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Abstract: Due to lack of research data on the rates of deterioration of FRP properties under a
harsh environment exposure, it was pointed out in the design guidelines that the durability of FRP
needs to be further developed. Therefore, in this study, 48 FRP samples were tested under wet-dry
cycles exposure. The effect of wet-dry cycling times on the failure modes, tensile strength, and the
probability distribution of different FRP (GFRP and CFRP) composite specimens were investigated.
The experimental results showed that the wet-dry cycles have a significant adverse influence on the
tensile strength, have a certain adverse effect on the elongation, and a very limited influence on the
elastic modulus of FRP. According to the experimental results, a probability analysis was conducted on
the degradation of tensile strength. Five widely used test methods were adopted to verify the possible
distribution types of tensile strength, and a reliability index β was then calculated. Subsequently,
the effects of the design tensile strengths of ACI-440, TR-55, GB 50608-2010, GB 50367-2013, European
Fib Bulletin 14 and Italian CNR guidelines on the β were investigated. The investigation illustrates
that only the design value of the TR-55 code can guarantee sufficient long-term safety of a CFRP
composite, whereas all the six codes cannot guarantee the long-term safety of a GFRP composite and
the partial safety factors in these codes are still not conservative. Therefore, a more conservative safety
factor was suggested. Moreover, the design value of tensile strength needs to be further conservative
when the standard deviation of the load is large.
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1. Introduction

During the last decades, external bonding of fiber-reinforced polymers (FRP) has been widely
used to strengthen or retrofit deteriorated civil engineering structures. This is mainly due to its light
weight, excellent tensile strength, resistance to corrosion, durable construction and easy tailoring [1,2].
However, many questions related to its durability of service life are still unanswered. Previous studies
have focused on the short-term characteristics of FRP composite materials (i.e., fibers and resin) [3–7].
The research data on the rates of deterioration of the properties, such as tensile strength and modulus,
under multiple harsh environments exposure (e.g., marine environment, acid rain erosion, high
temperature, and sustained load coupling) is insufficient [8]. In the design guidelines of ACI 440.2R-08,
it was pointed out that some research related to the durability of FRP materials and standardized test
methods with an accent on durability testing, need to be further developed. These facts motivated
the development of a study that would address durability issues of FRP composite materials under
harsh environments.

External bonding FRP in civil engineering may be exposed to harsh environmental conditions
during the whole service life including, freeze-thaw cycles, extreme temperatures, solar radiation
and aggressive chemical attack, and wet-dry cycles. Freeze-thaw exposure was identified as
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a severe temperature-related threat by the Civil Engineering Research Foundation (CERF) [9].
Significant loss in the mechanical properties and integrity of FRP was found after freeze-thaw
cycles exposure due to fiber/matrix debonding and matrix microcracking [10,11]. The loss will
increase further under the multiple environmental coupling effects of freeze-thaw cycles, salty water,
deionized water, wet-dry cycle, or sustained loading. The hygrothermal exposure will significantly
accelerate the moisture-induced deterioration process and relaxation process of FRP materials [12,13].
Nardone et al. [14] tested 63 glass FRP (GFRP) or carbon FRP (GFRP) coupons to study the effects
of extreme service temperature or freeze–thaw cycles on FRP mechanical properties. The results
showed that strength and elastic modulus mildly decreased when the temperature was raised from
−15 to +36 ◦C; while the ultimate strain remained almost constant. Furthermore, freeze–thaw cycles
ranging from 30 to 80 had a negligible influence on the mechanical properties of CFRP laminates, while
210 cycles resulted in slight reductions in tensile strength and an ultimate strain equivalent of 9% and
13%, respectively. Rivera et al. [15] found that freeze–thaw cycles under both dry and wet conditions
typically have a detrimental effect on the strength and to a lesser degree on the stiffness of carbon
and E-glass composites. The studies [16,17] have demonstrated that wet-dry cycles could decrease the
ultimate load of various FRP composites, and combined effects with other environments will be more
significant. Hulatt et al. [18] exposed FRP coupons to wet-dry cycles of using tap water and road salt
solutions. It was found that the ultimate failure stress decreased in tap water but increased in the salt
solution. When a sustained loading was applied simultaneously, the creep deformation increased the
molecular spacing which makes water molecules and NaCl molecules more easily invaded adhesive,
thus causing greater deterioration of the reliability and durability of the structural elements [19].
Helbling et al. [20,21] reported that sustained bending strain had no influence on moisture uptake,
but could cause severe fiber/matrix interfacial debonding, in addition to fiber pitting and cracking.

In summary, when the FRP reinforcement system is in service in a harsh environment,
its mechanical properties are continuously degraded. If the design is based on short-term mechanical
properties of the FRPs, the structure will have a large failure probability. Therefore, most guides for
structural design suggest using partial safety factors and an environmental reduction to consider
the degradation of the materials. Taking the tensile strength of FRPs as an example, it is one of the
most important control parameters for the flexural design of FRP-strengthening concrete beams and
the design of FRP-constraining concrete columns. The codes assume certain values for the design
loading and the design tensile strength of the materials to assess the effect of a particular limit state
on the structure. The variability of tensile is taken into account by assuming a characteristic tensile
strength. In the Concrete Society in the United Kingdom (TR-55) [22], the characteristic tensile strength
was obtained from the FRP system manufacturer, and calculated by the mean tensile strength of a
sample of test specimens minus three times the standard deviation. The design tensile strength is
determined by dividing the characteristic tensile strength by an environmental factor, CE. When CFRP
material was used in the cases of exterior exposure (such as retrofitting bridges and piers) or aggressive
environments (such as chemical plants), the CE was taken as 0.85, and the value of CE were 0.65 and
0.50, respectively, for exterior exposure and aggressive environments. Most of these safety factors are
determined by the probability analysis method and the reliability theory. Three times the standard
deviation for characteristic strength in TR-55 can provide a 99.87% probability that the indicated
ultimate tensile strengths are exceeded. The environmental factor is a limit value which can ensure
the reliability of the structure is always greater than the allowable minimum reliability during the
service period. As stated in the specification, due to the lack of relevant research results about the
durability of FRPs, these safety factors can be refined as more research information is developed and
becomes available. Wang et al. [23] developed a probability-based limit state standard for the design
and evaluation of RC structures strengthened by externally bonded CFRP composites. They found that
a separate resistance factor of 0.75 should be applied to the nominal strength of the CFRP to achieve a
reliability index of approximately 3.0, and that a partial factor should be applied separately to each
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strength variable if the strength is represented by a sum of random variables. However, their study of
resistance criteria did not take environmental factors into account.

With this background, a total of 48 FRP samples, including 24 CFRP samples and 24 GFRP
samples were tested to evaluate the deterioration of the FRP properties under long-term wet-dry cycles
exposure. The degradation law of mechanical properties of FRP with the number of wet-dry cycles,
the possible distribution types and the reliability index β were obtained. Subsequently, a reliability
analysis was conducted on the effects of the mean and standard deviation of a load on β. The mean
values are calculated from the related codes, such as ACI-440 [24], TR-55 [22], GB 50608-2010 [25] and
GB 50367-2013 [26]. By comparing the reliability of the FRP composite after many times of wet-dry
cycles and the allowable reliability index, it is determined whether the design values of each code can
guarantee the long-term safety of the FRP composite.

2. Materials and Methods

2.1. Specimen Preparation

A total of 48 FRP samples, including 24 CFRP samples and 24 GFRP samples, were designed
as shown in Table 1. The CFRP samples were cut from a uni-directional sheet with a unit weight of
300 g/m2 made of carbon fibers. The nominal thickness, length and width of the CFRP were 0.111 mm,
230 mm and 15 mm, respectively, as shown in Figure 1. The GFRP samples were cut from a glass fiber
sheet with a unit weight of 600 g/m2 and the nominal thickness was 0.169 mm. The length and width of
the GFRP were the same with the CFRP samples. The type of glass was E-Glass. WSX epoxy resin was
used as the bond layer, which is a two-part epoxy saturant mixed resin A and hardener B in a 4:1 weight
ratio. The mechanical properties of the WSX resin provided by the manufacturer show that its tensile
strength, Young’s modulus, compressive strength, flexural strength and elongation are more than
40 MPa, 2.5 GPa, 70 MPa, 50 MPa and 1.5%, respectively. These mechanical properties of resin are fully
satisfied with the requirements of the code named: Safety appraisal code for application of engineering
structural strengthening materials GB 50728-2011 [27], that limits the minimum values of 30 MPa,
2.5 MPa, 65 MPa, 45 MPa and 1.2%, respectively. The prepared epoxy resin had a pot life of 45 min
and a full cure time of 7 d at 25 ◦C from the production statement. The glass transition temperature
Tg was about 105 ◦C. The resin will have viscous flow properties when the service temperature
exceeds Tg and the micro-mechanical viscoelastic properties of FRP composite materials will need to
be considered [28,29]. In the test period, the range of the water temperature and ambient temperature
(test temperature) is 0 ◦C~33 ◦C, which is far less than Tg. Therefore, the effect of temperature on the
mechanical properties of FRP is neglected in this study. The ends of the FRP samples are attached to
a reinforcing aluminous gasket to apply the load. The width, length and thickness of the aluminous
gasket are 15 mm, 50 mm, and 2 mm. The aluminum surfaces need to be roughened to ensure a good
fit with FRP before bonding. At the same time, the aluminum gasket must be chamfered to reduce
the shear stress and peeling stress near the end of the test piece, thus preventing the specimen from
breaking near the end.

Table 1. The properties of FRP under different wet-dry cycling exposures.

Samples Wet-Dry
Cycles/days Numbers Nominal

Thickness/mm
Ultimate

Strength/MPa
Young’s

Modulus/MPa Elongation/%

CFRP-0 0 6 0.111 3947 2.36 × 105 1.67
CFRP-90 90 6 0.111 3765 2.40 × 105 1.57

CFRP-180 180 6 0.111 3614 2.40 × 105 1.51
CFRP-360 360 6 0.111 3579 2.34 × 105 1.53
GFRP-0 0 6 0.169 2003 9.71 × 104 2.06

GFRP-90 90 6 0.169 1880 9.67 × 104 1.94
GFRP-180 180 6 0.169 1841 9.52 × 104 1.93
GFRP-360 360 6 0.169 1763 9.38 × 104 1.88
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Figure 1. Configuration of FRP samples: (a) Schematic diagram; (b) photos.

The prepared FRP samples were fully immersed in a sink filled with 5% NaCl water,
which simulated seawater, for 12 h and then accelerative blow-dried for another 12 h per cycle.
The wet-dry cycle is achieved by using a water pump to pump water from one sink to another,
and pumping the water back to the first tank 12 h later. The blow-dried conditions were used to increase
the flow of wind speed to accelerative specimens drying. For reference, 90, 180, and 360 wet-dry cycles
were considered. Once accomplishing the predetermined exposure cycles, the coupons were placed in
the lab to air dry. A longitudinal strain gauge is then attached to the surface of the sample and the data
is automatically collected by a computer.

2.2. Test Apparatus

After the FRP specimen reaches the predetermined number of wet-dry cycles, a 2 mm × 1 mm
strain gauge is attached to the middle of the samples, and then the FRP samples will be tested according
to ASTM D3039 [30]. The loading rate was set as 2 mm/min, and the applied load and FRP strain
values during loading are recorded by computer.

3. Results

3.1. Experimental Results

The FRP specimen suddenly breaks when the tension reaches a certain value. The failure is brittle
fracture, and the failure modes basically include three types: Central fracture, angled fracture and
splitting failure, as shown in Figure 2. Most of the CFRP samples fail by central fractures and corner
fractures, whereas the GFRP samples are accompanied by splitting failure in addition to fracture
failure. The location of the fracture damage is relatively random and there is no obvious regularity.
The failure modes of FRP samples at different corrosion times are also not significantly different.

The test results of FRP’s mechanical properties are listed in Table 1 and plotted in Figure 3.
In which, the Young’s modulus was computed between the longitudinal strain range of 1000–3000 µε.
The elongation has been computed as the ultimate tensile strength divided by the Young’s modulus.
It can be found that wet-dry cycles have almost no effect on the elastic modulus of FRP, but its standard
deviation has an increasing trend with the increase of the number of wet-dry cycles. Under 360 times
of wet-dry cycles, the elastic modulus of CFRP and GFRP are only reduced by 0.847% and 3.35%,
respectively. It can also be seen that the wet-dry cycles have an adverse effect on the tensile strength
of CFRP and GFRP. The tensile strength decreases approximately exponentially with the increase in
the number of wet-dry cycles. The decreasing rate is fast in the early stage, and becomes slow in the
following stage. Under 360 times of wet-dry cycles, the tensile strengths of CFRP and GFRP decreased
by 9.32% and 11.98%, respectively. It also indicates that the corrosion resistance of CFRP is better than
that of GFRP under wet-dry cycles. The elongation rates of CFRP and GFRP decreased under wet-dry
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cycles exposure, but only in the early stage, and the elongation of CFRP and GFRP did not change
significantly in the later period.

In summary, wet-dry cycles have a significant adverse influence on the tensile strength, have a
certain adverse effect on the elongation, and a very limited influence on the elastic modulus of FRP.
Moreover, GFRP is more susceptible to the wet-dry cycle exposure than CFRP.
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3.2. Probability Distribution Type

The above results show that the tensile strength of FRP is more sensitive to the environment,
and its degradation is also more random, thus the variability of tensile strength need to be analyzed
emphatically. The common distribution types for reliability analysis of FRP composites include Normal,
Lognormal, Weibull and Gamma distribution. In this paper, these representative distribution types
were chosen to fit statistical distributions of the data. In order to determine which distribution best
fits the data, five widely used test methods, Shapiro-Wilk (S-W test), Kolmogorov-Smirnov (K-S test),
Cramer-von Mises (C-M test), Anderson-Darling (A-D test) and Chi-Square (test), were adopted,
as shown in Table 2.

The goodness of fit (p) for the strength of FRP with/without wet-dry cycles exposure was listed in
Table 3a–d. The size of the p value indicates the degree of coincidence for each probability distribution
type. The larger the p value, the greater the probability that the sample will obey some distribution.
In this paper α = 0.1 was adopted as the significance level, so when p > 0.1, the sample is considered to
fit a certain distribution. According to Table 3a, all of the four distribution types fit the tensile strength
of CFRP without wet-dry cycles exposure very well, and the best fits are considered to be the Normal
distribution and Weibull distribution due to the larger p. As for the GFRP without wet-dry cycles
exposure as shown in Table 3b, all p values calculated by the test for the four distributions were less
than 0.1. However, for the other test, all p values of Normal distribution, Lognormal distribution and
Weibull distribution were obvious, larger than 0.1. Meanwhile, the p values of Normal distribution and
Weibull distribution were larger than Lognormal distribution. This indicates that the tensile strength
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of the FRP without wet-dry cycles exposure is well fit to Normal distribution and Weibull distribution,
which is consistent with the conclusions obtained by other scholars.

Table 2. The equations of five test methods.

Test Method Equation

S-W test

W =
(

n
∑

i=1
aiyi)

2

n
∑

i=1
(yi−y)2

→
ai = (a1, · · · , an) =

mTV−1

(mTV−1V−1m)
1/2

in which, yi is the ith data when the sample is sorted from small to large, y is the sample
average,

→
mi = (m1, · · · , mn)

T is the expected value of normal distribution according to

the sample data,
→
V is the covariance matrix for the sample data.

K-S test
T = max|F∗(x)− Fn(x)|
in which, F∗(x) is the assumed distribution function, Fn(x) is the cumulative frequency
function of the sample.

C-M test
CM = 1

12n +
n
∑

i=1
[F0(x(i))− 2i−1

2n ]
2

in which, n is the sample size, F0(x(i)) is the assumed distribution function.

A-D test
W2

n = −n− 1
n

n
∑

i=1
(2i− 1)[log F∗(xi) + log(1− F∗(xn+1−i))]

in which, F∗(xi) is the assumed distribution function.

χ2 test
χ2 =

n
∑

i=1

(Ai−Ti)
2

Ti

in which, Ai the actual frequency of the sample, Ti is the theoretical frequency of the
assumed distribution.

Table 3. Test results of probability distribution of tensile strength of FRP.

Test Method Normal Lognormal Weibull Gamma

a. Goodness of fit for strength of CFRP without wet-dry cycles exposure.

S-W test 0.364 0.266 - -
K-S test >0.150 0.119 - -
C-M test 0.125 0.096 0.142 -
A-D test 0.166 0.124 0.219 -
χ2 test 0.326 0.271 0.407 0.274

b. Goodness of fit for strength of GFRP without wet-dry cycles exposure.

S-W test 0.221 0.158 - -
K-S test >0.150 >0.150 - -
C-M test >0.250 0.237 >0.250 -
A-D test 0.243 0.183 >0.250 -
χ2 test 0.098 0.087 0.084 0.071

c. Goodness of fit for strength of CFRP with wet-dry cycles exposure.

S-W test 0.501 0.373 - -
K-S test >0.150 >0.150 - >0.250
C-M test >0.250 >0.250 >0.250 >0.250
A-D test >0.250 >0.250 >0.250 >0.250
χ2 test 0.244 0.152 0.319 0.148

d. Goodness of fit for strength of GFRP with wet-dry cycles exposure.

S-W test 0.594 0.226 - -
K-S test >0.150 0.103 - 0.167
C-M test >0.250 0.175 >0.250 >0.250
A-D test >0.250 0.204 >0.250 >0.250
χ2 test 0.114 0.062 0.220 0.073

Note: S-W test was only used for normal distribution, and “-” stands for no results in test calculation.
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According to Table 3c,d, the probability distribution of FRP tensile strength is not significantly
affected by the wet-dry cycles exposure. The tensile strength of CFRP is better subjected to Normal
distribution and Weibull distribution. For the tensile strength of GFRP, except for the test, the other test
methods are subjected to Lognormal distribution and Gamma distribution. Under each effective test,
the Normal distribution and Weibull distribution are well obeyed. According to the size of the p value,
the fitting degree of Normal distribution and Weibull distribution is better than that of Lognormal
distribution and Gamma distribution, while the fitting degree of Normal distribution and Weibull
distribution is very close.

3.3. Probability Distribution

According to the results of the probability distribution, the tensile strength of the FRP materials
with/without the wet-dry cycles all fit the Normal distribution and the Weibull distribution. However,
the probability distributions of FRP tensile strength under each condition are taken as Normal
distribution because of its simple computational modeling. When the distribution type is taken
as Normal distribution, the probability distribution chart and the cumulative distribution chart of
the FRP tensile strength can be plotted in Figures 4 and 5, where the mean and standard deviation
of the tensile strength of CFRP and GFRP were obtained from the experimental results. As shown in
the figures, the peaks of CFRP and GFRP move to the left of the coordinate axis with the increase of
the wet-dry cycles, and the shapes become more and more flat. The extent of this change from 0 to
90 cycles is significantly greater than from 180 to 360 cycles. In comparison, GFRP is more sensitive to
wet-dry cycles than CFRP.
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3.4. Reliability Analysis of FRP Strength

The limit state function or performance equation for FRP strength can be represented by the
following equation:

Z = g(R, S) = R− S = 0 (1)

in which, R is the random resistance and S is the load effect.
Meanwhile, the limit state equation for the degradation of FRP strength can be expressed as:

Z = g(Tn, Tc) = Tn(N)− Tc(N) = 0 (2)

in which, Tn(N) and Tc(N) are the resistance and load effect after wet-dry cycles and sustained loading
exposure, respectively, and they all obey the Normal distribution according to Section 3.3.

Therefore, the probability of degradation of the FRP strength after n time wet-dry cycles is:

P(N) = P(g(Tn, Tc) ≤ 0) = P(Tn(N) ≤ Tc(N)) (3)

When the mean and standard deviation of Tn(N) are assumed to be mn(N) and σn(N), and the
mean and standard deviation of Tc(N) are mc(N) and σc(N), respectively, Tn(N) and Tc(N) can be
converted into a standard normal distribution as:

T̂n(N) =
Tn(N)−mn(N)

σn(N)
(4)

T̂c(N) =
Tc(N)−mc(N)

σc(N)
(5)

Thus, the reliability index (β) is obtained according to second-order moment reliability method (SORM):

β =
mn(N)−mc(N)√
σn2(N) + σc2(N)

(6)

The corresponding failure probability was calculated by P = Φ(−β), and the mean mc(N) and
standard deviation σc(N) of the resistance were assumed to be constant and equal to the test value.

According to the Arrhenius method, a prediction equation has already been proposed to
estimate the long-term deterioration of FRP materials, which has been proven in accuracy [7,11,31,32].
The equation for predicting the tensile strength of FRP materials is in the form:

f (N) =
f0

100
[A ln(N) + B] (7)

where f (N) and f 0 are the tensile strengths at N times cycles and without environment exposure,
respectively. A is a constant denoting degradation rate; and B is a material constant, which reflects the
early effects of post-cure progression. Based on test results, the mn(N) and σn(N) can be regressed from
the fit of the experimental results as shown in Equations (8)–(11):

mnC(N) =
mnC(1)

100
[−1.520 ln(N) + 100] (8)

mnG(N) =
mnG(1)

100
[−1.798 ln(N) + 100] (9)

σnC(N) =
σnC(1)

100
[0.057 ln(N) + 100] (10)

σnG(N) =
σnG(1)

100
[0.181 ln(N) + 100] (11)
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where mnc(N) and mnG(N) are the mean of CFRP and GFRP materials, respectively. σnc(N) and σnG(N)
are the standard deviation of CFRP and GFRP materials, respectively. The R2 values obtained from
fitting Equations (8)–(11) were 0.9083, 0.9131 0.9151, and 0.8092, respectively, which illustrated the
regression equations were relatively accurate. The values of N in the equations were within the scope
of the experimental research, ranging from 1 to 360 times. However, in the follow-up analysis of β,
the equations were extended to predict the bond action beyond 360 times, but the precision of the
prediction requires further examination by experimental data. Setting the load to the experimental
ultimate tensile strength without wet-dry cycle exposure and substituting Equations (8)–(11) into
Equation (6), the reliability index (β) and the corresponding failure probability P with the increase of
wet-dry cycle times can be obtained and are plotted in Figure 6.

As shown in the figure, the curves of CFRP and GFRP can be divided into two stages. In the first
stage, β rapidly reduced with the increase of wet-dry cycles, and then β decreased very slowly with
the increase of wet-dry cycles when β reduced to a small value. The boundary value of two stages for
both CFRP and GFRP is 1000 times. In the first stage, the reliability index of CFRP decreased from
near 0 to −0.68, and the reliability index of GFRP decreased from near 0 to −0.77. However, in the
second stage, when the number of wet-dry cycles changed from 1000 to 5000, the reliability index of
CFRP and GFRP decreased by less than 0.10. The decreased tendency of β is similar to an exponential
function. In addition, the reliability index of CFRP is greater than the reliability index of GFRP under
any cycle, indicating that CFRP is more resistant to wet-dry cycle exposure than GFRP. From Figure 7b,
under the ultimate tensile load of FRP without wet-dry cycle exposure, the failure probability of the
FRP composite is up to 80% after long-term wet-dry cycle exposure. This illustrates that the failure
risk of CFRP composites will continue to increase with the continuous erosion of the wet-dry cycle
under the same load. Therefore, in order to ensure effectiveness of the FRP rehabilitation over the life
of the structure, it is essential that the tensile strength for design is chosen keeping in mind not just the
variation in value around the mean of the characteristic, but also the deterioration that would take
place due to harsh environmental exposure.
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4. Discussion

4.1. The Safety Factors for FRP

In common with most guides of practice for structural design, the design methods are based on
limit-state philosophy, which means a structure will not become unfit for its intended use. It means the
structure will not reach a limit state during its design life. Due to the continuous degradation of FRP
composite under a harsh environmental exposure, a safety factor needs to be used in the structural
design stage. The designer will need to assume certain values for the design loading and the design
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strength of the materials to assess the effect of a particular limit state on the structure. The variability of
material properties is taken into account by assuming a characteristic strength. Usually, characteristic
strength is taken as the value below which not more than 5% of test results lie. A similar approach is
used to define the characteristic strength of FRP in the report, but the acceptable failure rate has been
reduced to 1%.

In the guidelines of the American Concrete Institute ACI-440 [24], the design tensile strength, f fu,
can be calculated by modifying the reported strength, f fu

*, by an environmental factor, CE, as follows:

ffu = CE f ∗fu (12)

where

f ∗fu = (
−
f u − 3σ) (13)

where
−
f u is the mean ultimate strength and σ is the standard deviation of the test population.

When CFRP material was used in the cases of exterior exposure (such as retrofitting bridges and
piers) or aggressive environments (such as chemical plants), the CE was taken as 0.85, which indicates
that the threshold to which the CFRP samples can degrade prior to being considered as below the
design allowable is 0.85 f ∗fu. In comparison, the values of CE were 0.65 and 0.50, respectively, for exterior
exposure and aggressive environments.

A similar restriction exists in the guidelines of the Concrete Society in the United Kingdom
(TR-55) [22], the characteristic material properties be defined as follows:

ffk = (
−
f u − 2σ) (14)

where f fm is the mean ultimate strength of the test population. The design strength is determined by
dividing f fk by partial safety factors to account for strength at the ultimate limit state, γmf, and the
recommended value of the manufacture factor, γmm, such that the design value is given by:

ffd =
ffk

γmfγmm
(15)

For CFRP material, γmf = 1.4 and γmm = 1.4, and for GFRP material, γmf = 1.95 and γmm = 1.05.
In the Chinese Technical Code for Infrastructure Application of FRP Composites

(GB 50608-2010) [25], the design value f d is suggested to consider the degradation of FRP material
properties and is determined by dividing the experimental ultimate strength with guarantee probability
f k by similar partial safety factors (γf) to account for material type and the surrounding environment
(γe). The equations described in the GB 50608-2010 are as follows,

fd =
fk

γfγe
(16)

fk = (
−
f u − 1.645σ) (17)

where the values of γf are taken as 1.4 for CFRP and GFRP materials. The values of γe are taken as 1.2
and 1.6 for CFRP and GFRP materials, respectively, under ocean environment exposure. However,
in another code in China (Code for design of strengthening concrete structure GB 50367-2013 [26]),
the design values of tensile strength of CFRP and GFRP are limited to lower values 2300 MPa and
700 MPa, respectively. This not only considers the degradation of FRP materials, but also considers the
degradation of the performance of concrete structures.

According to European Fib Bulletin 14 [33], the design tensile strength f fd,fib was calculated by:

ffd,fib =
ffk,fib

γf

εfue
εfum

(18)
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where f fk,fib is the characteristic strength and corresponds to the 5% fractile of the tensile strength. γf
is the FRP material safety factor and suggested to be 1.35 and 1.50 for wet lay-up CFRP systems and
GFRP systems, respectively. The ratio εfuc/εfum normally equals 1, as the effective ultimate FRP strain
εfum expected in situ will not significantly differ from the mean strain εfum obtained through uniaxial
tensile testing, and as small variations are accounted for in the FRP material safety factor γf.

The design tensile strength in Italian CNR guidelines [34] can be expressed as follows:

Xd = η · Xk
γm

(19)

where η is a conversion factor accounting for environmental factors, and the values for GFRP and
CFRP are 0.50 and 0.85, respectively. γm is the partial factor of FRP materials and is equal to 1.10.

The design values (f 13) of tensile strength of FRP materials used in this study according to the four
representative specifications were calculated and listed in Table 4. It is found that the GFRP design
values in the four specifications are basically the same and range from 700 MPa to 1189 MPa, and the
range of CFRP design values is relatively large with 1660 MPa to 2609 MPa.

Table 4. Design values of tensile strength of FRP materials.

FRP
Type

Mean
Value
(MPa)

Std.
Dev.

(MPa)
f∗fu(MPa) f fk(MPa) f k(MPa)

Design Value (MPa)

ACI-440
(f fu)

TR-55
(f fd)

GB
50608-2010

(f d)

GB
50367-2013

(f 13)

Fib
Bulletin
(f fd,fib)

Italian
CNR
(Xd)

CFRP 3947 347 2906 3253 3376 2470 1660 2010 2300 2501 2609
GFRP 2003 134 1600 1734 1783 800 847 795 700 1189 810

4.2. The Effects of Mean Values of the Load

According to the above results, five representative mean values, 1660 MPa (f fu), 2010 MPa (f fd),

2300 MPa (f 13), 2470 MPa (f fu or f fd,fib), 2609 MPa (Xd) and 3947 MPa (
−
f u), are selected for the reliability

analysis of CFRP, whereas 700 MPa (f 13), 800 MPa (f fu, f d or Xd), 850 MPa (f fd), 1189 MPa (f fd,fib),

and 2003 MPa (
−
f u) were chosen for GFRP. The upper limit of the range is set as the test ultimate tensile

strength (
−
f u). The standard deviations of load for CFRP and GFRP were taken as the experimental

values, which were 346.88 MPa and 134.48 MPa, respectively. The values of resistance were the same as
those in the previous section; the reliability index can be calculated by the previous method as shown
in Figures 7 and 8.
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According to Figure 7, when the mean of the load is taken as a different value, the reliability
indices curves do not change significantly with the number of wet-dry cycles and can still be divided
into two stages. However, the mean of the load has a great influence on the initial value of reliability

indices (β0). The β0 is less than zero under
−
f u, and the corresponding P has exceeded 50%. In contrast,

under the design tensile strength of the four representative codes, the β0 are greater than 3.0, and they
provide a safety probability of over 99.83%. In the subsequent wet-dry cycles exposure, the β decreases
rapidly due to the continuous erosion of wet-dry cycles and tends to stabilize after 4000 cycles. In the
four representative codes, only the β under f fd can always stay above 3.2, whereas the β under f fd
will be less than 2.0. In the guideline of Unified standard for reliability design of building structures
(GB 50068) [35], the minimum reliability index of brittle fracture structures is 3.2. According to this
standard of the minimum reliability index 3.2, only the design value of the TR-55 code can guarantee
sufficient long-term safety. As shown in Figure 8, the decline law in reliability of GFRP with increasing
wet-dry cycles is basically consistent with CFRP. Similarly, under the design tensile strength of the
four representative codes, the β0 are obviously greater than 3.2. However, after 4000 times of wet-dry
cycle exposure, the β are less than 3.0 under the design values of all the four codes. This shows that
the four codes cannot guarantee the long-term safety and the partial safety factors in these codes are
still not conservative. After continuous trials, it was found that when γmm was changed from 1.05 to
1.5, the design strength (f fd) of TR-55 decreases to 592 MPa and the corresponding β values can always
stay above 3.2. Therefore, the γmm was suggested to modify.

4.3. The Effects of Standard Deviations of the Load

In this study, the mean of the load for CFRP was taken as the design value (1600 MPa) of TR-55,
and five representative mean values, 0.5σec, 0.85σec, 1.0σec, 2σec and 3σec, were chosen where σec is the
test standard deviation of CFRP (346.88 MPa) without environmental exposure. The mean of the load
for GFRP was taken as the design value (700 MPa) of GB 50367-2013, and five representative mean
values, 0.5σeg, 0.85σeg, 1.0σeg, 2σeg and 3σeg, were chosen where σeg is the test standard deviation of
GFRP (134.48 MPa) without environmental exposure. The values of resistance were the same as those
in the previous section; the reliability index can be calculated by the previous method as shown in
Figures 9 and 10.
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As shown in the Figures, the reliability of the FRP composite will visually decrease as the standard
deviation of the load increases. When the standard deviation is lower than σeg, the difference in
β with different standard deviations is slight and can always stay above 3.2. When the standard
deviation is 2σeg or more, the β is less than 3.0 after 4000 times of wet-dry cycle exposure, and the
failure probability increases very obviously. Therefore, the design value of tensile strength needs to be
further conservative when the standard deviation of the load is relatively large.

5. Conclusions

Forty-eight FRP samples, including 24 CFRP samples and 24 GFRP samples, were tested to
evaluate the deterioration of the FRP properties under long-term wet-dry cycles exposure. The results
illustrate that the failure modes of FRP samples at different corrosion times are not significantly
different. The wet-dry cycles have a significant adverse influence on the tensile strength, have a
certain adverse effect on the elongation, and a very limited influence on the elastic modulus of FRP.
Moreover, GFRP is more susceptible to the wet-dry cycle exposure than CFRP. In the probability
analysis, the tensile strength of the FRP materials with/without the wet-dry cycles both fit the Normal
distribution and the Weibull distribution. However, the probability distributions of FRP tensile strength
under each condition are taken as Normal distribution because of its simple computational modeling.
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The decreased tendency of β with the increasing of wet-dry cycle is similar to an exponential function.
In the beginning, β rapidly reduced with the increase of wet-dry cycles, and then β decreased very
slowly with the increase of wet-dry cycles when β reduced to a small value. The boundary value of
the two stages for both CFRP and GFRP is about 1000 times. Subsequently, through the analysis of the
design tensile strength of ACI-440, TR-55, GB 50608-2010 and GB 50367-2013, European Fib Bulletin 14
and Italian CNR guidelines on the β, it is found that only the β of CFRP composite under the design
value of the TR-55 code can always stay above 3.2, which means long-term safety can be guaranteed.
However, for the GFRP composite, all the four codes cannot guarantee the long-term safety of the
GFRP composite and the partial safety factors in these codes are still not conservative. The reliability
of the FRP composite will visually decrease as the standard deviation of the load increases. When the
standard deviation is 2σeg or more, the β is less than 3.0 under 4000 times wet-dry cycle exposure,
and the failure probability increases very obviously. Therefore, the design value of tensile strength
needs to be further conservative when the standard deviation of the load is large.
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Nomenclature

R resistance
S load effect
Tn(N) resistance after N times wet-dry cycles
Tc(N) load effect after N times wet-dry cycles
mn(N) mean of Tn(N)
σn(N) standard deviation of Tn(N)
mc(N) mean of Tc(N)
σc(N) standard deviation of Tc(N)
f0 tensile strength without environment exposure
f (N) tensile strength at N times cycle
mnC(N) mean of CFRP strength
σnC(N) standard deviation of CFRP strength
mnG(N) mean of GFRP strength
σnG(N) standard deviation of GFRP strength
β Reliability index
P failure probability
γf partial safety for materials type of GB 50608
γe partial safety for environment of GB 50608
γmf partial safety for environment of TR-55
γmm partial safety for manufacture of TR-55
CE environmental factor of ACI-440
f fu design tensile strength of ACI-440
f ∗fu Reported strength of ACI-440
f u mean ultimate strength
f fk characteristic strength of TR-55
f fd design tensile strength of TR-55
f d design tensile strength of GB 50608
f k characteristic strength of GB 50608
f 13 design tensile strength of GB 50367
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