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Abstract

This paper presents experimental and numerical results of intermediate-scale and full-
scale fire tests conducted on flexurally strengthened reinforced concrete members.
Two full-scale reinforced concrete T-beams and two intermediate-scale slabs were
strengthened in flexure with carbon fibre reinforced polymer (CFRP) sheets or plates
and insulated with a layer of spray-on material. T-beams and slabs were then
exposed to a standard fire. T-beams were loaded to their service load. Deflections,
strains, and temperatures were measured during the tests. A numerical finite
difference/volume heat transfer model was used to simulate the temperature field
inside the section. The validity of the numerical model was verified by comparing the
predicted temperatures with those recorded during the fire test. Fire test results
show that fire endurances of more than 4 hours can be achieved using the
appropriate insulation system.

Notations:

¢ — heat capacity

CFRP — carbon fibre reinforced polymer
FOS — fibre optic sensor

FRP - fibre reinforced polymer

i — counter for time increments for finite difference
k —thermal conductivity

p - point in finite difference discretisation
t—time

T —temperature

T, ~ glass transition temperature

x, y — spatial coordinates

p — density

Keywords: fire engineering, concrete structures, rehabilitation



1. INTRODUCTION

Fibre reinforced polymers (FRPs) have been commonly used in the aerospace and automotive
industries. Recently, FRPs have gained popularity in the construction industry mainly due to ease of
application, high strength and durability against corrosion.

FRP has been most often applied for strengthening of bridge structures where the risk of exposure
to fire is comparably low. For building structures, where fire endurance is a primary design
consideration, the lack of knowledge about fire performance limits the application of FRPs. To fulfill
design requirements, one needs to know the behaviour of the material and structure at elevated
temperatures. A measure of fire endurance commonly used by codes is the duration of fire exposure
for a structural element before its failure. This time allows for safe evacuation of the building when a
fire incident happens. The behaviour of steel and concrete at elevated temperatures is well-known
(Lie, 1992, Buchanan, 2001, Purkiss, 2007, Bazant and Kaplan, 1996). This allows fairly accurate fire
endurance calculations for reinforced concrete structures. On the contrary, limited data exist on the
behaviour of FRP materials used as construction materials. Experimental results on the behaviour of
FRP materials at elevated temperatures show a significant loss of mechanical properties at
temperatures close to glass transition temperature (T,) of the bonding resin (Chowdhury et al.,
2010). At this temperature, the resin softens and the resin will no longer be as effective in
transferring stresses between fibres and between the fibres and concrete. For most of the
commercially available FRP materials for repair, T, is usually between 50 and 100 °C. Fire exposed
members will reach this temperature very rapidly in a post flashover fire situation; therefore FRP
needs to be protected from direct fire exposure.

Only limited studies are available in the literature concerning the fire behaviour of externally FRP-
strengthened members. Deuring (1994) tested six beams (300 mm x 400 mm x 5 m) where four of
them were strengthened with CFRP sheets and were subjected to sustained loading. Insulated
beams showed satisfactory fire endurance in the tests. The un-insulated beams had a fire endurance
of 81 minutes while the insulated beams had an endurance of 146 minutes. Interestingly, the
endurance of the insulated CFRP plated beam was longer than that of the un-strengthened
reinforced concrete beam. Blontrock et al. (2000) tested CFRP plated beams using multiple
insulation schemes. During the experiments, when the temperature of FRP reached Tg, the load
bearing contribution of FRP was significantly reduced. Overall, the fire endurance observed in the
tests was not sufficient for building performance. Other tests reported on full-scale insulated T-
beams and slabs (Williams et al., 2008) found that the members could achieve up to 4 hours of fire
endurance in the tests.

In this study, two full-scale reinforced concrete T-beams and two intermediate-scale slabs were
strengthened in flexure with carbon fibre reinforced polymer (CFRP) sheets or plates and insulated
with a layer of spray-on material. T-beams and slabs were then exposed to a standard fire. T-beams
were loaded to their service load during fire endurance tests. As an extension of the work presented
by Williams et al. (2008), the current study examines two different FRP materials and a different
insulation system.

2. THE EXPERIMENTAL PROGRAM

The experimental program consisted of fire tests on two intermediate-scale reinforced concrete
slabs and two full-scale reinforced concrete T-beams, all of which were strengthened with FRP
materials applied externally to the specimens. The slabs were designated as slab-A and slab-B and



the T-beams were designated as beam-A and beam-B. The slabs were rectangular in shape,
1330 mm by 955 mm and 150 mm thick. Three 15 mm diameter deformed steel rebars were placed
in the longer direction and three 10 mm diameter steel rebars were placed in the other direction at
the bottom of the slabs. A clear concrete cover of 40 mm was provided for the steel rebars.

The T-beams had a span of 3.9 m and an overall height of 400 mm. The flange was 1220 mm wide
and 150 mm thick while the web was 300 mm wide. The reinforcement details are shown in Figure 1.
Two 15 mm diameter steel bars act as flexural internal reinforcement at the bottom of the beams.
Clear concrete cover was 40 mm for both beams. The average measured yield stress of the steel was
470 MPa and the average measured 28 day compressive strength of the concrete was 32 MPa.

The slabs and T-beams were fabricated and cured indoors for at least six months at Queen’s
University and then shipped to the National Research Council for fire testing.
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Figure 1. Details of reinforcement and instrumentation for beams (dimensions in mm).



3. Strengthening and Insulation

Either CFRP plates or CFRP sheets were installed on slab-A and slab-B respectively as shown in

Table 2. One of the T-beams was strengthened by CFRP plates in flexure and the other was
strengthened in flexure by 1 layer of CFRP sheets on the bottom of the web of the beam.
Appropriate U-wrap was provided at the ends of the plates according to the provisions of ACI (2008).
A summary of the strengthening system for T-beams is presented in Table 2. Table 3 gives a
summary of the material properties of the FRP as provided by the manufacturer.

In order to provide supplemental fire insulation over the FRP on beams and slabs, a cement-based,
dry mix fire protection mortar was applied as insulation. A 40 mm layer of insulation was spray-
applied to slab-A, beam-A and beam-B, while the insulation thickness for slab-B was 60mm.

Table 1. FRP and insulation details for intermediate-scale slabs.

slab A slab B
FRP Type Sika CarboDur® S512  SikaWrap® Hex 103C
No. Layers/strips 3 side by side 2
FRP Width (mm) 3%50 635
Epoxy SikaDur®-30 SikaDur®-300
Insulation Type Sikacrete®-213F Sikacrete®-213F
Insulation Thickness 40 mm 60 mm

Table 2. Summary of FRP-Insulation system used for T-beams.

beam A beam B
Flexural FRP  Type Sika CarboDur® S812 SikaWrap® Hex 103C
No. Layers/strips 1 1
FRP Width (mm) 80 200
Insulation Type Sikacrete®-213F
insulation Thickness 40 mm
U-wrap END1 Type SikaWrap® Hex 103C  SikaWrap® Hex 100G
No. Layers 2 2
Wrap Width {(mm) 635 610
U-wrap ENDJ Type SikaWrap® Hex 230C  SikaWrap® Hex 430G
No. Layers 4 4
Wrap Width (mm) 600 610




Table 3. Material properties of FRP (provided by the manufacturer).

Material Type Thickness Modulus  Strength  Ultimate  Tg(C)
{(mm) (Gpa) {Mpa) Strain(%)

Sika CarboDur® S812 CFRP plate 1.20 165 2800 1.70 150
SikaWrap® Hex 103C CFRP sheet 1.02 70.6 849 1.12 -
SikaWrap® Hex 230C CFRP sheet 0.38 65.4 894 1.37 -
SikaWrap® Hex 100G GFRP sheet 1.02 26.1 612 2.34 -
SikaWrap® Hex 430G GFRP sheet 0.51 26.4 537 2.03 -
Sikadur 30 epoxy - 4.5 24.8 1.00 50-60
Sikadur 300 epoxy - 1.7 55 3.00 50-60
Sikadur 330 epoxy - 3.8 30 1.50 50-60

3.1. Test setup and instrumentation

Beams and slabs were exposed to fire on their soffits and exposed to ambient temperature on their
top surfaces. Slabs were tested in the intermediate-scale furnace at NRC and beams were tested in
the full-scale floor furnace, also at NRC. These furnaces were designed to produce temperature and
loading conditions as prescribed in ASTM E119 (2008) and CAN/ULC S101 (2007). No load was
applied on the slabs except for their self weight. To record temperature variations in the specimens,
12 thermocouples were installed on each slab and 48 thermocouples on each beam. Electrical
resistance strain gauges and fibre optic sensors were installed on the beams to capture strain and

temperature during the tests (see Figure 1 and Figure 2).

Beams were loaded to their service load at room temperature and the load was kept constant for
approximately 1 hour. Beams were exposed to fire immediately after the loading procedure was

completed.
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Figure 2. Location of thermocouples in slab dimensions in mm.



4. TESTS RESULTS AND DISCUSSION

4.1. Slabs

Minor shrinkage cracks were present on the insulation surface before the fire test and these cracks
widened as the test progressed. Despite these cracks, no debonding of insulation occurred during
the test. Figure 3 shows temperatures at the FRP-concrete bondline and at the locations of the steel
reinforcement during the fire tests. These data indicate that it will be difficult to maintain the FRP
temperature below the glass transition temperature (7;) of the matrix for prolonged periods of time
during fire. Temperatures in slab-B are lower compared to those in slab-A because of the thicker
layer of insulation, but the FRP is still not kept below its T, for the full duration of the fire. In both
cases, the FRP-concrete temperature reaches T, = 60 °C in aproximately 30 minutes. The average
unexposed surface temperature after 4 hours of fire exposure reached 88 "C and 62 "C in slab A and
B, respectively.
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Figure 3. Temperature results for slabs (FRP-concrete bondline and steel reinforcement locations).

4.2. T-beams

Minor shrinkage cracks were also evident on the insulation surface of the T-beams before fire test
and these cracks widened as the test progressed. After approximately one hour and 20 minutes,
pooling and evaporation of water were visible on the unexposed surface. Shortly thereafter
(approximately one hour and 30 minutes into the test), visible flame was observed coming out of
cracks on the insulation. More flaming was evident near the U-wrap locations. After 4 hours of
standard fire exposure, the beams did not fail, and therefore, the load was increased to the
maximum capacity of the hydraulic system, but neither of the beams failed. Additionally, no spalling
of insulation occurred during the tests. Figure 4 shows the temperature distribution at the insulation
surface, the FRP-insulation interface, and the FRP-concrete interface (concrete surface) at
midsection of the beams. The temperature at the FRP-concrete bondline reached T, in
approximately 30 minutes. For beam-A, a spike in the temperature on the surface of the FRP
(location 2) occurred after approximately 30 minutes of fire exposure. The temperature increased to
just over 400 °C and then decreased to just over 200 °C after 60 minutes of exposure. No similar
spike in temperature was observed between the FRP and the concrete surface (location 3). Thus, the
temperature spike was localized and was likely due to a crack in the insulation that widened initially
but then closed slightly over time.
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Figure 4. Temperature results for a) beam-A and b) beam-B (schematic drawing not to scale).

5. NUMERICAL HEAT TRANSFER MODEL

High temperatures cause severe damage to concrete, steel and FRP. Therefore, predicting the
temperature distribution in a structural member is a crucial step in understanding the behaviour of
the member. A major challenge is the simulation of the concrete due to its complicated chemical
and structural composition. Portland cement paste may undergo various changes such as
dehydration, porosity increase, thermal cracking, spalling and many others. Several models have
been proposed for hygrothermo-mechanical simulation of concrete. Some existing models account
for a coupled field heat and mass transfer problem. These models are capable of predicting
temperature and pore pressure during exposure to elevated temperatures (Gawin et al., 1998,
Mounajed and Obeid, 2004). If only temperatures are required, several simplifications can be made,
which lead to the solution of a decoupled field equation. The following assumptions are usually
made for decoupling the problem:

- Temperature of the fluid and the solid are the same at each point.
- The amount of heat transferred by mass diffusion is negligible.
- Evaporation of chemically and physically bound water is negligible (Capua, 2007).

Even more simplified methods for predicting temperature distribution in concrete sections which
use a pre-determined temperature variation in the concrete section are available (Wickstrom, 1986,
Malhotra, 1982). Although these methods provide a reasonable approximation in some problems,
they are not suitable for complex geometries.

The model developed here is a finite-volume (FV) code that is capable of predicting temperature in
an insulated concrete section. The partial differential equation of heat conduction can be expressed
as

pcZl = v.(kVT) = —(k2) +§’;(k3—§) Eq. 1



where k is thermal conductivity, p is density, ¢ is heat capacity, T is temperature, ¢ is time, and x
and y are spatial coordinates.
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Figure 5. Spatial discretization.
For a two-dimensional rectangular grid, the discretized field equation is:
Ti*! = [adT} + adT§ + af T} + aTF + adT + b°)/af Eq. 2

where T is the temperature at point p at time step t = t*1, Other terms are described below:

a? = —(—ad + ad + af + a? + a} + hiAL, + hiAL.) Eq. 3
b® = hITIAL, + RLTIAL, Eq. 4
Axga A,
—ap = [pc]i,——:tye Eq. 5
Ax, Ay, Ay, Ax
ad—kpdAe, 0-_-k;)|Ae' 0 k‘ °,au ki,uA; Eq. 6

2kp
kpa = (k ka) is for a uniform grid 0 and h}AL, and hiAL are radiation and free convection terms.
The effect of moisture in the simulation is taken into account by increasing the heat capacity of
moist concrete.

5.1. Verification

The model is used to simulate a rectangular concrete section similar to the one used by Lie and
Woollerton (1988); the column is subjected to the ASTM E119 standard fire from all four sides. The
cross-sectional dimensions of the section are 305 by 305 mm. The model prediction is compared
with measured temperatures in Figure 6. Three points, A, B, and C with concrete covers of 6, 63, and
152 mm, respectively, are selected for comparison. For point A (near the surface), the model
predicts the experimental results with a maximum deviation of approximately 50 °C up to just over
400 °C. At that point, larger discrepancies are noted, but the predicted temperatures are higher than
those measured in the test. For points B and C, the temperatures are underestimated at the early
stages (below 100 °C) and then slightly overestimated afterwards. These discrepancies near 100 °C
occur because the model does not account for moisture migration away from the heated surface.
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Figure 6. Predicted and measured temperatures as a function of exposure time for different depths
within the concrete specimen (experimental data obtained from Lie and Woollerton, 1998).

5.2. Model results for slabs and T-beams

As shown in Table 1, two different insulation thicknesses were used in slab A and slab B. Figure 7
illustrates a comparison between model results and test data. Temperatures from the unexposed
surface and FRP concrete interface are compared. The model predicts the temperature at the
unexposed surface with a maximum discrepancy of 5 °C. For the temperature at the FRP concrete
interface, the model prediction is not quite as close to the measurement. Once again the
discrepancy occurs close to 100 °C and is related to the lack of modelling moisture migration. The
maximum deviation between the prediction and the measured results is approximately 25 °C.
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Figure 7. Predicted and measured temperatures as afunction of exposure time for slabs at, (a)
unexposed surface slab-A (40 mm insulation thickness); (b) FRP-concrete interface slab-A; (c)
unexposed surface slab-B and (d) FRP-concrete interface slab-B.

Figure 8 shows the temperature calculation from the model compared to temperatures measured in
the fire tests for the T-beams. The dotted line is the average temperatures obtained from beam-A
and beam-B. The model successfully predicts temperatures on the longitudinal steel and
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FRP/concrete interface (with a maximum discrepancy of approximately 40 °C) which are crucial in
predicting the structural behaviour of the strengthened member. The model is conservative in that it
predicts higher temperatures than those measured in the tests.
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Figure 8. Predicted and measured temperatures vs. exposure time for T-beams at (a) unexposed
surface; (b) on the centreline with concrete cover of 155 mm; (c) longitudinal steel and (d) FRP-
concrete interface.

Although standard fire curves are widely used for determining the fire resistance of structural
members, the intensity and duration of building fires may vary widely. Several parameters, such as
amount of combustible material and ventilation, affect the severity and duration of compartment
fires. In some cases, standard fire cures have serious deficiencies (Feasey and Buchanan, 2002). To
investigate the effects of different time temperature curves on the response of T-beams, four
different fire scenarios were selected. Fire time temperature curves were calculated using
Equation 7, proposed by Lie (1992).

, 0.5
T = 250(10F)° 1/:v"-Se-F’f[3(1 —e 0 —(1—-e3) +4(1—e"12)] +C (?) Eq. 7

where Ty is fire temperature, ¢ is time in hours and C is is a constant related to the boundary
materials. Different fire loads (Q) and opening factors (F) for different fire scenarios are given in
Table 4. Figure 9 shows the time temperature curves for Fires | to IV.

Table 4. Parameters used to produce fire curves.

FYm) Q(kg/m2) ¢

Firel 0.01 30 0.0
Firell 0.05 30 0.0
Firelll 0.10 30 0.0
FirelV 0.10 100 1.0

11
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Figure 10. Longitudinal steel temperature for Fires | to IV.

According to Figure 10, after four hours of exposure to fires | to IV, the longitudinal steel
temperature in all scenarios remain below 250 °C. Under these scenarios, the steel retains most of
its tensile strength after fire exposure {more than 90 percent). Given the fact that the temperature
of the compression concrete (close to unexposed surface) is lower than the steel temperature,
will suffer even smaller losses in strength. As a result, the reduction in the moment
capacity of the unstrengthened section will be minimal. While insulation provides limited protection
for FRP in fire situations (less than 30 minutes, Figure 11), it plays a major role in protecting the
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Figure 11. FRP-concrete interface temperature for Fires i to IV.

reinforcing steel and concrete.
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6. CONCLUSIONS

All specimens achieved a 4-hour fire endurance according to ASTM E119 specifications.

The insulation system effectively protected T-beams and slabs mainly by keeping internal steel
temperatures below 250 °C.

The heat transfer mode! could successfully predict temperatures inside the section.

Results of numerical simulation using different fire scenarios predict that the T-beams will retain
most of their unstrengthened room temperature strength regardless of the fire scenario.
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