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Abstract

The paper presents a model for the ultimate strength calculation of fibre-reinforced polymer
(FRP) pultruded platesin fire. The model is calibrated from a series of coupon tests on pultruded
CFRP plates carried out using steady state and transient state test methods. In the steady state
tests, temperatures ranging from ambient to approximately 700°C were considered. The test
specimens were heated to a specified temperature then loaded until failure while the same
temperature was maintained throughout the test. Different periods of times of 5 and 30 minutes
were maintained to investigate the effect of heating duration. In the transient state tests, the test
specimens were loaded to a specified stress level prior to heating, and then the temperature was
increased until failure of the test specimens. Three different stress levels applied to the pultruded
CFRP plates were considered. Based on the test results, an ultimate strength equation is proposed
which has been inspired from a model developed for metallic materials subjected to elevated
temperatures. Application of the model is finally demonstrated in a worked example.

Keywords. Elevated temperatures, Fire resistance; Pultruded CFRP plate; Ultimate strength
equation.

1. Introduction

There are now many studies investigating the strengthening of reinforced concrete (RC) structural
members with fibre-reinforced polymer (FRP) composites at room temperature or common
operating temperatures [e.g. 1]. Characterisation of FRP materials and FRP-strengthened RC
structures subjected to elevated temperatures and fire conditions are more limited though. Carbon
and glass fibres, which are most commonly used for strengthening applications, can withstand

very high temperature and in the case of carbon fibres this temperature can exceed 2000°C [1].

Epoxy resin, which is used in the resin matrix and to aso bond the FRP composite to concrete
surfaces, however, degrades mechanically with increased temperature. This degradation starts
before the glass transition temperature, T, isreached. Asaresult, the ability of the resin matrix to
transfer forces amongst the fibres is lost as well as the ability of the resin to transfer forces
between externally bonded FRP strengthening to the bonded concrete [2]. The Ty can typically be



found to lie in the range of 50 to 90°C for commercialy available products used in civil

infrastructure applications [3] that are applied at ambient temperatures. Some research has been
conducted though on the mechanical properties of FRP bar and plate products under elevated
temperatures [e.g. 3]. More specifically, tensile coupon tests have been conducted as well as
single-shear FRP-to-FRP bond tests, direct tension (pull-off) FRP-to-concrete bond tests and

FRP-to-concrete double-shear shear bond tests after exposure to temperatures of up to 400°C. In

al tests cases, the strengths were found to decrease at different rates as the temperatures
increased. The tests conducted by Foster and Bisby [3] concentrated on the post fire behaviour.
Other researchers [4, 5] have investigated the behaviour of FRP composite materials for

temperatures up to 200°C. Furthermore, Cao et a. [6] investigated experimentaly the tensile
properties of CFRP and hybrid FRP sheets subjected to elevated temperatures, ranging from 16 to

200°C, and the strengths were found to reduce by up to 40 %. In general, information on the high

temperature and residua properties of FRP composites used in civil applications is still quite
scarce though, especially for pultruded FRP products for strengthening applications. Investigation
of reinforced concrete, stedl, stainless steel, and concrete encased steel composite structures at
elevated temperatures have been conducted [e.g. 7-10] and such test approaches can be used to
inform the testing of FRP pultruded plates at elevated temperatures.

The purpose of the study reported in this paper is to present a model for the calculation of the
ultimate strength of pultruded carbon FRP (CFRP but herein in FRP) plates subjected to elevated

temperatures ranging from room temperature (approximately 22°C) up to high temperatures

which may be expected in a fire (i.e. up to about 700°C in this study). The model is informed

from tests on flat coupon specimens prepared from commercially available pultruded FRP plates
and then tested to failure in tension in a universal testing machine while under the influence of
various steady state or transient temperature histories. In the steady state tests, the test specimens
were heated to a specified temperature and then the tensile test carried out. In the transient tests,
the specimens were loaded to a certain stress level and then the temperature was increased until
the test specimens failed. The transient state tests are considered more redlistic in afire, however,
for completeness, both steady state and transient state tests were conducted. In this paper, the
coupon tests are initially described, followed by the ultimate strength model and finaly
application of the model in aworked example.

2. Experimental Investigation
2.1 Testing process

The tensile coupon testing was conducted in an MTS 810 universal testing machine and the
temperature was applied by a high temperature MTS 653 furnace which was controlled by an
MTS 409.83 temperature controller. The test set-up is shown in Figure 1 and the FRP specimen,
furnace and temperature controller are evident. The furnace, which can reach temperatures as
high as 1400°C, gained its heat from six pairs of silicon carbide heating elements which were
arranged in three zones. These three zones were separated by insulation plates in order to
facilitate uniform heating and better temperature control. This type of furnace is well suited when
very low thermal gradient along the length of the test specimen are desired, which can be the case
for tensile or fatigue tests.

A total of 34 test coupon specimens were prepared and tested to failure. The specimens were
divided into 3 groups (G1-G3) as shown in Table 1. The first two groups (G1 and G2)
corresponded to steady state tests. Group G1 had a holding time of 5 minutes while Group G2



had a longer holding time of 30 minutes. Group G3 consisted of the transient state tests. Sika
CarboDur 1214 Pultruded Plates were used in this study for al coupon tests. The test coupons
were cut to size in the laboratory in accordance with ACI 440.3R-04 [11] and complete details of
the test setup and the test specimens are reported in Wang et al. [12].

Figurel. Test setup.

2.2 Test results

A detailed account of the test results are provided in Wang et a. [12] and a summary is provided
herein. The results of Group G2 tests show that the ultimate strength and failure modes for the
specimens were almost the same as compared to the corresponding specimens in Group G1. The
epoxy was found to be affected by the elevated temperature regardliess of exposure duration. It
can therefore be concluded that the holding time of 5 minutes was sufficient to achieve
representative results. The tensile stress-displacement curves though exhibited temperature
dependent features as can be observed in Figure 2, namely, the ultimate strength deteriorated
when exposed to elevated temperature. Figure 2 shows the stress-displacement relationship to be

essentialy linear from room temperature to temperatures as high as 520°C right up to rupture

failure. In addition, for temperatures ranging from 625°C to the maximum temperature of 706°C,

the stress-displacement relationships become non-linear at high stress levels as a result of fibre
loss due to oxidation.

3500

3000 T

0 1 2 3 4 5 6 7 8 9 10
Displacement, mm



Figure 2. Stress-displacement relationship of G1[12]

A brief description of al failure modes encountered in al tests is provided herein. Four different
failure modes can be defined, based on the group G1 test specimens with increasing temperature,
which are herein referred to as Modes |, |1, 111 and IV. Each of the failure modes are defined in
terms of the temperature ranges extracted directly from the information provided in Table 1.

Table 1. Temperature, ultimate stress and failure mode of tests at elevated temperatures[12]

Group Specimen Temperature | Holding Ultimate f Failure
Identification® T(C) Time | Sres? | - = Mode®
(min) | fur(MPa) u,normal

SS-22-0-1 22 0 3239.3 1.034 [
S5-22-0-2 22 0 3169.8 1.011 [
S5-22-0-3 22 0 3052.1 0.974 [
SS-22-0-4 22 0 3072.5 0.980 [
SS-50-5-1 50 5 2889.6 0.922 [
SS-50-5-2 50 5 3110.7 0.993 [
SS-100-5-1 98 5 2197.6 0.701 I
SS-100-5-2 103 5 2137.0 0.682 I
SS-100-5-3 97 5 2118.1 0.676 I
SS-150-5-1 146 5 1916.8 0.612 I
SS-150-5-1 155 5 1792.8 0572 I
SS-150-5-1 150 5 1944.0 0.620 I
SS-200-5-1 211 5 1690.3 0539 I

Gl SS-200-5-2 203 5 1720.7 0.549 I

(Temperature

Series) SS-200-5-3 181 5 1728.9 0552 I
SS-200-5-4 198 5 1731.1 0.552 I
SS-300-5-1 308 5 1664.2 0531 I
SS-300-5-2 279 5 1704.4 0.544 I
SS-300-5-3 300 5 1693.8 0541 I
SS-400-5-1 395 5 1501.9 0.479 I
SS-400-5-2 398 5 1504.2 0.480 I
SS-400-5-3 420 5 1489.4 0475 I
SS-500-5-1 520 5 13545 0.432 I
SS-500-5-2 500 5 1340.8 0.428 I
SS-600-5-1 623 5 689.5 0.220 I
SS-600-5-2 625 5 609.1 0.194 I
SS-700-5-1 706 5 1435 0.046 v
SS-700-5-2 698 5 2232 0.071 v
SS-150-30-1 152 30 1858.0 0.593 I

?TZime Series) SS-150-30-2 180 30 1776.4 0.567 I
SS-150-30-3 163 30 2002.6 0.639 I
TS-1000-1 600 - 1061.0 0.339 I

gre‘s Series) TS1500-1 508 - 1500.0 0.479 I
TS-2000-1 135 - 2000.0 0.638 [

! 85-50-5-1:SS = Steady State, 50 = target temperature of specimen at failure, 5 = holding time at target temperature, 1 = first specimen in sub-
series.

TS-1000-1: TS = Transient State, 1000 = target stress of specimen, 1 = first specimen in sub-series
2 For calculation of the ultimate stress, the measured width and thickness of the specimen were used to determine the cross-sectional area of the
specimen [12].



3 Failure modes described in text.

Mode |

The temperature to cause Mode | failure was relatively low and ranged from 22°C to 50°C. The

specimens primarily failed in a brittle fibre rupture fashion and the ruptured simultaneously at
different positions along the length of the specimens. The failure modes do not appear to have
been influenced by these temperatures.

Modell

For specimens failing in a Mode 11 manner, the rupture position was always in the region of the

furnace. This failure mode occurred between temperatures ranging from 97°C to 308°C. Such
specimens experienced softening and gasification of the epoxy resin matrix followed by fibre
rupture.

Mode 1l

For temperatures ranging from 395°C to 625°C, the specimens failed in a Mode 111 manner. For
this failure mode, there was no epoxy left on the pultruded FRP plate inside the furnace because

the epoxy had self-ignited at about 350°C.
Mode IV

Mode IV failing specimens fell within temperatures ranging from 698 up to 706°C. For these
specimens, the epoxy was completely burned and about half of the carbon fibres had oxidised.

The failure temperature for each of the specimens in the G3 series tests was deemed to be reached
when the tensile load was no longer sustained. The failure temperatures of the test specimens of
Series G3 in the transient state are given in Table 1. The comparison between the steady state and
transient state test results is also plotted in Figure 3. In this figure, the vertical axis represents the
strength reduction ratio f, 1/ funorma @nd the horizontal axis represents the temperature (fyr =

ultimate stress at temperature T°C, f,norma = Ultimate stress at normal room temperature 22°C).

An abrupt drop of failure temperatures when the stress ratio (fy1/ funorma) Was increased from
0.34 to 0.65 can be noted. In addition, it was also found that the transient state test results were
dlightly higher than those obtained from the steady state tests under a certain load level.



1.6

A Steady-state tests

1.4 - o Transient-state tests

——— Proposed equation for CFRP pultruded plate (Eq. 1)

1.2 4 = = Gibsonetal. [13] equation calibrated with CFRP pultruded plate data
Chowdhury et al. [5] prediction for GFRP

fu,T/fu,normaI
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Figure 3. Ultimate plate strength: test results and predictions[12]
Figure 3 also shows that two large reductions of the fallure strength of the test specimens

occurred at temperature ranges of 22°C to 150°C and 450°C to 706°C. In between these

temperature ranges there was a gradual reduction in strength while at 300°C the ultimate strength
of the test specimens reduced to approximately 50% to that of the room temperature results. In

addition, as the temperature rose to 706°C, the test specimens experienced a significant drop in
strength compared with the room temperature tested specimens.

3. Proposed equation for ultimate strength and wor ked example

In recent years, researchers have been developing models to predict the elevated temperature
behaviour of FRP materials formed from different fibres and manufacturing procedures. There
have, however, been more experimental investigations by comparison to date. Of the few
anaytical models developed, Gibson et a. [13] for example proposed a model which was derived

from composite laminate theory for elevated temperatures up to 200°C. Their model utilised a

hyperbolic tangent function which predicted the temperature evolution through the thickness and
the profile of the residual resin content, which in turn reflected the extent of thermal damage of
the FRP. Afterwards, Chowdhury et a. [5] calibrated Gibson’s [13] model with glass FRP (GFRP)

coupon tests and FRP-to-FRP bond strength tests also for temperatures up to 200°C.

The model proposed by Chowdhury et a. [5] is plotted in Figure 3. It can be observed that the
model provides a conservative lower bound due to the model being calibrated from tests on a
different FRP material instead of pultruded CFRP plates as investigated in this study. Chowdhury
et al.’s [5] results on GFRP coupons show degradation at a greater rate than the pultruded CFRP
plate coupons presented herein. The original form of Chowdhury et al.’s [5] model (as defined in
Gibson et al. [13]) is now re-calibrated with the pultruded CFRP plate data presented in this paper.

The range of data extends up to 395°C which physically represents the complete vaporization of
the epoxy. The model is, however, limited to temperatures up to about 400°C. A new modelling



approach is therefore required in order to describe the compl ete tested temperature range.

The newly proposed mode is inspired from the modelling of metals subjected to high
temperatures. More specifically, the stress-temperature relationship for the CFRP pultruded plates
reported herein exhibited the same shape as elevated temperature tests on stainless steel and cold-
formed steel materials conducted by Chen and Y oung [14, 15]. As aresult, the stress-temperature
model presented in Chen and Young [14, 15] and given in Eq. (1), is proposed to be used herein
for CFRP plates at elevated temperatures.

fur A (0B (1)
fu,normaJ C

The coefficients A, B, C and n, which are calibrated with the resultsin Table 1, are presented in
Table 2. Despite the small scatter in the data in the three zones (i.e. the R? of three zones are 0.90,
0.82 and 0.96, respectively), the model is robust and is capable of describing the entire
temperature range. The model also forms a framework for future testing of composite materials at
elevated temperatures and can readily be incorporated into design guidelines. Further details of
the model are provided in Wang et al. [15].

Table 2. Coefficients of proposed ultimate strength equation. [12]

Temperature (°C) Coefficients
A B C n
22<T<150 1.00 22 200 0.9
150< T <420 0.59 150 490 0.7
420< T <706 0.48 420 76000 18

The following worked example demonstrates application of Eq. 1.

Question:
Determine the ultimate strength (f, 1) of a pultruded CFRP plate at 100, 400, 650°C. Given that
the ultimate strength of the pultruded CFRP plate at room temperature (fy normar) 1S 3100 MPa.

Solution:

At temperature T = 100°C, the coefficients of the proposed ultimate strength equation obtained
from Table2 are A = 1.00; B = 22; C = 200 and n = 0.9. Now, using Eq. 1 of the proposed model

fur (100— 22)°° _ °
at elevated temperature, 200" 1_oo_T . Therefore, f, = 2318 MPaat 100°C.

At temperature T = 400°C, the coefficients of the proposed ultimate strength equation obtained
from Table2 are A = 0.59; B = 150; C =490 and n = 0.7. Substitution of the coefficients into Eq.

0.
1yields _foT__ggg_ (400150 Therefore, f,r = 1527 MPaat 400°C.
3100 290

At temperature T = 650°C, the results of Table 2 produces A = 0.48; B = 420; C = 76000 and n =

1.8, and Eq. 1 yields 17— 48 (8390=420" Therefore, f, = 761 MPaat 650°C.
3100 76000

Suitable factors of safety can facilitate the use of Eq. 1 in adesign situation. Specification of such
factorsis outside the scope of this paper and is therefore identified as necessary future research.



4. Conclusons

This paper has reported a new model for predicting the ultimate load carrying capacity of CFRP
pultruded plates subjected to temperatures ranging from room temperature to temperatures as

high as 700°C. In order to calibrate the model, a series of tests has also been reported which

consider both steady state and transient state test conditions. It should be noted that the results are
specific to the type of resin and fibre as well as the fibre volume fraction of the plate tested
although a suitable framework for future investigations has been established. In the steady state

tests, the temperatures ranged from approximately 20 to 700°C, whereas in the transient state

tests the stress ratios ranged from 0.34 to 0.64. The failure modes and ultimate strengths of the
test have been discussed and the stress-displacement relationships have been plotted. Four
different failure modes were identified and described, namely (i) rupture of the FRP plate (Mode
1), (ii) partial loss of epoxy matrix followed by plate rupture (Mode I1), (iii) complete loss of
epoxy matrix (Mode Il11), and (iv) complete loss of epoxy matrix as well as considerable

oxidation of the carbon fibres (Mode V). At temperatures from around 200 to 300°C, the
ultimate strength of the plates reduced to approximately 50% to that of room temperature

strengths. In addition, when the temperature rose to around 700°C, the test specimens experienced

a significant drop in strength compared to the room temperature strengths. Future testing should
consider different fibres and epoxies as well as different methods of manufacture in order to
calibrate the model over a much wider range of parameters. Finally, application of the model has
been demonstrated in a worked example. The need to determine suitable factors of safety for
application of the model in a design situation has been identified.
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