EFFECT OF HIGH TEMPERATURE ON BOND STRENGTH
OF FRP REBARS

By Ammon Katz,' Neta Berman',2 and Lawrence C. Bank,” Member, ASCE

ABSTRACT: The bond properties of fiber reinforced polymer (FRP) reinforcing bars (rebars) at temperatures
ranging from room temperature (20°C) to high temperatures of up to 250°C are discussed in this paper. The
bond properties in this temperature range were studied for a number of commercially produced rebars, where
different bond ‘“‘treatments’’ were applied to FRP rebars. Test results showed a reduction of between 80 and
90% in the bond strength as the temperature increased from 20 to 250°C. In comparison, ordinary deformed
steel rebars showed a reduction of only 38% in the same temperature range. In addition, a reduction in the bond
stiffness, which was determined from the slope of the ascending branch of the pullout load versus slip curve,
was seen as the temperature increased. At elevated temperatures the postpeak bond decrease was gradual as
compared with the instantaneous drop at room temperature. Greater sensitivity to high temperatures was seen
in FRP rebars, in which the bond relies mainly on the polymer treatment at the surface of the rod.

INTRODUCTION

Fiber reinforced polymer (FRP) rebars are being used in-
creasingly in construction where ordinary steel reinforcement
is not suitable due to highly corrosive environments or where
electromagnetic transparency of the structure is required. High
temperatures, such as those due to fires or even those occurring
in extremely hot climates, may decrease the properties of these
rebars. The mechanical properties (especially the strength and
the stiffness) of polymers are known to decrease significantly
as the temperature is increased and the polymer approaches its
glass transition temperature T, (Fried 1995). Thermosetting
polymers (e.g., vinyl ester and polyester) are currently being
used as the matrix materials in FRP rebars. It is well known
that these polymers have glass transition temperatures in the
range of 60—130°C, with the higher transition temperatures for
the vinyl ester resins. It is therefore to be expected that the
mechanical properties of the rebars themselves will be affected
as the temperature approaches and passes through the glass
transition temperature of the polymer resin.

High-performance inorganic and organic fibers, such as
glass, carbon, and aramid fibers, are being used in FRP rebars
(Yamasaki et al. 1993). These fibers exhibit good mechanical
property retention in the elevated temperature range consid-
ered in this work (up to 250°C) (Dostal 1987), and it is ex-
pected that failure of the rebars at high temperature will occur
first in the polymer matrix. High-temperature tests of the prop-
erties of a variety of FRP rebars were conducted by Kumahara
et al. (1993), who found a reduction of ~20% in the tensile
strength of glass and carbon FRP rebars at a temperature of
250°C. The reduction of tensile strength of aramid FRP rebars
was greater and was ~60% at 250°C. The effect of matrix
composition appeared to be relatively small. Fujisaki et al.
(1993) reported a reduction of 40% in the tensile strength of
glass-carbon FRP grids at a temperature of 100°C, probably
due to changes in the properties of the polymer that forms the
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grid; however, no further reduction was seen for higher tem-
peratures of up to 250°C. The impact resistance of concrete
members (curtain walls) reinforced with the FRP grids at high
temperature was good, and Fujisaki et al. (1993) concluded
that these concrete members would perform satisfactorily in
the event of a fire. Wolff and Miesseler (1993) proposed giving
prestressed concrete members reinforced with glass FRP ten-
dons the same consideration for fire protection as that given
for steel tendons, due to the small reduction in the tensile
strength of glass FRP tendons, which was similar to that seen
for steel tendons.

On the other hand, Wang and Evans (1995) reported a re-
duction of 75% in the flexural strength of FRP beams as the
temperature was increased from room temperature to 300°C.
Partially prestressed concrete beams were tested by Okamoto
et al. (1993) to investigate their performance in a fire. The
prestressing tendons were made of aramid FRP, and the rein-
forcement was made of either aramid or carbon FRP rebars.
Failure of the beams occurred when the temperature of the
reinforcement reached ~200°C and ~300°C for the aramid
and carbon rods, respectively. The failure occurred at rela-
tively low temperatures despite the good high-temperature ten-
sile characteristics of the rods themselves and the small
initial stress applied before heating (~15% of the tensile
strength).

The discrepancies in these results are explained by the dif-
ferences in the properties of FRP composites in different ori-
entations, which is due to the anisotropy of the composite
material. In the direction of the fibers (i.e., the longitudinal or
axial direction of the rebar), the properties are governed by
the properties of the fibers, which exhibit good performance
at high temperature. The polymer largely governs the proper-
ties in the transverse direction, such as shear in a plane parallel
to the fiber direction. Therefore a reduction in the shear
strength of an FRP rebar is expected as the temperature in-
creases. This reduction explains the aforementioned results of
Wang and Evans (1995), as the flexural strength of a compos-
ite beam relies on the transfer of shear stress through the poly-
mer.

It is expected that in reinforcing applications the longitu-
dinal strength of FRP rods will not be significantly affected in
a temperature range of up to 300°C. However, the bond
strength of FRP rebars to the surrounding concrete is primarily
a function of the properties of the polymer at the surface of
the rod (Bank et al. 1998), mainly, its shear strength. There-
fore, it is expected that when dealing with the effect of tem-
perature on FRP reinforced concrete, the bond strength of FRP
rebars will be affected first as the temperature increases.
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EXPERIMENTAL PROGRAM

Materials
Rods

Four types of FRP rebars were tested and compared with
ordinary deformed steel rebars. The four types of FRP rebars
are shown in Fig. 1. The nominal diameter of the FRP rebars
was 12.7 mm (#4), and the diameter of tbe ST rebar was 12.0
mm. The actual diameter of the FRP rebars was somewhat
larger, depending on the surface treatment of each one. Prop-
erties of the FRP rebars are given in Table 1.

Different surface treatments were applied to the FRP rebars
to enhance the bond to concrete as can be seen in Fig. 1. Large
deformations were molded on the polymer at the surface of
the CB rebars, giving these bars lugs with a similar geometry
as those found on ordinary steel deformed reinforcing bars. A
helical braid of glass fibers was wound on the CPH, CPI, and
NG rebars. The braid was narrow for the CPH and NG rebars
and wide for CPI rebar (Fig. 1); in addition, the braid was
wrapped tightly around the NG rebar, which produced large
convex protrusions on the surface of the rebar.

Embedded sand particles on the surface of the CPH and NG
rebars was used as an additional means to enhance the bond
for these rebars. The sand was dispersed evenly on the surface
of the CPH rebars in a very thin layer of polymer, which was

similar to the polymer in the core of the rebar. The external
layer of polymer used in the NG rebar was different from the
one in the core; it was relatively thick (1-2 mm) and partially
obscured the deformations created by the tight wrapping of
the helical strand that was wrapped on the core fibers. The
sand was embedded unevenly on the surface of this rebar.

Roughening the surface of the CPI rods were achieved by
leaving excess polymer resin on the surface of the rebar during
production. This excess polymer resin hardened after poly-
merization and formed irregularities (small bumps and
“blobs’’) on the surface of the rebars.

Concrete

Normal strength concrete with a 28-day compressive
strength of 35 MPa was used. The composition of the concrete
was as follows: ordinary portland cement, 348 kg/m®; water,
195 kg/m® coarse aggregate, 1,059 kg/m’; and sand, 733
kg/m®. Superplasticizer in the amount of 0.85% by weight of
cement was used. Concrete slump was 5 in. which allowed for
good compaction around the rods without excess bleeding.

The effect of high temperature on the compressive strength
of the concrete was tested on 100- X 100- X 100-mm concrete
cubes. At the age of 28 days the cubes were placed in an oven
at temperatures of 10, 220, and 330°C for 90 min and tested
immediately after being removed from the oven.

CB CPH

CPI

ST

Fibers structure after burnout
of the resin.

FIG. 1. Images of Tested FRP Rebars
TABLE 1. Properties of FRP Rebars Tested
Nominal Space between Glass transition

Rod diameter Type of resin Physical bond improvement deformations/windings temperature
type (mm) in core to surface of rebar (mm) (°C)

(1) ) (3) (4) (5) (6)
CB 12.7 Urethane modified vinyl ester | Large deformations 7.5 124
CPH 12.7 Epoxy vinyl ester Helix + sand coating 27 122
CPI 12.7 Epoxy vinyl ester Helix + resin roughening 25 95
NG 12.7 Polyester (assumed) Helix + sand coating + deformations 12 60
ST 12.0 Steel Large deformations 1.7 —
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Heating
Jacket

Data logger

Test Setup

Cylinders with a diameter of 150 mm and a length of 300
mm were prepared. The rebars were placed vertically in the
bottom of the molds before casting. The embedment length
was 60 mm (5 diameters). A bond breaker with a length of 60
mm (5 diameters) was inserted around the rebar at the concrete
surface, in accordance with RILEM/CEB/FIB recommenda-
tions (“Bond’’ 1977). A thermocouple (TC) was placed at the
center of the mold near the rebar surface, before casting, to
measure the internal temperature at the rebar surface during
the tests (Fig. 2).

Specimens were demolded after 1 day and stored in water
at 20°C until the age of 7 days. They were then moved to
standard laboratory conditions (21°C, 60% relative humidity)
and cured until the age of 28 days or more (up to 90 days).
An early study showed no difference in the bond strength be-
tween 28 and 90 days of age.

A special heating jacket was fabricated to heat the speci-
mens. The jacket wrapped the specimen and allowed the spec-
imen to be heated at a high heating rate of ~5°C/min. This
heating rate is close to the rate of temperature rise during a
fire. The close contact of the heating jacket with the specimen
allowed the specimen to be heated without the need for special
heat resistance loading or measuring equipment. The setup is
shown in Fig. 2.

Two types of experiments were performed as follows:

» STRL—heating the specimen up to the desired temper-
ature and then performing a pullout test at a constant slip
rate

* SLRT—Iloading the specimen to a prescribed load and
then heating the specimen until pullout began

A typical plot showing the temperature rise at the center and
at the surface of the concrete cylinder is shown in Fig. 3. The
temperature rise at the center of the cylinder was initially at a
rate of 5°C/min; however, at ~120°C a temporary plateau in
the temperature rise was seen. At that temperature a significant
escape of vapor from the specimen was observed. The vapor
escaped from the outer surface of the concrete cylinder and
from the area around the bond breaker at the rebar location.

FIG. 2. TestSetup
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FiG. 3. Typical Diagram of Temperature Rise in Specimen

After completion of the evaporation the temperature continued
to rise at the same rate as the initial rate.

From Fig. 3 it can be seen that turning the heating jacket
off did not immediately stop the temperature rise at the center
of the concrete cylinder due to the thermal inertia of the mas-
sive concrete cylinder. The temperature continued to rise for
an additional 50-60 degrees following shutoff of the heat.
Therefore, in the STRL experiments, the heating jacket was
shut off when the temperature was ~10°C less than the spec-
ified testing temperature, and pullout was performed a few
minutes after this when the rate of heating decreased. A tem-
perature rise of ~20°C was recorded during the whole test.
The temperature shown in the results is the temperature read-
ing at the time when peak load was reached.

A typical diagram of pullout test in the SLRT test procedure
is shown in Fig. 4. The specimen was loaded up to a pre-
scribed load at room temperature; then the heating was started
and continued until a sudden slip occurred. The temperature
at which the rebar began to slip was considered to be the
failure temperature.

Nominal bond strength T was calculated using (1), which
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FIG. 4. Typical Diagram of Pullout in SLRT Setup

assumes uniform distribution of the bond stress along the em-
bedment length /

Prnes
wd
where d = rebar nominal diameter; / = embedment length; and
P..x = peak load during pullout. Since the rebars all had the
same nominal diameter and bond length, comparison between

them can also be made based on the pullout load rather than
the bond strength.

T=

ey

~

Results

Bond Strength

The effect of temperature on the bond strength calculated
by (1) is shown in Fig. 5 for CB, CPH, CPI, NG, and ST
rebars. Results from both test setups are shown in Fig. 5.

Similar trends can be seen for all of the FRP rebars; rela-
tively high bond strength is seen at room temperature, with
the exception of NG rebar, which had a polymer of poor prop-
erties in the external layer. The bond strengths at room tem-
perature of CB, CPH, and CPI rebars were 13.2, 12.2, and
10.9 MPa, respectively. These values are similar or somewhat
larger than the bond strength of the ST rebar (11.2 MPa). At
temperatures in the range of 80—160°C a reduction in the bond
strength was seen for all of the FRP rebars. At ~200°C the
bond strength leveled off and remained almost constant as the
temperature was increased, as can be seen in Fig. 5. Experi-
ments were stopped at around 300°C. At higher temperatures
(400°C and above) the polymer matrix will begin to decom-
pose (Prian et al. 1997; Gentry et al. 1998); no mechanical
properties can be expected at these temperatures. Values of
bond strength at room temperature, the residual bond at high
temperature, and the degree of bond strength reduction are
listed in Table 2.

NG rebar was the most sensitive to temperature rise and lost
its bond strength rapidly at relatively low temperature. Loss
of 55% of the bond strength was seen at a temperature of 92°C,
though the entire loss of bond was “‘only’’ 80% compared
with the other FRP rebars (85-92%). Rapid reduction in bond
sirength was also seen for CB rebars in which most of the
reduction was in the 80—-150°C range. The reduction in bond
strength of the CPH and CPI rebars occurred over a wider
range and extended up to 200°C.
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Reduction in the bond strength as temperature increased was
also seen in the ST rebars (Fig. 5). At 200°C the bond loss
was ~40%, compared with bond loss of >80% for the FRP
rebars. An additional increase in the temperature produced a
very moderate additional loss of bond strength and the values
remained relatively high. These findings are in good agreement
with the findings of Diederichs and Schneidwe (1977).

When the specimens were tested in the SLRT mode, failure
of the bond was seen at ~120°C regardless of the type of rebar
or the preloading level. At failure, extensive exhausting of wa-
ter vapor (steam) at the interface between the rebar and the
surrounding concrete was seen. It appears that the flux of va-
por outward at high pressure stimulated the slippage of the
rebars, leading to premature failure at that temperature. When
the specimens were slowly dried in an oven at 100°C prior to
the test, this phenomenon was avoided, and the results ob-
tained were similar to the results in the STRL mode. The re-
sults shown in Figs. 4 and 5 for the SLRT mode represent the
tests of the predried specimens.

Reduction in the bond strength can be partially attributed,
in some cases, to the reduction in the strength of the concrete
seen in Fig. 6. A reduction of ~15% was seen at a temperature
of 200°C, with some increase thereafter. These findings are
typical of the behavior of concrete at high temperature as de-
scribed by Malhotra (1982). Therefore, a reduction in the con-
crete strength can explain some of the reduction in bond
strength at high temperature in the cases where the bond mech-
anism is mainly via the concrete, as discussed in the following.

For the ST rebars, the failure of the bond was by shear of
the concrete surrounding the rod, between the deformations.
Residues of the concrete could be seen between the defor-
mations, after pullout, at all temperatures. For the FRP rebars
at room temperature, some concrete residue could be seen ad-
hering to the CPH and CPI rebars together with locations of
abraded polymer at the surface of the rebars. Detailed discus-
sion on the modes of failure at room temperature can be found
in Katz (unpublished paper, 1998). At higher temperatures
(above the T, of the polymer at the rebar surface), no concrete
residue was seen on any of the FRP rebars. On the contrary,
residue of the polymer from the surface of the rebar was seen
in the concrete after pullout, indicating an accelerated reduc-
tion in the properties of the polymer relative to the concrete.
Therefore, it can be concluded that in the case of FRP rebars,
the reduction in the bond strength at high temperature cannot
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FIG. 5. Effect of Temperature on Bond Strength of Tested FRP Rebars (¢, STRL; o, SLRT).

TABLE 2. Bond Strength Values at Room Temperature, Resid-
ual Bond Strength at Temperature above 200°C, and Amount of
Bond Strength Loss

Bond Strength (MPa)
Room Residual Loss of bond
Rod type temperature bond (%)
(M 2 3 4
CB 13.2 1.1 91.7
CPH 12.2 1.7 86.1
CPI 10.9 1.6 853
NG 4.1 0.8 80.5
ST 11.2 6.9 38.4

be attributed to the minor reduction in the strength of the con-
crete.

It appears that the presence of inorganic components (i.e.,
sand particles and helical fiber) on the surface of the FRP
rebars contributes to the resistance to temperature rise. The
effect of the elevated temperature was more critical for the
rebars where the bond relies on the properties of the polymer,
such as the CB (polymeric deformations) and NG (thick layer
of polymer) rebars, than for the CPH and CPI rebars where
the helical wrap of glass fibers was used. The effect of the
sand particles is not clear as performance was similar for the
CPI rebars where no sand was used at the surface and for the
CPH rebars that had sand particles at the surface.

Complete Pullout Load versus Slip (P-s) Curve

P-s curves of the tested rebars at different temperatures are
presented in Fig. 7. Two aspects are considered in the analysis
of the complete P-s curves: (1) The changes in the prepeak;
and (2) the changes in the postpeak part of the curves due to
the rise in temperature.

Prepeak Behavior. The slope of the prepeak curve can
be considered to be the ‘“bond modulus’’ (or bond stiffness)
because it gives a relationship between load and deformation.
This value has an important effect on the width of primary
flexural cracks in reinforced concrete and on the deflection of
beams and slabs. The behavior of reinforced concrete members
having rebars with different bond moduli may, therefore, be
different despite similarities in bond strengths of the rebars. A
reduction in the slope of the ascending curve was seen for
almost all of the rebars tested, as the temperature increased.
The results are presented in Fig. 8. The reduction appears to
be linear for all of the FRP rebars; however, the mechanisms
affecting this reduction are complicated, and the apparent lin-
ear behavior is probably a result of a combination of these
different mechanisms.

Most theoretical models that describe the bond of reinforc-
ing bars to concrete consider the rebar as a homogeneous ma-
terial, which is much stiffer than the surrounding concrete.
This assumption is appropriate for ordinary steel reinforce-
ment. However, in the case of FRP rebars, the reinforcing bar,
and primarily its surface layer at the concrete interface, is

JOURNAL OF COMPOSITES FOR CONSTRUCTION / MAY 1999/ 77



Compressive Strength (MPa)

207

15

357

307

2571

0 50 100 150 200 250 300 350

Temperature (°C)

FIG. 6. Effect of Temperature on Compressive Strength of Concrete

Load {kN]

5 10 15 20 25

Slip {mm] 8lip [mm]
30 12
25 107 @
g 20°C g of 20°C
o |
'§ 15 130°C 'g 61
- 10 3 44 90°C
205°C
5 2 21
0 o = - ; 0
0 5 10 15 20 25 0 5 10 15 20 25
Slip [mm] Slip [mm]
25
20
25
h-]
810
5
0 - . s
0 5 10 15 20 25
Slip [mm]
FIG. 7. Complete P-s Curves of Tested FRP Rebars at Different Temperatures
weaker and more flexible than the concrete, especially when Greszezuk (1969) that was developed for the pullout of a rod
the temperature increases. (fiber in his case) that is perfectly bonded to a surrounding
The effect of temperature on the P-s relationships in the matrix. The slip is related to the quotient G;/b, where G, is the
elastic zone can be described by the model presented by shear modulus of the external layer of the rod and the inter-
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FIG. 8. Bond Modulus of Tested FRP Rebars

facial zone in the matrix (concrete) close to the rod, and b is
its thickness. Other parameters, such as the longitudinal mod-
ulus of elasticity and the rod’s radius are not significantly af-
fected by the change in temperature in the range considered
in this study. The key result obtained using Greszczuk’s model
is given in Appendix 1. From the model it can be seen that
increasing the temperature reduces the shear modulus of the
external layer of the rod and also increases the thickness of
this layer, due to the temperature gradient into the rod. These
two mechanisms affect the bond modulus and lead to its re-
duction as the temperature increases. However, the relative
contribution of each of these two mechanisms is not precisely
known.

Postpeak Behavior. The postpeak behavior at room tem-
perature can be divided into two stages: (1) Rapid reduction
in the load bearing for a short distance after the peak; and (2)
more moderate reduction thereafter (Fig. 7). The differences

between the various surface treatments affect the rate of re-
duction in the load in Stage 1 and the final values of the load
and slip in Stage 2. For the CB rebars, a steep reduction of
30-40% is seen immediately following the peak load. The
load decreases gradually thereafter to a total slip of ~40 mm.
At ~130°C a steep postpeak reduction is still seen; however,
a constant low slip resistance (bond stress) is maintained fol-
lowing the drop. At a higher temperature of 200°C, a small
peak is seen with a gradual decrease thereafter. The prepeak
bond mechanism of these rebars relies on wedging of the lugs
(deformations) in the surrounding concrete, whereas the post-
peak bond is achieved through wedging of the broken lugs
into the surface of the rod (Katz, unpublished paper, 1998).
As the temperature increases, the surface layer with the lugs
softens and becomes more flexible and weak, thus preventing
the mechanism of wedging from being effective both in the
prepeak and postpeak stages. Therefore, a rapid reduction in

JOURNAL OF COMPOSITES FOR CONSTRUCTION / MAY 1999 /79



the loads was seen after the peak, followed by a small load
bearing after the reduction.

For the CPH rebars, the peak load is maintained for a slip
of ~5 mm at room temperature. This is followed by a mod-
erate reduction thereafter (Fig. 7). The total slip at which all
bond was lost was ~30-35 mm. When the temperature in-
creased, a moderate reduction was seen immediately after the
peak to a complete reduction of the load, following a slip of
~35 mm. A similar trend was seen for CPI and NG rebars;
however, at room temperature the peak load was not main-
tained as was seen for the CPH rods. As the temperature in-
creases, the slope of the postpeak curve becomes more linear,
and the sudden drop immediately after the peak disappears.

It appears that the differences between the postpeak behav-
ior of these rebars, when compared with the CB rebars, is a
result of the helical wrapping on the rods and to some extent
the sand particles embedded on the surface. The bond mech-
anism in these rebars does not rely only on the polymer in the
surface layer but also on additional features (i.e., the helical
wrap and the sand particles), which are less sensitive to the
effect of temperature. Thus the postpeak reduction is more
moderate and exhibits constant bond strength to complete pull-
out (expressed by the linear reduction in the pullout load).

In the range of temperatures that the FRP rebars were tested,
no significant change in the P-s behavior of the ST rods was
seen. Generally, after the peak load was reached, a rapid de-
crease of about 50% of the load was seen, followed by a grad-
ual decrease to complete pullout. This pattern was the same at
all temperatures up to 210°C, though at decreasing levels of
loads. As the bond mechanism of this type of rebar relies on
mechanical anchoring to the concrete at all temperatures, no
significant change is expected by the effect of temperature,
except for a moderate general reduction resulting from the
reduction in the concrete strength as discussed previously.

Images of Rebars’ Surface after Pullout

Gradual yellowing of the surface could be seen for all of
the FRP rebars as the testing temperature increased (Fig. 9).
In addition, progressive damage to the surface of the rebars
was seen, in the form of peeling of the external layer, ripping
of the helix, and extensive abrasion as discussed in the follow-
ing for each type of rebar.

Shearing of the lugs and increased yellowing was seen for
CB rebars at temperatures up to 150°C. As the temperature
further increased, the color became dark and extensive abra-
sion was seen in addition to the shearing of the lugs. Residues
of glass fibers could be found in the concrete after pullout at
a temperature of 250°C, indicating that the damage occurred
at the core of the rod and was not only limited to the surface,
as was seen at the lower temperatures.

No significant damage could be seen for CPH or CPI rebars
when pulled at room temperature; the polymeric layer at the
surface was slightly abraded, and some concrete residues had
adhered to the surface, indicating a mixed damage of rod and
the surrounding concrete (Fig. 9). When the temperature at
pullout increased to 100°C, shearing of the external layer was
observed. The external layer was completely stripped from the
core, exposing the longitudinal fibers and the helix. However,
no significant damage to the core was seen. With further in-
crease of the temperature, up to 200°C, signs of damage to the
core were seen; the helix separated from the core and broke,
and signs of abrasion were seen on the naked core. Increasing
amounts of polymer were found in the concrete after pullout,
as the testing temperature increased, indicating that the exter-
nal layer was removed from the surface and was not forced
into the core during pullout. A unique phenomenon was seen
for the NG rebars. At room temperature the outer layer of the
rod was completely removed during pullout, exposing the
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FIG. 9. Images of FRP Rebars after Pullout at Different Tem-
peratures

core. As the temperature increased, the external layer was re-
moved only from the convex parts of the core, between the
windings of the helix. Residues of this layer were seen in the
concave parts (on the rebar) over the windings. It appears that
as the temperature increases, progressive reduction in the me-
chanical properties of the external layer takes place. Thus, in-
ternal shearing of this layer leaves residues of polymer in the
concave regions. At high temperature, the damage became
more extensive, leading, again, to a complete removal of this
layer, as can be seen in Fig. 9.

Residues of concrete were found between the deformations
of the steel bars for all the tested temperatures; thus only one
picture was chosen for Fig. 9. It could be clearly seen that in
all cases the failure of bond for these rebars resulted from
failure of the concrete and not from failure of the rebars, as
was seen in the FRP rebars.

DISCUSSION

It appears that the extent to which the bond mechanisms of
an FRP rebar depend on the polymer at the rebar surface is
the main parameter that influences the degradation in bond
strength of FRP rebars to concrete at high temperatures. The
bond properties of two types of rebars considered in this study
(CB and NG) were found to rely solely on the polymer. In the
former, large stiff lugs at the surface provide the bond strength
at room temperature, whereas in the latter, a thick weak poly-
meric layer at the surface hides the deformations of the core
and does not sufficiently support the sand particles embedded
on the surface, which were presumably provided to enhance
the bond. In both cases these rebars experience a rapid reduc-
tion in the bond strength as the temperature increases. The



differences between these two rebars can be seen in their post-
peak behavior. Because some support is given to the external
layer of the NG rebars by the helical wrapping, the reduction
in load after the peak is relatively moderate, as compared with
the steep postpeak reduction in the CB rebars, where the bond
relies solely on the polymeric lugs.

Bonding systems that rely on wrapping of helical glass fiber
with a thin layer of polymer at the surface of the rebar showed
a better behavior, as was seen for rebars CPH and CPI. The
reduction in bond strength as the temperature increased was
more moderate, and the postpeak behavior was one of a grad-
ual reduction in the load bearing rather than a sudden drop,
as was seen in the case of the CB rebars. It is possible that
the above changes could be a result of different properties of
the polymers, mainly at the surface; however, a reduction in
the mechanical properties of polymers is known to occur at
their glass transition temperature T,. Therefore, the reduction
in bond, as seen in the rebars where the bond mechanisms
relies only or mainly on the polymer, is quite expected.

The reduction in the bond strength could be attributed to
loss of concrete strength at elevated temperature due to inter-
nal vapor pressure, which is the explanation for some reduc-
tion in the concrete strength and consequently to the loss of
bond strength for ST rebars. However, because residues of
polymer from the surface of the FRP rebars were found in the
cavity in the concrete after complete pullout, it can be con-
cluded that the reduction in bond strength can be attributed to
the polymer in the surface of the rebar only. In addition, con-
trolled drying of the specimens prior to testing in the second
test setup (SLRT) revealed the same bond results, indicating
that the reduction in the concrete properties was not the cause
for the loss of bond strength at high temperature,

SUMMARY AND CONCLUSIONS

Different types of FRP rebars were tested for pullout at tem-
peratures of up to 250°C. High values of bond strength were
obtained at room temperature (in the range of 11-13 MPa) in
all FRP rebars, except for one type of rebar that had a weak
external layer where bond strength was only 4 MPa. The bond
strength was as high or somewhat higher than the bond
strength obtained for steel rebars (11 MPa).

The results showed a severe reduction in the bond strength
as the temperature was raised to 180-200°C. A reduction of
92% was seen for CB rebars where the bond strength dropped
from 13.2 to 1.1 MPa at a temperature of 250°C. The bond in
this type of rebar is achieved through polymeric lugs (defor-
mations), which appear to be more affected by the high tem-
perature than other rebars. In CPH and CPI rebars, having
helical wrapping of glass fiber around the core, the reduction
in bond strength was smaller (from 12.2 to 1.7 MPa and from
10.9 to 1.6 MPa, respectively), though small bond values were
obtained at high temperature for all of the FRP rebars., The
bond strength reduction in the deformed ST rebars, in com-
parison, was from 11.2 to 6.9 MPa, in the same temperature
range.

A thick polymeric layer at the surface as seen in NG rebars
appears to negatively affect the bond both at room temperature
and at 200°C (4.0 and 0.8 MPa, respectively).

Temperature also affects the bond modulus (the slope of the
ascending P-s curve), which tends to decrease as the temper-
ature increases. The descending curve of the FRP rebars be-
comes more linear as the temperature increases, indicating a
degradation in the polymeric surface treatments that support
the bond, leaving the rebar with only a friction mechanism to
create a bond.

Extensive damage to the surface of the rod was seen as the
temperature at which pullout of the rebar occurred rose, in-
dicated by yellowing of the rebar and significant abrasion of
the external layer.

APPENDIX 1. GRESZCZUK'S (1969) MODEL FOR
PULLOUT

Greszczuk’s model is based on shear lag theory and assumes
an interfacial transition zone between the rod (fiber) and the
surrounding matrix. The shear stress along the rod 7(x) is de-
termined according to the following:

T(x) = % [sinh(Bx) — coth(B/)cosh(Bx)] (2a)

0.5
2G;
B= (m) 2b)
where r = radius of the rod; b; = effective width of the inter-
face; E = longitudinal modulus of elasticity of the rod; G, =

shear modulus of the interface; | = embedded length; and P =
pullout load.
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