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A conventional method to study the durability of Glass Fiber Reinforced Polymer (GFRP) rebars is to carry out tensile tests on the corroded GFRP bars. The degree of corrosion of the GFRP bars could be quantified based on the measured ultimate tensile strength and the calculated strength reduction. However, it is difficult to directly monitor the reduction in tensile strength of the GFRP rebars that are embedded in concrete; therefore, this method cannot be implemented in real engineering practices. This study presents the reduction in elastic modulus of the GFPR rebars by real-time monitoring of the strain of the GFRP rebars, and then establishes the degradation model of the elastic modulus for the GFRP rebars in an alkaline corrosion environment. Therefore, the relationship between tensile strength and elastic modulus of GFRP rebars is proposed and verified by the experimental data obtained from the literature. The results show that it is feasible to use the Arrhenius equation to simulate the degradation model of the elastic modulus of the GFRP rebars. Thus, the tensile strength of the GFPR rebars can be related to its elastic modulus. Using the proposed relationship, the durability of GFRP rebars can be predicted by real-time monitoring of the elastic modulus of the GFRP rebars.
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INTRODUCTION

Under severe service environment, typically represented by marine environment, the built-in steel bars of the conventional reinforced concrete structure are subjected to accelerated corrosion resulted from the continuous contact with chloride ions contained in sea water and sea fog, leading to poor durability of the structure. Some of the expensive remedies (e.g., epoxy coated or galvanized steel bars, and stainless-steel bars) have been proven ineffective in improving the durability of reinforced concrete structures (Clear et al., 1995). In recent years, Fiber Reinforced Polymer (FRP) has arisen as a prospective substitute for steel to resolve the corrosion issue of reinforced concrete structures, due to its advantages such as high strength, light weight, and strong corrosion resistance. Glass Fiber Reinforced Polymer (GFRP) bar is more widely applied compared to other FRP bars [e.g., Aramid fiber reinforced polymer (AFRP), carbon fiber reinforced polymer (CFRP)] owing to the low cost. However, glass fiber and common thermosetting resin matrix are prone to erosion by moisture, high temperature and alkali, which may result in polymer degradation, fiber–matrix debonding, fiber corrosion, and thereby, significantly decreased tensile strength (Gonenc, 2003; Chen et al., 2007). At present, the only durability test of GFRP bars was carried out by Canadian scholars Mufti et al. (2007) for five GFRP-Reinforced Concrete (RC) bridges that have been in service for 5–8 years employing scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), and glass transition temperature (Tg). The results did not show obvious strength degradation of the GFRP bars. Besides, there is still a lack of long-term durability data of GFRP bars in practical service environment. Therefore, it is important to strengthen monitoring of the durability of GFRP bars in practical service for promoting the practical application of GFRP-RC structures.

At present, accelerated aging test is normally applied to investigate the durability of GFRP bars. Generally, there are two types of accelerated aging test: (1) GFRP bars are placed in corrosion solution directly and the temperature of the solution is elevated to accelerate the strength degradation of GFRP bars (Phani and Bose, 1987; Wu et al., 2015; Wang et al., 2017, 2018); (2) GFRP bars are embedded in concrete before placed in corrosion solution, and similarly, the environment temperature is raised to accelerate the strength degradation of GFRP bars (Nelson, 1990; Davalos et al., 2011; Robert and Benmokrane, 2013). The retention rate of tensile strength is then used to evaluate the long-term durability of GFRP bars. Although the two accelerated aging tests demonstrated above can effectively predict the durability of GFRP bars, they are difficult to be implemented for GFRP bars in practical service. Furthermore, while corroded steel bars display visible warning signals such as expanded volume which leads to crack of concrete (Al-Salloum et al., 2013), degraded GFRP bars do not show any signals, which impose great challenges for engineers to determine the degradation degree of GFRP bars inside GFRP-RC structures. Some effective non-destructive evaluation developed techniques (Li et al., 2016, 2017; Jiang et al., 2017; Xu et al., 2018) for monitoring the initial bonding quality and long-term efficiency of the interfacial bonding between GFRP bars and concrete. However, so far, there has not been any relevant technology or method to monitor the tensile strength degradation of GFRP bars in practical service. Therefore, exploring such an effective method to provide large amount of durability data of GFRP bars is beneficial for optimizing the manufacture process of GFRP bars and the design of GFRP-RC structures.

Since GFRP rebars cannot be taken directly from the actual structure, it is difficult to monitor strength degradation of GFRP rebars during service. Therefore, finding data which are easy to monitor is vital to reflect the actual strength degradation law of GFRP rebars. Generally, the stress of GFRP bars is constant during service (Mukherjee and Arwikar, 2006), thus, the elastic modulus degradation degree of GFRP rebars can be monitored by real-time monitoring of the strain. If the relationship between the degradation law of GFRP rebars tensile strength and that of elastic modulus, then the tensile strength degradation can be predicted by real monitoring of GFRP rebars elastic modulus. As a consequence, this paper establishes the degradation model of elastic modulus and tensile strength of GFRP rebars with Arrhenius equation to deduce the conversion formula between the degradation rate of tensile strength and that of elastic modulus, so that the tensile strength degradation law of GFRP rebars can be obtained by real monitoring of their elastic modulus degradation for the purpose of predicting GFRP rebars durability.



THEORETICAL STUDY


Arrhenius Equation

For a laboratory scale, it is necessary to increase the temperature in order to accelerate the corrosion reaction between the GFRP rebars and the alkaline solution. The Arrhenius equation is defined as a relationship between the temperature and the degradation rate. Among the previous studies of the durability of FRP rebars, many scholars have used this equation to establish the strength degradation model for the FRP rebars (Davalos et al., 2011; Wang et al., 2017, 2018). The Arrhenius equation is expressed as below:
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where k = degradation rate (1/time); A = constant of the material and degradation process; Ea = activation energy; R = universal gas constant; and T = Kelvin temperature. The primary assumption of this model is that the single dominant degradation mechanism of the material will not change with time and temperature during the exposure, but the rate of degradation will be accelerated with the increase in temperature. Equation (1) can be transformed into

[image: image]

[image: image]

From Equation (2), the degradation rate k can be expressed as the inverse of time needed for a material property to reach a given value. From Equation (3), one can further observe that the logarithm of time needed for a material property to reach a given value is a linear function of 1/T with the slope of Ea/R.

According to Arrhenius theory, the relationship between tensile strength retention of GFRP rebars and exposure time for accelerated aging test was defined as

[image: image]

where SR = tensile strength retention value (%); t = exposure time; and τ = 1/k, as expressed in Equation (2) The form of this formula was modified by Chen et al. (2006) based on a study of Phani and Bose (1987), assuming that GFRP rebars degraded completely at infinite exposure time. The validity of this formula for describing the tensile strength degradation law of GFRP tendons has also been proved by many scholars by experiments (Davalos et al., 2011; Wu et al., 2015; Wang et al., 2017, 2018).

Thus Equation (4) can be transformed into:

[image: image]

[image: image]

It can be known from Equation (6) that the logarithm of strength retention (SR) is a linear function of t with the slope of –k. Therefore, degradation rate can be obtained by measuring the strength retention (SR).

Substituting Equation (6) into Equation (3), the relationship between the exposure time and the temperature can be obtained:
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where [image: image].



Derivation

It is assumed that the GFRP rebars has a tensile strength retention SR after a exposure time t1 (corresponding to a degradation rate k1) and the same elastic modulus retention SR after a exposure time t2 (corresponding to a degradation rate k2):
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Substituting the Equation (8) and Equation (9) into Equation (10), the following relationship can be obtained:
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where
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Ea1 is the activation energy of tensile strength, Ea2 is the activation energy of elastic modulus, A1 is constant of the material and degradation process related to tensile strength, and A2 constant of the material and degradation process related to elastic modulus.

Substituting Equation (11) and Equation (12) into Equation (10) respectively, the relationship between the degradation rate of tensile strength(k1) and the degradation rate of the elastic modulus (k2) can be obtained.
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where B1, B2, Ea1/R, Ea2/R can be obtained by fitting the test data.

With Equation (15), the relationship between degradation rate of GFRP rebars elastic modulus and that of tensile strength is obtained, so that the tensile strength degradation law can be reflected by monitoring the degradation law of GFRP rebars elastic modulus for the purpose of predicting their durability during the service.




SOLVING AND VERIFYING THE CONVERSION FORMULA

Five steps are to verify this theory:

Firstly, appropriate data are chosen. To improve the reliability of the theory, this paper has chosen 2 groups of tests data. One group is the accelerated aging test of GFRP rebars performed by our research team in 2016, which mainly aims to study GFRP rebars durability in the alkaline environment. The GFRP rebars in the test are made of E44 epoxy resin and the corresponding fibers through pultrusion process, whose outside diameter is 9.2 ± 0.11 mm, shown in Figure 1. To create an alkaline environment for GFRP rebars, a plastic pipe with diameter of 63 mm and length of 250 mm is inserted into the prepared tensile test specimen of GFRP rebars, and PVC tubes are inserted the gap between the two ends of the plastic pipe and GFRP rebars. The three pieces are cemented together with epoxy resin AB glue. Then plastic pipe is injected with alkaline solution and sealed. The glass fiber heater band is used to enwind the plastic pipe to heat the solution in it. The test specimens are shown in Figure 2, the heating measures in Figure 3, and other information in Liu et al. (2016). The other group is the accelerated aging test of GFRP rebars performed by Professor Zichun Zhang from Harbin Institute of Technology (China) (Zhang, 2008). They are similar in the accurate measurement of elastic modulus retention of GFRP rebars in different exposure time, which is the key to verifying the theory. Data of the age of 30, 60, and 90 days are used to fit the data in Zhang (2008), and data of the age of 15 and 120 days are used to verify the validity of the conversion formula. The test data of the two tests are shown in Table 1.


[image: Figure 1]
FIGURE 1. GFRP rebar.



[image: Figure 2]
FIGURE 2. Test specimens.



[image: Figure 3]
FIGURE 3. Heating measures for specimens.



Table 1. Test data of GFRP rebars exposed to alkaline solution.
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Secondly, the test data in Table 1 are fitted by Equation (5), obtaining the relationship among tensile strength retention (Figure 4), elastic modulus retention (Figure 5), and the exposure time. Corresponding k values and correlation coefficients R2 are summarized in Table 2. Figures 4, 5 indicate that the test data coincide well with the fitting curves, and Table 2 shows the correlation coefficients are >0.9. Thus, the time to reach a given tensile strength and elastic modulus retention at different temperatures can be approximately calculated through Equation (5).


[image: Figure 4]
FIGURE 4. Fitted curves for tensile strength retention vs. time: (A) Liu et al. (2016) and (B) Zhang (2008).



[image: Figure 5]
FIGURE 5. Fitted curves for elastic modulus retention vs. time: (A) Liu et al. (2016) and (B) Zhang (2008).



Table 2. Coefficients of regression equations for GFRP tensile strength and elastic modulus retention.
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Thirdly, the Arrhenius relationships were obtained by plotting the natural log of time to reach 60, 70, 80, and 90% tensile strength and elastic modulus of GFRP rebars vs. 1/T the inverse of exposure temperature in Figures 6, 7. Straight lines were fitted to the data with the assumption that the degradation rate was a function of temperature as expressed in Equation (3). From the analysis, the regression coefficients Ea/R and correlation coefficients R2 are listed in Table 3. The correlation coefficients for all regression lines were close to 1, and straight lines in Arrhenius plots for different tensile strength and elastic modulus retentions were nearly parallel to each other (the slopes of straight lines are Ea/R). This implies that the Arrhenius relation can be used to describe the tensile strength and elastic modulus degradation rate of GFRP bars. Moreover, Equation (5) can be used to define the time and temperature dependence of tensile strength and elastic modulus for GFRP bars exposed to alkaline solutions.


[image: Figure 6]
FIGURE 6. Arrhenius plots of tensile strength degradation: (A) Liu et al. (2016) and (B) Zhang (2008).



[image: Figure 7]
FIGURE 7. Arrhenius plots of elastic modulus degradation: (A) Liu et al. (2016) and (B) Zhang (2008).



Table 3. Coefficients of regression equations for Arrhenius plots.
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Fourth, the parameters shown in Table 3 are substituted in Equation (15) to obtain the tensile strength degradation rate of GFRP rebars (k1) calculated by elastic modulus degradation rate of GFRP rebars (k2). The test data results by Liu et al. (2016) are shown in Equation (16), and those by Zhang (2008) in Equation (17).
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Finally, the tensile strength degradation rate of GFRP rebars (k1) calculated through Equations (16) and (17) is compared with k1 obtained by data fitting through Equation (5), shown in Table 4. It indicates that that the values of k1 calculated by Equation (15) is basically the same as that fitted by Equation (5), which also proves the deduced conversion formula between tensile strength degradation rate and elastic modulus degradation rate of GFRP rebars is correct. Based on the test results in Zhang (2008), the test data and calculated curves are compared in Figure 8. Although the degradation model curve is obtained by fitting with experimental data of age of 30, 60, and 90 days, the degradation model can also well-simulate the experimental data of age of 15 and 120 days, which further explains that the congruent relationship exists between the degradation rate of GFRP rebars elastic modulus and that of their tensile strength during service.


Table 4. The tensile strength degradation rate (k1).
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[image: Figure 8]
FIGURE 8. Comparisons between test data and calculated curves.




CONCLUSIONS

To solve the problem of monitoring the tensile strength degradation of GFRP rebars during their service, this paper has proposed a computing method for the tensile strength degradation rate of GFRP rebars during service and verified the method with test results. It is concluded that:

(1) GFRP rebars during service are under constant load. The change of GFRP rebars elastic modulus can be observed by monitoring the strain of GFRP rebars to obtain the degradation rate of their elastic modulus. Thus, the priority is to find the conversion relationship between the degradation rate of GFRP rebars elasticity modulus and that of their strength.

(2) When data fitting is conducted by using Arrhenius model (Equation 2) and strength degradation model (Equation 5), it is found that the test result is highly relevant to the fitting curve (R2 ≥ 0.92), indicating that the strength degradation law based on Arrhenius theory also applies to elastic modulus. This is the key to the interconversion between the degradation rate of GFRP rebars strength and that of their elastic modulus.

(3) With the test data, the tensile strength degradation rate of GFRP rebars obtained by the formula is basically identical to the degradation rate by data fitting, which also proves the validity of the formula deduced in this paper.

(4) Due to the diversity of GFRP rebar type, the conversion relation expressions between the degradation rate of their elastic modulus and that of their tensile strength are not the same (e.g., Equations 16 and 17). Hence, it is vital for real durability monitoring of GFRP-RC structures to perform a specific accelerated aging test for GFRP rebars according to the actual engineering needs.

(5) The conversion relation between the degradation rate of GFRP rebars elastic modulus and that of their tensile strength in this paper provides possibility for analyzing and predicting the durability of GFRP rebars during service. However, no actual verification has been conducted for the theoretical formula. The further research has to focus on: (a) performing the accelerated aging test for GFRP rebars embedded in concrete and the real-time measurement for the degradation rate of tensile strength and that of elasticity modulus; (b) enhancing the monitoring of GFRP rebars during the real service. The data in those two tasks can be used to verify and modify the theoretical formula, so as to obtain more accurate conversion relation between the degradation rate of elastic modulus and that of tensile strength and improve the durability prediction precision of GFRP rebars during the actual service, to provide theoretical foundation for the durability design of GFRP–RC structures.
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