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This paper deals with durability of glass fiber reinforced polymer (GFRP) composites under the combined effects of sustained tensile
loads and wet-dry (WD) cycles. Two different solutions (distilled water and saltwater) were used to imitate the freshwater and
marine environments, respectively. Tensile properties of the unconditioned and conditioned specimens were measured to study
the durability of GFRP composites under these 2 effects. The response indicated that both tensile strength and elastic modulus
increased initially upon WD cycles, which was attributed to both the postcuring of resin and the sustained tensile stress allowing
for fastec cure. Further exposure toWDcycles in distilledwater or saltwater led to a steady decrease in tensile strength andmodulus.
WD cycles of saltwater and distilled water have similar effects on the degradation of the tensile properties for unstressed specimens.
However, the elastic modulus and elongation at rupture of stressed specimens under WD cycles of saltwater decreased more than
those specimens underWDcycles of distilledwater.Moreover, increase of sustained loads led to a decrease in tensile strength. Based
onArrheniusmethod, a predictionmodelwhich accounted for the effects of postcure processeswas developed.Thepredicted results
of tensile strength and elastic modulus agree well with those obtained from the experiments.

1. Introduction

The use of fiber reinforced polymer (FRP) composites in the
construction of waterfront and marine infrastructures has
been increasing rapidly, due to their advantage of lightweight,
high tensile strength, and better reinforce to aqueous corro-
sion. Because of economic benefits in construction, glass fiber
reinforced polymer (GFRP) composites are becoming preva-
lent in civil engineering structures. FRP structures are usually
exposed to harsh in-service environment, such as moisture,
corrosive media, sustained stress, temperature, and ultravi-
olet radiation. Cyclic moisture effect near the splash-zone
of marine structures is one of the important environmental
factors to deteriorate the properties and behavior of polymer
matrix composites [1]. Moreover, the environmental attack
is combined with sustained loading prone to aggravate the
deterioration of GFRP.Therefore, better understanding of the
long-term behavior of GFRP under the combined effects of
load andmoisture cycles is helpful to promote its applications.

In recent decades, several researchers have investigated
durability issues of FRP reinforced concrete (RC) structures
subjected to wet-dry (WD) cycles. Soudki et al. [2] studied
the behavior of CFRP strengthened RC beams subjected to
WD cycles with 3% NaCl.Their test results displayed that the
critical chloride levels reached the reinforced steel bars after
200WD cycles and visible cracks and stains appeared after
300WD cycles. Belarbi and Bae [3] evaluated the combined
effects of freeze-thaw (FT) cycles and WD cycles on the
long-term behavior of RC columns strengthened with CFRP
and GFRP sheets. Their studies indicated that, after 300 FT
cycles, the failure load and axial stiffness of both CFRP and
GFRP strengthened RC columns increased slightly due to
the matrix hardening effects at extremely low temperatures.
The combined FT and WD cycles have insignificant effects
on mechanical properties of CFRP wrapped RC columns,
while the failure loads of GFRP wrapped RC columns
decreased remarkably. These results are in good agreement
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with former findings reported by Toutanji and EI-Korchi
[4]. Yin et al. [5] investigated the mechanical properties and
durability of RC columns strengthened by hybrid carbon
and E-glass fiber/epoxy textile. It showed that, under the
coupled effects ofWD cycles and sustained stress, the bearing
capacity and ductility of the columns and the reinforcement
effects of textile decreased more rapidly as the sustained
compression stress increased.Moreover, exposure to chloride
WD cycles generated corrosive products (C3⋅CaCl2⋅10H2O)
on the interface between textile and concrete.

One of the major challenges to be addressed for FRP
wrapped concrete is the long-term durability of externally
bonded FRP [6, 7]. A number of experimental programs
have been conducted to examine the behavior of FRP-
concrete interface subjected to WD cycles. Silva and Biscaia
[8] investigated the durability of RC beams reinforced with
GFRP strips under different conditions (temperature cycles,
WD cycles, complete immersion in water, and salt fogging
cycles, for up to 1000 h). Their test results showed that the
temperature cycles (−10 to +10∘C) were the most severe
condition on the bending strength, followed by the salt
fog cycles, while total immersion in water was the most
severe condition on the pull-off strength, followed by WD
cycles and salt fogging cycles. For CFRP bonded concrete
columns, WD cycles (one-week wetting at 95% RH and
30–32∘C followed by one-week drying at 20–23∘C) were the
most severe condition on fracture energy compared with
temperature cycles (30 to 40∘C) and outdoor environment
[9]. Kim et al. [10, 11] investigated the interfacial behavior of
CFRP composite sheets bonded to concrete blocks subjected
to freezing-wet-dry cycles and WD cycles, respectively. The
results showed that the effects of freezing-wet-dry cycles were
more detrimental than those of WD cycles on the behavior
of CFRP-concrete interface, especially when the temperature
was below −20∘C. Biscaia et al. [12] examined the interface
of GFRP and concrete subjected to salt fog cycles and WD
cycles with saltwater. A 27% reduction of cohesion was found
after 416 salt fog cycles and 8% reduction of the friction angle
was found after 60 WD cycles due to the water attack at the
interface.Wang andAmidi [13] applied environment-assisted
subcritical debonding testing (EASD) program to evaluate
the long-term durability of the CFRP-to-concrete interface
subjected to the coupled effects of mechanical load, humidity,
and temperature.They found that silane coupling agent could
improve the durability of the CFRP-to-concrete interface
due to introducing covalent bonds between the epoxy and
concrete. Lipatov et al. [14] reported that the adding zirconia
to basalt fibers contributed to improving the durability of
fibers in alkali solution, and basalt fibers with 5.7 wt% ZrO2
had the best alkali resistance properties.

With the development of novel FRP structural members
in recent years [15], some researchers start to pay attention to
the durability of new FRP construction [16, 17]. Toutanji and
Saafi [18] proposed a new hybrid concrete column consisting
of an exterior PVC-FRP shell with a concrete core. The com-
pressive test showed that the PVC-CFRP confined concrete
columns performed well when subjected to FT and WD
cycles, whereas the PVC-GFRP and PVC-AFRP confined
concrete columns experienced significant reductions in both

strength and ductility after 400 FT and 400WT cycles. Chen
et al. [19] evaluated the durability of FRP reinforcing bars for
concrete structures from accelerated aging tests. It showed
that continuous immersion in solutions with a pH value of
13.6 resulted in greater degradation than exposure to WD
cycling for GFRP bars, while FT cycles had insignificant
effects on the strength of GFRP bars.

Most of FRP structures are designed to resist some level
of sustained load in-service engineering. The combination
of environmental attacks with sustained stress can aggravate
the loss of mechanical properties of FRP composites [20,
21]. Myers et al. [22] investigated the coupled effects of
environmental attacks (FT cycles,moisture, high temperature
cycling, and indirect ultraviolet radiation exposure) and
sustained loads on the performance of interface between
FRP and concrete. It is observed that the bond property
of specimens under sustained load (40% of ultimate load)
degraded greater than that of unstressed specimens in the
same environment. Mahato et al. [23] studied the tensile
behavior of GFRP composites under the coupled effects of
temperature and loads. The tensile strength of the GFRP
composites was observed to increase with the enhancement
of loading speeds, and exposure in different temperature
environments (25∘C to 110∘C) resulted in little change in glass
transition temperatures (𝑇𝑔). The authors [24] investigated
GFRP durability under combined effects of moisture and
sustained loads and found that the tensile properties of GFRP
decreased significantly as the sustained loading increased
under salt water for 360 days, whereas GFRP specimens
with and without sustained loads had little changes in tensile
properties under tap water.

Although many focused on single or coupled effects
of environmental attacks under sustained loads in several
studies, the durability of FRP composites under the combined
effects of WD cycles and sustained loads has received scant
attention. The coupled effects cannot be simplified by simply
superposing the responses under different environmental
attacks, and the mechanisms of degradation under single
environmental attack are far different when compared with
those under combined environmental attacks. This paper
is concerned with investigating the long-term behavior of
GFRP composites subjected to the combined effects of
tensile loads and WD cycles. Microstructural and physical
observations were performed to examine the conditioned
and unconditioned samples. Moreover, a theoretical model
was developed to predict the tensile properties of GFRP
composites based on Arrhenius method.

2. Experimental Program

2.1. Materials. The test specimens were reinforced with
bidirection (0∘/90∘) E-glass plain woven fabric provided by
Sinoma Nanjing Fiberglass Research & Design Institute. The
fabric had an average thickness of 0.5mm and a unit weight
of 500 g/m2. Isophthalic polyester resin (Synolite 0593-I-3)
supplied by DSM China was used as matrix. 3 wt% cyclo-
hexanone peroxide and 2wt% cobalt isocaprylate-styrene
were used as the initiator and acceleration employed for
isophthalic polyester resin curing.
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Figure 1: Schematic of the wet-dry exposure set-up.

A flat 1m × 2m panel with a thickness of 2mm was
fabricated using resin infusion under flexible tooling (RIFT2)
method and cut to coupons of 250mm × 20mm × 2mm
size. In addition, a surface layer of resin was applied to
seal the specimens. The fiber volume fraction for the GFRP
composites was about 60%. The specimens were cured at
room temperature for 3 days, and then were cured in an oven
at 60∘C for 3 hours.

2.2. Apparatus. Figure 1 shows the environmental exposure
set-up. The specimens were exposed to two environments:
(1) WD cycles of distilled water; (2) WD cycles of saltwater
with a salinity content of about 3.5%. Each cycle consisted of
full immersion in water for 12 hours followed by air drying
for 12 hours at room temperature. The numbers of cycles
for the GFRP composites were 15, 30, 60, 90, 180, and 360,
respectively. The applied stresses chosen for the specimens
were 0%, 20%, and 40% of the tensile strength of the GFRP
composites, respectively. Three duplicate specimens were
connected in series and were tensioned by the weights of
concrete. Both ends of the specimens were reinforced by
50mm × 20mm × 5mm aluminum tab attachments. The
water used to immerse the specimens was controlled by
pumps. In the drying condition, the extra water was drawn
back into the reservoir, while in the wetting condition, the
water was poured into the specimen containers.

2.3. Tensile Tests. After conditioning, tensile tests were con-
ducted, in accordance with ASTM D638-10 [25] to collect
the tensile strength, elastic modulus, and tensile elongation
at the rupture of GFRP composites under different cycles.
A universal test machine with 50 kN capacity was used for
all specimens, as shown in Figure 2. The tensile load was
applied through a stiff steel clamp and was recorded via a
load cell mounted directly above the top steel clamp. Before
testing, the average cross-sectional area of each specimenwas
measured. The strain values of the specimens were measured
by an extensometer with 25.4mmgage lengthwhichwas con-
nected to the middle of the specimens. Each specimen was
stressed to about 50%of the tensile strength to obtain the elas-
tic modulus, and then the extensometer was removed before

Figure 2: Tensile test set-up.

Table 1: Mechanical properties of GFRP under WD cycles.

Specimens WD
cycles

Tensile
strength
(MPa)

Elastic
modulus
(GPa)

Elongation
(mm)

WWD0

0 416.75 24.70 1.813
15 457.40 26.77 1.003
30 448.47 26.95 1.123
60 431.72 25.87 0.834
90 420.36 25.43 0.725
180 410.85 23.89 0.534
360 377.67 20.86 0.515

SWD0

0 416.75 24.70 1.813
15 480.32 26.60 1.370
30 442.68 27.08 1.014
60 436.58 26.57 0.739
90 422.58 25.74 0.452
180 411.04 24.42 0.474
360 368.66 21.85 0.467

specimen was stressed to failure. The failure load was used to
calculate the tensile strength of the GFRP composites inMPa.

2.4.Microstructural Observations. Electronmicroscopy (EM)
observations and image analysis were performed to examine
microstructure of specimens before and after conditions with
DM4000M (Leica, Germany). The samples included uncon-
ditioned specimens and conditioned specimens after 60 and
180 cycles under different sustained loads. All specimenswere
first cut and polished before observations.These observations
were made on surfaces and sections parallel to the fiber
layers for potential degradation of the glass fibers, resin, or
interfaces.

3. Results and Discussion

3.1. Specimens without Sustained Load. Tensile tests were
conducted on GFRP composites subjected to 0, 15, 60, 90,
180, and 360WD cycles of both distilled water and saltwater.
Table 1 shows the mechanical properties of GFRP under WD
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Figure 3: Mechanical properties of unstressed specimens exposed to WD cycles: (a) tensile strength; (b) elastic modulus; (c) elongation at
rupture. Note. WWD0 is unstressed specimen exposed to WD cycles of distilled water; and SWD0 is unstressed specimen exposed to WD
cycles of saltwater.

cycles. The reduction in the tensile strength, modulus, and
elongation at rupture of aged specimens versus the number
of cycles is presented in Figure 3. Both the tensile strength
and elastic modulus have an initial increase after 15WD
cycles, followed by a continued decline with the increasing
number of cycles. Although the specimens were cured at
room temperature for 3 days and then cured in an oven at
60∘C for 3 hours, the resin was not polymerized completely.
Immersion in water led to the occurrence of postcuring of
polymer, yielding an initial increase in tensile strength and
modulus [24, 26, 27]. The differential scanning calorimetry
(DSC) measurement of the identical samples confirmed that
the resin partially cured before conditions [24].

Further exposure to WD cycles led to a steady decrease
in tensile strength and modulus. After 360 cycles, the loss

of tensile strength is 9% and 12% for WWD0 and SWD0,
respectively, and the loss of modulus is 16% and 12% for
WWD0and SWD0, respectively, as shown in Figures 3(a) and
3(b). However, the elongation at rupture decreased initially
after 90 cycles and almost remained unchanged from 90
cycles to 360 cycles. After 360 cycles, the loss of elongation at
rupture is 72% and 74% for WWD0 and SWD0, respectively.
The durability of unstressed specimens under WD cycles
of distilled water has negligible differences with that of
specimens under WD cycles of saltwater. The sharp decrease
of elongation at rupture indicates that GFRP composites
become brittle in exposure of WD cycles.

Micro observations were conducted to examine the
physical damage of GFRP composites due to exposure to
WD cycles. Figure 4 shows the typical micrographs of the
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(a) (b)

(c)

Figure 4: Micrographs of the surfaces (×50) of the unstressed specimens: (a) unconditioned specimen; (b) SWD0 after 60WD cycles; and
(c) WWD0 after 180WD cycles.

(a) (b)

(c) (d)

Figure 5: Micrographs of the longitudinal section (×50) of the unstressed specimens: (a) unconditioned specimen; (b) WWD0 after 60WD
cycles; (c) SWD0 after 60WD cycles; and (d) WWD0 after 180WD cycles.
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Table 2: Mechanical properties of GFRP under the combined effects of sustained loads and WD cycles.

Specimens Load level WD cycles Tensile strength
(MPa)

Elastic modulus
(GPa)

Elongation
(mm)

WWD2 20%

0 416.75 24.70 1.813
15 440.85 26.87 0.958
30 487.13 27.17 1.235
60 508.28 28.10 0.929
90 431.74 24.56 0.684
180 403.64 22.65 0.507
360 345.90 20.61 0.484

WWD4 40%

0 416.75 24.70 1.813
15 435.91 25.89 1.258
30 474.93 28.27 1.017
60 532.71 29.75 0.873
90 442.15 24.00 0.557
180 390.90 22.05 0.485
360 329.12 19.59 0.443

SWD2 20%

0 416.75 24.70 1.813
15 470.66 24.29 0.703
30 478.37 25.10 1.055
60 499.34 27.36 0.980
90 477.48 26.85 0.796
180 398.63 22.28 0.505
360 347.23 19.89 0.486

SWD4 40%

0 416.75 24.70 1.813
15 478.71 25.87 0.942
30 493.56 27.87 1.071
60 534.80 28.56 0.971
90 465.53 25.35 0.654
180 390.89 21.98 0.431
360 328.69 18.90 0.423

surfaces of unconditioned and conditioned specimens. It is
observed that the void content of the polyester resin increases
gradually with the number of WD cycles in both distilled
water and saltwater. Voids and porosities not only lead to
water diffusion but also lead to stress concentration. Once
water molecules diffuse into a polyester matrix, they would
make hydrogen-bond with the cross-linked polymer at the
polar ester linkages [28]. As shown in Figure 5, hydrolysis
of isophthalic polyester resins occurred due to exposure to
WD cycles. Moisture absorption test of the identical samples
showed that the moisture uptake content𝑀𝑡 decreased with

the immersion time after 𝑀𝑡 reached its peak value, which
confirmed the hydrolysis of isophthalic polyester resins [24].
Moreover, chemical reaction between glass fibers and water
usually cause alkali elements to leach out [29]. In addition,
for specimens exposed to WD cycles of saltwater, the spatial
distribution of Cl from NaCl correlates with that of Si from
the E-glass fibers, yielding the aggravation of deterioration in
tensile property of GFRP composites.

3.2. Specimens with Sustained Loads. Table 2 shows the
mechanical properties of GFRP under combined effects of
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Figure 6: Tensile strength of stressed specimens (a) subjected toWD cycles of distilled water and different loads; (b) subjected toWD cycles
of saltwater and different loads; (c) subjected to WD cycles and 20% ultimate tensile strength; (d) subjected to WD cycles and 40% ultimate
tensile strength. Note. WWD2 and WWD4 are specimens exposed to WD cycles of distilled water and subjected to 20% and 40% ultimate
tensile strength, respectively, and SWD2 and SWD4 are specimens exposed toWD cycles of saltwater and subjected to 20% and 40% ultimate
tensile strength, respectively.

sustained loads andWDcycles.The specimenswith sustained
loads have an initial increase in both tensile strength and
elastic modulus after 60 cycles, as shown in Figures 6 and
7. After 60 cycles, the tensile strength increased by 22%,
20%, 28%, and 28% forWWD2, SWD2,WWD4, and SWD4,
respectively. Meanwhile, after 60 cycles, the elastic modulus
increased by 14%, 11%, 20%, and 16%, for WWD2, SWD2,
WWD4, and SWD4, respectively. These results indicate that
the initial increases of tensile strength and elastic modulus of
the specimens with sustained loads are greater than those of

specimens without sustained loads, which may be attributed
to the combined effects of postcuring of resin and the
sustained tensile stress. Similar behavior was also observed
by Abdel-Magid et al. [30]. The tensile stress aligns the fibers
in the stress direction and endows the material with more
efficiency in carrying the load after short period of prestress.

From 60 cycles to 360 cycles, the tensile strength and
elastic modulus of stressed specimens decreased steadily.
After 360 cycles, the tensile strength decreased by 17%, 17%,
21%, and 21% for WWD2, SWD2, WWD4, and SWD4,
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Figure 7: Elastic modulus of stressed specimens (a) subjected toWD cycles of distilled water and different loads; (b) subjected toWD cycles
of saltwater and different loads; (c) subjected to WD cycles and 20% ultimate tensile strength; (d) subjected to WD cycles and 40% ultimate
tensile strength.

respectively, and the elastic modulus decreased by 17%,
19%, 21%, and 23% for WWD2, SWD2, WWD4, and
SWD4, respectively. Meanwhile, after 360 cycles, the loss
of elongation at rupture is 73%, 73%, 76%, and 77% for
WWD2, SWD2, WWD4, and SWD4, respectively, as shown
in Figure 8. It is obvious that the increase of sustained
loads leads to a decrease in tensile property. Moreover, the
effect of WD cycles of saltwater on elastic modulus and
elongation at rupture is greater than that of WD cycles
of distilled water. Both water diffusion and stress corro-
sion are associated with the degradation of resin and the
interface between fiber and matrix. The previous research
of authors has proven that the effect of saltwater immer-
sion on tensile property is greater than that of tap water
due to the chemical reaction between leaked Cl ions from

saltwater and metal ions (Si, Na, and K) from E-glass fibers
[24].

The micrographs of the surfaces of stressed specimens
showed that the voids of polyester resins progressed in both
distilled water and saltwater, as shown in Figure 9. Hydrolysis
of isophthalic polyester resins was also observed under the
combined effects ofWD cycles and sustained loads, as shown
in Figure 10.

4. Prediction of Long-Term Behavior

Several models have been developed to predict the long-
term responses of FRP composites based on Arrhenius con-
cept which assumed that the single dominant deterioration
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Figure 8: Elongation at rupture of stressed specimens (a) subjected to WD cycles of distilled water and different loads; (b) subjected to WD
cycles of saltwater and different loads; (c) subjected to WD cycles and 20% ultimate tensile strength; (d) subjected to WD cycles and 40%
ultimate tensile strength.

mechanism of the material will not change with time and
temperature in corrosive environment [8, 31].

The Arrhenius equation for predicting the mechanical
property of FRP composites is given by [8]

𝑃 (𝑡) =
𝑃0
100
[𝐴 ln (𝑡) + 𝐵] , (1)

where 𝑃(𝑡) and 𝑃0 are the performance attributes of FRP
composites at exposure time 𝑡 and zero time of exposure,
respectively, 𝐴 is degradation rate, and 𝐵 is a material
constant associated with postcure progression of polymer
during exposure. A value of 𝐵 > 100 relates to the initial

dominance of postcure processes in environmental exposure,
while a value of 𝐵 = 100 indicates full polymerization of the
resin. Equation (1) is only valid for 𝑡 > 0. In the case of 𝑡 = 0,
the percent retention of 𝑃(𝑡) is assumed to be 100%.

For exposure in WD cycles, (1) can be transformed into

𝑃 (𝑥) =
𝑃0
100
[𝐴 ln (𝑥) + 𝐵] , (2)

where 𝑥 is the number of WD cycles.
The tensile strength and elastic modulus of FRP com-

posites tend to increase gradually with time in the initial
postcuring processes and then become stable, regardless of
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(a) (b)

(c) (d)

Figure 9: Micrographs of the surfaces (×50) of stressed specimens: (a) SWD2 after 60WD cycles; (b) SWD2 after 180WD cycles; (c) WWD2
after 180WD cycles; and (d) SWD4 after 180WD cycles.

(a) (b)

(c) (d)

Figure 10:Micrographs of the longitudinal section (×50) of stressed specimens: (a) SWD2 after 60WD cycles; (b) SWD2 after 180WD cycles;
(c) WWD2 after 180WD cycles; and (d) WWD4 after 180WD cycles.
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Figure 11: Comparison of prediction of tensile strength.

the effects of environmental attacks. Thus, the effects of
postcuring on the mechanical property of FRP composites
can be described as a two-parameter exponential equation:

𝑓 (𝑡) = 𝛼 (1 − 𝛽−𝑡) , (3)

where 𝑓(𝑡) is the performance attribute of FRP composites
due to postcuring, and 𝛼 and 𝛽 are regression constants.

Considering the combined effects of postcure processes
and exposure environments, the prediction model can be
given by

𝑃 (𝑡) =
𝑃0
100
[𝐴 ln (𝑡) + 100] + 𝛼 (1 − 𝛽−𝑡) . (4)

For exposure in WD cycles, (3) can be transformed into

𝑃 (𝑥) =
𝑃0
100
[𝐴 ln (𝑥) + 100] + 𝛼 (1 − 𝛽−𝑥) , (5)

where 𝑥 is the number of WD cycles.
The predictive equations of tensile strength and elastic

modulus according to (5) and (2) are given in Tables 3
and 4, respectively. For unstressed specimens, the predicted
results from (2) and (5) agree well with those obtained from
experiments. However, for specimens with sustained loads,
(5) provides more accurate prediction results than (2), as
shown in Figures 11 and 12.
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Figure 12: Comparison of prediction of elastic modulus.

5. Conclusions

The durability of GFRP composites exposed to WD cycles
of both distilled water and saltwater was investigated under
three different sustained loading levels.The tensile properties
of both the unconditioned and conditioned specimens were
tested to study the long-term behavior of GFRP composites
under different WD cycles. Based on Arrhenius concept,
a model was developed to predict the tensile property of
GFRP. In addition, the electronmicroscopy (EM) was used to
characterize the aging effect onGFRP composites.The results
obtained from this study are summarized as follows:

(1) The tensile strength and elastic modulus of all
conditioned specimens increased initially and then
decreased with the increase of exposure cycle num-
bers.The coupled effects of postcuring and alignment

of the fibers in the stress direction yield greater
increases in tensile strength and elastic modulus of
stressed specimens than those of unstressed spec-
imens. Further exposure to WD cycles led to a
steady decrease in tensile strength and modulus. For
unstressed specimens, the degradation of the tensile
property of specimens exposed to distilled water
was almost equal to specimens exposed to saltwater
after 360 cycles. However, for stressed specimens, the
effect of WD cycles of saltwater on elastic modulus
and elongation at rupture is greater than that of
WD cycles of distilled water. Moreover, increasing
sustained loads led to a decrease in tensile property.

(2) The elongation at rupture decreased sharply with the
increasing number of cycles in both distilled water
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Table 3: Predictive equations for tensile strength.

Exposure environment Load level Equation 𝑅-square

Wet-dry cycles in distilled water

0% 4.1675[−6.614 ln(𝑥) + 100] + 128.63(1 − 1.16−𝑥) 0.97
4.1675[−5.794 ln(𝑥) + 126.74] 0.99

20% 4.1675[−20.479 ln(𝑥) + 100] + 427.57(1 − 1.06−𝑥) 0.92
4.1675[−8.590 ln(𝑥) + 141.59] 0.51

40% 4.1675[−25.814 ln(𝑥) + 100] + 538.77(1 − 1.06−𝑥) 0.91
4.1675[−9.379 ln(𝑥) + 144.51] 0.42

Wet-dry cycles in saltwater

0% 4.1675[−4.912 ln(𝑥) + 100] + 103.00(1 − 1.21−𝑥) 0.83
4.1675[−7.430 ln(𝑥) + 134.38] 0.94

20% 4.1675[−20.604 ln(𝑥) + 100] + 436.32(1 − 1.07−𝑥) 0.96
4.1675[−9.687 ln(𝑥) + 148.475] 0.63

40% 4.1675[−25.888 ln(𝑥) + 100] + 543.50(1 − 1.07−𝑥) 0.95
4.1675[−12.266 ln(𝑥) + 160.37] 0.62

Note. 𝑅-square is the coefficient of determination. It denotes the proportion of the variance in the dependent variable which is predictable from the independent
variables.

Table 4: Predictive equations for elastic modulus.

Exposure environment Load level Equation 𝑅-square

Wet-dry cycles in distilled water

0% 0.247[−11.092 ln(𝑥) + 100] + 12.77(1 − 1.091−𝑥) 0.97
0.247[−7.347 ln(𝑥) + 132.63] 0.84

20% 0.247[−14.902 ln(𝑥) + 100] + 17.33(1 − 1.08−𝑥) 0.93
0.247[−8.835 ln(𝑥) + 139.158] 0.75

40% 0.247[−20.873 ln(𝑥) + 100] + 24.57(1 − 1.068−𝑥) 0.88
0.247[−10.062 ln(𝑥) + 144.14] 0.57

Wet-dry cycles in saltwater

0% 0.247[−10.324 ln(𝑥) + 100] + 12.49(1 − 1.08−𝑥) 0.98
0.247[−6.07 ln(𝑥) + 128.83] 0.78

20% 0.247[−19.638 ln(𝑥) + 100] + 23.57(1 − 1.049−𝑥) 0.85
0.247[−5.789 ln(𝑥) + 123.24] 0.34

40% 0.247[−21.73 ln(𝑥) + 100] + 25.5(1 − 1.065−𝑥) 0.98
0.247[−10.22 ln(𝑥) + 144.13] 0.63

and saltwater, which indicated the GFRP compos-
ites became brittle in exposure of WD cycles. The
sustained loads have insignificant influences on the
elongation at rupture.

(3) A modified model which considered the effects of
postcure processes was developed to predict the ten-
sile strength and elastic modulus of GFRP composites
subjected toWDcycles. It is shown that themodel can
capture the degradation trend of specimens under the
combined effects of WD cycles and sustained loads.
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