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ABSTRACT: Externally applied composite reinforcement can be used to provide
additional strength or ductility to concrete members as part of a seismic retrofit or
repair to a structure, but the composite reinforcement may be exposed to clevated
temperatures. In this study, concrete cylinders were wrapped with a composite
reinforcing system, exposed to a range of elevated temperatures and allowed to cool.
Subsequent compression testing of the cooled cylinders indicated there was no
statistically significant loss of strength until the treatment temperature was more
than 30°C above the glass transition temperature of the epoxy. Additionally, the
predominant mode of failure of the composite system changed from hoop split to
seam debonding at the same temperature. This study also examined the role of a fire-
protective coating that forestalled the onset of the transition of failure modes by
almost 30°C.
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RESEARCH SIGNIFICANCE

A SIGNIFICANT NUMBER of studies evaluating environmental effects
such as ultraviolet light, wet—dry cycling and freeze-thaw conditions on
external reinforcing systems have been published. However, there is little
published work evaluating the effects of elevated temperatures. Some
questions to be considered include what level of heat exposure requires
replacing the system, does the mode of failure change after heating, and how
effective available fire proofing systems are in preventing heat damage. This
paper describes a pilot study performed to attempt to address these ques-
tions by evaluating the strength of externally reinforced tests cylinders
following exposure to increasing temperature levels.

BACKGROUND

Strengthening of concrete with externally applied fiber composites is an
accepted option for seismic retrofit, repair and rehabilitation of existing
structures. Bridge and building components externally strengthened include
columns, beams, slabs, walls, chimneys, tunnels, and silos. External rein-
forcing systems 1llav,e been designed to increase flexural capacity or shear
capacity. The additional confinement that is provided by the external
reinforcing also improves compressive strengths and ductility of compres-
sion elements. Discussion of strengthening or repair of concrete structures
with composites can be found in many sources. An abbreviated list of more
recent sources includes Bonacci and Maalej [1], Nitereka and Neale [2],
Triantafillou [3], Khalifa et al. [4], Karbhari and Howie [5], Wu and
Yoshizawa [6], and ACI Committee 440 [7].

Numerous composite systems are used for strengthening. A common
system produced by several different manufacturers consists of a carbon
fiber or glass fiber fabric saturated with various epoxies and bonded to the
concrete. The bonded fabric systems are relatively lightweight, allowing
strengthening without the addition of significant dead load. The low weight
also facilitates handling during installation.

External reinforcement is often intended to function as secondary
reinforcing to improve structural performance during overload events of
a random nature. Many of these overload events have long return
periods. Therefore it is important that the external reinforcing maintains
 its properties for a significant lifetime. Traditional reinforcing is afforded
some protection from environmental effects by the concrete that surrounds
it. Even so, measures such as sealant, increased cover thickness, dense
concrete, or bar coatings are often required to improve the durability of
the structure. A layer of concrete does not protect external reinforcement.

The external reinforcement may have an additional protective coating
installed or may be directly exposed to the elements. Concern with the long-
term durability of external reinforcing systems has led to investigations
of performance under wet-dry cycling, freeze-thaw and cold temperature
exposure, and ultraviolet exposure [8—12]. Despite the extensive research in
these areas, the effect of elevated temperatures on composite external
reinforcing systems has seen little exploration. As shown below, there is a
large body of research on many environmental effects but little on the effects
of elevated temperatures on common external reinforcing systems.

Toutanji and Gomez [9] simulated a harsh coastal environmental
exposure by cycling small concrete beams between exposure to salt water
and a 35°C, 90% humidity environment. After 300 exposure cycles the
beams were tested in four point bending. The study indicated some slight
degradation in ultimate load capacity after the wet-dry cycling compared
to control specimens. However, because all of the tests were bond failures,
the authors felt they were not conclusive regarding environmental effects
on the fiber-reinforced polymer (FRP) itself.

Toutanji and Balaguru [13] found that freeze-thaw cycling was more
detrimental than wet—dry cycling on the compression strength of externally
reinforced cylinders loaded in compression. Toutanji and El-Korchi [14]
compared the performance of glass fiber and carbon systems applied to
concrete loaded in tension. They found that the glass systems were
negatively affected by freeze-thaw and cycling and to greater extent, by
wet—dry cycling. The carbon fiber systems were not affected. Failures with
carbon systems were more brittle compared to those with glass systems.

Karbhari and Engineer [10] evaluated bonded composite plates for
five environmental exposure conditions including ambient conditions, fresh
water at ambient, synthetic seawater, frozen, and freeze-thaw. Concrete
beams with composite plates were tested in four point bending. The authors
of the study found low temperature exposure was the least important and
wet-dry cycling was most detrimental to ultimate capacity of the reinforced
concrete—composite system. Carbon fiber systems out performed glass
fiber systems and epoxy systems with higher glass transition temperatures
were preferred to those with lower glass transition temperatures because
water uptake was seen to lower the glass transition temperature during
environmental exposure.

ACI Committee 440 [7] identified fire or elevated temperatures as another
area needing further investigation. The report specifically notes concerns
the effect of fire on composite materials as well as on bond performance
between concrete and the composite. Concern with elevated temperatures
arises because of the types of epoxies often used in external composite
systems. Because the external reinforcing must cover a large area, the use



884 . D. B. CLEARY ET AL.

of heat setting epoxies is prohibitively expensive. Providing thermal blankets
or other heat sources over the large areas required can be difficult and
expensive. Therefore, the epoxies. that bind the fabric to the concrete
and provide the composite matrix are usually two-part epoxies that set at
room temperature or lower. In many cases, this means the glass transition
temperature of the epoxy matrix is below temperatures the materials may be
exposed to during service. As the epoxies soften, there may be a temporary
or permanent loss of strength either due to loss of bond in the matrix or
degradation of bond between the matrix and concrete.

Gentry et al. [15] evaluated coupons of pultruded composite systems made
with vinylester and polyester resins. Tests were conducted at room
temperature, 50 and 80°C. These studies were primarily intended to develop
accelerated test methods and the systems studied were not wet-layup fabric
systems. The coupons were tested in short beam shear and flexure. The study
did find that there was a marked acceleration in property degradation
between 50 and 80°C. '

Steckel et al. [11] performed a series of tests considering environmental
exposures includidg humidity, salt water, alkali, diesel fuel, ultraviolet, and
elevated temperature exposures. The effects of environmental exposures
were determined from measurements of tensile properties, short beam shear
strength, and hardness of the composite and from glass transition
temperature. The tests were performed on .12 different reinforcing systems.
The elevated temperature exposures were conducted at 60°C. The exposure
times were between 1,000 and 10,000h. The study found an increase in
strength, likely due to improved cure of the epoxy systems. However,
this study addressed long-term exposure to only somewhat elevated
temperatures. It does not address shorter-term exposure to highly elevated
temperatures.

Hancox [16] summarizes the work of several others related to composites
exposed to high temperatures. The epoxies considered in the review required
elevated temperature cures. For the systems studied exposures of 1 h or less
at approximately 250°C resulted in property degradation. The systems
described are not used for wet-layup installations common in rehabilitation
and strengthening of large infrastructure.

Kschirsagar [12] reports an aging study of FRP wrapped concrete
cylinders. It was found that 1000h of immersion at elevated temperatures
(66°C) significantly reduced the compression strength of the system.
Exposure to moisture at lower temperatures, dry heat at 66°C, or freeze-
thaw cycling for the same time period had no effect. After 3000h of
exposure, freeze—thaw cycling also began to reduce the compressive strength
of the system. After 8000 h of exposure, cylinders exposed to all conditions
except dry heat at 66°C had a reduced compressive strength.
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Published test result applicable to common fabric composite systems used
in infrastructure strengthening have been limited to long-term exposures
at temperatures up to 60°C and longer term (but less than 1 year) exposure
at 66°C. Short-term exposures at higher temperatures have not been
published although a supplier of one common commercial system notes it
has been tested to 90°C with no detrimental effect [17]. Because the fiber
system is used as secondary reinforcing, the loss of strength will not
immediately jeopardize the structure, however the lack of higher tempera-
ture data results in uncertainty regarding what repairs are required if the
material is exposed to fire, steam leaks, or other elevated temperature
effects. No published data show what level of heat exposure requires
replacement of the external reinforcing. The effectiveness of the available
fire proofing systems also needs further investigation. Perhaps areas exposed
to direct flame need replacement but areas further away that were subjected
to elevated but lower temperatures will not. A pilot study was conducted to
explore these questions and evaluate the feasibility of a larger scale study.
The results of the pilot study are provided below. ;

EXPERIMENTAL PLAN

The pilot study consisted of compression tests on eight series of 200-mm
diameter by 400-mm high externally reinforced concrete cylinders. All of
the specimens were cast from a single batch of concrete and cured under
identical conditions. A moderate strength concrete mix was used with a
compressive strength of approximately 40 MPa. The concrete mix is shown
in Table 1. The cylinders were cured at 22°C and 98% humidity until three
days prior to wrapping. At that time they were allowed to air dry.

The cylinders were reinforced in the hoop direction with two continuous
layers of a reinforcing fabric applied with a two-part epoxy. The fabric
primarily consisted of glass fibers running in the hoop direction. The
primary glass fibers were woven around bundles of aramid and glass fibers
running in the cross direction. The aramid fibers added in the cross direction

Table 1. Concrete mix proportions (kg/m°).

Material Weight (kg/m®)
Type 1 cement 360
20 mm crushed limestone 570
10 mm crushed limestone 570
Sand (fineness 2.0) 657
Water 198
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improve handle ability of the saturated composite. The seam was wrapped
an addition 50-mm beyond the completion of the second layer. The system
is very similar to a commonly used commercial composite system [17-19]
but with a modified solvent-free two-component epoxy for higher temp-
erature applications. Two sets of cylinders were treated with an epoxy
based fireproofing coating and paint. The same technician following the
manufacturer’s recommendations applied all reinforcement and protective
coatings. Typical properties of the composite are provided in Table 2.

~ Sets of four cylinders were then heated for 90 min in an electric oven to
temperatures up to 185°C. Oven temperatures were monitored closely
because of an initial temperature drop that occurs when the mass of concrete

is introduced to the oven. Direct exposure to flame was not considered -

because it was known that this would simply burn off the epoxy resin,
Preliminary tests with coupons of the composite indicated the particular
system under consideration would degrade well below 300°C.

- The cylinders were allowed to cool to ambient temperature, were capped,
and then tested in compression to failure. Because composite wrap systems

1

Table 2. Typical composite properties [17,18,22].

: ASTM Typical

‘Property Method Test Value

‘Primary E-glass fiber [17]
Tensile strength D-2343 2068.3MPa
Elongation at break D-2343 3.2%
Tensile modulus D-2343 72.4GPa

Polyaramide fiber [17]
Tensile strength D-2343 2757.8 MPa
Elongation at break D-2343 2.2%
Tensile modulus D-2343 124.8GPa

Epoxy resin [22]

© - Glass transition temperature 121°C
Tensile strength D-638 50.7 MPa
Tensile modulus 2.23GPa

. Elongation percent D-638 3.5%

. Composite laminate* [18]

© . Ultimate tensile strength in
primary direction D-3039 575MPa
Elongation at break (min) D-3039 2.2%
Tensile modulus D-3039 26.1GPa
Ultimate tensile strength 90°
to primary fiber D-3039 34.5MPa
Laminate thickness 1.3mm

i *Composite laminate properties with Tyfo® S epoxy, properties simitar with T epoxy.
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are often used as secondary reinforcement for extreme or infrequent
load events, there is a low probability of elevated temperatures occurring
simultaneously with an extreme loading event unless the event caused
the elevated temperatures. Therefore, this study focused on whether the
composite reinforcing system is still effective as secondary reinforcing
after cooling and what affect the heat treatment has on the mechanism of
failure. Heating and testing of cylinders did not occur until the concrete
had aged six weeks. The cylinders were tested the day after they were heated
and all testing was completed over a four-week period. Loading was
performed using a hydraulic testing machine under load rate control. The
test program and the test results are summarized in Table 3.

RESULTS AND DISCUSSION

The results of the 31 cylinder tests included in the pilot study are plotted
in Figure 1; while the data are shown in Table 3. The ratio of the average

group failure stress to the average of the unheated wrapped control group is

noted in the table. The failure modes recorded in the table are consistent
with previous observations of Karbhari and Howie [5]. Failure modes
observed in this study include fiber dominated modes such as localized fiber
rupture, vertical splits, and angled splits and resin dominated modes such as
seam debonding and hoop split. These failure modes are shown in Figure 2.
Figure 3 shows photographs of typical failures in this study.

Local fiber rupture is characterized by fracture of the hoop direction
fibers in a localized area accompanied by a bulging of crushed concrete
behind the composite. Vertical splits and angled splits are also fiber rupture
phenomena however the fiber failure propagates over a greater distance.
Hoop split is characterized by horizontal splitting of the wrap between
bundles of primary hoop direction fiber. This breaks the reinforcing wrap
into a structure of bands rather than a continuous sheet. Failure occurs
when an isolated band then ruptures. Seam debonding is characterized by
separation between the two layers of wrap. The separation starts at the seam
and continues as a shear failure between the layers. This effectively cuts the
confining capability in half, leading to specimen failure.

Both fiber dominated and resin dominated failure modes were observed
in the unheated control group. Two specimens failed due to localized
rupture of the fibers in the hoop direction and two specimens failed with
a hoop split. Inspection of the failed specimens revealed that good bond
remained between the composite and the concrete. The results show the
FRP reinforcing system increased the compressive strength of -the concrete
cylinders by approximately 255%. This result is consistent with the
manufacturer’s design criteria [19] which predicted an increase of 222%.
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. Table 3. Test results from the pilot study of heat effects on composite
: external reinforcement.

25

:27
. 28

- Ratlo vs.
: Ultimate Wrapped at
Cylinder Fire Temp. Fallure  Stress Group Ambient
Number Wrap Protection (°C) Mode (MPa) Ave. Temp.
B N N 21 - 42.23
2 N N 21 - 38.89 39.93 0.38
'3 N N 21 - 38.66
4 Y N 21 LFR 96.99
5 Y N 21 LFR 106.33
‘6 Y N 21 HS 102.29 ~ 104.31 -
7 Y N 21 HS 111.64
8 Y N 120 sD 107.57
9 Y N 120 LFR 90.51
10 Y N 120 HS 103.3 102.30 0.98
11 Y N 120 HS 107.84
12 Y N 135 HS 105.42
13 Y N \ 135 SD 101.50
14 Y N . 135 HS 95.87 100.24 0.96
15 Y N 135 HS 98.17
16 Y N 150 SD 91.83
17 Y N 150 LFR 84.73
18 Y N 150 sD 91.98 91.13 0.87
19 Y N 150 AS 95.97
- 20 Y N 180 sD 85.49
Y N 180 SD 88.12
22 Y N 180 SD 81.34  85.19 0.82
.23 Y N 180 SD 85.79
Y Y 150 LFR 102.48
Y Y 150  HS 109.97
26 Y Y 150 LFR 95.83 101.13 0.97
Y Y 150 Vs 96.23
Y Y 185 HS 96.32
29 Y Y 185 LFR 85.82
30 Y Y 185 HS 93.48 93.5 0.90
31 Y Y 185 HS 98.36

VS - Vertical Split; LFR — Localized Fiber Rupture; AS - Angled Split; HS - Hoop Split; SD — Seam
Debond.

This consistency provided a strong indication the wrap application and
testing methods was satisfactory. As expected for the tested wrap
architecture, the strengthening mechanism can be directly related to the
confining stress provided by the composite reinforcing [5].
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Figure 1. Results of thermal studies of an external reinforcing system.
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Figure 2. Examples of cylinder failure modes (adapted from Karbhari and Howie, 1997 [5]).
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I-ilgure 3. ‘Typ/'cal cylinder failures. From left: angled split, focal fiber rupture, hoop split,
seam debond.

" After 90min heat exposures up to 135°C, the cylinders showed no
signiﬁcant loss of strength. The maximum loss over this range was 4%
(less than statistical significance) at 135°C. Above 135°C the}*e was a
continuous decrease in compressive strength as the heat exposure increased.
At 150°C. the decrease was 13% and at 180°C it was 18%. As in(.iicated
in Table 3, the mode of failure varied. However, resin failures dorr_nnated;
bnly three of the sixteen failures of heated specimens, were classxﬁed as
fiber dominated modes. As the temperature increased, the trenq in the
iype of resin failure was a change from hoop split to seam debonding. The
resin failures between wrap layers appeared to initiate at the end seam of
the wrap. _ .
Strain measurements made by Karbhari and Howie [5] on specimens with
wrap architecture of fibers predominantly in the hoop direction only show
significantly higher hoop strains near midheight than tovyard the ends 9f
the cylinder. This differential in the hoop strains resul.ts in a shear strain
through the thickness of the resin. When the shear strain exceet.is the shear
capacity of the resin, the wrap begins to break into bands, reducing the load
carrying capacity. This was a common mode of failure for the contiol
specimens and those heated to temperatures through 135°C. Above 135°C
'seam debonding became more prevalent. -
. The thermal behavior of epoxy resin systems is complex. Slightly elevated
‘temperature (~60°C) typically accelerates the reaction rate associ-a_ted
with the curing of the epoxy. As the temperature nears the glass transition
temperature (T) of the epoxy, the resin begins to lose its glassy charac?er
‘and gradually becomes more rubbery. However, it is important to recognize
‘that the glass transition temperature does not imply a sudden shift from a
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Figure 4. Specific volume versus temperature plot for a partially crystalline polymer (adapted
from Flory and Hall, 1951 [23]).

non-deformable solid to a suddenly malleable material. Instead, T,
represents the inflection point on a specific volume—versus temperature
curve, as shown in Figure 4. This second order thermodynamic transition
merely indicates the onset of segmental mobility [20]. Even at temperatures
above T, the degree of segmental mobility remains highly dependent on
chain stiffness and intermolecular forces [21].

At some temperature greater than T, the stresses associated with the
differential thermal expansions of the concrete and epoxy become sufficient
to disrupt the bonding between the fiber wrap and epoxy. Upon cooling, the
epoxy reverts to its glassy state, but the irreversible disruption of the
bonding leaves a weak point that will cause premature failure when exposed
to a shear stress.

The glass transition temperature of the epoxy used in this study was
121°C. Even at a temperature of 135°C, only a 4% loss of strength was
observed. This loss was not statistically significant. By contrast, cylinders
heated to 150°C showed a 13% reduction in strength and seam debonding
replaced hoop split as the predominant mechanism of failure. This result
would seem to indicate that a heat-protection system does not need to keep
the internal temperature below the glass transition temperature of the
epoxy, as exceeding the glass transition temperature showed no significant
impact on either strength or failure mode. ‘

The results from the two series tested with a fireproofing application are
shown in Figure 5 (an enlargement of an area of Figure 1). At 150°C, three
of the four failures were fiber-dominated modes and the cylinders retained
97% of the strength of those wrapped and not heated. At 185°C, three of
four failures were resin-dominated hoop splits and the cylinders retained
90% of the strength of those wrapped and not heated. These tests indicate
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Figure 5. Comparisdn of test results with and without fire protection at similar temperatures.

the fire proofing system may have reduced internal temperatures approx-
imately 30°C under a 90-min exposure condition.

SUMMARY AND CONCLUSIONS

Compression testing of externally reinforced concrete cylinders after
exposure to elevated temperatures shows there is a transition temperature
above which heating the composite reduces its strength. For this study the
composite strength was essentially unaffected by the heat exposure up to
135°C, significantly above the 121°C glass transition temperature of the
epoxy. At higher temperatures, there was a steady decline in the ability of
the composite to strengthen the concrete cylinders. The fire protection
coating tested was effective in reducing the degradation due to heating. The
system appeared to have reduced the internal temperatures during heating
of the cylinders as indicated by an upward shift in the exposure temperature
that resulted in loss of strength.

It was also found that the mode of failure of the composite reinforcing
system changed as exposure temperature increased. At the lower tempera-
tures in the study, shear failures through the thickness of the epoxy resin
segregated the composite into bands. This decreased the ability of the
composite to confine the concrete. Failure was ultimately due to rupture
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in the hoop direction of a segregated band. At higher temperatures the
composite reinforcement tended to fail as a shear failure in the resin between
layers of wrap. This work implies that the glass transition temperature
may not be the critical point that heat protection systems must enable the
composite to remain below during short term exposure conditions. Rather,
it appears that the integrity of the composite system would be maintained
for as much as 30°C above the glass transition temperature.
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