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ABSTRACT

As the use of Fibre-Reinforced Polymer (FRP) materials continues to expand into the
structural repair market, concerns over the performance of these materials in fire
conditions are now at the forefront of research. While externally bonded FRP sheets have
been shown to successfully enhance the flexural and shear capacity of bridges and other
structures, their application in interior spaces, where fire is a significant concern, remains
questionable in light of these materials’ comparatively poor resistance to elevated
temperatures. This paper presents the results of an ongoing study to document the
performance of FRP-strengthened reinforced concrete beam-slabs exposed to fire. With
such experimental results, fireproofing materials have the potential to earn standard
performance ratings, which are essential to the design engineer and necessary for the
continued increase of FRP applications worldwide.

A brief synopsis of existing literature related to FRP behaviour at high temperature is
provided, in addition to a review of the current fire endurance criteria for structural
members. Two large-scale concrete beam-slab assemblies were strengthened with FRP
sheets and protected with a two-part patented fire insulation system. The results of fire
tests performed on these specimens are presented herein, with emphasis placed on the
temperatures measured in the specimens during fire exposure. The data obtained from the
tests served to validate a numerical heat transfer model, which predicts the temperature
within a strengthened and insulated reinforced concrete beam-slab assembly. Test results
and model data indicate that appropriately designed and insulated FRP-strengthened
beam-slab assemblies can achieve fire endurances of four hours or more.

KEYWORDS: fibre-reinforced polymer (FRP), structural fire endurance, reinforced
concrete, repair, strengthening
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NOMENCLATURE

¢ specific heat (J/kg-K) ¢  moisture content of element
k  thermal conductivity (W/m-K) Subscripts

Al length of element (mm) c concrete

At time increment (hours) f fire

Ty glass transition temperature (°C) refers to adjacent node “m”
Greek v refers to adjacent node “r”
&  emissivity of concrete = 0.9 w  water

&  emissivity of fire = 1.0 Superscripts

p  density J previous time step

o  Stefan-Boltzmann constant 1 current time step

INTRODUCTION

The rapidly deteriorating state of the world’s infrastructure has promoted recent
innovations in materials science. In an effort to rehabilitate deteriorating structures, repair
under-strength members and offer durable new construction materials, FRP materials
have been adapted from their more conventional applications in the aerospace industry,
and are now being applied in civil engineering. FRP products, which consist of fibres
(carbon, glass, aramid) in a polymer matrix (epoxy, vinyl ester), offer lightweight, high
strength, corrosion resistant alternatives to conventional building materials. FRP
materials are also highly versatile; available as bars, tendons, sheets, tubes and many
other custom forms. Over the past 15 years, research initiatives around the world have
demonstrated the viability of FRP sheets for use in repair and rehabilitation schemes for
concrete structures. Externally-bonded FRP sheets have been shown to successfully
enhance the strength and ductility of reinforced concrete columns [1,2,3,4], and to
achieve increased flexural and/or shear strength in reinforced concrete beams [5,6]. In
beam applications, FRP sheets are bonded to the base of the beam web or to the face of
the web to gain strength in bending or shear, respectively

FRP at Elevated Temperature

While structural steel members require protection to preserve their strength in a fire
event, FRP-strengthened concrete beams require protection to maintain their strength, to
prevent combustion of the material, and, to a lesser extent, to preserve their bond with the
substrate. The introduction of FRP into a new field of application brings with it a host of
technical obstacles; one concern at the forefront of FRP research is related to the
performance of FRP-strengthened members in fire. The organic polymer matrices of FRP
make them susceptible to combustion when exposed to fire. The critical temperature is
the glass transition temperature (T,); defined as the threshold at which an FRP’s
properties begin to change significantly. When T, is exceeded, the polymer matrix
becomes soft and rubbery [7], with reduced strength [8]. Many commonly used thermoset
matrices exhibit a Ty in the range of 65-82°C [9]. At even higher temperatures polymer
matrices may ignite, supporting flame spread and toxic smoke evolution [10].

The structural integrity of FRP materials after exposure to fire is not well known.
However, a study [11] was performed recently to define the temperature at which only
50% of the original room temperature strength of an FRP material remains. Based on
57 tension tests conducted at various increasing temperatures, it was determined that

248



carbon and glass FRPs lost 50% of their strength at 250°C and 325°C, respectively.
Stiffness appeared to suffer negligible losses up to about 400°, above which point it
decreased rapidly. A recent literature survey conducted by Bisby [12], and updated by
Williams [13], compiled temperature-dependent strength and stiffness data for FRP from
a number of studies and proposed predictive equations, based on a least-squares
regression analysis, to describe the observed trends. The equations were assumed to be
sigmoidal in nature. Figure 1 shows the individual data points used in the regression
analysis along with the predictive sigmoid curve for FRP strength. While the curve
reveals the general trends in the data, it is a rough approximation since many different
specific types of FRP materials are represented in the data.
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Fig. 1. Variation in strength with temperature for various
carbon Fibre Reinforced Polymers [12,13].

Standard Fire Testing

Due to the random nature of fire, standard fire conditions have been prescribed in fire
testing codes to represent typical severe fires in the lab setting. In a fire test in North
America, a structural member must be subjected to standard temperature-time conditions
as described by ASTM E119 [14], which reaches temperatures in excess of 1000°C after
two hours. The main parameter of interest measured in a structural fire test is a
specimen’s fire endurance, which is defined as the length of time that a structure or
member withstands exposure to the fire without losing its load-bearing or fire separating
capacities. For the flexural specimens evaluated in this paper, ASTM E119 defines fire
endurance as the time during which the following criteria are satisfied:

1. The member is capable of withstanding its applied load:;

2. The reinforcing steel in the concrete maintains a temperature less than 593°C; and

3. The average unexposed surface temperature does not rise more than 140°C and no
individual point on the unexposed face rises more than 180°C.
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Related Research

While a significant amount of testing has been conducted on FRP materials in isolation at
high temperatures, these results cannot be directly extrapolated to predict the fire
performance of concrete strengthened with FRP sheets. Moisture content, temperature
and stress in the concrete member affect the fire performance and should be taken into
account. To date, two research groups [15,16] have performed tests similar to those
presented in this paper. Deuring [15] and Blontrock et al. [16] exposed reinforced
concrete beams with a number of strengthening and insulation configurations to fire. In
the first group of tests [15], it was found that a specimen without strengthening withstood
fire for 118 minutes. An FRP-strengthened concrete beam without protection displayed
81 minutes of fire resistance, whereas the same beam with a 40 mm-thick protection of
calcium silicate board applied to the exterior of the FRP improved its fire endurance by
1.8 times over the unprotected specimen. In the second set of tests [16], the effects of
varying protection thickness, location, method of bonding, and length were studied. A
beam with calcium silicate board insulation anchored by adhesive lost its bond after only
7 minutes of fire exposure, while mechanically anchored insulation maintained its
protective capacity for 45 minutes. It was determined that U-shaped fire protection
provided more effective insulation for the FRP-strengthened beams. Finally, insulation
applied only within the anchorage zone of the FRP sheets, preserved the bond sufficiently
to allow the CFRP sheet to maintain its contribution as tensile reinforcement well into the
test (38 minutes), in a manner similar to the fully protected beams.

EXPERIMENTAL PROGRAM

Researchers at Queen’s University at Kingston, Canada, the National Research Council
of Canada (NRC), and Fyfe Co. LLC collaborated in an attempt to quantify the thermal
and structural behaviour of FRP-strengthened reinforced concrete beams subjected to fire
conditions. This project involved the design and fabrication of two large-scale beam-slab
assemblies, both of which were strengthened with FRP, protected with a patented
insulation system, loaded to service load levels, and exposed to the ASTM standard fire.

Specimens, Strengthening and Protection

Figure 2 shows a cross section of the beam-slab assembly. Two beams were fabricated,
spanning 3.8 m, with cross sectional dimensions selected to satisfy ASTM requirements
[14], and to be representative of field conditions. The beams were reinforced to resist
self-weight and a 2.4 kPa live load. The same concrete mix design was used for both
beams, and included 16 mm limestone aggregate and a 28-day design compressive
strength of 41 MPa. The measured relative humidity of the specimens at the test date was
73%.

The FRP strengthening scheme was devised assuming that an increase in live load to
4.8 kPa was required. Both beams were strengthened with a 100 mm wide strip of
Fyfe Co. Tyfo® SCH composite strengthening system, applied to the soffit of the web
over the entire beam span. The composite consisted of a carbon reinforcing fabric and a
two-part epoxy saturant/adhesive, applied using a hand lay-up procedure. A 1.3 mm-thick
SCH laminate possesses a design tensile strength of 460 MPa in the direction of the
fibres, and an ultimate elongation of 2.2% at failure. To enhance the bond of the flexural
sheet in fire, a U-wrap of Fyfe Co. Tyfo® SEH glass/epoxy FRP sheet was applied to the
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anchorage zones (600 mm in length) of the beam. This strengthening resulted in an
approximate 15% increase in the flexural capacity of the beams.
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Fig. 2. Cross section schematic of beam-slab assembly.

Fire protection for both beams consisted of a two-part system consisting of Fyfe Co.
Tyfo® VG insulation and Fyfe Co. Tyfo® EI-R coating. VG is a lightweight, fire
resistant cementitious plaster that was spray-applied to the underside of the beams.
Materials similar to VG have been used in the past to fireproof structural steel members.
As shown in Fig. 2, the VG was applied to three sides of the beams’ webs, and extended
to the underside of the slabs, along the entire beams’ length. EI-R is an impermeable
surface-hardening layer that was spray-applied over the installed VG layer. Beam 1 was
protected with 25 mm of VG insulation, while Beam 2 had a VG thickness of 38 mm.
Both beams had an EI-R thickness of approximately 0.13 mm. Table 1 summarizes the
properties of the VG. The EI-R coating has been ignored in the thermal analysis since it
has been observed to burn off rapidly in fire, and its overall effects on heat transfer are
thus considered negligible.

Table 1. VG insulation properties.

Property Value ASTM Test
Density, kg/m® 240-272 -
Compressive strength, kPa 112.0 E 761
Bond strength, kPa 18.6 E 736
Combustibility Non-combustible E 136
Surface flame spread 0.0 E 84
Effect of impact Passed E 760
Effect of deflection Passed E 759
Thermal conductivity®, W/m-°C 0.00815 -
Specific heat®, J/kg-K 1047 -
®Approximate room temperature data based on previous research [17]
Test Setup

The two beams were tested simultaneously in the full-scale floor furnace at NRC. They
were secured in a steel ring frame that was subsequently placed on top of the furnace
chamber; exposing the web and lower slab face of the beams to fire from below while the
top of the slabs were exposed to ambient conditions. The ends of the beams were axially
restrained, though this fixity did not translate into full moment fixity at the supports. It
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was anticipated that the axial restraint provided by the steel ring beam would enhance the
fire endurance of the beams during fire testing, as is suggested in the fire testing literature
[18]. The required superimposed load was determined according to standard methods
[19], and applied to the unexposed surface using a series of 12 hydraulic jacks, to a load
level representing 56% of the ultimate capacity of the concrete beams alone, and 48% of
the ultimate capacity of the strengthened beams. Finally, each beam-slab assembly was
instrumented with 36 thermocouples located within the concrete, at the unexposed
surface, and within the FRP and insulation layers, to monitor the transfer of heat during
the test.

EXPERIMENTAL RESULTS

Through small viewports in the furnace walls, it was observed that limited surface
flaming (combustion) of the EI-R layer occurred in the first four minutes of the test.
Localized cracking of the VG occurred around 60 minutes of fire exposure, likely related
to accidental unloading and reloading of the beams resulting from a minor problem with
the hydraulic system. At four hours of fire exposure, the applied load on the beams was
gradually increased to twice the original load level in an effort to induce structural
failure. As failure did not appear imminent while applying the maximum possible load,
the test was stopped at 267 minutes.

Temperatures

The temperatures measured in the insulation and FRP strengthening layers of Beams 1
and 2 are shown in Fig. 3.
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Fig. 3. Temperatures in Beams 1 and 2.

The temperature at each interface was measured at three points along the span of each
beam, and has been averaged for comparison purposes. The furnace temperature strayed
slightly from the standard temperature-time curve due to low (sub-zero) ambient
temperatures and the large mass of the assemblies. Initially, the temperature at the El-
R/VG interface rose rapidly due to burning-off of the EI-R layer, but then followed the
trend of the furnace temperature for the remainder of the test. The temperature at this
interface was nearly identical for the two beams, which is to be expected since both were
protected with the same thickness of EI-R coating. At the VG/FRP interface, the
temperatures rose at a slower rate, as expected, and again essentially followed the
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temperature in the furnace. Unexpected rises in temperature were observed at this
location and were likely due to localized cracking of the VG, which would allow more
rapid heating of the underlying FRP layer. Due to a greater thickness of VG insulation,
Beam 2 recorded slightly lower temperatures at this interface than Beam 1. The
temperature at the FRP/concrete interface (the FRP/concrete bondline) is presumed to be
an important indicator of the ability to maintain bond between the FRP strengthening
system and concrete substrate during fire. Figure 3 shows that temperature at this location
increased at a slower rate than at any other location, and evaporation of moisture in the
VG layer, as evidenced by the temperature plateau around 100°C, assisted in maintaining
a lower temperature for a longer period of time. After four hours of fire exposure, the
average FRP bondline temperature was 361°C and 220°C in Beams 1 and 2, respectively.

Fire Endurance

Both beams resisted their applied load for over four hours of fire exposure. However,
equally important in defining fire endurance is the application of the thermal criteria of
ASTM E119 [14]. The maximum recorded steel reinforcement temperatures of 561°C
(Beam 1) and 540°C (Beam 2) were less than the maximum allowable temperature of
593°C for the full test duration. Note that these maximum temperatures were measured in
the slab portion of the section, while the steel rebar in the web portion reached only a
maximum temperature of approximately 250°C and 200°C in Beams 1 and 2,
respectively. In addition, the individual point and average unexposed temperatures at the
unexposed face of the beams were less than the maximum allowable temperature
increases of 180°C and 140°C, respectively. Since load and temperature criteria were
satisfied for the full test duration, both beams earned four hour fire ratings. At this time,
fire testing provisions do not exist to limit the temperature of an FRP strengthening
system during exposure to fire. However, if it were required to maintain the FRP layer at
or below the T4 of the FRP’s epoxy saturant/adhesive (93°C for the system used herein),
Beam 1 (25 mm VG) and Beam 2 (38 mm VG) would exceed this criterion within 16 to
36 minutes, and 55 to 57 minutes, respectively. The range in time occurs because the
temperature at the FRP was measured at three different points along each beam, and each
recorded slightly different temperatures. Structurally speaking, a T4 limiting criterion is
over-conservative in that it assumes failure of an FRP-strengthened structural member
occurs at the time the Ty of the FRP is exceeded. Based on the performance of the
specimens herein, this is clearly an unrealistic criterion for failure. The Ty was exceeded
within one hour of fire exposure for both beams, yet both assemblies continued to resist
their full strengthened service loads for more than four hours.

NUMERICAL MODEL

Theory

Validated numerical methods of analysis are extremely useful tools in fire risk
management. Many software programs are available worldwide that are capable of
predicting temperature distributions in structural members consisting of steel or
reinforced concrete. One of the more prominent currently available models is SAFIR, a
special-purpose finite element program developed to perform thermal and structural
analysis of building elements and frames exposed to fire [20]. The program accounts for
the presence of insulating materials, moisture content and temperature-dependent thermal
properties, and has been validated and used in several case studies to date. Unfortunately
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this model was not available for modification for this program’s purposes. Thus, a model
was created to allow modeling of the temperature distribution within an FRP-
strengthened and insulated concrete beam-slab assembly. The two-dimensional heat
transfer model developed during this research program is capable of predicting the
temperature distribution within rectangular and tee-shaped reinforced concrete beams
during exposure to a standard fire. The model employs the finite difference method, with
the bulk of its theory based on equations outlined previously by Lie [21]. The model is
capable of analyzing an unstrengthened reinforced concrete beam, as well as simulating
the thermal effects of FRP sheets and/or insulation applied to the base and sides of such
beams. The model is also capable of simulating the conditions of the test specimens
described in this paper; that is, tee-sections with an FRP layer on the soffit and insulation
applied to the soffit and sides of the beam, including a portion of the underside of the slab
overhang. Enhancing the model’s flexibility is its ability to account for delamination of
FRP and insulation; this was useful in comparing the model’s ability to predict data from
previous fire tests where FRP and/or insulation delamination was observed during fire.

The analysis begins by discretizing a beam’s cross section into nodal points, as shown in
Fig. 4, for half of the cross section of a beam-slab assembly strengthened with FRP and
protected with a layer of insulation.

IcL

N
R

0;
0

Fig. 4. Discretization of beam for heat transfer modelling.

The temperature of the standard fire at the current time step is calculated using an
equation provided by ASTM E119 [14]. However, the model can easily be modified to
replicate the effects of any type of fire, so long as the temperature-time data is known. A
thermal equilibrium equation is applied to each node in the section, and the current nodal
temperature is determined based on the temperature and thermal properties of the
surrounding nodes during the previous time step. For example, the thermal equilibrium
equation for any element, m, along the exterior of the concrete beam at time step j+1 is:

Ti=Tl+ A 5 [(kd +k%)~(TJ —Tni)+ (—Jkr”k'% '(Trj —Tn’;)
PRSIRUAYE o i

voweq o (2-4) {(Tfj v -fi) +273)4}+ 90351 (V2 4t —Tambiem)l'zs} 1)
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The second last term in the above equation describes radiative heat transfer with the fire,
and is only applied to those elements which are exposed directly to fire. The last term of
the equation describes the change in temperature due to convection heat transfer, and is
only used for those elements along unexposed surfaces. The effects of moisture
evaporation are included in the analysis by assuming that when the temperature in a node
reaches 100°C, all of the heat transferred to that node is used to evaporate water. During
evaporation, the temperature in the node is assumed to be constant at 100°C, and the
temperature rises again only when the moisture has completely evaporated. The effects of
moisture migration away from the heat source, which are thought to be significant in
accurately predicting temperatures near 100°C, are not currently included. In the
derivation of the heat transfer equations, the analysis is performed on a unit length of the
beam cross section. This implies that the entire length of the beam experiences identical
fire exposure conditions; end effects are ignored.

Validation

Figure 5 provides a comparison between recorded temperature data from the fire tests
discussed previously and model predictions. Figure 5a shows that the model
underestimated the temperature at the FRP/concrete location of Beam 1 throughout the
fire test, but that this difference reduced as the test progressed. Experimental data show
that the T, of the epoxy was exceeded at about 35 minutes, while the model predicts this
occurrence at 43 minutes. While the model prediction is unconservative, the time at
which the epoxy T, is exceeded is likely not a valid indicator of FRP-strengthened
members’ performance, as discussed previously. Figure 5b shows that the model
predicted the temperature of the steel reinforcement in the web of Beam 2 satisfactorily,
with a maximum difference of only 25°C.

It is clear that the model provides only approximate temperature predictions around the
FRP layer. This is likely due in part to the sensitivity of the FRP temperature to localized
cracking in the VG insulation layer, which is a phenomenon that should somehow be
accounted for in future modelling scenarios, perhaps with an artificial increase of the
thermal conductivity of the material, or by consideration of thermal effects and moisture
migration in three dimensions as opposed to two. Overall, the model predicts
temperatures at various locations throughout the beam-slab assembly satisfactorily. This
is notable considering the probable slight variation in VG thickness along the beam span,
the potential for movement of installed thermocouples from their design locations during
fabrication, the likelihood that the concrete’s moisture content varies throughout the
section, and the exclusion of moisture movement effects from the modelling process.
Finally, it is important to note that since only two full-scale tests were completed in this
programme, model validation is based on limited data. Further model validation will be
performed in future phases of this research study as relevant specimens data become
available.
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Fig. 5 (a) Predicted versus measured temperatures at FRP/concrete interface — Beam 1.
(b) Predicted versus measured temperatures of steel rebar — Beam 2.

CONCLUSIONS

The following conclusions can be made based on the experimental studies and numerical
analyses described herein:

o FRP-strengthened and insulated beam-slab assemblies with 25 mm and 38 mm of
Tyfo® VG insulation can achieve four-hour fire endurance ratings, as defined by ASTM
E119;

e The insulation system evaluated in this research program appears to have effectively
protected the FRP strengthening systems from heat penetration. A thickness of 38 mm of
insulation maintained the average FRP temperature below the matrix T4 for 54 minutes.
In addition, the insulation system maintained low temperatures in the reinforced concrete
beams such that the structural elements did not fail under service load levels during fire.

e The two-dimensional thermal model described herein is capable of predicting
temperatures within the concrete of FRP-strengthened concrete beams with sufficient
accuracy to allow for fire endurance predictions. Further extension of the model will be
required to precisely model the thermal behaviour at the FRP layer, and

e To enhance the fire endurance of FRP-strengthened concrete members, thermal
conductivity, specific heat and application configuration of the insulation layer are key.
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