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a b s t r a c t

This study presents the results of an experimental investigation of the freeze–thaw (FT) resistance,
including the hybridization of fibers, of carbon, basalt and glass fiber-reinforced polymer (CFRP, BFRP
and GFRP) sheets commonly used in civil engineering practice. Coupon tests were conducted to investi-
gate the tensile properties of FRP sheets and their corresponding epoxy resins and dry fiber sheets after
up to 300 FT cycles. Sustained loading was included in the testing to reflect the behavior of FRP sheets in
real structures. The test results indicate that (1) BFRP and hybrid FRP sheets have better FT resistance
than CFRP and GFRP sheets, and the hybridization of fibers can contribute to the stability of the tensile
properties of these materials after FT exposure; (2) the tensile properties of the resin matrix deteriorate
significantly with increasing FT cycles; (3) further degradation of the tensile properties of FRP sheets is
caused by sustained loading during FT cycling; and (4) the tensile behavior of dry glass fiber sheets is
more sensitive to FT cycling than dry carbon and basalt fiber sheets. Lastly, the degradation mechanism
of FRP sheets in FT environments is discussed.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Fiber-reinforced polymer (FRP) composites are attractive for use
in a wide range of civil engineering applications because of their
unique properties for retrofitting of structures [1]. The increasing
use of FRP composites presents many challenges to researchers
and engineers. One of these challenges is to understand the perfor-
mance of FRP composites in long term (e.g., creep and fatigue) [2,3]
and harsh environments (e.g., extreme temperatures, chemical
attack and freeze–thaw cycles) [4–6]. Although many studies have
been conducted on the durability of FRP composites in aerospace
and naval applications, information on the durability of FRP com-
posites in civil engineering is still very limited. The lack of data
on the durability of FRP composites is a major obstacle to their
acceptance on a broader scale in civil engineering. As the methods
of FRP fabrication and the environments to which civil engineering
structures are exposed are quite different from those for other
engineering applications, there are still pressing concerns about
understanding the behavior of FRP composites in harsh environ-
ments that need to be addressed [6].

Freeze–thaw (FT) cycling is one of the primary types of environ-
mental stress that seriously threaten the service life of concrete
structures in cold regions [7]. When FRP composites are used in
civil engineering structures, the properties of FRP composites and
the bond capacity between FRP and concrete may be degraded
with increasing FT cycles [8]. Thermal incompatibility of the
constituent materials and the moisture environment will damage
FRP composites and consequently influence their tensile proper-
ties. Some previous research has been conducted to examine these
effects [9–15]. Unidirectional tensile strengths and rupture elonga-
tions have been shown to decrease after FT cycles, whereas the
elastic modulus may increase due to matrix hardening. Higher
residual tensile strength in carbon FRP (CFRP) composites has been
observed than in corresponding glass FRP (GFRP) composites after
exposure to FT cycles. In addition, FRP composites are in a state of
stress in real FRP-strengthened structures. With respect to the ser-
vice loads during FT cycles, the cyclic thermal stresses on the fiber/
matrix interface are likely to be magnified and more micro-cracks
are likely to be formed inside the matrix. Therefore, consideration
of the combined effects of harsh environments and service loads is
essential to understanding the behavior of FRP composites in civil
engineering applications. However, very little research has been
reported on the durability of FRP composites in harsh environ-
ments under service loads.

As an emerging environmentally friendly material, basalt
FRP (BFRP) composites have been shown to have synthetical
advantages in structural retrofitting, seismic strengthening and
serving as new structural components [16,17]. In addition,
previous research has shown that the hybridization of fibers in
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FRP composites not only reduces the high material costs of CFRP
composites but also increases the long-term and durability
resistance of FRP composites [3,18–20]. Till now, very limited
information is available on the durability of BFRP and hybrid FRP
composites in FT environments.

This study presents the results of an experimental evaluation of
the tensile behavior of BFRP, CFRP, GFRP and hybrid FRP sheets in
FT environments. The tensile properties of the corresponding
epoxy resins and dry fiber sheets were considered in the test pro-
gram to contribute to the further understanding of the degradation
mechanism of FRP composites in FT cycling environments. The
effect of sustained loading on the degradation of FRP composites
was also addressed in the test program.
2. Experiments

2.1. Test coupons

To make FRP sheets, unidirectional fiber fabrics were com-
pletely impregnated with epoxy resin using a wet hand lay-up pro-
cedure. The epoxy resin used in the tests was a two-component
thermosetting adhesive (a bisphenol-A epoxy as component A
and a modified amine hardener as component B), which is com-
mercially used as a bonding adhesive for fiber sheets in civil engi-
neering applications. After the solidification of the epoxy resin, FRP
coupons were cut and prepared according to the Chinese national
standard GB/T-3354 [21]. Each coupon was 230 mm long and
15 mm wide, as shown in Fig. 1(a). To minimize stress concentra-
tions near the gripping zone, aluminum tabs were bonded at both
ends of the FRP coupons before tensile tests. Dry fiber sheet cou-
pons were prepared with the same dimensions as the FRP coupons.
Epoxy resin was used at the anchorage regions, and a 70-mm-long
region in the center of the test coupon was protected from impreg-
nation of epoxy resin to ensure that failure would occur in the dry
fiber region, as shown in Fig. 1(b). Epoxy resin tensile and tensile
shear test coupons were prepared according to the Chinese
national standard GB/T-2567 [22], as shown in Fig. 1(c) and (d).
All of the coupons were cured for a minimum of one week at
ambient temperature prior to testing.

2.2. Sustained loading systems

A specially designed spring-reaction frame loading system,
shown in Fig. 2, was used to apply and maintain sustained loading
on the FRP composites during the FT tests. First, the FRP composite
coupons with aluminum tabs were fixed on the clamp system.
Then, the sustained load was applied by tightening the anchorage
nut close to the spring and was monitored by a strain gauge placed
on the FRP coupon. Considering the creep limit for FRP composites
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Fig. 1. Test coupons (mm): (a) FRP tensile test coupon; (b) dry fiber sheet tensile te
suggested in the existing guidelines (e.g., ACI 440.1R-06 [23],
440.2R-08 [24]), the sustained loads applied to the FRP composites
were 30% of the ultimate load for GFRP and BFRP and 40% of the
ultimate load for CFRP, as shown in Table 2. Control specimens
were tested to determine their tensile properties at room temper-
ature prior to the sustained load application. To avoid the influence
of adhesive degradation of the bond between the aluminum tabs
and the FRP sheets, the FRP coupons were cut at the end of the
clamping plate and bonded with new aluminum tabs after expo-
sure. To eliminate the influence of thermal expansion and contrac-
tion on the steel spring, the spring part was not put in the water
during the FT cycling tests.

2.3. Test procedures

The test coupons were soaked in water in rubber boxes and sub-
jected to accelerated FT cycle tests at 3–4 h per cycle, in accordance
with the rapid FT method in the Chinese national standard GB/T-
50082 [25]. A thermocouple sensor was used to monitor the
temperature changes during the FT cycle tests. The temperature
fluctuation during the FT cycle testing is illustrated in Fig. 3. The
temperature ranged from +8 �C to �17 �C during FT tests.

After being subjected to appropriate freeze–thaw cycles, each
coupon was positioned in a 30-kN tension testing machine for
the tensile tests. The axial deformation was recorded using an
extensometer with a gauge length of 50 mm. The tensile force
was measured by a load sensor inside the testing equipment. The
loading was controlled by displacement at a rate of 2 mm/min.
The values of the load and the axial deformation were recorded
at one-second intervals.

2.4. Test program

Two series of tests were conducted to evaluate the FT response
of FRP composites. The overall experimental programs of the two
series of tests are listed in Tables 1 and 2. The purpose of the first
series of tests was to examine the residual tensile properties of
BFRP and hybrid FRP composites after exposure to FT cycles. Lay-
ered hybridizations of basalt and carbon FRP sheets, such as
1B1C and 2B1C, were tested. The term 1B1C indicates that one
layer of CFRP sheet was combined with one layer of BFRP sheet,
while 2B1C indicates that one layer of CFRP sheet was sandwiched
between two layers of BFRP sheets. In addition, epoxy resin coupon
tests were included in the study to evaluate the degradation of
epoxy resin after exposure to FT cycles. The second series of tests
was conducted to study the response of FRP composites under
the combined action of FT cycles and sustained loading. The effect
of FT cycling and moist environments on the dry fiber sheets were
also assessed in the test program. For each group of test coupons,
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Fig. 2. Sustained loading system of FRP composites during freeze–thaw cycling (mm).

Fig. 3. Temperature fluctuations during freeze–thaw tests.
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five valid test results were obtained, and the average values and
variations of the tensile properties were determined.
Table 1
Details of the first series of tests.

Specimen Material FT cycles

C-50 CFRP 50
C-100 CFRP 100
C-150 CFRP 150
C-200 CFRP 200
B-50 BFRP 50
B-100 BFRP 100
B-150 BFRP 150
B-200 BFRP 200
ET-50 Epoxy (tensile) 50
ET-100 Epoxy (tensile) 100
ET-200 Epoxy (tensile) 200
ET-250 Epoxy (tensile) 250

Table 2
Details of the second series of tests.

Specimen Material FT cycles Sustained

C-100-0 CFRP 100 0
C-200-0 CFRP 200 0
C-300-0 CFRP 300 0
C-100-P* CFRP 100 40% Pu

**

C-200-P CFRP 200 40% Pu

C-300-P CFRP 300 40% Pu

B-100-0 BFRP 100 0
B-200-0 BFRP 200 0
B-300-0 BFRP 300 0
B-100-P BFRP 100 30% Pu

B-200-P BFRP 200 30% Pu

B-300-P BFRP 300 30% Pu

G-100-0 GFRP 100 0
G-200-0 GFRP 200 0
G-300-0 GFRP 300 0
G-100-P GFRP 100 30% Pu

G-200-P GFRP 200 30% Pu

G-300-P GFRP 300 30% Pu

* P stands for the sustained load during freeze–thaw exposure.
** Pu is the ultimate load of the control specimen at room temperature.
*** 0/W denotes that the fiber sheet is soaked in fresh water for the same time as that
3. Test results

The tensile strength, elastic modulus and rupture elongation of
each test coupon were calculated based on the measured stress–
strain relationship. The average values and standard deviations of
these properties were calculated for each group of test coupons
to evaluate their residual tensile properties and stability after
exposure. Control specimens were tested before exposure at room
temperature and served as the 0-cycled specimens in the subse-
quent analysis. The average results and standard deviations of
the control specimens are listed in Table 3. To simplify the analysis
and facilitate comparison of the results after FT exposure, the test
results were expressed by normalized values with respect to the
control test results. Overall, with the exception of the epoxy resin
tensile shear test coupons, no obvious changes were observed in
Specimen Material FT cycles

1B1C-50 HFRP (1B/1C) 50
1B1C-100 HFRP (1B/1C) 100
1B1C-150 HFRP (1B/1C) 150
1B1C-200 HFRP (1B/1C) 200
2B1C-50 HFRP (2B/1C) 50
2B1C-100 HFRP (2B/1C) 100
2B1C-150 HFRP (2B/1C) 150
2B1C-200 HFRP (2B/1C) 200
ES-50 Epoxy (shear) 50
ES-100 Epoxy (shear) 100
ES-200 Epoxy (shear) 200
ES-250 Epoxy (shear) 250

load Specimen Material FT cycles

CF-0/W CF sheet 0/W***

CF-100 CF sheet 100
CF-200 CF sheet 200
CF-300 CF sheet 300
BF-0/W BF sheet 0/W
BF-100 BF sheet 100
BF-200 BF sheet 200
BF-300 BF sheet 300
GF-0/W GF sheet 0/W
GF-100 GF sheet 100
GF-200 GF sheet 200
GF-300 GF sheet 300

of the 300 FT cycles.



Table 3
Tensile properties of the FRP sheets, epoxy resin and dry fiber sheets at room temperature.

Specimen Material Nominal thickness (mm) Tensile strength (MPa) Elastic modulus (GPa) Rupture elongation (%)

C-R CFRP 0.111 4067 ± 309 239.8 ± 5.5 1.74 ± 0.09
B-R BFRP 0.156 2077 ± 86 80.2 ± 1.5 2.68 ± 0.01
G-R GFRP 0.198 1376 ± 121 69.8 ± 5.8 1.99 ± 0.08
1B1C-R HFRP (1B/1C) 0.267 2482 ± 92 144.6 ± 6.5 1.74 ± 0.05
2B1C-R HFRP (2B/1C) 0.423 2213 ± 110 124.3 ± 0.5 1.84 ± 0.05
ET-R Epoxy (tensile) / 47.1 ± 5.1 3.2 ± 0.2 2.39 ± 0.44
ES-R Epoxy (shear) / 15.1 ± 1.3 / /
CF-R CF sheet 0.111 2372 ± 95 233.5 ± 16.2 1.11 ± 0.10
BF-R BF sheet 0.156 921 ± 57 76.3 ± 2.6 1.26 ± 0.16
GF-R GF sheet 0.198 777 ± 43 59.9 ± 7.7 1.29 ± 0.15
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the failure modes of the test coupons before and after FT exposure.
The failure modes of the control specimens are shown in Fig. 4.
3.1. BFRP and hybrid FRP composites

Fig. 5(a)–(c) illustrate the variation in the residual tensile prop-
erties of the BFRP, CFRP and hybrid FRP sheets with respect to the
number of FT cycles applied. In order to compare the durability
behavior among different FRP types, test results of GFRP sheets re-
ported in the literature [15] as having been tested with the same FT
cycling procedure. The tensile strength of the CFRP and GFRP
sheets decreased steadily as the number of FT cycles increased.
In contrast, the tensile strength of the BFRP sheets decreased
initially, then increased up to 150 cycles, and finally decreased
slightly. There was almost no reduction in the residual tensile
strength of the BFRP composite after 200 FT cycles. The FT cycle
testing did not diminish the elastic modulus of the three types of
FRP sheets. A maximum increase in the elastic modulus of approx-
imately 10% was observed, indicating that FT cycling can make FRP
composites more brittle. The rupture elongation of the three FRP
sheets decreased as the number of FT cycles increased, and the
BFRP sheets exhibited a higher retention rate than the CFRP and
GFRP sheets after 200 FT cycles. Moreover, it is worth noting that,
the tensile rupture elongation of the epoxy resin used in the test is
a bit lower than that of the BFRP, as shown in Table 3. This may
influence the rupture elongation of BFRP both in room temperature
and FT cycling environments. Therefore, the degradation of the
Fig. 4. Failure modes of the test coupons: (a) CFRP; (b) BFRP; (c) GFRP; (d) CF; (e)
BF; (f) GF; (g) epoxy resin.
rupture elongation of the BFRP coupons in FT environments may
be partly attributed to the degradation of the epoxy resin. Despite
this, BFRP still exhibited excellent durability in FT cycling environ-
ment. If a more ductile resin was applied, lower degradation of the
rupture elongation of the BFRP coupons would be expected (see
Table 4).

As Fig. 5 shows, the hybrid FRP sheets exhibited better resis-
tance to FT cycles than the homogeneous FRP composites. There
was almost no decrease in tensile strength or elastic modulus of
the hybrid FRP composites through 200 cycles. A decrease of
approximately 8% in the rupture elongation of the 2B1C hybrid
FRP coupons was observed after 50 and 100 cycles, but there was
almost no decrease after higher numbers of cycles. Fig. 5(d)–(f)
present the scatter in the test results for the FRP sheets. Higher
coefficients of variation (COV) were observed for the exposed FRP
sheets than for the control sheets, which may be attributed to
nonuniformity in the concentration of micro-cracking in the ex-
posed composites. The hybrid FRP sheets had lower COV values
than the corresponding homogeneous sheets after exposure, indi-
cating that the hybridization of FRP composites may contribute
to the stability of the tensile properties of FRP composites in FT
environments.

3.2. Epoxy resin

The normalized results of the epoxy resin tensile and tensile
shear tests are shown in Fig. 6. The tensile strength and rupture
elongation exhibited almost the same trends and degradation rates
with increasing FT cycles. After a maximum of 250 FT cycles, the
residual tensile strength and rupture elongation were only 72%
and 70%, respectively, of the control values. Damage to the resin
matrix may weaken the resin’s protective effect and the stress
transfer capacity of fibers and result in the degradation of FRP com-
posites. FT cycling did not diminish the elastic modulus of the
epoxy resin. A slight increasing trend was observed in the average
value of the elastic modulus up to 200 FT cycles, indicating that FT
environments may lead to the embrittlement of epoxy resin. In
addition, the exposed specimens exhibited more dispersion in
the measured data than the control specimens.

Fig. 6(b) presents the failure modes of the tensile shear test cou-
pons exposed to various numbers of FT cycles. The control speci-
mens and low-cycled coupons exhibited partial fracture in the
adhesive layer, whereas high-cycled coupons remained intact in
the adhesive layer on one side of the steel plate and delaminated
completely between the adhesive layer and the steel plate. This
change in the failure modes indicates that FT cycling had a serious
effect on the bonding between the adhesive and the steel plate. The
bond between epoxy resin and fibers or the interface between FRP
sheets and a structure’s surface may also be significantly influ-
enced by FT cycling environments. Fig. 6(a) shows that the tensile
shear strength of the epoxy resin decreased steadily as the number
of FT cycles increased. Up to 100 cycles, there was no significant
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Fig. 5. Normalized tensile properties and coefficient of variation (COV) of FRP and hybrid FRP composites versus freeze–thaw cycles: (a) tensile strength; (b) elastic modulus;
(c) rupture elongation; (d) COV of tensile strength; (e) COV of elastic modulus; (f) COV of rupture elongation.

Table 4
Coefficients of thermal expansion (CTE) of the materials.

Material CTE (�10�6/�C)

CFRP (longitudinal) 1.9
BFRP (longitudinal) 12.4
GFRP (longitudinal) 11.5
Steel 11–12
Epoxy resin 45–65
Carbon fiber (longitudinal) �0.6 to �0.2
Basalt fiber (longitudinal) 6.5–8
Glass fiber (longitudinal) 5–6
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difference in the degradation rate in comparison to that of the
tensile strength of the epoxy resin. At a higher number of cycles,
the normalized values of the tensile shear strength were much
lower than the corresponding tensile strength values, due to the
change in the failure mode.
3.3. Combined action of FT cycling and sustained loading

Fig. 7 presents the normalized tensile properties of the FRP
sheets after the combined action of FT cycling and sustained
loading. Fig. 7(a)–(c) shows that the tensile strength of each type
of FRP sheet decreased steadily as the number of FT cycles in-
creased. The specimens subjected to sustained loading exhibited
lower retention ratios than the corresponding unloaded specimens,
indicating that the sustained loading accelerated the degradation
rate of the FRP sheets in FT environments. Of the three types of
FRP composites, the BFRP composites exhibited better resistance
to FT cycling. After 300 FT cycles, the tensile strength of the BFRP
coupons subjected to sustained loading was reduced by only
3.5%. In comparison, nearly 10% and 20% reductions were observed
for the corresponding CFRP and GFRP specimens, respectively,
subjected to sustained loading during FT cycling. This trend is
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Fig. 8. Normalized tensile properties of dry fiber sheets versus freeze–thaw cycles: (a) tensile strength; (b) elastic modulus; (c) rupture elongation.
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consistent with the observations of the behavior of the three types
of FRP sheets in the first series of tests. The elastic modulus of the
FRP composites was almost unaffected by the sustained loading
during the FT cycles, and as Fig. 7(d)–(f) shows, the specimens
subjected to sustained loading exhibited even higher elastic mod-
ulus values after a high number of FT cycles than the correspond-
ing unloaded specimens. Fig. 7(g)–(i) shows that the rupture
elongation degradation trend was similar to that of the tensile
strength of the FRP composites. The degradation ratio of the
rupture elongation was greater than that of the tensile strength,
which is mainly due to the increase in the elastic modulus after
FT exposure.

3.4. Dry fiber sheets

Fig. 8 compares the tensile properties of the various dry fiber
sheets tested before and after FT exposure. To eliminate the influ-
ence of water during the FT cycling tests, all of the fiber sheet
coupons, with the exception of the control coupons, were soaked
in water for the same amount of time as those exposed to 300 FT
cycles. The label ‘‘0_W cycles’’ indicates that the fiber sheet was
soaked in fresh water but was not subjected to FT cycles.
Fig. 8(a) shows that the tensile strength of the dry fiber sheets
was influenced significantly by exposure to FT cycling and water
immersion. After being soaked in water for approximately 60 days
(equal to an exposure time of 300 FT cycles), the carbon fiber (CF)
sheets and the basalt fiber (BF) sheets lost approximately 12% and
10% of their tensile strength, respectively, while glass fiber (GF)
sheets lost 19% of their tensile strength, indicating that GF is more
sensitive to moisture than CF and BF. Among the three types of fi-
bers, CF and BF sheets exhibited degradation rates of 16% and 22%
of their tensile strength, while the GF sheets lost nearly half of their
original tensile strength after 300 freeze–thaw cycles. The presence
of water during exposure and the cyclic expansion and contraction
of the water are believed to be the main reasons for the degrada-
tion of fibers in freeze–thaw environments. Moisture has been
shown, in the case of glass fibers, to cause degradation at the fiber
level. The moisture-extracting ions in the fibers combine with
water to form bases, which could etch and pit the surface of the fi-
bers, resulting in degradation of the mechanical properties of the
fibers. The elastic modulus of the dry fiber sheets was hardly influ-
enced at all by water immersion and FT cycling, as shown in
Fig. 8(b). After exposure, the rupture elongation of the BF sheets
exhibited higher residual values than the CF and GF sheets, as
shown in Fig. 8(c). The CF sheets had even lower residual rupture
elongation than the GF sheets after FT exposure, which is consis-
tent with the trend observed for the rupture elongation of the
FT-cycled FRP sheets, as shown in Fig. 5(c).
4. Discussion

Two major effects occur when FRP composites are exposed to FT
environments: thermal incompatibility and degradation of the
constituent materials, including their interfaces. The first effect is
related to the different thermal characteristics of the constituents
of FRP composites. In general, the epoxy resins in FRP composites
have coefficients of thermal expansion (CTE) that are at least an or-
der of magnitude greater than those of the fibers [14,26], as shown
in Table 3. A decrease in temperature would cause the fibers and
resin to contract, resulting in the formation of residual stresses at
the resin matrix–fiber interface, due to the differences in the CTE
and the elastic modulus between the two materials. In FT environ-
ments, cyclic stresses are repeated at the matrix–fiber interface,
potentially deteriorating their bond capacity and often resulting
in debonding of the fibers from the surrounding matrix [5].

Among the three types of fibers studied in this work, basalt fi-
bers have the closest CTE to the epoxy resin and hence better bond-
ing between the fibers and matrix after FT cycling. In the case of
CFRP, the effects are even more pronounced because the carbon fi-
ber has a negative CTE along the fiber direction. Li et al. [14] found
that CFRP sheets lost more than 10% of their tensile strength after
90 FT cycles in dry air, whereas the degradation of BFRP and GFRP
composites were negligible, indicating that the thermal incompat-
ibility is the main reason for the degradation of the tensile proper-
ties of CFRP composites in FT environment.

The other major effect is the degradation of the constituent
materials and their interfaces as a result of FT exposure, especially
in the presence of moisture. Exposure to cold temperatures and FT
cycles generally results in an increase in the elastic modulus and
embrittlement of a resin matrix but a decrease in damage toler-
ance, contributing to the increase in the embrittlement and the de-
crease in the tensile strength and rupture elongation of the FRP
composites. When moisture is considered, the progression of dam-
age to the resin matrix and the matrix–fiber interface may be the
result of cyclic expansion and contraction of the entrapped water
during FT cycles. In addition, a wet environment is known to cause
degradation in FRP composites through changes such as plasticiza-
tion and hydrolysis of the resin matrix, resin matrix–fiber interface
debonding, and in the case of glass fibers, pitting, etching and
cracking of the fiber itself [5]. The test results described in the pre-
vious section confirm the poor behavior of glass fiber sheets in wet
and FT environments and the greater resistance of carbon and ba-
salt fiber sheets to water and FT cycles. Previous studies have
shown that the tensile properties of BFRP sheets did not decrease
significantly after being soaked in fresh water for 90 days at ambi-
ent temperatures [27], whereas GFRP sheets retained only 84% of
their original tensile strength after being exposed to a similar
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moisture environment for 30 days at ambient temperatures [28].
In addition, the bond strength of basalt fiber–matrix interface is
larger than that of the glass fiber [29], indicating that glass
fiber–matrix interface is easier to be affected in FT cycling
environment.

As the above discussions conveys, the thermal incompatibility
between carbon and epoxy resin is mainly responsible for the deg-
radation of the tensile properties of CFRP composites in FT cycling
environments. Although the glass fiber has a similar CTE compared
with basalt fiber, the FT resistance of GFRP composites is inferior to
BFRP composites, which is mainly due to the poor behavior of glass
fibers in FT environments and relative lower bond strength
between the fibers and the resin matrix. In comparison, BFRP com-
posites have better resistance to moisture at both the fiber and FRP
composites levels and higher fiber–matrix bond strength, resulting
in superior durability in FT cycling environments. For carbon-ba-
salt hybrid FRP composites, the carbon fiber initially cracks under
tensile loading, and the crack propagation is restrained by the
less-stiff and higher-elongation basalt fibers through the stress
transfer of resin matrix. Due to the excellent durability and good
fiber–matrix bond capacity of BFRP composites, the carbon-basalt
hybrid FRP composites exhibited excellent durability in FT cycling
environment.

Furthermore, the presence of a sustained load during FT cycling
can magnify micro cracks in the matrix and at the matrix–fiber
interface, increase the propagation rate of water in the matrix
and affect the mechanical properties of FRP composites. Some
previous studies on the durability of CFRP and GFRP composites
have shown that the tensile strength and elastic modulus of FRP
composites subjected to constant loading in water decreased
considerably and that their weight gain increased with the load le-
vel [30,31]. The results of the tests conducted in this study are
evidence of the adverse effects of sustained loads on the tensile
properties of FRP composites in FT environments.

5. Conclusions

Based on the results of the experimental studies and the discus-
sions presented in this study, the following conclusions can be
drawn:

(1) FT cycling has a negligible effect on the tensile properties of
both BFRP and carbon-basalt hybrid FRP sheets but does
have an adverse effect on CFRP and GFRP sheets. 200 FT
cycles resulted in reductions in tensile strength for CFRP
and GFRP equivalent to 12% and 14%, respectively. The elas-
tic modulus of the FRP sheets was not deteriorated by the FT
cycles, while the rupture elongation showed similar degra-
dation trends to the tensile strength. The hybridization of
carbon and basalt fibers not only enhanced the durability
but also contributed to the stability of the tensile properties
of FRP sheets in FT environments.

(2) Significant degradation of the mechanical properties of
epoxy resin was observed after FT exposure. 250 FT cycles
resulted in significant reductions in tensile strength, rupture
elongation and tensile shear strength equivalent to 28%, 30%
and 60%, respectively. The elastic modulus of the epoxy was
almost not influenced by the FT cycles. In addition, dry glass
fiber sheets exhibited poorer resistance to moisture and FT
cycling than corresponding carbon and basalt FRP sheets.

(3) Additional degradation on the tensile strength and rupture
elongation of the FRP sheets was observed as a result of sus-
tained loading during FT cycling, while the elastic modulus
of the FRP sheets was not influenced by the sustained load-
ing during FT cycling. Therefore, it is necessary to consider
service loads during durability tests to reflect the actual con-
ditions faced by FRP composites in harsh civil engineering
environments.

(4) The degradation mechanism of FRP composites in FT envi-
ronments mainly consists of two aspects: damage of the
fiber–matrix interface caused by thermal incompatibility
and degradation of the constituent materials, including their
interfaces in freeze–thaw cycling environments. In addition,
sustained load can accelerate the rate of propagation of
water in the resin matrix and degrade the tensile properties
of FRP composites in FT environments.
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