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Abstract: The durability of two types of widely used glass fiber reinforced polymer (GFRP) bars,
one without coating (G1) and one with slightly surface sand-coating (G2), were studied through
accelerated aging. Concrete cylinders reinforced with GFRP bars were immersed in tap water in
temperature-controlled tanks. The influence of different exposure temperatures, 20, 40, and 60 °C,
and also different exposure times, 30, 60, 90, 120, and 180 days, on the degradation of the two types
of GFRP bars was investigated. The tensile strengths of GFRP bars after different exposure times
were evaluated with tensile tests, and the variation of the microstructure and elemental compositions
of conditioned specimens was evaluated with scanning electron microscopy (SEM) images and
energy dispersive X-ray spectroscopy (EDS), respectively. The degradation rate of the tensile strength
retentions of two types of GFRP bars decreased with an increase in the exposure time at all exposure
temperatures. The tensile strength retentions of the GFRP bars were studied by three commonly used
prediction models. Based on the degradation mechanism of fiber-matrix debonding, a new model
was proposed. These four models were evaluated with the test results and a new model proposed was
suggested as the best model to predict the residual tensile strength of the GFRP bars. The durability
parameters of the GFRP bars were discussed. The tensile strength retention tended to converge to a
constant value (52%) with the increase of exposure time, which contributes to the determination of
the environmental reduction factor in relevant design guides, and the fiber-matrix debonding was
found to be the main degradation mechanism due to the surrounding concrete environment. The
sand-coating had some effect on the activation energy of the GFRP bars.

Keywords: fiber reinforced polymer; tensile strength; prediction model; durability

1. Introduction

To overcome the corrosion of steel in concrete structures, fiber-reinforced polymer
(FRP) bars were developed. Among the different FRP bars, GFRP bars are used the
most due to their low cost. GFRP has been widely used in the United States, Japan, and
other countries. However, the degradation of its mechanical properties can be caused by
alkalinity in the surrounding concrete. Feng et al. [1] reviewed the degradation of the
mechanical properties of FRP bars due to severe environmental conditions. The alkalinity
of the solution can cause the deterioration of FRP bars. In most studies on the alkaline
environment, the GFRP bars were exposed to an alkaline solution and had significant
degradation of mechanical properties after conditioning. With an increase in the exposure
time, the tensile strength of the GFRP bars reduced, and the degradation rate increased as
the temperature increased (Wang and Xue [2]). Chen et al. [3] made a similar observation;
the tensile strength of the GFRP bars decreased by 36% after being exposed to an alkaline
solution at 60 °C for 70 days. Kim et al. [4] found that under humid, chloride, alkali,
and freeze-thaw cycling conditions, the tensile properties of the GFRP bars significantly
decreased, while alkaline environmental conditions had a greater impact on the degradation
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of the GFRP bars compared to other conditions. Benmokrane et al. [5] found that, among
different types of GFRP bars, GFRP bars made with vinyl-ester and epoxy exhibited the
lowest degradation rate after conditioning in an alkaline solution. Lu et al. [6] found
that the durability of GFRP bars in seawater environments was better than that of basalt
fiber-reinforced polymer (BFRP) bars because BFRP bars have higher water absorption
and weak bonding between the basalt fibers and the polymer matrix. Through accelerated
experiments, Zhu et al. [7] found that alkaline solutions have a firmer impact on GFRP than
deionized water, seawater, and acidic solutions.

Numerous studies have been carried out to develop durability prediction models for
GFRP bars. Many of these were based on the Arrhenius equation. Phani and Bose [8]
investigated the effects of environmental history on the strength characteristics of the
CSM-laminate through three-point bending tests. Based on the test results, the prediction
model of the strength degradation was developed according to the Arrhenius equation.
The degradation of the interlaminar shear strength of different types of FRP bars aged in an
alkaline solution was studied based on Arrhenius theory [9,10]. The tensile strength degra-
dation of GFRP bars exposed to tap water, artificial seawater, and alkaline solutions was
investigated and prediction models were developed based on the Arrhenius equation by
Luetal. [11]. Guo et al. [12] used the Arrhenius model to predict the long-term short-beam
shear strength (SBSS) and three-point bending strength (TPBS) of GFRP reinforcement
under bridge service environments. Emparanza et al. [13] predicted that all GFRP bars that
meet the acceptance criteria are expected to maintain 85% tensile strength at 23 °C based
on the Arrhenius equation. Chen et al. [14] investigated the tensile strength degradation of
GFRP bars exposed to simulated concrete pore solutions and made a prediction according
to the Arrhenius equation. Huang and Aboutaha [15] proposed a prediction model using
time extrapolation and time-temperature shift approaches. Bazli et al. [16] studied the
durability of GFRP in seawater, alkali solution, and high-temperature environments using
the Arrhenius formula in conjunction with Fick’s law, and found that the water diffusion
coefficient increased with increases in temperature. Zhang et al. [17] established a moisture
absorption model of GFRP bars in steam-curing concrete and found that the moisture
absorption curve essentially conformed to Fick’s law. Phani et al. [8] developed an expo-
nential model for the flexural strength and tensile strength degradation of GFRP and BFRP
bars exposed to harsh alkaline solutions. Based on this, Morales et al. [18] developed an
exponential model for the prediction of GFRP tensile strength degradation. Duo et al. [19]
collected experimental data on the tensile strength and elastic modulus of 557 GFRP and
BFRP steel bars under different harsh environments, and adjusted the exponential model
to make the meaning of the model parameters clearer.

Most prediction models were developed from the results of accelerated tests, where
the FRP bars were exposed to simulated concrete pore solutions [20-24]. Few tests have
been performed on FRP bars in actual concrete. Indeed, GFRP reinforcement has different
durability in simulated concrete pore solutions compared with that in actual concrete
environments [21]. Furthermore, the models in most studies were established based on
one theory [25-27], and it would be beneficial to consider different theories. In this study,
the degradation of GFRP bars in concrete under accelerated aging was investigated. To
avoid uneven corrosion of the GFRP bars by the environment, a cylinder concrete specimen
with a GFRP rebar in the center was designed. Based on the test results, four models were
developed and evaluated for the prediction of the long-term tensile strength of GFRP bars.
The T, — 1/(1 + el/B ) prediction model was considered to be the best model.

2. Experimental Preparation
2.1. Materials

Two types of GFRP ribbed bars with a diameter of 12 mm, as shown in Figure 1, were
tested. They were made of E-glass fibers and vinyl ester resin, one without coating (G1)
and one with slight surface sand-coating (G2). Both had more than 70% of glass fibers by
volume. The GFRP bars were produced in the factory. For the sand-coating, a sandblasting
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machine was used to direct highly pressurized air and quartz sand onto the surface of the
GEFRP bars.

Figure 1. Two types of GFRP ribbed bars.

For the concrete, P.O 42.5 ordinary Portland cement was used, and the proportions
for cement, water, and fine and coarse aggregate were 1:0.519:1.834:3.724 by weight. Three
cubic specimens of 150 mm x 150 mm x 150 mm were fabricated and cured following the
same procedure as the concrete cylinder specimens with the GFRP bars, and the 28-day
compressive strength was 34.0 MPa for G1 specimens and 34.9 MPa for G2 specimens.

2.2. Specimens Design and Preparation

A 900-mm long GFRP bar was placed in the center of the concrete cylinder of 100
mm diameter and 200 mm height, as shown in Figure 2. The cylinder specimen was
used, considering the influence on the GFRP bar in the cylinder specimen by the exposure
environment was the same in all directions.

(b)

Figure 2. Fabrication of concrete specimens with GFRP bars: (a) Molds secured in place; (b) Concrete

specimens with GFRP bars.

To prevent local failure at the ends of the GFRP bars in the tensile tests, the GFRP
bars were strengthened at the ends with 45 # seamless steel tubes with internal threads,
and epoxy was injected into the tubes. The concrete specimens were then fabricated with
specially made molds and frames, as shown in Figure 2a. The specimens were cured in
the laboratory at a temperature of 20 & 5 °C for one day, and after demolding they were
kept in a standard curing room with a temperature of 20 &+ 2 °C and humidity over 90%
for 28 days. The specimens were then immersed in different temperature-controlled water
tanks (20, 40, and 60 °C). Elevated temperatures were used to accelerate the aging of the
GFRP bars. The influence of different exposure temperatures, 20, 40, and 60 °C, and also
different exposure times, 30, 60, 90, 120, and 180 days, on the degradation was investigated.
Five specimens were prepared for each condition (exposure time and temperature).
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After the designed exposure time, the concrete specimens were split along the longitu-
dinal direction, and the GFRP bars were extracted for further tests.

2.3. Test Method
2.3.1. Tensile Strength Test

Tensile tests were performed following GB/T 13096-2008 [28]. Two strain gages were
placed in the middle of each GFRP bar. All data were collected by the NI system. The
test instruments are shown in Figure 3. Five specimens were tested for each condition
(exposure time and temperature).

(b)

Figure 3. Test instrument: (a) 500 kN multifunctional hydraulic testing machine; (b) NI data acquisi-

tion instrument.

2.3.2. Microstructure Analysis

The XL30-FEG SEM was used to observe the microstructure of GFRP. 5 mm thick
samples of GFRP were prepared, as shown in Figure 4.

Figure 4. SEM sample preparation.

2.3.3. Elemental Composition Analysis

The element analysis of GFRP bars was carried out by energy-dispersive X-ray spec-
troscopy (EDS), which is compatible with the electron microscope model XL30-FEG. EDS
works to identify the main elemental compositions of fibers in GFRP, and the change in the
fiber’s chemical composition during the aging process was analyzed [18].

2.3.4. Alkalinity Analysis of Concrete Pore Solution

The ex situ leaching method is known for its simplicity and accuracy in all pH mea-
surement methods [29-31] and is the most widely used method for the pH measurement of
concrete. In this paper, the alkalinity of concrete pore solution was analyzed with the ex situ
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leaching method. 10 mm deep holes were drilled from the surface of the concrete cylinders,
and then the concrete powder from a depth of 10 mm to 40 mm was collected by drilling.
After grinding, the powder was sieved using a 0.08 mm sieve. The solution was made
with the powder and the pH value was analyzed with the pH meter. The experimental
procedure is shown in Figure 5.

(d) e)

Figure 5. Determination of pH value of pore solution in concrete: (a) Hole drilling; (b) Concrete
powder after aging for 60 days; (c) Weight after sieving; (d) Solution; (e) pH analysis.

3. Results and Discussion
3.1. Tensile Strength Test

The diameters of all the GFRP bars before and after conditioning were measured and
the change was negligible for all the condition temperatures and exposure times.

All the GFRP bars failed in the middle of the length. During the tensile strength tests,
the GFRP bars showed approximately linear stress—strain behavior up to failure, character-
ized by delamination and fiber fracture. This applied to all the GFRP bars, including the
unconditioned ones and also the conditioned ones in water.

The modulus of elasticity of the GFRP bars after different exposure times at different
temperatures is shown in Figure 6 the exposure time or temperature had no significant
influence on the residual modulus of elasticity of the GFRP bars, which was consistent with
the test results of Wu [32]. In addition, exposure temperature has no significant influence
on the residual elastic modulus.
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Figure 6. Modulus of elasticity of GFRP bars after accelerated aging: (a) G1; (b) G2.

The tensile strength retention (T}.) was calculated as the percentage of the tensile
strength of the GFRP bars after conditioning over that of the unconditioned ones, as shown
in Figure 7. The tensile strength of both G1 and G2 decreased with increased exposure
time at all exposure temperatures. For aging at 20 °C, the degradation rate of both G1 and
G2 decreased after 120 days. For aging at 40 °C, the degradation rate of both G1 and G2
varied little. For aging at 60 °C, the degradation rate of G1 decreased significantly after
60 days, while the degradation rate of G2 decreased significantly after 30 and 120 days.
The degradation rate decreased as the exposure time increased, and the tensile strength
retentions tended to converge to a constant value with increased exposure time. As the
exposure temperature increased, the degradation rate increased. This was mainly because
both the rate of hydrolysis of resin and the reaction between the fiber and hydroxide ion
increased as the temperature increased. For aging at 20, 40 °C and 60 °C, there was little
difference in the residual tensile strength between the two types of GFRP bars after different
exposure times, except 60 days at 60 °C, when G2 had a higher tensile strength retention
than G1 (shown in Figure 8). It should be emphasized that after 180 days (the longest
exposure time), the residual tensile strength of the two types of GFRP bars was similar.
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() (b)

Figure 7. Tensile strength retention of GFRP bars after accelerated aging at different temperatures:
(a) G1; (b) G2.

There has been little relevant research in this field. The experimental results of this
study (G1, 20 °C) were compared with those of Wu’s study [32], as shown in Table 1. The
deviation of the residual tensile strength at both 90 and 180 days was small, which verifies
the accuracy of the test.
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Figure 8. Tensile strength retention of two types of GFRP bars after accelerated aging at different
ages: (a) 20 °C; (b) 40 °C; (c) 60 °C.

Table 1. Comparison of residual tensile strength between this article and Wu [32].

Time (Days) This Article (%) Wu (%)
90 88.8 87.5
180 80.3 83.8

3.2. Microstructure Analysis of GFRP Bars

The microstructure of unconditioned G1 and G2 was analyzed with SEM, as shown in
Figures 9 and 10, respectively.

AccV SpotMagn
20.0kV 30 100x

1 : <€, 3 &5 53
Acc.V SpotMagn Det WD Exp f————{ Tmm Acc [ ) ——
200KY30 27x  SE 157 1 i y £ 153 1

EC L

Figure 10. Microstructure of unconditioned G2: (a) 27 x G2; (b) 500x G2.

After conditioning in concrete at different temperatures for 180 days, the microstruc-
tures of G1 and G2 are illustrated in Figures 11 and 12, and Figures 13 and 14, respectively.
Comparing Figure 10a with Figures 13a and 14a, more voids were observed at the edge
of the GFRP bars after conditioning for G2, which also applied for G1. This was due to the



Buildings 2023, 13, 1035 8 of 23

decomposition of resin by the alkaline solutions in the concrete. As shown in Figures 11-14,
the cross sections of most of the glass fibers remained a complete circle with little defect.
Degradation of the fibers was not obvious. It was possible that the corrosion of glass fibers
mainly developed along the fiber direction and defects might not have been detected.

The matrix damage and debonding between the matrix and fibers could be observed
for both types of GFRP at all temperatures, as shown in Figures 11-14, which was caused
by the hydrolysis of resin. This was the main reason for the degradation of the GFRP bars.
The debonding can result in uneven distribution of stress under loading, and thus fibers
with greater stress fractured earlier.

W,gu;‘
§3 % e RO, SR < LN
oV Spot Magn ' 2 SpotMagn  Det WD Exp |————| 50m

20.0 KV 30 100x £ 2 500« SE 144 1
e S N - —1 e s, ST -

(a) (b)
Figure 11. Microstructure of G1 after accelerated aging at 20 °C for 180 days: (a) 100x G1; (b) 500x G1.

T

Acc¥ SpotMagn Dt — scV Spot [ S — y
200kV30 29x SE,J}ZQ1 - P r ZE\OVk‘\/ 30 509)(7 SE 14.1‘1 — )
@) (b)
Figure 12. The microstructure of G1 after accelerated aging at 60 °C for 180 days: (a) 29x GI;

(b) 500x G1.

AccN SpotMagn Det WD Exp

200K/30 500x SE 154 1

(b)

Figure 13. The microstructure of G2 after accelerated aging at 20 °C for 180 days: (a) 25x G2;
(b) 500 G2.
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Figure 14. The microstructure of G2 after accelerated aging at 60 °C for 180 days: (a) 25x G2;
(b) 500 G2.

Comparing the corrosion of G1 and G2, it was found that the G1 surface was rougher
than the G2 surface, and in most cases, the debonding condition of G1 was also more severe
than that of G2. The sand-coating surface of G2 can provide certain protection for GFRP
bars and thus slow down the corrosion of GFRP bars.

3.3. Analysis of Elemental Composition of Glass Fiber

The elemental composition of the glass fiber of G1 before conditioning and after
conditioning in concrete for 180 days at 60 °C was analyzed with EDS. The analysis results
are illustrated in Figure 15. Fibers where deterioration of the fiber-matrix interface had
developed were selected for analysis.

2.5 4 i 17 q

Ca

Ca

e 00 - T - -
N W00 1200 1400 1600 0.00 2.00 400 .00 2.00 1000 1200 1400 1600

X
Energy - keV Energy - keV

(a) (b)

Figure 15. Elemental composition of fibers of G1: (a) Before conditioning; (b) After accelerated aging
at 60 °C for 180 days. (Notes: The peak on the right of Si was Au. GFRP itself does not contain gold
elements, and this came from the gold coating for the sample preparation. This element is not listed

T T T
0.00 2.00 4.00 6.00

in the figure.)

Comparing Figure 15a,b, there was little change in the elemental composition of the
fibers. So fiber corrosion was not the reason for the degradation of the GFRP, and the
deterioration of the fiber-matrix interface was the dominant degradation mechanism for
GEFRP bars in concrete.

3.4. Alkalinity Analysis of Concrete Pore Solution

The pH values of the concrete pore solution at different exposure temperatures devel-
oped with time, as shown in Figure 16. The pH value fluctuated at 13.5 for all exposure
temperatures, and there was little variation with time. The fluctuation of the pH value was
caused by the hydration development in the saturated concrete.
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Figure 16. pH value of concrete pore solution versus time.

4. Prediction of Tensile Strength Degradation of GFRP Bars
4.1. Prediction Models

Different prediction models for long-term performance were developed based on the
Arrhenius formula, as shown in Equation (1):

k= Ae E/RT (1)

where k is the reaction rate, A is the Arrhenius constant (same unit as k), E, is activation
energy (J/mol or kJ/mol), R is gas constant (8.314 ]/ (mol - k)) and T is the absolute temper-
ature (K). According to the Arrhenius formula, as E, increases, the influence of temperature
on the reaction rate increases. For a certain chemical reaction, E, is a constant, and thus the
reaction rate can be changed through temperature change.

4.1.1. T,, — Igt Prediction Model
Tensile strength retention was predicted with Equation (2):

Tre = alg(t) +b ()

where ¢ is the exposure time, and a4 and b are regression constants. This model was first
developed by Proctor et al. [33] and was successfully applied in the prediction of the
residual strength of glass fiber concrete (GRC). Bank et al. [34] introduced this method in
the prediction of the property development of GFRP bars. However, there are limitations
to this model. Firstly, no degradation mechanism is considered. Secondly, the strength
approaches infinity at time zero based on this model.

As shown in Tables 2 and 3, the coefficient of determinations (R?) was low for G1,
while R? was above 0.90 for G2.

Table 2. Determined values of a2 and b (G1).

T (°O) a b R? (%)
20 —234 132.2 87
40 -36.1 143.7 90
60 —13.6 82.9 61

Table 3. Determined values of 4 and b (G2).

T (°C) a b R? (%)
20 —185 1237 9%
40 —31.9 133.9 99
60 —26.8 110.0 93

Arrhenius plots for tensile strength retention to reach 90%, 80%, 70%, and 60% were
developed based on the regression coefficients determined, as shown in Figure 17. The
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Arrhenius lines based on the first model were not parallel to each other. This implied
that the degradation mechanism changed over time, which violated the premise of the
Arrhenius equation. Therefore, the first model was not suitable for the long-term tensile
strength prediction of GFRP bars.

= 90%

.2 . | . \ . .
0.0030  0.0031 0.0032 0.0033 0.0034 DA10030 0.0031 0.0032  0.0033  0.0034
1T 1T

(@) (b)
Figure 17. Arrhenius graphs based on the first prediction model: (a) G1; (b) G2.

41.2. T,, — e~ /T Prediction Model

Phani and Bose [8] proposed a prediction model for the bend strength reduction of
random-fiber composites due to hydrothermal effects following the Arrhenius formula, as
Equation (3):

o(t) = (0p — 0c0) - €xp {—;0 -exp(;{?ﬂ + 0o, )

where o (t) is the strength at time £, 0y is the strength at time 0, 0w is the strength at the time
of infinite, E, is activation energy (J/mol or k] /mol), R is gas constant (8.314 J/ (mol - K)),
Ty is a constant, and T is the absolute temperature (K). The premise of this model is that
the degradation of GFRP is caused by the debonding between the glass fiber and resin
matrix [35]. Equation (4) could be derived from Equations (1) and (3):

(c0-aw) exp| - gexp (58| 4o

Tre:%me: x 100

= (100 - Tre_w) sexp [_TLO . ei?p(R]%’)} + Tre oo 4)

where T,  is the tensile strength retention rate (%) at the time of infinite. As 1/7 =

1/7 - exp (%—%) , the second prediction model could be derived as Equation (5):

—t
TVE = (100 - Treioo) . EXP |:T:| + TT€700 (5)

where T is a characteristic time dependent on temperature.

The debonding between the glass fiber and resin matrix was observed by SEM as
discussed, which satisfied the premise of the model. The T,, — t fitting curves of the
second prediction model are shown in Figure 18, and the values of T, « and T are listed in
Tables 4 and 5.

As shown in Tables 4 and 5, T, « of both GFRP bars tended towards a certain value at
different temperatures (20 °C, 40 °C, and 60 °C). For both GFRP bars, the R? was above 97%,
and thus Equation (5) can be used in the study of the long-term performance of GFRP bars.



Buildings 2023, 13, 1035 12 0f 23

100 100

S s Be S IEy-
90 \‘\ N \ . A B0°C %0 ,\'\\\ ‘ A B0°C
8ol 2 \.‘ = g0l i .
g \ % - N, =
e 70 *.\ “~\'\\ 70 \\-‘ S —
N S Ny =
60 ~. 60 =
50 ‘ : i e 50 : Pl
0 30 60 90 120 150 180 0 30 80 9 120 150 180
t(days) t(days)
() (b)
Figure 18. T, — t fitting curves under different temperatures based on the second prediction model:
(a) G2; (b) G2.
Table 4. Determined values of Ty, « and T (G1).
T(°QO) Tre_oo (%) T R? (%)
20 52.0 288.9 98
40 524 110.5 99
60 52.6 274 99
Table 5. Determined values of Ty, o and T (G2).
T (°C) Tre_oo (%) T R (%)
20 52.3 341.1 97
40 52.3 96.7 99
60 52.3 34.2 99

To verify whether the fitting of the second prediction model conforms to the Arrhenius
formula, Equation (5) was transformed into Equation (6):

t= —ln[(Tre - Tre_oo)/(loo - Tre_oo)] T (6)

For Ty of 90%, 80%, 70%, and 60% respectively, the values of Int at different tem-
peratures can be calculated, and the Int — 1/T fitting lines are presented in Figure 19. In
addition, E; /R can be determined, as shown in Tables 6 and 7.

o
u 90%
sl & 5 _—
v eo% =
] —
5 i —
= =
_—— - -
B 2 >
gt o -
3 - L
al- e
2pei””
y . . . ; ; ; i
0.0030 00031 00032 00033  0.0034 0.0030 00031 00032 00033 00034
T 1T
(@ (b)

Figure 19. Arrhenius graphs based on the second prediction model: (a) G1; (b) G2.
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Table 6. Values of E; /R (G1) based on the second prediction model.

Tre (%) E./R R2 (%)
90 5687.4 96
80 5669.0 96
70 5681.1 9
60 5633.0 96

Table 7. Values of E; /R (G2) based on the second prediction model.

Tre (%) E./R R? (%)
90 5621.3 99
80 5621.3 99
70 5621.3 99
60 5621.3 99

From Figure 19, and Tables 6 and 7, it could be concluded that the Arrhenius lines of the
same types of GFRP bars for different strength retention were parallel to each other, which
implied that this model conformed to the premise of the Arrhenius formula. Therefore, the
Arrhenius formula could be used to predict the long-term tensile strength retention of the
GFRP bars. For both GFRP bars, the R? was above 96%.

The time shift factor (TSF) was introduced to describe the relationship between the
degradation rate at the selected temperature (T},) and at the reference temperature Tj.
According to Tables 6 and 7, the differences of T, « between the two types of GFRP bars at
temperatures of 20, 40, and 60 °C were negligible. For the same tensile strength retention,
TSF could be derived as Equation (7):

7 (=In[(Tre — Tre 00)/ (1 — Tre_o0)] ~T)u T
TSF = = (Thnl(Te —Tre o) /(A —Trem)] Ty~ T @)

where t; and t;, are the exposure time needed to reach the same T;, at temperatures T, and
Ty, respectively; 7, and T, are the time constants at temperatures T, and Tj, respectively.

The TSF values of the two kinds of GFRP bars at temperatures (40 °C and 60 °C)
relative to the reference temperature (20 °C) were calculated according to Tables 4 and 5
and Equation (7), as shown in Table 8. For the same T, the exposure time needed at
temperature T, can be estimated with the exposure time needed at temperature T;, and the
TSF value. Thus, the tested exposure times at temperatures of 40 and 60 °C were converted
to the estimated exposure times needed at 20 °C, and the estimated data and the test data
at 20 °C, with the curve for 20 °C by the second prediction model, were plotted and are
shown in Figure 20.

100 100
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+ 20C 5 + 20C
90 F 90 ,
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LS80 80
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F 70 ) .
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L]
60 7y 60 x
55 55 —_—
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t(days)
(a) (b)

Figure 20. Estimated data and test data at 20 °C with the curve for 20 °C by the second model: (a) G1;
(b) G2.
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Table 8. TSF at temperatures of 20, 40, and 60 °C based on the second prediction model.

GFRP Type 20°C 40°C 60 °C
Gl 1.00 2.61 10.54
G2 1.00 3.53 9.97

As shown in Figure 20, the curve by the second model fitted well with the data.
Therefore, the second model can be used for predicting the long-term tensile strength
retention of GFRP bars. Some data had higher tensile strength retention than the data at
earlier times, which was due to experimental error and individual differences among the
GFRP bars. With the standard deviation considered, the tensile strength retention declined
with time. As time increased, Ty, o converged to 52%, according to the second model.

4.1.3. Ty, — V2ACt Prediction Model

Uomoto T and Katsuki F [36] believed that areas of GFRP bars with alkalinity perme-
ated provide no strength. The reserved strength is provided by areas where no alkalinity is
reached and the strength in this area stays the same as the initial strength. Assuming that
the diameter of the corroded GFRP bar stays unchanged, the prediction model could be
developed with Fick’s law, as in Equation (8):

2
( \/ZACt>
0y = 0p - 1-—

®)

70

where 0} is the tensile strength at the time ¢, 0y is the initial tensile strength, rg is the radius
of the GFRP bar, A is the diffusion coefficient, and C is the solution concentration. Equation
(9) below could be derived through Equation (8):

2
V2ACH
Tre = 24 % 100 = <1— ) % 100 )
0o o

The diameters of G1 and G2 changed little after conditioning, which satisfied the
premise of this prediction model. This model was conservative, as the strength of the part
of the GFRP bars with alkalinity permeated was not considered. The T;, — ¢ fitting curves
of the third prediction model were plotted and are shown in Figure 21, and the values of
V2AC are listed in Tables 9 and 10.

As shown in Tables 8 and 9, the R? of all the fitting curves based on the third model
were above 94% for both GFRP bars.

100 100
- | = 20 . " 20C
® 40°C 40°C
901> 2 . L e 90\ | 2 s
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~. -~
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Figure 21. T, — t fitting curves based on the third model: (a) G1; (b) G2.
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Table 9. Values of v/2AC (G1).

T (O V2AC R (%)
20 0.0864 94
40 0.1826 99
60 0.2792 94

Table 10. Values of v/2AC (G2).

T (O V2AC R? (%)
20 0.0804 95
40 0.1880 99
60 0.2923 94

To validate whether the fitting of the test data based on the third prediction model
conformed to the relationship between exposure time and temperature in the Arrhenius
formula, Equation (9) was transformed into Equation (10):

[V

When T, (%) was 90, 80, 70, and 60 respectively, the values of Int at different temper-
atures were determined. The Int — 1/T fitting lines are presented in Figure 22, and the
values of E; /R are listed in Tables 11 and 12.

2
/(2AC) (10)

= 90%| Ll L] BD:/n
NEL hit-f
v 60% i v 60% -
4 v”r”' = 4 ‘,’_,"‘ o
E3 ’,“"/’A"’.’.’ E3 ””_—’."/’—
2 — e all e e 2' e - * s s
1 et 1 _eied”
0.%5?;6 00031 00032 00035 00034 o030 00031 oo0:2 00033 00034
T T
(a) (b)
Figure 22. Arrhenius graphs based on the third prediction model: (a) G1; (b) G2.
Table 11. Values of E; /R (G1) based on the third prediction model.
Tre (%) E,/R R? (%)
90 5753.8 97
80 5753.8 97
70 5753.8 97
60 5753.8 97
Table 12. Values of E; /R (G2) based on the third prediction model.
Tre (%) Ea/R R? (%)
20 6335.6 96
80 6335.6 96
70 6335.6 96
60 6335.6 96
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From Figure 22, and Tables 11 and 12, the Arrhenius lines for different strength
retentions were parallel to each other, which indicated that the third model conformed to
the premise of the Arrhenius formula and could be used to predict the long-term tensile
strength retention of GFRP bars. TSF was calculated as Equation (11):

= 5 = (11)

' Kl a \/E> 'VO}Z/(ZAC) (AC),

b

where (AC), and (AC), are the time constants at temperatures T, and Tj, respectively.

The TSF of the two kinds of GFRP bars at different temperatures (40 °C and 60 °C)
relative to the reference temperature (20 °C) was calculated according to Tables 9 and 10,
and Equation (11), as shown in Table 13. Thus, the test exposure times at temperatures of
40 °C and 60 °C were converted to the estimated exposure times needed at 20 °C, and the
estimated data and the test data at 20 °C, with the curve for 20 °C by the third prediction
model, were plotted and are shown in Figure 23.

Table 13. TSF at temperatures of 20, 40, and 60 °C based on the third prediction model.

GFRP Type 20°C 40°C 60 °C
G1 1.00 4.47 10.44
G2 1.00 5.47 13.22
100 100
%5 20°C_PMC 95 20°C_PMC
A b adl 3 . * 20C
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T 70 e 27 "
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Figure 23. Estimated data and test data at 20 °C, with the curve for 20 °C by the third model: (a) G1;
(b) G2.

As shown in Figure 23, the curve by the third model fitted well with the data. Some
data had higher tensile strength retention than the data at earlier times, which was due
to experimental error and individual differences among the GFRP bars. However, even
though the standard deviation was considered, there were still some unreasonable data in
Figure 23a, which indicated that the third model was irrational. Also with increased time,
the development ratio of the strength retention did not decrease significantly, as it did in
the test. Therefore, the third prediction model was not suitable for the prediction of the
long-term tensile strength of GFRP bars in concrete.

4.14. Tre — 1/(1 + €!/B) Prediction Model

As shown in the SEM images, the decrease in the tensile strength of the GFRP was due
to the debonding between the matrix resins and glass fibers. Considering the nonlinear
growth of the debonding, a new model was proposed based on the Boltzmann equation
(Equation (12)), as Equation (13):

A1 — Ay

y= 1+ e(x—xg)/dx + Az (12)
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o _ 2100 = Ty o)
re — 1—|—et/B

where B is a time constant dependent on temperature.
Equation (13) was fitted to the test data and the T, — ¢ fitting curves of the fourth pre-
diction model are shown in Figure 24. The values of Ty, « and B are listed in Tables 14 and 15.

+ Tre_co, (13)
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Figure 24. T, — t fitting curves based on the fourth prediction model: (a) G1; (b) G2.

Table 14. Determined values of Ty « and T (G1).

T(CO Tre_co (%) B R? (%)
20 52.0 167.9 98
40 52.0 74.5 99
60 52.0 215 99

Table 15. Determined values of Ty, o and T (G2).

T (°C) Tre oo (%) B R? (%)
20 51.0 207.0 95
40 51.0 64.3 97
60 51.0 252 99

As shown in Tables 14 and 15, the Ty, o 0of both GFRP bars tended towards a certain
value at different temperatures (20, 40, and 60 °C). For both GFRP bars, the R? was above
95%, and thus Equation (13) can be used in the prediction of the long-term performance of
GFRP bars.

To validate whether the fitting of the fourth prediction model conformed to the
Arrhenius formula, Equation (13) was transformed into Equation (14):

2(100 — Tre o) )
t=In| ———~—-1) xB 14
( Tre - Tre_oo ( )

For Tye of 90%, 80%, 70%, and 60% respectively, the values of Inf at different tempera-
tures were calculated, and the Int — 1/T fitting lines are presented in Figure 25. in addition,
E,/R was determined, as shown in Tables 16 and 17.

Table 16. Values of E; /R (G1) based on the fourth prediction model.

Tye (%) E./R R? (%)
90 4989.2 95
80 4989.2 95
70 4989.2 95

60 4989.2 95
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Table 17. Values of E; /R (G2) based on the fourth prediction model.

Tre (%) E./R R2 (%)
90 5150.0 99
80 5150.0 99
70 5150.0 99
60 5150.0 99

= 90%]
& 80Y%

A 70%)

3 -
2 A 1 i 2 A 1 i
0.0030 0.0031 0.0032 0.0033 0.0034 0.0030 0.0031 0.0032 0.0033 0.0034
1T 1T
(a) (b)

Figure 25. Arrhenius graphs based on the fourth prediction model: (a) G1; (b) G2.

From Figure 25, and Tables 16 and 17, it can be seen that the Arrhenius lines under
different strength retentions were parallel to each other. For both GFRP bars, the R? was
above 95%. The TSF was calculated as Equation (15):

o () <B), s,

TSF = o 2(100—Tye o) -~ B

o () <8), B
where B, and By, are time constants at temperatures T, and Tj, respectively.
The TSF values of the two kinds of GFRP at temperatures (40 °C and 60 °C) relative
to the reference temperature (20 °C) were calculated according to Tables 14 and 15, and
Equation (15), as shown in Table 18. In addition, the test exposure times at temperatures of
40 °C and 60 °C were converted to the estimated exposure times needed at 20 °C, and the

estimated data and the test data at 20 °C, with the curve for 20 °C by the fourth prediction
model, were plotted in Figure 26.

(15)
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Figure 26. Estimated data and test data at 20 °C, with the curve for 20 °C by the fourth model: (a) G1;
(b) G2.
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Table 18. TSF at temperatures of 20, 40, and 60 °C based on the fourth prediction model.

GFRP Type 20°C 40°C 60 °C
Gl 1.00 2.22 7.81
G2 1.00 3.22 8.22

As shown in Figure 26, the curve by the fourth model fitted well with the data.
In addition, the fourth model can be used for predicting the long-term tensile strength
retention of GFRP bars.

According to Figures 20, 23 and 26, the R? values of the second, third, and fourth
models are listed in Table 19.

Table 19. R? values of the second, third, and fourth models for the estimated data and test data
at 20 °C.

GFRP Type Second Model Third Model Fourth Model
Gl 0.99 0.94 0.99
G2 0.99 0.98 0.97

According to Table 19, the third model had a lower R? value. According to Figures 20
and 26, for both the second and fourth models, some data had higher tensile strength
retention than the data at earlier times. There were fewer problem data for the fourth
model, which indicated that the fourth model was more suitable than the second model in
this study. Thus, the fourth model was recommended as the best model for predicting the
long-term tensile strength of GFRP bars in concrete.

According to Equations (13) and (15), the strength retention can be calculated as:

2(100 — Tye o)

TI’E — 14+ eTSFtb/Bu

+ Tre_oo (16)

According to the China statistical yearbook 2013 [37], the average annual temperatures
of the main cities in China ranged from 4.6 °C (Harbin) to 24.6 °C (Haikou), and between
these, the average annual temperatures in Beijing, Shanghai, and Guangzhou were 12.9 °C,
16.9 °C, and 21.7 °C, respectively. The values of TSF at different temperatures relative to
the reference temperature of 20 °C were calculated. The T;, — f curves were plotted based
on Equation (13), as shown in Figure 27.
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Figure 27. T;, — t curves: (a) G1; (b) G2.

Figure 27 shows that for all the temperatures, the slopes of the curves decreased over
time and eventually stayed at zero, which meant that the GFRP tensile strength retention
stayed at a certain level after some time. As the temperature increased, the decline rate
increased. For the same type of GFRP bars, the eventual tensile strength retention at
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different temperatures was the same. The decline rate of G2 was smaller than G1 at the
same temperature.

4.2. Durability Parameters of GERP Bars
4.2.1. Tre oo

As shown in Tables 4 and 5, and Figure 20, as well as in Tables 14 and 15, and Figure 26,
for both GFRP bars, Ty, « Was about 52% at all three temperatures, 20 °C, 40 °C, and 60 °C,
which indicates that the temperature can accelerate the corrosion without altering the
mechanism of corrosion. in addition, the final tensile strength at the time of infinity would
be the same under any temperature, as long as the physical condition of the GFRP bars
remains unchanged (e.g., not exceeding the glass transition temperature of GFRP).

In the experiment, the GFRP bars were exposed to a moisture-saturated environment
in concrete, but in practice, the moisture in concrete is normally unsaturated. The exposure
condition in this study was more severe than that in practice, considering the hydrolysis
reaction in the GFRP corrosion under an alkaline environment [38]. Therefore, the tensile
strength retention rate of the GFRP bars in this study was conservative.

Lgbal et al. [39] concluded that in most articles, the tensile strength retention of GFRP
bars is above 60%, irrespective of aging conditions. In this study, after 90-day aging at
60 °C, the residual tensile strength of GFRP was below 60%.

4.2.2. Activation Energy E,

As shown in Tables 6, 7, 11, 12, 16 and 17, the activation energies of the same material
under different temperatures were almost the same.

According to the Arrhenius equation, the reaction rate under the same temperature
was negatively correlated with the activation energy, i.e., higher activation energy meant
a slower corrosion rate. The activation energy can be regarded as one of the evaluation
parameters for the durability of GFRP bars. However, the value of activation energy
is related to the prediction model and different models can result in different values of
activation energy. Thus, the activation energy should be compared under similar models.

The activation energy of GFRP bars determined in this study and former studies are
summarized in Table 20.

Table 20. Activation energy as determined in different studies.

Data Source Test Condition Prediction Model GFRP E,; (KJ/mol)
G1 47
Tye — e~ t/7 (The second prediction model) Q2 47
This study Concrete Cylinders Tye — e /T (The third prediction model) g; gg
_ t/B _ Gl 50
Tre —1/ (1 +e ) (The fourth prediction model) 2 50
Concrete Beams 47
Davalos [35] (not-loaded) Tye — e~/T (The second prediction model) E-glass & vinyl ester
Concrete Beams 3
(loaded)
Phani [8] Hot water Tpe —e t/T (The second prediction model) E-glass & polyester 12
Wang [2] Alkaline Solution Tre — 1gt (The first prediction model) E-glass & vinyl ester 46

From Table 18, the activation energies of both types of GFRP bars under the second
prediction model in this study were the same, and they were the same as the result by
Davalos. The activation energy of G2 under the third prediction model was 10% higher
than that of G1, and under the fourth prediction model, the activation energy of G2
was 4% higher than that of G1. Considering the SEM analysis, it can be concluded that



Buildings 2023, 13, 1035

21 0f 23

the corrosion of sand-coated GFRP bars was slower than ordinary ones in an alkaline
environment of concrete.

In the study by Davalos et al. [35], the activation energy of GFRP bars under load was
lower than that of GFRP bars without load, and it was believed that the load increased the
reaction rate.

5. Conclusions

1.  Exposure time and temperature had no significant influence on the modulus of
elasticity of the GFRP bars. The degradation rate of the tensile strength of both G1
and G2 decreased with increased exposure time at all exposure temperatures, and
the tensile strength retentions tended to converge to a constant value with increased
exposure time. As the exposure temperature increased, the degradation rate increased.

2. According to the analysis of microstructure by SEM, the matrix damage and debond-
ing between the matrix and fibers was observed for both types of GFRP at all tempera-
tures, due to the hydrolysis of resin in the alkaline environment of concrete. This was
the main reason for the degradation of the GFRP bars. The corrosion of the ordinary
GFRP bar was more severe than the sand-coated one.

3. According to the EDS analysis, little change was observed in the elemental composi-
tion of the fibers after the 180-day exposure, and the fiber corrosion was not the main
reason for the degradation of the GFRP. The deterioration of the fiber-matrix interface
was the dominant degradation mechanism for the GFRP bars in concrete.

4. Four prediction models for GFRP tensile strength were developed based on the test
results. The second and fourth models were suitable for the long-term tensile strength
prediction of GFRP bars, and the fourth model was suggested to be the best model.

5. For both GFRP bars, Ty, « Was about 52% at all three temperatures, 20, 40, and 60 °C,
which indicates that the temperature can accelerate the corrosion without altering
the mechanism of corrosion. At the time of infinity, the final tensile strength would
be the same under any temperature, as long as the physical condition of the GFRP
bars remains unchanged (e.g., does not exceed the glass transition temperature of
the GFRP). The tensile strength retention rate of the GFRP bars in this study was
conservative, considering more severe exposure conditions in the experiment than in
practice. In addition, this study is helpful for the determination of the environmental
reduction factor in the design guides.

6.  This study focused on the degradation of tensile strength and elastic modulus of
GFRP bars, and further work is suggested on the shear strength and flexural strength
of GFRP bars, as well as the adhesive properties between GFRP bars and concrete.

7. In practice, concrete rarely remains in saturated humidity; therefore, the durability of
GFRP bars in concrete with different humidities should be studied.
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