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Abstract

This research investigates the effect of elevated temperature on behavior of reinforced concrete (RC) circular columns
strengthened with different fiber reinforced polymer (FRP) systems. For this purpose, 32 column specimens were
prepared. The test matrix comprised: 14 unstrengthened columns, 14 columns strengthened with a single layer of
CFRP sheet, and 4 specimens strengthened with a single layer of GFRP sheet. Out of the |4 CFRP-wrapped specimens,
4 columns were thermally insulated with commerecially available fire-protection mortar. In addition to control specimens
at room temperature, some other columns were subjected to high temperature regimes of 100°C, 200°C, 300°C,
400°C, 500°C, and 800°C for a period of 3 h. After cooling down, the columns were tested under axial compression
until failure. It was indicated that exposure to elevated temperature adversely affected the residual strength, stiffness, and
axial/lateral stress—strain response of unstrengthened columns. FRP composites were found effective in enhancing the
axial load capacity of exposed columns provided that the temperature at the FRP level does not exceed the decom-
position limit of the epoxy resin. The degradation in strength and stiffness was higher in CFRP-strengthened columns
compared with GFRP-strengthened columns when exposed to the same temperature level. The used insulation material
was found efficient in preventing heat induced damage to CFRP-strengthened columns up to temperature of 800°C for 3
h duration. Besides this study, the experimental data of 48 uninsulated FRP-strengthened circular concrete specimens
subjected to different heating regimes were collected from the literature. The dataset of 55 uninsulated FRP-strength-
ened specimens was then employed to evaluate the ACI 440.2R-08 model used for assessing compressive strength of
FRP-confined concrete. This model was found non-conservative for 48.6% of the data and thus it was revised by the
inclusion of an FRP strength reduction factor due to heating, which can be utilized in the design of FRP-strengthened RC
columns exposed to elevated temperature.
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confinement for strength and ductility enhancement.
FRP composites present an attractive option due to
several reasons such as their high strength-to-weight

Introduction

Strengthening of reinforced concrete (RC) columns is
required for several reasons such as extension of their
lifetime, column degradation due to lack of mainten-
ance, and the need to carry more loads than their
designed values. Several strengthening measures have
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been developed by researchers and practicing engineers
for RC columns. One of the most recently used
techniques involves wrapping of RC columns by fiber
reinforced polymer (FRP) composites to provide
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and stiffness-to-weight ratios, large deformation
capacity, minimal change in the geometry, corrosion
resistance to environmental degradation, and speed of
application. Use of FRP jackets to strengthen RC col-
umns has been studied by several investigators.''*

The application of externally bonded FRP compos-
ites in structures, yet, has been mired due to uncertain-
ties concerning their performance in fire or elevated
temperature environments. FRP composites are vulner-
able to ignition of their polymer matrix. Furthermore,
strength and stiffness of polymer matrices get signifi-
cantly reduced if heated above their glass transition
temperature (7). Hence, if left uninsulated, FRP com-
posites may ignite with increased flame spread and
toxic smoke evolution, and they may quickly lose
bond and/or mechanical properties.'>!'® Therefore, the
behavior of FRP-strengthened RC columns exposed to
fire or elevated temperature environments is of big con-
cern. As yet, research in this area is limited, and more
work is needed. The objective of current study is to fill
some of the gaps in learning the behavior of RC struc-
tures strengthened with FRPs and exposed to high
temperature.

Related work

Research in this area is categorized into two branches
viz. one related to performance of FRP-wrapped
concrete columns after being exposed to elevated tem-
perature regimes to assess their residual capacity,'” !
and the second pertains to behavior of preloaded FRP-
strengthened columns under standard fire tests.>>>* For
both branches, limited research exists in the literature.

In a study by Cleary et al.,'” GFRP-wrapped con-
crete cylinders were subjected to high temperatures ran-
ging from 120°C to 180°C, left to cool down to ambient
temperature and then loaded in axial compression till
failure. There was no significant reduction of compres-
sive strength until the elevated temperature was more
than 30°C above T, of the epoxy. The study also con-
cluded that the application of fire protection material
minimized the loss of compressive strength in columns
exposed to high temperatures. The effect of high tem-
perature on GFRP-wrapped concrete cylinders was stu-
died experimentally by Saafi and Romine.'® The GFRP
composite laminates had a severe damage due to creep
and melting of epoxy when the specimens were heated
at a temperature equal to or above T, of the epoxy
matrix. Al-Salloum et al.'” studied experimentally the
effect of clevated temperature on the behavior of
CFRP- and GFRP-wrapped concrete cylinders after
being exposed to high temperatures of 100°C and
200°C for a period of 1, 2, or 3 h. At a temperature
of 100°C (slightly higher than 7, of the epoxy),
wrapped cylinders had small reductions in strength.

The loss of strength was more evident for a temperature
of 200°C. Khalifa et al.?® assessed experimentally the
residual capacity of thermally insulated CFRP-
strengthened RC square columns after being heated
to temperatures ranging from 70°C to 350°C, for dif-
ferent durations of 4, 8, 12, and 24 h. The use of insu-
lation material enhanced the thermal endurance of the
columns to a certain extent. Reduction of axial strength
of columns was insignificant for temperature up to
100°C for 24 h duration. Yet, for temperatures above
100°C, the residual column capacity depended mostly
on the exposure duration. El-Karmoty?®' studied experi-
mentally the behavior of GFRP-wrapped RC circular
columns thermally insulated with two types of fire pro-
tection systems after being exposed to 600°C for a dur-
ation of 1 and 2 h, respectively. The use of insulation
materials increased the ultimate load of the columns
(with respect to the uninsulated column), but the ultim-
ate loads of the insulated columns were still smaller
than that of the unheated GFRP-wrapped column.
For behavior in fire of FRP-wrapped RC columns,
Chowdhury et al.** conducted standard fire tests on
two FRP-strengthened columns (with and without sup-
plemental fire protection system). The insulated column
was able to resist elevated temperatures during the fire
test for at least 90 min longer than the equivalent
uninsulated column. However, even though the
second column was thermally insulated, the tempera-
ture at the FRP/concrete interface surpassed 7, of the
epoxy at about 34 min into the fire test. This indicates
that the used insulation system was probably not able
to safeguard the FRP system, which is widely thought
to degrade at temperatures beyond its 7,. However,
even though the FRP-strengthening system was pre-
sumed to have been rendered ineffective by the end of
the fire tests, the loss of strength of the two columns
was significantly different. The uninsulated column
failed under the sustained load after 210 min of expos-
ure and its tested strength was lower than the factored
design strength of an equivalent unwrapped column.
Yet, the insulated column failed after 5 h of fire expos-
ure at a load 59% higher than the factored strength of
an equivalent unwrapped column. In another study,
Cree et al.> investigated experimentally the behavior
in fire of two insulated CFRP-strengthened RC col-
umns (one circular and one square). The columns
were subjected to the CAN/ULC S101%* standard fire
tests. The insulation system was efficient in protecting
the columns such that they were able to reach 4 h fire
endurance ratings in accordance with CAN/ULC
S101** and ASTM EI119.° Yet, the fire protection
material couldn’t keep the temperature of the FRP
below its T, for the duration of the fire endurance test.
Even though the performance of FRP-strengthened
concrete members at normal temperature is acceptable,
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information about their performance at elevated tem-
peratures is limited. The objective of this study is to
examine the effect of elevated temperature on behavior
of RC circular columns strengthened with different
FRP systems. To achieve this goal, unstrengthened as
well as FRP-strengthened column specimens were pre-
pared and then subjected to ambient temperature and
high temperature regimes of 100, 200, 300, 400, 500,
and 800°C for a period of 3 h. Thereafter, they were
left to cool down at room temperature and then tested
under axial compression until failure.

It should be noted that the main purpose of this
research is to study the residual strength and stiffness
of both unstrengthened and FRP-wrapped RC columns
after their exposure to high temperature and not during
elevated temperature exposure. For unstrengthened
columns, the residual capacity can be used for repair
and strengthening purposes. For FRP-wrapped col-
umns, the residual strength can be used to assess FRP
effectiveness in preserving the axial load capacity after
high temperature exposure and also for the rehabilita-
tion of heat damaged FRP-wrapped columns. Also,
FRP composites may be used to provide passive con-
finement in case of strengthening for extreme or infre-
quent load events such as seismic retrofit of RC
columns. The FRP confinement will remain in an
unstressed state until the extreme event unfolds.
Because FRP composite systems are used as secondary
reinforcement in this case, there is a low probability of
elevated temperatures occurring simultaneously with an
extreme loading event unless the event caused the ele-
vated temperatures. Therefore, this study focused on
whether the composite reinforcing system is still effect-
ive as secondary reinforcement after cooling and what
effect the heat treatment has on the mechanism of fail-
ure. Accordingly, columns were unstressed while being
heated and the axial preloading that simulates the ser-
vice load level was not used in this study. This was done
to assure that the columns would not fail under a long
duration of high temperature exposure, and hence be
able to assess their residual capacity.

Experimental program

In this test program, 32 RC circular columns were cast
and subjected to high temperatures ranging from 100 to
800°C. When cast, all columns were identical having a
diameter of 242 mm and a length of 900 mm. All col-
umns were reinforced with 4¢10 mm longitudinal steel
bars, which were tied in the transverse direction using
@6 mm bars at a center-to-center spacing of 200 mm as
shown in Figure 1(a). This longitudinal reinforcement
resulted in a reinforcement ratio of 0.68%, which is less
than the minimum reinforcement of 1% for RC col-
umns stipulated in the ACI 318-14 code requirements.®

The reduced reinforcement ratio was selected on pur-
pose to account for the loss in steel reinforcement area
as a result of steel corrosion in the harsh environment
of the coastal regions of Saudi Arabia. Details about
strengthening schemes used and the heating regimen are
provided in the following sections.

Test matrix

Table 1 provides the test matrix for the columns to be
used for this study. As shown in the table, the columns
were cast in three groups. It should be noted that each
column was duplicated to confirm the repeatability of
the results and to get more certitude in the outcomes of
this research. The group I.LD “C” comprised of 14
unstrengthened columns, whereas the group I1.D
“CF” and “GF” comprised of 14 and 4 columns
strengthened with CFRP and GFRP laminates, respect-
ively. Two columns from each group were tested at
room temperature and were considered as control spe-
cimen for their respective groups. All other columns
were tested at elevated temperatures as indicated in
the table. Out of the 14 CFRP-strengthened specimens,
4 columns were insulated before subjecting them to
elevated temperatures, using a locally available insula-
tion material. As shown in Figure 1(b), a single layer of
CFRP (or GFRP) sheet was used to strengthen the
columns and the sheet was bonded to concrete surface
with the fibers oriented in the hoop direction.

Specimen preparation

Reinforcement cage as per design was first prepared
and plastic pipe framework was used to cast concrete
for columns as shown in Figure 2(a). Proper compac-
tion of concrete was achieved using pin-type vibrator.
All columns were cast using the same batch of ready-
mix concrete to avoid any material variations. Standard
six 150 mm x 300 mm cylinders were also cast to be
tested for measuring the compressive strength of con-
crete. Figure 2(b) shows all column specimens after
casting and leveling of concrete.

The FRP sheets were applied 1 month after concrete
casting. Before the application of FRP sheets, the RC
columns were ground using sand paper and sand blasted
to prepare the concrete surface, to make sure it is dry
and free of dust and laitance. It is then treated with a
cloth dipped in acetone. The resin-based epoxy is then
applied in a thin layer over the concrete surface. The
FRP sheets were then saturated using approved satur-
ation methods of the manufacturer. Care was taken to
make sure the epoxy was distributed uniformly over the
FRP sheets. Once fully saturated by epoxy, the FRP
layers are then bonded to the surface of the column.
All voids between the concrete surface and the sheet
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Figure |. Details of test specimens. (a) Unstrengthened specimens and (b) FRP-strengthened specimens.

are removed carefully by hand. The FRP sheets had the
fibers oriented in the hoop direction with an overlap of
150 mm. The columns were then kept under laboratory
conditions until full curing of epoxy was achieved, which
was suggested as 72 h by the manufacturer. Figure 2(c)
shows the columns after strengthening using both CFRP
as well as GFRP sheets.

The insulation of the columns was carried out as per
the manufacturer’s recommendation by using a min-
imum thickness of 40 mm and applying the material
using a spray concrete system. Prior to application,
the CFRP surface was prepared by cleaning and remov-
ing all carbon dust from the surface. The composite
surface was then primed using epoxy resin, over
which the fire-resistant mortar was then wet sprayed.
Figure 2(d) shows a CFRP-strengthened column after
the insulation process is completed.

Material properties

Concrete. Ready-mix concrete having a cement content
of 400 kg/m® was used for casting the RC column

specimens. The maximum size of the aggregate used
was 10 mm. The specified compressive strength mea-
sured as per ASTM C39M?7 at the time of the test
was 42 MPa. The concrete mix proportions are detailed
in Table 2.

Reinforcement bars. Locally manufactured ribbed steel
rebars were acquired for the longitudinal as well as tie
reinforcement. Tensile tests were conducted according
to ASTM E8/E8M>® on both 10 mm as well as ¢6
mm bars and the average yield strength was measured
to be 593 MPa and 301 MPa, respectively.

FRP laminate. For CFRP laminate used in this study,
unidirectional carbon fabric was used. The epoxy
used in the laminate was a two component resin-
based epoxy and was mixed in a ratio of 100: 34.5 by
weight. Tables 3 and 4 enlist the properties for the
CFRP composite gross laminate and the epoxy adhe-
sive, respectively. Gross laminate properties are based
on standard coupon tests carried out in accordance
with ASTM D3039/3039M.*° For GFRP laminate
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Table I. Summary of test matrix.
Strengthening system Exposure Thermal No. of

Group ID Specimen ID No. of layers Type Temperature (°C) time (h) insulation specimens
C C-R Unstrengthened Room temp. (26°C) - No 2

C-100 Unstrengthened 100 3 No 2

C-200 Unstrengthened 200 3 No 2

C-300 Unstrengthened 300 3 No 2

C-400 Unstrengthened 400 3 No 2

C-500 Unstrengthened 500 3 No 2

C-800 Unstrengthened 800 3 No 2
CF CF-R I CFRP Room temp. (26°C) 3 No 2

CF-100 I CFRP 100 3 No 2

CF-200 I CFRP 200 3 No 2

CF-300 I CFRP 300 3 No 2

CF-400 I CFRP 400 3 No 2

CF-500-IN I CFRP 500 3 Yes 2

CF-800-IN I CFRP 800 3 Yes 2

GF-R I GFRP Room temp. (26°C) - No 2

GF-200 I GFRP 200 3 No 2

Total no. of specimens

w
N

used in the study, a custom weave unidirectional glass
fabric was used along with the same epoxy. Material
properties for the GFRP composite gross laminate are
also listed in Table 3.

Insulation material. The insulation material used in the
study was locally available Sikacrete-213F, which is
cement-based dry-mix fire protection mortar. It is
specifically designed to protect FRP-strengthened sur-
faces from elevated temperatures or fire. Manufacturer
provided properties of the material have been presented
in Table 5.

Heating regimen for columns

The heating of the columns was started after a period of
60 days of pouring the concrete and 1 month after the
FRP installation. An electric furnace with internal
dimensions of 1 m x 1 m x I m was used for this pur-
pose. As shown in Figure 3 at a time, three to four
columns in an unstressed state were heated as per the
heating schedule described in the test matrix. The oven
walls were protected from explosive spalling of concrete
at high temperatures by having a protection wall
around the columns. Individual time-temperature
curves used in the study for each temperature exposure
are shown in Figure 4. The approximate heating rate of

the oven was in the range 5-15°C/min. Also shown in
Figure 4 is the standard temperature versus time curve
(ISO 834) used for structural fire resistance testing in
Europe.®! It is clear from the figure that the oven used
in the current study was unable to achieve rapid heating
rates that are representative of the standard fire.
However, this is not considered critical because the cur-
rent study is concerned primarily with confinement of
concrete within a column’s core using FRP composites
(i.e. inside the hoop ties or spirals). Within the core
concrete, the heating rates and peak temperatures
experienced would be moderated by the thermal pro-
tection of the cover concrete, and would likely be simi-
lar to the exposures reproduced by the heating profiles
imposed herein. It should also be noted that the stand-
ard fire does not necessarily reflect the actual heating of
concrete within a real structure during a real fire.

The exposure time for all columns in this study was
kept as 3 h. Because of the small column diameter of
242 mm, the 3 h duration was found to be the time
required for the heat to transfer from the oven to the
centerline of each test column and hence the tempera-
ture at the center of each column would reach its target
value. The 3 h period has kept the specimens being
exposed to temperatures in excess of T, of the epoxy
for at least 4 h duration, including rise-up from room
temperature, constant temperature for 3 h, and gradual



338 Journal of Composite Materials 51(3)

(d)

Figure 2. Specimen preparation, strengthening and insulation. (a) Plastic pipe formwork and steel cage during casting; (b) column
specimens after concreting and leveling in plastic pipe framework; (c) columns ready for curing after FRP application; and (d) column
insulated using Sikacrete-213F

Table 2. Proportions of ingredients used for concrete mix. Table 3. Properties of FRP systems used in this study".

Ingredients Quantity (for | m3) Property CFRP system GFRP system
Cement (Type I 400kg Thickness per | 1.3
Sili d 585 k layer (mm)
fiica san g Ultimate tensile 846 552
Washed sand 195 kg strength (MPa)
10 mm aggregate (3/8”) 315kg Ultimate tensile strain 1.10% 1.90%
20 mm aggregate (3/4") 735kg Tensile modulus of 77.28 27.6
Water 170 kg elasticity (GPa)
Admixture 0.3% by weight of cement

Based on standard test coupons.
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Table 4. Properties of epoxy adhesive used in this study®.

Adhesive property Value
Tensile strength (MPa) 71.6
Tensile modulus of elasticity (GPa) 1.862
Tensile strain at break 5.25%
Glass transition temperature, T, (°C) 85
Thermal decomposition temperature®, T, (°C) 345

*Based on manufacturer’s datasheet.
Obtained from Khalifa.??

Table 5. Properties of insulation material Sikacrete-213F.

Material property Value
Layer thickness (mm) 40
Compressive strength (MPa) 2.0
Thermal conductivity (W/mK) 0.23

*Based on manufacturer’s datasheet.

Figure 3. Oven with specimens ready for heating.

cool-down to ambient (see Figure 4); thereby subjecting
the columns to severe heating regimes of high tempera-
ture for long period. The oven temperature is moni-
tored automatically with an in-built thermocouple,
which provides its feedback to a digital read-out of
the oven controller. Once the exposure time was
reached, the oven would automatically shut down and
the temperature was allowed to fall down. The columns
were then allowed to cool down naturally within the
oven. The door of the oven was permitted to be
opened only when the temperature inside the oven is
reduced to 200°C for cases where the columns were
subjected to even higher temperatures. After cooling
down, the columns were removed from the oven and
kept at room temperature in the laboratory until
testing.

At temperatures of 100, 200, and 300°C, no visible
damage was observed in the unstrengthened column
specimens. However at 400, 500, and 800°C concrete
appeared to be darkened as a result of heating as
shown in Figure 5. Some cracks were also observed
on the surface. Similar observations were reported by
Freskakis et al.** for concrete under high temperature
exposure. For the CFRP- and GFRP-wrapped columns
subjected to 100 and 200°C, the epoxy appeared to melt
while the columns were in the oven, however, post-cool-
ing the epoxy regained its original form. Comparable
observations were made in another study by the
authors." For the CFRP-strengthened columns, the
CFRP composite was found to be charred at 300 and
400°C but still adhered to the concrete surface. Figure 6
shows the insulated CFRP-wrapped columns after
being subjected to 500 and 800°C. The insulation was
effective in protecting the column subjected to 500°C
and the CFRP appeared to be undamaged. However,
the insulated CFRP-strengthened column subjected to
800°C had visible charring of the composite strands.
No de-bonding was observed in either of the insulated
columns. The same observation was made in some
other studies by Chowdhury et al.>* and Cree el al.*?
in which insulated FRP-strengthened RC columns were
subjected to standard fire tests.

Test procedure

The instrumentation layout and test setup for the experi-
mental testing of the RC columns is shown in Figure 7.
All columns were tested under uniaxial compression using
an AMSLER compression testing machine with a max-
imum compression capacity of 10,000 kN. A displace-
ment controlled rate of loading of 0.5 mm/min was
used for the test. Prior to the tests, all columns were
capped at the base and the top ends using gypsum cap-
ping to make sure fully concentric uniform loading over
the entire column surface is achieved. To avoid local fail-
ure due to stress-concentration, the top and bottom 150
mm length of the columns were restrained in the hoop
direction using three layers of CFRP sheet as shown in
Figure 7. The load applied to the columns was measured
using a built-in load cell of the AMSLER testing frame.
The instrumentation of the columns comprised of two
linear variable displacement transducers (LVDT) on
opposite ends, measuring the axial deformation in the
columns within a gauge length of 300 mm in the
middle-third length of the column. Two strain gauges
were attached at mid-height, on opposite faces of the col-
umns in axial direction to measure the axial strains and
another two strain gauges were attached at the same loca-
tions but, in the lateral direction to measure column sur-
face lateral strains. All data were recorded via a data
acquisition system at intervals of 1 s.
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Figure 4. Time-temperature curves used in the study.

(c)

Figure 5. Columns subjected to an elevated temperature for 3 h. (a) Unstrengthened column subjected to 300°C;
(b) CFRP-strengthened column subjected to 300°C; and (c) control and CFRP-wrapped columns subjected to 400°C.

Test results and discussion
Modes of failure

All specimens were tested under uniaxial compression
until failure. A typical crushing mode of failure
was noticed for all specimens. All columns failed at

mid-height as a result of restraining the top and
bottom ends of the columns using CFRP sheets,
which resulted in transferring the stresses to the
middle third of the column. For the unheated
unstrengthened columns, failure started typically by
crushing of concrete followed by its brittle and
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Figure 6. Insulated CFRP-strengthened columns after exposure for 3 h. (a) Insulated CFRP-wrapped column exposed to 500°C and

(b) insulated CFRP-wrapped column exposed to 800°C.

explosive spalling. Further loading resulted in complete
spalling of concrete thereby exposing the steel bars,
which were found to be bent at mid-height or there-
abouts. It was noticed that all four steel bars were
bent in a similar pattern indicating uniform concentric
application of the load. For the heated unstrengthened
columns, a far less explosive and a more ductile failure
was observed. However, the failure mode remained the
same as shown in Figure 8.

For columns strengthened with CFRP sheets, a
cracking noise was observed prior to failure, which
was accompanied by a reduction in load carrying cap-
acity of the column. Concrete crushing then took place
which was followed by tearing of the FRP material.
The final failure was explosive and resulted in a loud
noise due to sudden release of energy and was charac-
terized by complete rupture of the CFRP sheet at mid-
height location. Figure 9 shows typical failure modes
for CFRP-strengthened unheated and heated columns.
For columns strengthened with GFRP sheets, the
failure mode was very similar to the CFRP-wrapped
specimens, except that the final failure was far less
explosive compared with the CFRP-strengthened spe-
cimens. The same cracking noise was observed at the
beginning of the failure indicating activation of the

jacket providing the uniform confinement. The typical
modes of failure for the GFRP-strengthened columns
have been depicted in Figure 10.

Stress—strain curves

The average axial stress plotted versus axial and lateral
strains for unstrengthened, CFRP- and GFRP-
strengthened specimens is shown in Figures 11 to 13,
respectively. The average axial stress was calculated by
dividing the axial load by the gross cross-sectional area
of the column. The axial strains were obtained by divid-
ing the average axial displacement as given by the
LVDTs by the gauge length. It should be noted that
readings of the vertical strain gauges were only used to
confirm the axial strain calculated from the LVDTs and
they were not used for plotting the stress—strain curves
of test specimens. The reason is that these gauges get
severely damaged once the FRP jacket ruptures and
their readings for the descending part of the curves
are then lost. The lateral strains were measured directly
using the horizontal strain gauge sensors. Figure 11
shows the stress—strain curves for unstrengthened col-
umns at room and elevated temperatures. As seen from
the figure, the peak axial stress for columns gradually
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decreases with the increase in exposure temperature.
However, the axial strain at peak load, the peak axial
strain as well as the peak lateral strain increase signifi-
cantly after temperature exposure, indicating a more
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ductile behavior for columns subjected to elevated tem-
peratures. This decrease in the axial strength and the
increase in peak axial and lateral strains in comparison
with unheated specimens was more pronounced for spe-
cimens subjected to temperatures of 300°C and
upwards, compared with specimens subjected to tem-
peratures of 100 and 200°C. In general, a reduction in
column stiffness was noticed for all unstrengthened col-
umns subjected to elevated temperatures.

Figure 12 shows the stress—strain curves for
CFRP-strengthened specimens at room and elevated
temperatures for both insulated as well as uninsulated
specimens. As seen from the figure, a marked reduction
was noticed in the axial strength for columns at ele-
vated temperatures (100-400°C) compared with the
column at room temperature. In case of CFRP-
wrapped specimens, the axial strains at peak load,
peak axial strains, and the peak lateral strains, all
decreased with the increase in the exposure temperature
(100-400°C). A general reduction in stiffness of the col-
umns was also observed with the increase in exposure
temperature.

Figure 13 shows the stress—strain curves for the
two  GFRP-strengthened  specimens. As  seen
from the figure, exposure to an elevated temperature
of 200°C resulted in a reduction of axial strength,
peak axial strain, as well as the peak lateral
strain values. However, for the GFRP-strengthened
specimens, the axial strain at peak load increased
for the specimen subjected to an elevated temperature
in comparison with the specimen at room
temperature.

Figure 8. Typical failure modes for unstrengthened specimens. (a) Room Temp.; (b) 200°C; (c) 300°C; (d) 400°C; and (e) 800°C.



Elsanadedy et al. 343

Figure 9. Typical failure modes for CFRP-strengthened specimens. (a) Room Temp.; (b) 300°C; (c) 400°C; (d) 500°C insulated; and
(e) 800°C insulated.

Figure 10. Typical failure modes for GFRP-strengthened specimens. (a) Room Temp. and (b) 200°C.
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Figure 11. Stress—strain curves for unstrengthened specimens.
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Figure 12. Stress—strain curves for CFRP-strengthened specimens.

Effect of elevated temperature exposure

Table 6 presents a summary of experimental results for
all columns tested in this study. Results are presented in
terms of peak axial load, secant stiffness at service load,
the peak average and actual axial stresses, and the peak
strains in axial and lateral directions. It should be noted
that the test results of the repeated columns were close
to each other and the values enlisted in Table 6 are the

average of the two specimens. In this study, the secant
stiffness at service load is defined as the ratio of service
compressive axial load to the axial displacement at that
load as shown in Figure 14. The service load was con-
sidered to be 40% of the ultimate axial load. The peak
average concrete stress reported in Table 6 is obtained
by dividing the peak axial load by the cross-sectional
area of the column. However, the peak actual concrete
stress enlisted in Table 6 was calculated from the
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Figure 13. Stress—strain curves for GFRP-strengthened specimens.
Table 6. Experimental results for columns tested in this study.
Concrete compressive
strength (MPa)
Secant stiffness
Peak axial at service Peak average  Peak actual Axial strain Peak axial Peak lateral
Group ID  Specimen ID  load (kN) load (kN/mm)  stress stress at peak stress  strain strain
C C-R 1982 1407 43.1 393 0.0018 0.0039 0.0011
C-100 1901 1244 41.3 375 0.0019 0.0030 0.0017
C-200 1765 1157 384 34.6 0.0023 0.0035 0.0025
C-300 1545 725 33.6 29.8 0.0027 0.0035 0.0026
C-400 1471 563 320 28.1 0.0033 0.0033 0.0030
C-500 1325 399 28.8 24.9 0.0049 0.0062 0.0040
C-800 832 252 18.1 14.1 0.0045 0.0112 0.0087
CF CF-R 2669 1267 58.0 54.4 0.0073 0.0076 0.0092
CF-100 2431 1232 52.9 49.1 0.0068 0.0068 0.0081
CF-200 2217 1141 48.2 44.5 0.0049 0.0052 0.0059
CF-300 2146 879 46.7 429 0.0047 0.005 0.0055
CF-400 1934 694 42.1 383 0.0037 0.0037 0.0037
CF-500-IN 2329 1007 50.6 46.9 0.0062 0.0062 0.0076
CF-800-IN 1410 519 30.7 26.8 0.0035 0.0046 0.0008
GF GF-R 2332 1228 50.7 47.0 0.0051 0.0125 0.0142
GF-200 2047 111 44.5 40.7 0.0073 0.0093 0.0115

following equation, which is based on the ACI 318-14
code®® and the ACI 440.2R-08 guidelines.”

/ Pu - ASZf.‘}’ (1)

Peak actual concrete stress = f,c T= 1 A
g = st

where P,=peak axial load; A, =area of longitudinal
steel bars; f, =yield strength of longitudinal steel; and
A, =gross area of column section. Effect of elevated

temperature exposure on behavior of unstrengthened
and strengthened specimens are discussed below.

Unstrengthened columns. Figure 15(a) and (b) shows the
percentage loss in the axial strength and secant stiffness,
respectively, for specimens at elevated temperatures in
comparison with specimens at room temperature for
unstrengthened columns. As seen from Table 6 and
Figure 15(a) and (b), the percentage loss in axial
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strength and secant stiffness is more pronounced for
specimens subjected to temperatures above 300°C.
This observation is consistent with previous research
on the residual properties of fire-exposed concrete.*

E
8 Pu
=
o
2
©m
vl
=
g Ps
: P,
E Secant stiffness =k, = —
= A,
¥ ;
< P, =service load =0.4F,
T where P, =ultimate load
A

A Ay

Axial Displacement

Figure 14. Definition of secant stiffness.

=

It was noticed that the loss of compressive strength
and secant stiffness after being exposed to 400°C for 3 h
duration was about 26% and 60%, respectively, as seen
in Figure 15(a) and (b). However, in the test carried out
by Chowdhury et al.,?® it was observed that even
though the temperature at the concrete surface for the
insulated column went up to approximately 400°C at 5
h, the column still maintained a constant axial deform-
ation value under the sustained applied load. The dif-
ference between unstrengthened specimens tested in this
research and columns tested by Chowdhury et al.?* is
that the rate of temperature increase was much severe
in this study (temperature increased to 400°C in about
40 min and was maintained constant for the next 3 h),
however, in the study by Chowdhury et al..> the tem-
perature at concrete surface gradually increased to
400°C in 5 h. This leads to the conclusion that the
rate of temperature increase plays an important role
in the performance of concrete under elevated tempera-
ture regimes. For the same target temperature, as the
rate of temperature rise increases the loss in concrete
strength becomes more pronounced.

G

100 A 100 -
a0 o0
£ 90 1 i=l O Unstrengthened Columns
= @ Unstrengthened Columns % 90 A
3 . 2 = Uninsulated CFRP-strengtt 1 Columns
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Figure 15. Effect of exposure temperature on percentage loss of strength, stiffness, and peak strain of test specimens. (a) % Loss of
axial strength, (b) % loss of stiffness and (c) % loss of peak axial strain.
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The percentage losses in axial strength for specimens
subjected to 500 and 800°C are 33 and 58%, respect-
ively; whereas the percentage loss in secant stiffness for
the same specimens is 72 and 82%, respectively. This
steep reduction could be attributed to the fact that as
the exposure temperature increases, the concrete
becomes soft and loses the internal mix water thereby
making it more porous. It should also be noted that for
columns exposed to higher temperatures, the exposure
time to an elevated temperature is also increased
thereby attributing to a higher deterioration in concrete
strength.

CFRP-strengthened columns. Figure 15(a) to (c), respect-
ively, shows a comparison of percentage loss in axial
strength, secant stiffness, and the peak axial strain
values for uninsulated as well as insulated CFRP-
strengthened specimens in comparison with a strength-
ened column at room temperature. As seen from the
figures, for all CFRP-wrapped columns an increase in
percentage loss in all measured response parameters
was noticed with the increase in exposure temperature.
For uninsulated CFRP-strengthened columns tested in
this study, it was found out that after being exposed to
high temperature of 300°C (about 3.5 T},) sustained for
3 h duration, the ultimate capacity of the strengthened
column was about 139% of that for unstrengthened
column exposed to the same heating regime. It is to
be noted that even for a CFRP-confined specimen sub-
jected to 400°C, which is almost 57, the axial stress
capacity is 31.5% greater compared with the
unstrengthened specimen subjected to the same tem-
perature, whereas its axial stress capacity is 98% of
that of the unstrengthened specimen at room tempera-
ture. This could be attributed to the fact that the pres-
ence of a CFRP layer around concrete has resulted in
the concrete being protected from the exposure to heat
thereby, even though the effect of strengthening had
deteriorated but the concrete load-carrying capacity
was unaffected. However, compared with the CFRP-
strengthened specimen at room temperature, the axial
stress for the specimen subjected to an elevated tem-
perature of 400°C was reduced by 27.5%. This supports
the conclusion that as long as the temperature at the
FRP level is still under the decomposition limit of the
epoxy polymer matrix (345°C in this study), the FRP is
deemed effective (but with less efficiency) in contact-
critical applications. The same conclusion was reached
by Foster and Bisby** as it was stated that for FRP
strengthening applications that are not bond critical,
much smaller thicknesses of supplemental insulation
may be allowable for FRP-strengthened concrete mem-
bers (and their residual performance may be much
better than currently thought). Contrary to this conclu-
sion, Chowdhury et al.*®> mentioned that if the

temperature at the FRP level exceeds Ty, it can be con-
servatively assumed that the FRP wraps are rendered
structurally ineffective.

Effect of insulation

As seen from Figure 15 and Table 6, the effect of insu-
lation of CFRP-wrapped specimens is pronounced in
terms of retaining the axial strength capacity, especially
for the insulated specimen subjected to 500°C. As seen
from the stress—strain curve in Figure 12, the behavior
of the insulated column subjected to 500°C is enhanced
in terms of axial strength, compared with uninsulated
CFRP-wrapped specimens subjected to 300 and 400°C.
The behavior of the insulated column subjected to
500°C is comparable with an uninsulated CFRP-
strengthened column subjected to 200°C in terms of
its load carrying capacity. This depicts that insulation
could be very effective in preventing the heat induced
damage to CFRP-strengthened columns up to certain
temperatures and exposure periods. The insulated
column subjected to 800°C, had a marked reduction
in its axial stress capacity compared with CFRP-con-
fined specimens subjected to other temperatures.
However, compared with the unstrengthened specimens
exposed to the same temperature of 800°C, the axial
stress capacity of insulated CFRP-strengthened
column was almost 70% higher. This indicates that
the insulation was effective to some extent in minimiz-
ing the damaging effects of the elevated temperatures
from reaching the concrete core. The same conclusion
was supported in the standard fire tests conducted by
Chowdhury et al.,** whereas in their study, the insu-
lated FRP-wrapped column failed at a higher applied
load than the uninsulated column because the supple-
mental fire protection system used was able to maintain
low temperatures in the concrete and reinforcing steel
during the fire tests, thus enabling the concrete and steel
to retain most of their room temperature strength
during the fire endurance tests.

When RC columns are strengthened using externally
bonded FRP composites, their ultimate capacity
increases, hence allowing for higher service loads to
be applied. Under high temperature exposure, the
ultimate capacity of the FRP-wrapped column gets
reduced with increasing temperature and failure of the
column would arise when its ultimate capacity becomes
less than the applied service load. As a result, for safety
at fire or high temperature exposure, the ultimate cap-
acity of the FRP-upgraded column should stay greater
than its applied service load for the required duration
of fire or high temperature.®> Figure 16 shows the vari-
ation of compressive strength enhancement ratio with
exposure temperature. Compressive strength enhance-
ment ratio is defined as the ratio of confined
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Figure 16. Variation of compressive strength enhancement ratio with exposure temperature.

compressive strength after exposure to elevated tem-
perature (f,, ) to the unconfined compressive strength
at room temperature (f], ). From the figure, it is
depicted that as a result of insulation of CFRP-
strengthened specimens, even exposing the specimen
to a temperature of 800°C for 3 h has kept the enhance-
ment ratio above the service load level for strengthened
specimen, thereby demonstrating its effectiveness in
preventing the column collapse at this level of tempera-
ture exposure.

Effect of FRP type

Figure 17 shows a comparison between the two types of
strengthening systems in terms of axial strength, secant
stiffness, and the peak axial strain. As seen from the
figure, for an elevated temperature exposure of 200°C,
the percentage loss in the three parameters compared
with the specimen at room temperature, is more pro-
nounced in case of CFRP system. This surprising find-
ing could be attributed to the fact that the voids within
the strengthening fabric play an important role in the
transmittal of the heat to the epoxy matrix. As seen in
Figure 18, which shows a close-up view of both carbon
and E-glass fibers used in this study, the voids in the
E-glass fibers are almost invisible and are covered-up
by the custom fabric weave, whereas the voids in
carbon fibers are visibly bigger. These voids may
bring the epoxy matrix to be directly subjected to the
detrimental effects of the high temperatures resulting in
degradation in its strength. Nevertheless, in case of
GFRP sheet, the nonappearance of voids in between
the glass fibers may safeguard the epoxy matrix from
the hostile effects of the high temperatures.

35 1 Temperature = 200 °C

30 A
O CFRP-wrapped
25 A
B GFRP-wrapped

20 A

% Loss due to Heating

Axial Strength Secant Stiffness Peak Axial Strain

Response Parameter

Figure 17. Performance comparison between CFRP- and
GFRP-strengthened specimens at 200°C exposure.

Design aspects in light of ACl 440.2R-08 guidelines

As per the ACI 440.2R-08 guidelines,®* the maximum
compressive strength for FRP-confined concrete at
room temperature f;. p is given by the following
equation:

frog = flor + 3-37kyf; (MPa units) )

This equation was modified in this study to include the
effect of high temperature exposure by the inclusion of
a new strength reduction factor (¥ 7) as follows:

Jeer = Fror + 33Uk fi (MPa units) 3)

where f,,. = confined compressive strength after expos-
ure to elevated temperature; f;, r =unconfined

CO.
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Figure 18. Close-up picture of carbon and E-glass fibers used in this study. (a) Visible voids between carbon fibers and (b) invisible

voids between E-glass fibers.

compressive strength at room temperature; ¥ =FRP
strength reduction factor due to elevated temperature
exposure; Yy=FRP strength reduction factor=0.95;
k,=cefliciency factor accounting for section geom-
etry = 1.0 for circular columns; and f;=maximum con-
finement pressure given by

_ 2Emiser,

fi=""

(4)

where E,=tensile modulus of elasticity of FRP mater-
ial; n=mno. of plies of FRP reinforcement; ¢,= thickness
of one ply of FRP reinforcement; &7, = effective strain
level in the FRP at failure =0.55 x strain at rupture of
the FRP reinforcement; and D =column diameter. By
substituting equation (2) into equation (3), the latter
can be rewritten as

fi‘c,T :ﬂo,R + wT(fZ‘c,R - c,'o,R) (5)

The FRP strength reduction factor due to elevated tem-
perature exposure can be then expressed as

o
iy =Tt Tean (6)
cc,R _fco,R

Besides the test results of this study, the experimental
data of 48 uninsulated FRP-strengthened circular con-
crete specimens subjected to different heating regimes
were collected from the literature and are presented in
Table 7. Similar to the test columns of this study, all
FRP-strengthened specimens of Table 7 were first
exposed to eclevated temperature environments and
then left to cool down at room temperature.
Subsequently, they were tested under axial compression
until failure. With the inclusion of the seven uninsu-
lated FRP-strengthened columns of this study, the
whole database incorporates results of 55 specimens
under different elevated temperature exposure. Using

the dataset of the 55 uninsulated FRP-strengthened spe-
cimens, the strength reduction factor due to heating (1),
defined earlier in equation (6), was calculated. Figure 19
shows the variation of ¥ with the exposure temperature
T normalized by 7, for the dataset of 55 FRP-strength-
ened specimens. From Figure 19, a proposed predictive
model for estimation of {7 can be given by

1.0 for T'< 0.57,

vr=18_2 (1) for 0.5T, < T < 4T,
Tg

(7

77

In the above equation, an upper bound of 7=4T,
was imposed because for a temperature exceeding this
limit, the confined compressive strength may be less
than the unconfined compressive strength at room tem-
perature as seen in Figure 19 for two specimens, for
which 7 became negative. The proposed predictive
equation was then converted to a design model such
that there are no non-conservative data points as seen
in Figure 19. The proposed design equation for calcu-
lation of ¥7 is thus given by

1.0 for T'< 0.57,
4 2(T

0.0 for 2Tg < T < Tiim

Yr =

where Ty, is an upper bound for 7 proposed in this
study for limit of FRP effectiveness, and is given by

4T,
300 °C 9)
Ty

Tiim = minimum of
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Figure 19. Variation of FRP strength reduction factor due to elevated temperature (1) with exposure temperature.

where T,;=thermal decomposition temperature of the
epoxy matrix. It should be noted that in the proposed
design model in equation (8), the FRP wrapping is con-
sidered effective in increasing the axial strength of col-
umns after their exposure to elevated temperatures
below 27T,. For elevated temperatures between 27,
and Ty, the FRP strengthening may be only successful
at restoring the original capacity of the unstrengthened
column. Yet, for temperatures in excess of Ty, the
axial strength of the FRP-upgraded column may be
less than that of the unstrengthened column at room
temperature and the FRP jacket is deemed ineffective in
increasing or even restoring the original axial capacity
of the unstrengthened column. In such a case, the axial
capacity of the column may be computed using models
that estimate the strength of unconfined concrete after
high temperature exposure.*”*

Excluding both the 12 specimens at room tempera-
ture and the 6 specimens with temperatures exceeding
the upper bound T}, given in equation (9), the experi-
mental database was reduced to 37 specimens. For
these 37 specimens, both the original and modified
equation of the ACI 440.2R-08 guidelines were used
to predict the confined concrete compressive strength.
The predicted results were plotted versus the experi-
mental data as depicted from Figure 20. It is obvious
from Figure 20(a) that the original ACI model of equa-
tion (2) is non-conservative for a significant portion of
the data (about 48.6%) and therefore it cannot be used
in estimating the confined concrete strength for FRP-
strengthened columns after elevated temperature
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Figure 20. Comparison of confined concrete compressive
strength at elevated temperature predicted by original

and modified models of ACI 440.2R-08 with experiment.
(a) Original ACI model (equation (2)) and (b) modified ACI
model (equation (3)).
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exposure. However, as depicted from Figure 20(b),
equation (3) (modified version of the original ACI
model) is conservative for all data points and can be
used successfully in estimating the compressive strength
of FRP-strengthened columns after high temperature
exposure.

Conclusions

The major conclusions derived from this research can
be summarized as follows:

1. Exposure to elevated temperature adversely impacts
the residual strength, stiffness, and axial/lateral
stress—strain response of unstrengthened RC circular
columns tested under uniaxial compression after
cooling down to ambient. The reductions in com-
pressive strength observed in the current study are
consistent with data available in the literature.

2. For both room and elevated temperature exposures,
all FRP-strengthened specimens tested in this study
failed by rupture of the FRP sheets.

3. For both unstrengthened and FRP-strengthened col-
umns, the reduction in residual stiffness due to heat-
ing was greater than the reduction in their residual
axial load capacity. Since the load shared by col-
umns of multistory buildings relies mainly on their
relative stiffness, a detailed evaluation of residual
stiffness has to be conducted for all RC columns
after exposure to fire or elevated temperature envir-
onments including the columns that are not in direct
contact with the heating or fire source.

4. Externally bonded FRP composites could be used
effectively in enhancing the axial load capacity of
RC columns provided that the temperature at the
FRP level does not exceed the decomposition limit
of the epoxy resin. This conclusion is consistent with
previous research available in the literature on fire-
exposed FRP-strengthened RC columns.

5. A comparison between the strengthening systems has
revealed that the reduction in both strength and stiff-
ness was higher in CFRP-strengthened columns com-
pared with the GFRP-strengthened columns. This
was due to the nonappearance of voids and the
impenetrable structure of the glass fibers used which
aided in the protection of the epoxy resin from the
detrimental effects of the high temperatures.

6. The insulation material used in this study was found
to be effective in preventing heat induced damage
to CFRP-strengthened columns up to temperatures
of 800°C for 3 h duration. This is evident from the
fact that the compressive strength enhancement
ratio did not reduce below the service load level of
the CFRP-strengthened column specimens thereby

demonstrating the insulation effectiveness in pre-
venting the column collapse at this level of tempera-
ture exposure.

7. The rate of temperature increase plays an important
role in the performance of concrete under elevated
temperature regimes. For the same target tempera-
ture, as the rate of temperature rise increases the loss
in concrete strength becomes more pronounced.

8. The ACI 440.2R-08 model used for assessing com-
pressive strength of FRP-confined concrete was eval-
uated for case of RC circular columns after their
exposure to elevated temperatures using the results
of 55 specimens (7 columns tested in this study and
48 columns tested by other researchers). This model
was found non-conservative for 48.6% of the data
and was therefore revised by the inclusion of an FRP
strength reduction factor due to heating (7). The
modified ACI model can be employed to estimate
the concrete strength of FRP-wrapped columns
after exposure to elevated temperatures ranging
from ambient to T}y, where Ty, is an upper
bound for T proposed in this study for limit of
FRP effectiveness, and is taken as the minimum of:
4T,, thermal decomposition temperature of the
epoxy matrix (7,) and 300°C.
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