimated as 50% of the sustained load. The es-
timated total tensile force in the bars is necessary to estimate the
fire resistance of GFRP reinforced slabs.
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Fig. 17. Temperature and respective retained bond along the unexposed length of GA bars in the slabs with (a) 60 mm of cover; and (b) 40 mm of
cover.
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Fig. 18. Estimation of fire resistance of the slabs reinforced with different bar types: (a) 60 mm of cover; and (b) 40 mm of cover.
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• The model conservatively estimates the failure time of the slabs
when the GFRP bars lose their bond to the concrete in the un-
exposed anchor zone.
Overall, this study provides information regarding the fire per-

formance of GFRP-RC slabs and shows that comparable fire resis-
tance to steel-reinforced concrete can be obtained if an engineered
design is implemented by providing practical unexposed zones and
avoiding splicing of bars within the exposed zones.
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