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This paper presents the results of experimental investigations on the durability of glass-fiber-reinforced polymer (GFRP) pultruded profiles made of unsaturated polyester (UP) and vinylester (VE) resins commonly used in civil engineering. The water absorption, tensile properties, and microstructures of GFRP profiles exposed to several typical accelerated aging environments (e.g., deionized water, salt water, salt fog, and combined hygrothermal cycles) for 12 months were investigated. Moreover, a sustained loading factor was included in the test to reflect the behavior of the GFRP profiles in real structures. A normalization approach based on the controlled specimens was used to assess the effectiveness and relevance of the accelerated exposure. The results indicated that the maximum moisture absorption of both UP and VE GFRP profiles was immersed in deionized water, where the masses increased by 1.03 and 0.53%, respectively, leading to the maximum degradation of tensile strength (24.03%) of UP GFRP profile immersion in deionized water after 360 days of aging. However, the tensile modulus was more sensitive to high temperatures and has the maximum degradation (47.03%) after hygrothermal cycles. Moreover, VE GFRP profiles show superior humidity and temperature endurance. Furthermore, the sustained loading exacerbated the degradation of tensile properties slightly under the same conditions. Finally, by incorporating the cumulative damage caused by the sustained loading and a time-dependent factor into a residual strength model, a revised model was proposed to describe the tensile strength loss of pultruded UP GFRP profiles.
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INTRODUCTION
In recent years, the use of innovative materials has been promoted to address the limited durability of civil engineering structures made with traditional materials, such as steel and reinforced concrete, as well as their increasing rehabilitation costs (Dell`Anno and Lees, 2012; Qu et al., 2021). Among the new materials, glass-fiber-reinforced polymer (GFRP) composites play a particularly important role, especially for pultruded GFRP composites, because they can be tailor-made to suit the specific purpose and be assembled at the scene quickly (Gribniak et al., 2021). Because most structures used in the outdoor environment are designed for a service life of at least 50 years, the composites should be exposed to different environments for a very long time. The erosion factors such as moisture absorption, changed temperature, chemical medium, and ultraviolet coupled with sustained loads under different environmental conditions caused color change and material peeling off in the surface, crack propagation in the matrix, and mechanical property degradation in the composite materials as time grows.
To date, numerous investigations have been concentrated on the effects of moisture absorption on the durability of fiber-reinforced polymer (FRP) composites (Nakada and Miyano, 2014). Starkova et al. (2021) found that 15-years long exposure of FRP bars in a humid environment resulted in a decrease of their interlaminar shear strength of 10–50%. In a test the of natural fiber-reinforced polymer materials in different solutions for 180 days, a reduction in tensile strength and an increase in 8.5% weight had been reported by Ma et al. (2018). In a 28-day deionized water immersion test, Dell`Anno and Lees (2012) investigated the interlaminar shear performance of epoxy-based FRP composites. The reduction of interlaminar shear strength (ILSS) of epoxy-based FRP composites was about 43%, and it was reduced considerably upon immersion. They described that moisture creates a dual mechanism of stress relaxation–swelling–mechanical adhesion and breakdown of chemical bonds between the fiber and matrix at the interface.
The presence of sodium chloride salts in an aqueous exposure environment could affect the rate of water absorption, equilibrium moisture content, and mechanical properties of FRP composites. Based on data of 557 experiments on tensile strength and elastic modulus of GFRP and BFRP bars exposed to different harsh environments collected from the existing literature, Duo et al. (2021) discovered that the tensile strength of GFRP and BFRP bars had the best durability in salt solution. Similar results were reported in the paper of Fang et al. (2017). The flexural strength was reduced by 13.5 and 9.8% for GFRP composites after 6 months of aging in water and seawater, respectively. In contrast to these results, Chin et al. (1999) found that the equilibrium moisture content of epoxy-based GFRP composites in water and seawater was 1.42 and 1.79, respectively. In Vizentin’s 12-month study (Vizentin and Vukelic, 2022), FRP composite samples submerged under sea exhibited dynamic and level declines in tensile strength compared with samples exposed to the room environment. Moreover, they invested in significant matrix morphological changes due to salt crystal formation and the impact of sea microorganisms embedding in the resin. It is noted that there are no clear trends of the effect of salt water on water absorption and mechanical properties of FRP composites. The results from these literature studies indicate that the presence of sodium chloride molecules in salt solution could either increase or decrease the rate of water absorption, equilibrium moisture content, and mechanical properties, depending on the specific chemistry of the resin matrix, cure cycle, cure state, exposure temperature, and so on.
Temperature may strongly affect the water absorption rate of FRP composites. It has been observed that a hygrothermal environment, defined as a condition with combined moisture and elevated temperature, degrades the mechanical properties of FRP composites. Through the study of the effects of temperature and moisture, Scott and Lees. (2013) confirmed that the diffusivity at 60°C (∼4.5) was approximately 1.5 times that at 20°C (∼3%) with short-term tests on epoxy films subjected to water. In the research of Jiang et al. (2014) on glass/polyester composites, the specimens aged under 40°C water conditions (∼0.890%) absorbed more than 6 times the moisture content compared to those under 20°C–50% aging conditions (∼0.148%). Moreover, the tensile strength and modulus were influenced by the amount of water absorbed. Tu et al. (2019) investigated the hygrothermal aging behavior of thermoplastic composites. After 4 days of immersion in 85°C water, the effect of hygrothermal aging on the tensile properties of short glass fiber/PA66 composites was observed to be reduced by 49% in elastic modulus and 62% in tensile strength. Similar conclusions were drawn by Zeng et al. (2022), who found a significant decrease in tensile strength under a higher exposure temperature. In a 90 days study, Feng et al. (2014) found that increasing the temperature from 60 to 90°C resulted in a significant degradation in flexural properties.
According to previous research, the hygrothermal condition could be the main factor in the degradation of FRP composites. However, considering the combined effects of both the exposure environment and service loads is essential for determining the realistic service ability of FRP composites in civil engineering structures (Feng et al., 2014; Tu et al., 2019). Saini et al. (2016) discussed the combined effect of moisture and temperature on GFRP specimens with prestressed loading. The maximum reduction in strength was approximately 39% for the specimen exposed to a 55°C (the highest temperature among the varying hygrothermal conditions) water bath for 60 days. Liu et al. (2022) studied the durability behavior of FRP plates exposed to air, water spraying, and acid at 40°C with 25–65% fu fatigue stresses. The test results show that the loads accelerated degradation of tensile strength, the internal pressure generated by the ingress liquid accelerater resin cracking, and fiber-matrix interface debonding. Kafodya et al. (2015) studied the durability behavior of CFRP plates exposed to water and seawater at room temperature with a sustained bending strain. The test results indicated tensile strength of specimens immersed in water and seawater decreased by approximately 18 and 13% at a 50% strain level, while the unstrained specimens decreased by 9 and 12%, respectively.
With respect to sustained loading, (Mancusi et al., 2013) the presence of salt, (Robert et al., 2012), and so on, the thermal and humid stresses on the fiber/matrix interface are likely to be magnified or restrained. In addition, according to a review of the investigations of the durability of FRP materials, experiments under accelerated conditions performed for the maximum durations are rarely longer than 12 months, and very few studies compared the performance of alternative resin systems. Therefore, understanding the changes in the material’s strength with different matrix systems and consideration of the combined effects of these conditions are essential for a thorough understanding of the behavior of FRP composites applied in civil engineering.
This paper presents the results of experimental investigations of the water absorption, tensile properties, microstructure, and chemical structure of pultruded GFRP profiles made of two alternative resin systems—unsaturated polyester (UP) and vinylester (VE) resins—both composed of the same fiber architecture. Specimens from the two types of profiles were subjected to controlled environments for 12 months. The different conditions considered were as follows: 1) immersion in deionized water and salt water at room temperature, 2) exposure to salt fog cycles, 3) combined hygrothermal cycles, and 4) combined hygrothermal cycles with sustained loading. Furthermore, according to the theory of fracture mechanics, the effect of load was introduced to the accumulated damage, together with the environmental factors, and a time-dependent cumulative damage mode was put forward.
EXPERIMENTAL DETAILS
Materials and Processing
Two GFRP pultruded laminates were used in the experimental program. One was made of unsaturated polyester resin (UP profile) supplied by Jinling DSM Resins Co., Ltd., China, and the other was made of vinylester resin (VE profile) supplied by Shanghai Nobby Polymer Co., Ltd., China. Unidirectional E-glass fiber with a diameter of 24 μm, in the form of EDR480-T910, was manufactured by Mount Tai Glass Fiber Co., Ltd., China. The fiber volume fraction was approximately 60% for the compositions, of which approximately 50% is unidirectional roving and approximately 10% is bidirectional (0/90) woven fabrics. Pultruded laminates were processed by pulling E-glass continuous fibers with a silane sizing through a bath of a mixture of resin and the curing agent at 0.2 m min−1 by the producer at 110°C. Both TBPB and BPO have been used as curing agents, which represent 0.6 and 1.2% of the weight, respectively. The heat deflection temperature (HDT) for the resins measured by the producer is 110°C. In the heated molds, the temperature was set to 110°C to make the specimen surface obtain ≈95% of complete polymerization inside the mold and eliminate the trapped water inside the GFRP specimens.
Environmental Conditions
The exposure environments were selected to evaluate the durability of GFRP profiles in typical environments of civil engineering applications. Specimens were exposed to the following environmental conditions:
Immersion in Deionized Water and Saltwater at Room Temperature
Specimens were immersed in deionized water and saltwater at the room environment (23°C, 65% RH). The saltwater solution comprised 3.5% by mass sodium chloride (3.5% NaCl) and deionized water. Both solutions were controlled at room temperature using enclosed glass conditioning chambers. In addition, an unexposed condition (storage in a room environment) was set to represent a control condition.
Exposure to Salt Fog Cycles
The accelerated cycles of salt fog were imposed in a chamber of YWX-100 provided by the Changzhou National Institute of Test Equipment with 5% NaCl solution (by mass). The fog cycles were programmed for 12 h of fogging, followed by 12 h of drying, and the test temperature was set at 35°C.
Combined Hygrothermal Cycles
Specimens were aged in the programmable temperature and humidity chamber provided by the Changzhou National Institute of Test Equipment for a different number of cycles. The overall duration of each combined hygrothermal cycle was 24 h, and it consisted of a combination of heating and cooling (20–60°C) at a combined humidity (93–95% RH), as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Temperature and relative humidity fluctuations under the combined hygrothermal condition.
Combined Hygrothermal Cycles With Sustained Loading
A tensile fixture with a spring-reaction frame loading system, shown in Figure 2, was used to apply and maintain sustained loading on GFRP composites during combined hygrothermal cycles. The sustained loads applied to GFRP composites were 40% of the ultimate load, according to the existing guidelines (ACI 440.1R-06, 2006; ACI 440.2R-08, 2008). The force of sustained loading was determined by tightening the anchorage nut close to the spring and was controlled by a strain gauge placed on the coupon as [image: image]
[image: image]
where b is the width of the specimen, h is the thickness of the specimen, and k is the stiffness of the spring.
[image: Figure 2]FIGURE 2 | Prestressing equipment and GFRP tensile test coupons (mm).
After 15, 30, 60, 90, 180, 270, and 360 days of aging, five specimens exposed to each type of condition were removed from the aging condition and tested to determine their mass changes, mechanical properties, and microscale performances.
Water Absorption Test
The specimen weight was recorded before and after aging as an effective approach to analyze the water absorption performance of pultruded GFRP profiles. The entire experiment was conducted in accordance with ASTM D5229/D5229M (2014). At regular time intervals, the specimens sized at 250 mm long, 25 mm wide, and 2.7 mm thick were removed, and both surfaces of the specimens were thoroughly cleaned with filter paper to remove excessive water and then kept in the room environment for 2 h. Then, five specimens for each condition were weighted and returned to the swelling medium. The experiment was continued until a constant sample weight was achieved. The moisture absorption Mt at any time can be calculated by Eq. 2
[image: image]
where mi is the initial mass of the specimen prior to immersion and mt is the mass of the specimen at immersion time t.
Tensile Test
The ultimate tensile strength and modulus of the composites were determined by standardized static tension tests in accordance with ASTM D3039/D3039M-14 (2014). The tensile tests were conducted after 15, 30, 60, 90, 180, 270, and 360 days of aging. At least five dumbbell-shaped specimens (see Figure 2) were tested using a universal testing machine (model CSS-44100) produced by the Changchun Research Institute, with a load cell having a capacity of 50 kN and a test speed of 2 mm/min. The tensile elongation of each specimen was monitored and recorded using a displacement meter that was placed at the middle of the specimen and set at zero at the beginning of the tensile test. All specimens were tested at 23°C and 65% RH.
Fourier Transform Infrared Spectroscopy
For the chemical characterization, Fourier transform infrared spectroscopy (FTIR) spectra of five specimens for each condition were studied in the 500–4,000 cm−1 range at a resolution of 4 cm–1 (32 scans) using a Nicolet-6700 spectrometer (produced by Thermo Fisher Scientific Co., Ltd., America). In all cases, specimens were ground into powders before the FTIR test for pultruded GFRP laminates, and the powders were ground into a dry KBr pellet.
Scanning Electron Microscopy
Scanning electron microscopy (SEM) observations and image analysis were performed using a QUANTA 200 instrument (Philips-FEI, Holland) to observe the microstructure of specimens before and after aging. Samples were taken from unconditioned specimens and specimens that were aged in deionized water, salt water, salt fog cycles, and combined hygrothermal cycles for 30 and 360 days. All specimens were cut from the surface and cross-section of samples and then coated with a gold film to improve their electrical conductivity before SEM observation.
RESULTS AND DISCUSSION
Moisture Absorption
Water final intake during the experimental program was shown in Table 1. Figures 3A,C illustrate the variations in the moisture absorption performances of UP and VE profiles with respect to the aging time. In the first 3 months, the increase in the moisture absorption of the UP profiles generated a progressive weight gain, approximately 80% of the total. Then, the weight gain saturated after a prolonged time, somewhat in accordance with the classical Fick’s law (Figure 3A). However, the mass change curve of the VE profiles indicates multistage processes, with the declining region corresponding to the loss of styrene, as shown in Figure 3C. The GFRP profiles immersed in deionized water absorbed the most moisture (1.03% for UP-based resin and 0.53% VE-based resin) relative to those exposed in other aging environments, followed successively by the moisture in salt fog cycles (0.73% based on UP resin and 0.34% based on VE resin), in salt water (0.36% based on UP resin and 0.16% based on VE resin), and in combined hygrothermal cycles (0.09% based on UP resin and 0.06% based on VE resin). The results indicated that VE resin-based materials absorbed less moisture than UP-based materials, which was consistent with the results reported in the previous literature studies (Carra and Carvelli, 2014; Sousa et al., 2021). Figures 3B,D present the coefficient of variation (COV) of GFRP in the test results showing a higher aging degree for exposed GFRP profiles than for the controlled profiles because the higher humidity and temperature provided by the exposure environment are conducive to the diffusion and absorption of moisture.
TABLE 1 | Water final intake during the experimental program.
[image: Table 1][image: Figure 3]FIGURE 3 | Normalized mass and COV of GFRP exposed to different conditions: (A) normalized mass of UP GFRP, (B) COV of the mass of UP GFRP, (C) normalized mass of VE GFRP, and (D) COV of the mass of VE GFRP.
Thermal Analysis
Figure 4 shows the changes of glass-transition temperature with time in the aging process of UP and VE profiles under the hygrothermal cycle and heat coupled with sustained load. As can be seen in Figure 4A, Tg of UP profiles under the hygrothermal cycle and sustained loading increased from 87.14 to 88.97 and 91.17°C at 90 days, respectively, then gradually decreased, and gradually stabilized at 85.80 and 88.61°C after 270 days. The decreases were 3.17 and 2.56°C, respectively. As shown in Figure 4B, the Tg of the VE profiles still showed a trend of rising first and then decreasing. At 90 days, the Tg reached the maximum value of 100.14°C and then decreased and stabilized at 96°C, with a decrease of 4.14°C.
[image: Figure 4]FIGURE 4 | Glass-transition temperature of (A) UP profiles and (B) VE profies under the hygrothermal cycle and sustained load.
As a comprehensive reaction of various factors such as reflection, the existence of the sustained load, and deepening of the resin curing degree makes the maximum of Tg higher than that without load. Due to swelling of the composite material, the destruction of the van der Waals force, the enhancement of the hydrogen bond between molecules, and the hydrolysis reaction of the resin, the Tg decreased in a similar amplitude. However, the degrees of Tg increase and decrease of VE profiles are higher than those of UP profiles, indicating that vinyl resin is more sensitive to high temperature and high humidity environments and is subject to drastic changes of environmental factors.
Tensile Characterization
The test results of the tensile properties, including the strength and elastic modulus of GFRP profiles based on UP resin and VE resin exposed in different environments, are summarized in Table 2. In general, similar amounts of strength degradation of VE profiles can be found regardless of the aging duration for exposure in all types of environments, except for immersion in deionized water. Moreover, the same pattern of degradation can be observed in the variation of the elastic modulus. The standard deviation (SD) and COVs presented the change range and ratio of the strength and modulus in aging environments and controlled conditions. In contrast, the strength and modulus degradation of the UP profiles exhibited relatively larger amplitudes compared to those of the VE profiles. The results indicated that GFRP profiles had good salt resistance but relatively weak water corrosion resistance. Furthermore, VE resin had more stable erosion resistance than UP resin in hygrothermal environments.
TABLE 2 | Results of tensile tests.
[image: Table 2]The variations in the residual tensile properties of UP profiles and VE profiles with respect to the exposure time are shown in Figures 5, 6, respectively. More intuitive and obvious trends of changes could be observed. Continuing declines are observed in Figures 5A,C. A change was observed in the UP profiles exposed to the combined hygrothermal cycle condition; the amplitude of descent was almost the highest one of all conditions, and the strength and modulus decreased by 20.47 and 47.03%, respectively. Moreover, the values of the strength variation were 24.03, 23.53, and 14.79% under exposure to deionized water, salt water, and the salt fog cycle conditions, respectively. In particular, the modulus variations were nearly 35% in the deionized water immersion, salt water immersion, and salt fog cycle conditions. In contrast, the tensile strength of the VE profiles exhibited a slight increase (∼1.2%), caused by postcuring in the first 30 days, followed by a sharp decline to 98% until 180 days, which was mainly related to random fiber breakage and delamination, before remaining flat at the end of the test (see Figures 6A,C). In contrast, for the VE profiles, the strength degraded only 0.39% and the modulus increased 4.68% after 360 combined hygrothermal cycles. Moreover, the worst condition occurred under immersion in deionized water, with 16.84 and 22.95% degradations in the tensile strength and modulus, respectively. Inignorably, an initial increase of tensile properties could be observed under all conditions. It was highly possibly caused by the post curing. The results indicated that the effects of temperature and water absorption on UP resin were more obvious than those on VE resin, thus proving the good corrosion resistance of VE resin.
[image: Figure 5]FIGURE 5 | Normalized tensile properties and COV of UP GFRP exposed to different conditions: (A) normalized strength, (B) COV of tensile strength, (C) normalized elastic modulus, and (D) COV of elastic modulus.
[image: Figure 6]FIGURE 6 | Normalized tensile properties and COV of VE GFRP exposed under different conditions: (A) normalized strength, (B) COV of tensile strength, (C) normalized elastic modulus, and (D) COV of elastic modulus.
As shown in Figures 5B,D, higher COVs were observed for the exposed UP-based GFRP profiles than for the control UP-based GFRP profiles. Liu et al. (2020) attributed this trend to nonuniformity in the concentration of microcracking in the exposed composites. The tensile strength of GFRP profiles had higher COV values than the modulus after exposure, indicating that the strength of GFRP composites was more sensitive to temperature and moisture than the modulus. As shown in Figures 6B,D, the COVs of the VE-based GFRP profiles were small, except for under immersion in deionized water, and some of them were less than zero. In other words, no significant and continuous fiber fracture or interface debonding occurred on the VE-based GFRP profiles, and the degree of postcuring of the material even deepened. Thus, there was a slight increase or decrease in strength and modulus.
The combined hygrothermal condition has the most profound negative effects on the tensile properties of pultruded UP profiles; therefore, the sustained loading factor was added in this condition. Figure 7 presents the difference in the tensile property reductions of UP profiles induced by pure corrosion and the prestressing effect. The test data are also shown in Table 2. The contribution of sustained loading to the degradation of the mechanical properties can be clearly observed. For tensile strength, because of the sensitive microcracks developed by prestressing and because the samples were not fully cured, the largest difference between the two groups reached 97% in the initial time. Moreover, the amplitude of the strength degradation induced by the combined hygrothermal condition with sustained loading at 15 days of aging was the same as the amplitude of degradation by pure corrosion at 30 days of aging. Out of expectation, the sustained loading can barely improve the curing rate and accelerate the degradation rate of the UP profiles under combined hygrothermal cycles. As shown in Figure 7B, the acceleration effect of prestressing on modulus degradation was similar to the amount of degradation directly induced by corrosive elements. After 15 days of aging, the maximum difference between modulus degradations of UP GFRP profiles with or without sustained loading is 17%, and the minimum difference is 5%, measured at 360 days of aging. The results showed that the influence of prestressing on tensile properties was more significant in the early stage of aging and then weakened with increasing aging time.
[image: Figure 7]FIGURE 7 | Comparison of the degradation of the tensile properties of UP GFRP: (A) tensile strength and (B) elastic modulus.
Morphology Analysis
To determine whether the aging conditions caused any physical damage to GFRP profiles, the microstructures of GFRP profiles from different environments were observed using SEM measurements. Because there are more severe damages of UP profiles on the tensile properties than those of VE profiles spotted in different environments, UP profiles were chosen on for the microstructure observetily. Figure 8A presents the microstructure of the control specimen, which showed strong adhesion between the fiber and matrix without significant fiber pull-out or uneven matrix fragments, as well as smooth fiber surfaces. The adhesion behavior between the fiber and the matrix plays an important role in the loading transfer from the matrix to the fiber. Figures 8B–I show the surfaces of the specimens aged in deionized water, salt water, salt fog cycles, and combined hygrothermal cycles without sustained loading for 30 and 360 days. Compared with Figure 8B, the surface of the fiber became rough in Figure 8C because of damage caused by hydrolysis and the adsorption of many impurities (e.g., resin particles and water). Resin hydrolysis was the major reason for the degradation of tensile properties for GFRP profiles. Figures 8D,E show that the impact of salt on degradation was less obvious than that of water. Figures 8F,G show that debonding occurred between the fiber and matrix and microcracks formed in the matrix because of the difference between coefficients of thermal expansion of the fiber and matrix resin. Moreover, fiber pull-out was found in Figure 8I compared to Figure 8H. Overall, fiber breakage, debonding between the fiber and resin, and a higher degree of polymeric deterioration occurred with increasing exposure time.
[image: Figure 8]FIGURE 8 | Scanning electron micrographs of the UP GFRP specimens: (A) unexposed, (B) exposed to deionized water for 30 days, (C) exposed to deionized water for 360 days, (D) exposed to salt water for 30 days, (E) exposed to salt water for 360 days, (F) exposed to salt fog for 30 days, (G) exposed to salt fog for 360 days, (H) exposed to combined hygrothermal cycling without sustained loading for 30 days, and (I) exposed to combined hygrothermal cycling without sustained loading for 360 days.
Fourier Transform Infrared Spectroscopy Analysis
Figure 9 shows FTIR spectra of UP and VE profiles aged under different conditions after 360 days. In general, the chemical changes are revealed by the changes in the intensity and shape of certain peaks. Certain types of chemical bonds are usually considered in research on the durability of composites, including OH stretch (3421 cm−1), C-H stretch (2956 cm−1), C=O stretch (1731 cm−1), and COOR stretch (1089 cm−1) (Mourad et al., 2010; Salim et al., 2020). The change in the relative peak intensity of the hydroxyl group before and after aging provided insight into the extent of the hydrolysis reaction of the sample, the peak intensity change in carbon–hydrogen was assumed to correspond to the reaction of the aromatic group, and conjugated double bonds could explain the color change observed on the material surface. Table 3 shows the normalization of the functional group changes of UP profiles and VE profiles, respectively, after aging based on the intensity of the absorption peak of controlled specimens. The typical peak in Figure 9A shows that the maximum value (2.11) of the relative peak intensity of the OH group occurred under the condition of combined hygrothermal cycles with a sustained load, followed by exposure to deionized water (2.04), combined hygrothermal cycles (1.90), salt water immersion (1.72), and salt fog cycles (1.37). Furthermore, the relative peak intensity of the COOR group decreased in the order of the increase in the relative peak intensity of the OH group. These findings suggested that hydrolysis occurred more violently under the hygrothermal conditions; moreover, the process of hydrolysis might be hindered by the presence of salt or catalyzed by sustained loading. The change trend of stretching at 1731 cm−1 was inconspicuous. The C-H group and C=C group showed superficial distinctions between the various conditions; thus, the aromatic group and color were likely not changed significantly. The changes in the peak intensity variations of the OH group and COOR group under different conditions were small and had no clear pattern in Figure 9B; however, changes in the form of the peaks at 1431 cm−1 were observed under the different conditions. These changes in the form can be attributed to the stretching vibration of the aliphatic acid υ(CO) and the bending vibration of the primary alcohol δ(OH) (Amaro et al., 2011). The differences in the FTIR spectra between Figures 9A,B can be attributed to the different structural formulas of UP resin and VE resin. Thus, the hydrolysis reaction and dehydration reaction following hydrolysis were the main reasons for the degradation of the pultruded GFRP profiles. Furthermore, the conclusions from the FTIR spectra were consistent with the results from the tensile tests.
[image: Figure 9]FIGURE 9 | FTIR spectra of pultruded GFRP composites under different exposure conditions after 180 days: (A) UP composite and (B) VE composite.
TABLE 3 | Functional group changes of GFRP composites after environmental exposure.
[image: Table 3]Damage Model for Glass-Fiber-Reinforced Polymer Profiles Exposed to Combined Hygrothermal Conditions
To study the influence of sustained loading on pultruded GFRP profiles exposed to combined hygrothermal conditions, a damage model with the main elements of aging time, corrosive medium, and loading should be established based on mechanical experiments. Based on the residual strength formula proven by Gunyaev Г.M. (Bulmanis et al., 1991), the environment factor has both a positive effect (enhancement process) and a negative effect (damage process) on material performance during aging. Thus, the residual strength equation is given by
[image: image]
where S is the residual strength of GFRP profiles after t days of aging, S0 is the initial strength, η is the postcure material parameter, β is the material parameter for resistance to crack propagation (usually a material-specific constant), and λ and θ are material status parameters representing the influence of the environment. In addition, η(1-e-λt) and βln(1+θt) express the enhancement and damage processes, respectively.
However, this equation ignored the memory effect of the material and can only consider the influence of a single environment influence factor on the materials. Therefore, the time-dependent material parameter B(t) and the effect of stress were introduced. Assuming that parameter B(t) can be expressed in the form of piecewise linear, as shown in Figure 10, we obtain
[image: image]
[image: image]
[image: Figure 10]FIGURE 10 | Piecewise Heaviside functions.
To consider the effects of stress, fracture mechanics theory can be used to mimic the crack growth of GFRP profiles. According to the literature (Saini et al., 2016), the effects of a specific stress level, temperature, and humidity on the crack velocity V can be described as
[image: image]
where K and b are constants, R is the gas constant, T is the thermodynamic temperature, and C is the stress intensity factor.
For GFRP profiles, several types of damage may exist at once or may be different during different periods. By introducing the stress impact factor assumed for the definition of the cumulative damage model, the damage model can be expressed as
[image: image]
where ΔDi is the damage caused by the i-th day of aging. A is the significant parameter of a specific performance under the aging factor xi. Γ(xi) is the equivalent aging time for the aging factor (Liu et al., 2013) and can be expressed as
[image: image]
Hence, the cumulative damage model can be expressed as follows:
[image: image]
where Di is the accumulated damage up to the ith day of aging.
When the aging time is equal to the fatigue life t, Eq. 9 can be written as
[image: image]
Substituting Eqs. 4, 5, 10 into Eq. 3 yields
[image: image]
where Γ(xi) is the equivalent time under the influence of temperature and Γ(yi) is the equivalent time under the influence of humidity; they are defined as
[image: image]
[image: image]
Where [image: image] is the average temperature of exposed conditions per day, [image: image] is the average humidity of exposed conditions per day, and i is the aging time. The temperature and humidity under controlled conditions are defined as 23°C and 65%, respectively. The data of Γ(xi) and Γ(yi) are shown in Table 4.
TABLE 4 | Equivalent data.
[image: Table 4]Through MATLAB software, Eq. 11 is used to analyze the tensile strength and elastic modulus data according to the experiment data given in Table 2. The predictive result is shown in Figure 11 and Table 5. Given the difference in load conditions (with or without load), most of the fitting curves match the experiment results reasonably well. Whether the stress exists or not, the parameter A has the same value. For the tensile strength, the value of A is 0.09, and for the tensile modulus, the value of A is 0.21. It means that the tensile strength of GFRP profiles has a better environmental corrosion resistance performance than the modulus under the same environment. When the load level is zero, the parameter α keeps the same between the strength and modulus. In addition, α1 (represents the influence degree of temperature) is 0.46 and α2 (represents the influence degree of humidity) is 0.36. It is shown that α1 rises to 0.57 and α2 rises to 0.54 in fitting curves for tensile strength with 0.4 fu prestressing ratios, and the negative impacts of both temperature and humidity on the material are deepened. However, in fitting curves for tensile modulus, α1 rises to 0.68 and α2 reduces to 0.22. It means that the negative impact of temperature is deepened, but the negative impact of humidity is weakened.
[image: Figure 11]FIGURE 11 | Comparison of the prediction of (A) tensile strength of pultruded UP GFRP profiles under the combined hygrothermal condition, (B) tensile modulus of pultruded UP GFRP profiles under the combined hygrothermal condition, (C) tensile strength of pultruded UP GFRP profiles under the combined hygrothermal condition with sustained loading, and (D) tensile modulus of pultruded UP GFRP profiles under the combined hygrothermal condition with sustained loading.
TABLE 5 | Predictive equations for tensile properties under combined hygrothermal conditions based on Eq. 11.
[image: Table 5]CONCLUSION
In this paper, the hygrothermal durability of GFRP pultruded profiles made of both UP and VE resins with respect to deionized water, salt water, salt fog, combined hygrothermal cycles, and combined hygrothermal cycles with sustained loading for a period of 12 months was investigated and discussed.
To this scope, a large experimental program was developed comprising 360 tensile test samples (five per each condition). The changes of tensile strength, tensile modulus, and microstructure were evaluated with the absorption behavior by evaluating the change in weight of the samples.
1) The moisture absorption of both UP and VE profiles increased initially and then leveled off. The VE profiles exhibited a lower mass uptake and faster moisture absorption than the UP profiles. To some extent, the presence of salt prevented the diffusion of water. Moreover, high temperatures can increase the moisture diffusion rate.
2) Tensile properties declined according to the moisture absorption of GFRP profiles. Moreover, the VE profile had a more stable erosion resistance than the UP profile in typical hygrothermal environments. Moreover, the modulus was more affected than tensile strength under all conditions, especially at high temperatures.
3) Sustained loading did not change the trend of the degradation in tensile properties but increased the rate and amplitude of degradation. Prestressing accelerated the development of microcracks and gaps.
4) The abovementioned degradation mainly occurred because of physical degradation phenomena, namely, plasticization of the polymeric matrix as well as the fiber breakage and debonding between the fiber and resin, as seen in the SEM images, with little appreciable chemical degradation, that is, hydrolysis, observed in the FTIR analysis. With the obvious decrease in the relative peak intensity of the COOR group and the increase in the relative peak intensity of the OH group, hydrolysis occurred violently in the UP profiles. In contrast, the chemical groups had no apparent change for the VE profiles.
5) The accumulative damage model of the semiempirical and semitheoretical analysis provided a method to predict the residual tensile properties of pultruded GFRP profiles exposed to a combined hygrothermal condition with sustained load. It showed that environmental factors can cause a large decline in tensile modulus relative to tensile strength. Moreover, temperature had a more serious influence on properties than humidity.
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