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ABSTRACT 

As coastal cities increasingly rely on resilient marine infrastructure to address the 

challenges posed by climate change and rising sea levels, the demand for sustainable 

construction materials has become more urgent. However, the construction industry 

faces significant challenges due to the scarcity of river sand and freshwater resources, 

as well as the issue of chloride-induced steel corrosion in concrete. In this context, a 

new type of reinforced concrete structure, composed of corrosion-resistant fibre-

reinforced polymer (FRP) bars and seawater sea-sand concrete (SSC) (termed FRP-SSC 

structure) has been deemed as a promising solution due to its environmental and 

economic benefits. While existing accelerated aging test data on the durability of FRP 

bars, FRP bars embedded in concrete, and SSC suggests that FRP-SSC structures can 

be expected to be highly durable in marine environments, there remains a critical need 

to investigate their long-term performance and deterioration mechanisms under real-

world conditions. 

Against this background, this thesis presents an in-depth study aimed at the 

investigation of long-term performance of FRP bars and FRP-reinforced SSC (FRP-

SSC) beams after prolonged exposure to real marine environments. The PhD project 

consists of three parts, each addressing specific aspects of the durability performance of 

glass FRP (GFRP) bars, GFRP bar-to-SSC bonded joints, and GFRP-SSC beams. 

Following a comprehensive review and systematic analysis of existing research on the 

durability of FRP bars, FRP bar-to-concrete bonded joints, and FRP-reinforced concrete 

beams (based on three newly assembled databases containing over 15200 specimens), 
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the first part of this thesis investigated the residual tensile properties of two batches of 

GFRP bars after exposure to different marine environmental conditions, including 

atmospheric, splash, tidal, and underwater zones, for up to four years. The results 

indicated that the GFRP bars conditioned in tidal and underwater environments 

exhibited a significant decrease in tensile strength compared to those exposed to 

atmospheric and splash environments. Besides, the bar size effect on the long-term 

tensile performance of GFRP bars was revealed. Based on these experimental findings, 

along with a critical review and assessment of existing models, a refined prediction 

model that incorporates a time-dependent correction factor was proposed, 

demonstrating enhanced accuracy in predicting their long-term tensile performance of 

GFRP bars under tidal exposure. 

The second part of this thesis focused on the bond durability between GFRP bars and 

SSC. Direct pullout tests were conducted on two series of GFRP bar-to-SSC bonded 

joints exposed to various marine environmental conditions over a period of four years. 

The test results revealed that the failure mode, shapes of bond stress-slip curves and 

bond strength of the specimens exhibited minimal changes after prolonged field 

exposure. However, specimens subjected to tidal conditions experienced a notable 

reduction in bond stiffness, with retention decreasing to approximately 64% after four 

years. Additionally, a time-dependent bond stress-slip model for GFRP bars in SSC was 

developed based on the modified BPE (mBPE) model, and its reliability was validated 

against the experimental data, showing satisfactory agreement and predictive capability. 

In the final part of this thesis, the flexural performance of two series of GFRP-SSC 

beams was experimentally investigated under four-point bending after field exposure to 

different marine environments. The results showed that long-term field exposure did 
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not affect the failure modes and load-deflection behavior of the specimens, regardless 

of sustained loading conditions. While specimens exposed to atmospheric and splash 

environments exhibited no significant changes in flexural capacity over the exposure 

period, those subjected to tidal conditions exhibited a noticeable reduction in load 

carrying capacity, with retention stabilizing at approximately 90% after four years, 

accompanied by increased crack widths and decreased crack numbers. These changes 

were attributed primarily to the deterioration of bond stiffness between GFRP bars and 

SSC. To simulate the flexural behavior of these beams, a finite element (FE) model 

accounting for the deterioration of bond stiffness between FRP bars and SSC was 

developed, which demonstrated the capability  to accurately predict the long-term 

flexural performance of GFRP-SSC beams under tidal conditions, particularly in terms 

of load-deflection responses and crack patterns. 
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CHAPTER 1 

 INTRODUCTION  

1.1 BACKGROUND  

Marine infrastructure plays a crucial role in the development and sustainability of many 

coastal cities worldwide. As global warming leads to predicted sea level rise, the 

significance of marine infrastructure is expected to increase in response to climate 

change. However, the scarcity of river sand and freshwater resources for concrete 

production has posed a considerable challenge for the construction industry worldwide 

for several decades. On one hand, the overconsumption of river sand has not only raised 

environmental concerns but has also severely affected riverine ecosystems, floodplains, 

and navigation. On the other hand, the substantial consumption of freshwater, coupled 

with high transportation costs, presents critical challenges for the construction sector. 

To mitigate these problems, the use of sea sand and seawater as substitutes for river 

sand and freshwater in concrete production has emerged as a promising alternative, 

gaining acceptance globally. However, due to the presence of chlorides in seawater sea-

sand concrete (SSC), chloride-induced corrosion of steel reinforcement in concrete 

would inevitably be caused (see Fig. 1.1) (Wang et al. 2019; Li et al. 2024). 

In this context, SSC structures reinforced with fiber-reinforced polymer (FRP) bars 

(termed FRP-SSC structures), which was first proposed by Teng et al. (2011) and 

subsequently promoted internationally by Teng (2014), have attracted world-wide 

research interests over the past decade owing to its environmental and economic 

benefits (Selicato et al. 2015; Xiao et al. 2017; Zhao et al. 2021). Currently, the most 
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widely utilized FRP bars are primarily composed of a variety of fibers (e.g., glass, 

carbon, basalt, aramid), which are impregnated with different resin matrices (e.g., epoxy, 

vinylester, polyester) (see Fig. 1.2). 

 

Fig. 1.1 Corrosion of Steel Reinforcement (extracted from 

https://gharpedia.com/blog/causes-of-corrosion-of-reinforcement-steel/) 

 

Fig. 1.2 Four types of FRP bars (Dong and Wu 2019) 

https://gharpedia.com/blog/causes-of-corrosion-of-reinforcement-steel/
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Existing research has revealed that FRP bars possess exceptional durability in marine 

environments, experiencing only minimal deterioration even after prolonged exposure 

(Robert and Benmokrane 2013; Benmokrane et al. 2016; Nishizaki et al. 2016; Ruiz 

Emparanza et al. 2022). While accelerated aging test results raised concerns regarding 

the durability of glass FRP (GFRP) bars in the alkaline environment of concrete, 

researchers have found no evidence of significant degradation in GFRP bars embedded 

in real concrete structures, such as bridges and wharfs, even after many years of service 

(Mufti et al. 2007b; Gooranorimi and Nanni 2017; Benmokrane et al. 2018; Al-Khafaji 

et al. 2021; Ramanathan et al. 2021). 

Moreover, SSC has demonstrated good durability over a long period, as the effects of 

sea sand and seawater primarily influence the early strength development of concrete 

due to their high chloride content (Otsuki et al. 2014; Xiao et al. 2017). Consequently, 

existing accelerated aging test data on the durability of FRP bars, FRP bars embedded 

in concrete, and SSC generally suggest that FRP-SSC structures can be expected to be 

highly durable, even in marine environments. Nevertheless, significant deterioration of 

FRP-SSC structures might still occur due to various factors, including the coupled 

effects of environmental exposure and mechanical loading, as observed in some 

existing accelerated aging tests (AAT) (Almusallam and Al-Salloum 2006; Dong et al. 

2018a; Fergani et al. 2018b). This situation necessitates research focused on the long-

term performance of FRP-SSC structures, addressing aspects from the material level to 

the component level, to ensure their safe and reliable application in practice. 



4 

1.2 DURABILITY OF FRP BARS AND FRP -REINFORCED 

CONCRETE BEAMS 

A large amount of research has been carried out on the durability of FRP bars and FRP-

reinforced concrete beams under controlled laboratory conditions (i.e., AAT studies). 

These studies have systematically investigated the effects of various environmental 

factors, including water, alkaline solutions, saline solutions, acidic solutions, elevated 

temperatures, ultraviolet radiation, freeze-thaw cycles, and wet-dry cycles, as well as 

their combinations (Tannous and Saadatmanesh 1998; Micelli and Nanni 2004; Chen et 

al. 2007; Al-Salloum et al. 2013; Hassan et al. 2016; Dong et al. 2018c; Ali et al. 2019; 

Manalo et al. 2020). Additionally, the coupled effects of simulated environmental 

conditioning and sustained loading on the durability of FRP bars and FRP-reinforced 

concrete beams have been extensively examined (Benmokrane et al. 2002; Almusallam 

and Al-Salloum 2006; Laoubi et al. 2006; Wu et al. 2015; El-Hassan et al. 2018; 

Fergani et al. 2018a; Fergani et al. 2018b; Chang et al. 2021; Chang et al. 2022). 

Generally, the durability of FRP bars is inherently complicated, as the degradation of 

their mechanical properties is governed by multiple factors simultaneously, including 

the fibers, resin and fiber-resin interface (Chen et al. 2007; Kamal and Boulfiza 2011; 

Robert and Benmokrane 2013; Wang et al. 2017b; Fergani et al. 2018a). Similarly, the 

degradation processes in FRP-reinforced concrete beams are complex due to the 

interactions among the FRP bars, the concrete matrix, and the bar-concrete interface, as 

shown in Fig. 1.3 (Chang et al. 2022). 
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Fig. 1.3 Deterioration mechanism of FRP-reinforced concrete beams under saline 

conditions (Chang et al. 2022) 

In contrast to AAT, research focusing on the durability of FRP bars and FRP-reinforced 

concrete beams under natural conditions [referred to as field exposure tests (FET)] is 

notably limited (Al -Salloum et al. 2013; Esmaeili et al. 2020; Kychkin et al. 2021; 

Morales et al. 2021; Ramanathan et al. 2021; Chen et al. 2022). This scarcity of studies 

can be attributed to the significantly longer durations and higher costs associated with 

such studies.  

A critical concern is that the severe exposure conditions employed in AAT, such as 

immersion in aggressive solutions at elevated temperatures, may not accurately reflect 

the deterioration mechanisms of FRP bars and FRP-reinforced concrete beams in the 

actual environmental conditions they encountered during their service life. To be more 

specific, laboratory settings often fail to adequately simulate factors such as 

temperature fluctuations, ultraviolet radiation, high humidity, and wet-dry cycles, which 

may lead to highly conservative conclusions drawn from AAT regarding such durability 

issues.  
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Despite the limited research on FET, existing studies have demonstrated significant 

discrepancies between the results obtained from AAT and those from FET (Al -Salloum 

et al. 2013; Morales et al. 2021). These findings highlight the necessity of conducting 

FET on both FRP bars and FRP-reinforced concrete beams, which is essential for 

clarifying their deterioration mechanisms under real world conditions and improving 

the reliability of durability assessments for FRP bars and FRP-reinforced concrete 

beams in practical applications. 

1.3 OBJECTIVES AND LAYOUT OF THE THESIS  

Against the above background, the present PhD research project focuses on the long-

term performance and deterioration mechanisms of FRP bars and FRP-SSC beams in 

real marine environments. The primary objectives of this thesis are structured at both 

the material and component levels, as follows: 

(1) To clarify the effects of various parameters on the durability of FRP bars, FRP 

bar-to-concrete bond, and FRP-reinforced concrete beams based on existing 

AAT data; 

(2) To investigate the durability performance and deterioration mechanisms of 

GFRP bars, GFRP bar-to-SSC bonded joints, and GFRP-SSC beams after long-

term exposure to various marine environmental conditions; 

(3) To establish a conversion relationship between AAT and FET results, thereby 

developing a reliable prediction model for the long-term performance of GFRP 

bars in marine environments; 

(4) To propose a time-dependent bond stress-slip model for GFRP bars in SSC; 
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(5) To develop a numerical model for the long-term flexural performance of 

GFRP-SSC beams, incorporating the deterioration of bond stiffness between 

GFRP bars and SSC. 

This thesis consists of three parts comprising a total of eight chapters, each addressing 

specific aspects of the long-term performance of GFRP bars (Chapters 3 and 4), GFRP 

bar-to-SSC bonded joints (Chapter 5), and GFRP-SSC beams (Chapters 6 and 7). A 

summary of each chapter is provided below. 

Chapter 2 presents a comprehensive review on the durability of FRP bars (both bare 

and concrete-embedded), FRP bar-to-concrete bonded joints, and FRP-reinforced 

concrete beams subjected to various environmental conditions (e.g., solution immersion, 

wet-dry cycles, freeze-thaw cycles, high temperatures, UV radiation) and/or loading 

conditions (i.e., with and without sustained load). Critical parameters (including fiber 

type, resin type, bar diameter, bar surface treatment, concrete type, exposure 

environment, and aging duration) influencing the durability issues are systematically 

investigated based on three AAT databases collected in this study, containing over 

15200 specimens.  

In Chapter 3, an overview of the FET programs and the two field exposure stations 

involved in the research project is first presented, detailing the types of exposure zones 

and their corresponding environmental characteristics. This is followed by the results of 

an experimental program involving two batches of GFRP bars exposed to different 

marine environmental conditions (i.e., atmospheric, splash, tidal and underwater zones) 

for up to four years. The residual tensile properties of the GFRP bars after various field 

exposure durations were investigated, along with the effect of bar diameter on their 
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long-term tensile performance. 

To bridge the gap between AAT and FET for the durability of GFRP bars, Chapter 4 

proposes a refined prediction model that incorporates the additional effects of tidal 

conditions based on the experimental results presented in Chapter 3. The chapter begins 

with a comprehensive review of existing prediction models developed for durability of 

FRP bars, followed by a systematic assessment of three widely used models using the 

AAT and FET databases introduced in Chapter 2. The proposed model is shown to 

provide accurate predictions for the GFRP bars subjected to tidal conditions. 

Given the critical importance of the long-term bond performance of the FRP bar-to-SSC 

interface for the durability of FRP-SSC beams, Chapter 5 presents the results of direct 

pullout tests conducted on two series of GFRP bar-to-SSC bonded joints after up to four 

years of field exposure in different marine environmental zones. Additionally, a time-

dependent bond stress-slip model for GFRP bars in SSC is proposed based on the 

modified BPE (mBPE) model (Cosenza 1996), and the accuracy of the proposed model 

is assessed. 

Chapter 6 focuses on an experimental study of the long-term performance of GFRP-

SSC beams subjected to marine environments for up to four years. Two series of beam 

specimens were prepared and tested under four-point bending, with the examined 

variables including the type of exposure zone, the exposure duration, and the presence 

of sustained load. The flexural performance was evaluated by analyzing failure modes, 

load-midspan deflection response, cracking load, flexural capacity, and crack width and 

distribution. Besides, the deterioration mechanisms of the GFRP-SSC beams under tidal 

conditions are revealed. 
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Based on the experimental findings from Chapters 5 and 6, a numerical investigation 

into the long-term flexural performance of GFRP-SSC beams subjected to tidal 

conditions is presented in Chapter 7. Simplified bond stiffness values, determined from 

the pullout test results in Chapter 5, are first proposed for finite element (FE) modeling 

to simulate the behavior of undegraded GFRP-SSC beams. Subsequently, the 

deterioration of bond stiffness, based on the time-dependent bond stress-slip model for 

GFRP bars in SSC, is incorporated into the FE modeling of GFRP-SSC beams after 

prolonged exposure to marine environments. The numerical results demonstrate good 

agreement with the experimental results in Chapter 6 in terms of load-deflection 

responses and crack patterns. 

The thesis concludes with Chapter 8 by summarizing the main findings from the 

preceding chapters with further research needs also being highlighted. 
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CHAPTER 2 

 LITERATURE REVIEW  

2.1 INTRODUCTION  

Chloride-induced corrosion of conventional steel reinforcement in concrete structures is 

of great concern to industrial and research communities worldwide. Due to the 

prominent features such as high strength-to-weight ratio, superior corrosion resistance 

and electrical insulation properties, FRP bars have been considered as one of the most 

promising and cost-effective solutions to this issue, especially in harsh environmental 

conditions (e.g., offshore and coastal areas). Currently, commonly used FRP bars are 

mainly composed of various fibers (e.g., glass, carbon, basalt, aramid) impregnated 

with different resin matrices (e.g., epoxy, vinylester, polyester), leading to the fact that 

their mechanical properties are primarily governed by three different components: fiber, 

matrix and fiber/matrix interface. The key mechanical properties of FRP bars can be 

summarized as follows: (1) Tensile strength (TS) and tensile elastic modulus (TM) are 

fiber-dominated properties that depend mainly on the fiber volume fraction of FRP bars 

(ACI 2015); (2) Transverse shear strength (TSS) is a matrix-dominated property, since 

the fibers cannot resist the shear force acting on a plane perpendicular to the fiber 

direction (fib 2007); (3) Interlaminar shear strength (ILSS), which is primarily 

governed by the bond between fibers and matrix, is a fiber/matrix interface-dominated 

property (Benmokrane et al. 2015); (4) Flexural strength (FS) and flexural elastic 

modulus (FM) are matrix-dominated properties because the flexural failure of FRP bars 

correlates to the properties of resin matrix (Wang et al. 2022); (5) Bond strength (BS) at 
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the FRP bar-to-concrete interface is considered a fiber/matrix interface-dominated 

property, particularly when the FRP bars are embedded in high-strength concrete 

(Nepomuceno et al. 2021).  

To determine the aforementioned mechanical properties of FRP bars, existing studies 

have adopted the following standard test methods:  

(1) Most researchers utilized tensile tests to assess the TS and TM of FRP bars 

according to American standard ASTM D7205 (ASTM 2021), while a limited 

number of studies followed alternative standards, including ASTM D3916 

(ASTM 2016b), Chinese standard GB/T 26743 (GB/T 2011), Japanese standard 

JSCE E531 (JSCE 1995a), and Canadian standard CSA S806 (CSA 2021);  

(2) Short-beam shear tests following ASTM D4475 (ASTM 2016a) were 

commonly used to measure the apparent horizontal shear strength (i.e., ILSS) 

of FRP bars;  

(3) Transverse shear tests as per ASTM D7617 (ASTM 2017) were employed by 

most studies to obtain the TSS of FRP bars;  

(4) Three-point flexural tests in accordance with ASTM D4476 (ASTM 2014) were 

the most common method to determine the FS and FM of FRP bars;  

(5) Direct pullout tests according to ASTM D7913 (ASTM 2020) or Method B3 in 

ACI 440.3R (ACI 2012) were the most commonly used approaches for 

assessing the BS of FRP bars. 

For a safe and confident use of FRP bars in practice, extensive research has been 

conducted through accelerated aging tests (AAT) to evaluate the long-term performance 

of FRP bars and FRP-reinforced concrete beams under different environmental 

conditions [e.g., water, alkaline solutions, saline solutions, acidic solutions, high 
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temperatures (HT), ultraviolet (UV) radiation, freeze-thaw (FT) cycles, wet-dry (WD) 

cycles, and their combinations] (Tannous and Saadatmanesh 1998; Micelli and Nanni 

2004; Bakis et al. 2007; Chen et al. 2007; Kamal and Boulfiza 2011; Al-Salloum et al. 

2013; Robert and Benmokrane 2013; El Refai et al. 2015; Hassan et al. 2016; Ali et al. 

2019; Dong et al. 2020; Lu et al. 2020a; Manalo et al. 2020; Kazemi et al. 2022; Lu et 

al. 2023b; Wang et al. 2023a) as well as loading conditions (i.e., with and without 

sustained load) (Benmokrane et al. 2002; Laoubi et al. 2006; Wu et al. 2015; El-Hassan 

et al. 2018; Fergani et al. 2018a; Chang et al. 2021; Lu et al. 2022). Currently, the most 

frequently used method for accelerating corrosion is to increase the temperature within 

a specific environment, while ensuring that it remains below the glass transition 

temperature (Tg) of FRP bars.  

In general, the durability of FRP bars is rather complicated since the degradation of 

mechanical properties is likely to be dominated by the fibers, resin and fiber-resin 

interface simultaneously, as stated above (Chen et al. 2007; Kamal and Boulfiza 2011; 

Robert and Benmokrane 2013; Wang et al. 2017b; Fergani et al. 2018a; Lu et al. 2020c). 

Micelli and Nanni (2004) demonstrated that the durability of FRP bars subjected to 

alkaline solutions was significantly influenced by the resin type, which is subsequently 

confirmed by Benmokrane et al. (2017a); however, no obvious degradation was 

observed in the conditioned FRP bars after undergoing simulated environmental cycles. 

Chen et al. (2007) found that FRP bars were more sensitive to continuous immersion in 

solutions than WD cycling exposure, while FT cycles had negligible effects on their 

degradation. Benmokrane et al. (2020b) reported that carbon FRP (CFRP) bars 

exhibited the highest resistance to alkaline environments, followed by basalt FRP 

(BFRP) and glass FRP (GFRP) bars, and Wang et al. (2017b) found that GFRP bars 

exhibited superior durability compared to BFRP bars under alkaline conditions. 
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Additionally, Wang et al. (2023a) observed that GFRP bars immersed in a saline 

solution possessed higher residual tensile strength than those immersed in water and 

alkaline solutions for up to 360 days, which aligns with the findings of Al -Salloum et al. 

(2013). Furthermore, existing studies indicated that the application of sustained load 

could amplify the detrimental effects on the long-term durability of FRP bars, 

especially for those conditioned at elevated temperatures, compared to single 

environmental exposure (Almusallam and Al-Salloum 2006; Wu et al. 2015; Wang et al. 

2018).  

Apart from the degradation of the mechanical properties of FRP bars alone, the bond 

performance of FRP bar-concrete interface after exposure is also critical for the 

durability of FRP-reinforced concrete structures. Extensive studies have been carried 

out to investigate bond durability under various environmental conditions and material 

parameters (Bakis et al. 2007; El Refai et al. 2015; Hassan et al. 2016; Kazemi et al. 

2022; Xiong et al. 2022). Zheng et al. (2020) found that GFRP bars manufactured with 

vinylester resin possessed better performance in aggressive environments than those 

made with epoxy resin. Similar tests were performed by Altalmas et al. (2015) and their 

findings indicated that the trend of the bond-slip responses was detected to be irrelevant 

to the type of aqueous solution, which is consistent with the observations made by 

Zheng et al. (2020). However, Dong et al. (2016a) concluded that sand-coated FRP bars 

exhibited superior bond durability to that of ribbed bars under seawater exposure, 

indicating the correlation between bond degradations and bar surface treatment. Yan et 

al. (2017) reported that the durability of GFRP bar-concrete pullout specimens 

subjected to FT cycles in an alkaline-saline solution was generally poorer than those 

conditioned in individual FT cycles. In addition to normal concrete (NC), Dongôs 

research group (Dong et al. 2016b; Dong et al. 2018a; Dong et al. 2018b) found that the 
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BS degradation of FRP bars in seawater sea-sand concrete (SWSSC) in a seawater 

immersion environment was more severe than that in a WD cycling condition, while 

Chang et al. (2021) reported that more significant BS degradation was detected in FRP-

SWSSC interfaces under the coupled effects of seawater immersion and sustained load, 

especially for FRP bars with a small diameter. 

To better understand the long-term structural behavior of FRP-reinforced concrete 

beams in aggressive environments, some efforts have been made in this field. Rajput 

and Sharma (2017) indicated that the aggressive environments (WD cycling in a 45  

saline solution and continuous immersion in a 60  alkaline solution) had little impact 

on the flexural strength of GFRP-reinforced concrete beams after 30-day exposure. 

However, Tannous and Saadatmanesh (1999) concluded that the strength loss of FRP 

bars in concrete beams might depend more on exposure time rather than solution type, 

and thus, more significant stiffness loss and bending capacity degradation were 

observed for the GFRP-reinforced concrete beams after two years of exposure to saline 

solutions. Besides, Dong et al. (2018c, 2020) found that environmental exposure could 

change the failure modes of BFRP-reinforced SWSSC beams from concrete crushing to 

shear failure after seawater immersion or WD cycling, which indicated the decreased 

contributions of FRP stirrups to shear resistance. In order to mitigate this negative effect, 

Su et al. (2022) developed the carbon nanotube-modified BFRP material to be used as 

shear reinforcement in SWSSC beams and their test results showed that this novel type 

of FRP bars was effective in suppressing the shear failure caused by the bond 

degradation after exposure to seawater WD cycling. Moreover, the coupled effects of 

sustained load and environmental exposures on the bending performance of FRP-

reinforced concrete beams have also been studied; however, there was no consensus 

regarding this issue based on the limited existing research (Laoubi et al. 2006; Dong et 
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al. 2018a). 

It should be noted that most existing studies on the durability of FRP bars and FRP-

reinforced concrete beams have been conducted using AAT rather than field exposure 

tests (FET) since the former method consumes much less time. Using the available AAT 

results, several models based on Arrhenius relation (Nelson 2009) have been proposed 

to predict the long-term mechanical properties of FRP bars (Tannous and Saadatmanesh 

1998; Bank et al. 2003; Huang and Aboutaha 2010; Davalos et al. 2011; Robert and 

Benmokrane 2013; Wu et al. 2015; Dong et al. 2017b). Therefore, it is essential to 

clarify the durability performance of FRP bars and FRP-reinforced concrete beams 

under accelerated aging exposure, as this will  facilitate the establishment of a 

conversion relationship between AAT and FET. However, the existing AAT results seem 

to be highly scattered due to differences in inherent material properties (e.g., fiber type, 

resin type, manufacturing process), environmental conditions (e.g., solution type, 

solution concentration, exposure temperature), as well as loading conditions (i.e., stress 

level). Consequently, reaching a consensus based on a limited number of studies may 

prove challenging. Thus, a comprehensive database is urgently needed to examine the 

degradation law of FRP bars and FRP-reinforced concrete beams under accelerated 

aging conditions. 

In this chapter, the durability of FRP bars, FRP-concrete bonded joints and FRP-

reinforced concrete beams was assessed based on three assembled AAT databases 

derived from open literature. Various parameters (including fiber type, resin type, bar 

diameter, bar surface treatment, concrete type, exposure environment, aging duration, 

etc.) that affect the degradation of mechanical properties of FRP bars and flexural 

behavior of FRP-reinforced concrete beams were systematically investigated, aiming to 
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give a comprehensive review that spans from the material level (FRP bars) to the 

component level (FRP-reinforced concrete beams), thereby providing a solid 

foundation for future research. Note that the durability assessment only considered test 

results obtained from AAT, where the test specimens were exposed to simulated 

environments at ambient and/or elevated temperatures, with or without sustained load, 

for a specified duration. 

2.2. EXPERIMENTAL DATABASES  

The AAT results for over 13200 FRP bars, 1800 FRP bar-concrete bonded joints and 

200 FRP-reinforced concrete beams, from more than 4300 tests published in the 

existing literature, have been collected and the resulting three databases are presented in 

Tables A1-A3, B1 and C1, respectively (see Appendix A). Besides, three corresponding 

FET databases have been collected for reference, as detailed in Tables D1-D3, E1 and 

F1, respectively (see Appendix B). To ensure the reliability and consistency of the 

results in these databases, several filtering criteria were adopted as follows: 

· Only commonly used FRP bars [i.e., aramid FRP (AFRP), BFRP, CFRP and 

GFRP bars] were included in the three databases, with only thermosetting resin 

matrices [i.e., (modified) epoxy, (modified) vinylester and (modified) polyester 

resin matrices] being considered. Additionally, only specimens made with 

normal concrete (NC), high-strength concrete (HSC) and seawater and/or sea-

sand concrete (SWC, SSC, SWSSC) were included in the databases of FRP 

bar-concrete bonded joints and FRP-reinforced concrete beams, while those 

made with fiber-reinforced concrete, lightweight aggregate concrete, coral 

aggregate concrete, recycle aggregate concrete, etc., were excluded. 
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· To avoid the changes in the degradation mechanism of FRP bars caused by 

elevated temperatures above the Tg of resin matrix, test results obtained at 

conditioning temperatures higher than 80  were ignored.  

· Individual or coupled effects of the following environmental conditions were 

included during the database collection:  

Á Alkaline solution immersion (IMMR), 

Á Acid solution immersion (IMMR), 

Á Saline solution/ (simulated) seawater immersion (IMMR), 

Á Water immersion (IMMR), 

Á NC/SWSSC solution immersion (IMMR), 

Á Concrete-embedded condition for FRP bars, 

Á Wet-dry cycles (WD), 

Á Freeze-thaw cycles (FT), 

Á Sustained load (SL), 

Á Ultraviolet radiation (UV), 

Á Room temperature (RT), 

Á High temperature (HT), 

Á Low temperature (LT), 

Á Relative humidity (RH), 

Á Pre-cracks for FRP-reinforced concrete beams. 

It can be seen from the Tables (A1-A3, B1 and C1) in Appendix A that each database 

consists of the most critical information for each specimen, including FRP type, bar 

manufacturer and diameter, resin type, concrete type, environmental condition, 

exposure duration, and key test results. In this study, retention was defined as the 
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average value of the test results for several identically conditioned specimens expressed 

as a percentage of that for unconditioned ones. Note that the unconditioned specimens 

without environmental exposure and time aging effects were denoted ñcontrolò 

specimens, while those without environmental exposure but with time aging effects 

were denoted ñreferenceò specimens, especially for the FRP bar-concrete bonded joint 

and FRP-reinforced concrete beam specimens. The overall distribution of the above-

mentioned parameters in each database is shown in Fig. 2.1, where the proportion of 

specimens within selected ranges is also presented in diagrams versus the main test 

parameters to quantify these differences and identify research needs. It is evident that, 

in the three databases, the majority of specimens used FRP bars made with glass 

(58~62%) and basalt (23~34%) fibers, while fewer tests were conducted on FRP bars 

made with aramid (approximately 1%) and carbon (6~18%) fibers. It is important to 

note that a significant proportion of studies (18%) adopted CFRP bars as internal 

reinforcements for FRP-reinforced concrete beams, which may result from the superior 

tensile properties of CFRP bars in prestressed applications (Sen et al. 1999).  

Regarding resin type, the overwhelming majority of the studies adopted vinylester 

resin-based FRP bars (43.1~53.3%) due to their excellent durability, followed by epoxy 

resin-based ones (18.4~31.6%). Another noteworthy finding is that FRP bars with a 

small diameter (e.g., smaller than 13 mm) were commonly used in the selected studies, 

with percentages of 85.8%, 84.5% and 76.1%, respectively, for FRP bars, bonded joints 

and beams. In contrast, very few tests were performed on specimens using FRP bars 

with diameters larger than 19 mm [FRP bars (5.0%), bonded joints (4.2%) and beams 

(1.9%)]. This can be explained by the fact that smaller diameters can accelerate 

degradation, as the corrosion rates tend to decrease with increasing bar diameter 

(Benmokrane et al. 2017a), and small-sized FRP bars are also easy for testing. In 
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addition, for the database of FRP bars, the evaluated mechanical properties include TS 

(49.0%), ILSS (31.5%), TSS (11.8%) and FS (7.7%), with 80.6% of tests conducted on 

bare FRP bars and 19.4% on concrete-embedded FRP bars after various environmental 

conditionings. For the databases of bonded joints and beams, most tests were performed 

on members with NC (76.8% and 78.5%, respectively), while relatively few tests were 

carried out on members with SWC/SSC/SWSSC (13.9% and 21.5%, respectively) and 

HSC (9.3% and 0%, respectively). Since the types of environmental conditioning have 

a strong relationship with the investigated properties for FRP materials and members, 

more detailed discussions on the durability of FRP bars, FRP bar-concrete bonded joints 

and FRP-reinforced concrete beams are given in the following sections.  
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Fig. 2.1 Distribution of test parameters in three assembled databases 
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2.3 BARE FRP BARS 

2.3.1 Single Environmental Effect 

Numerous studies have been conducted on the durability of mechanical properties (i.e., 

TS, TM, TSS, ILSS, FS and FM) of bare FRP bars subjected to different environmental 

conditions. To evaluate the single environmental effect on the durability of bare FRP 

bars, test results from the three most frequently used conditions (i.e., continuous 

immersion in alkaline, saline and water solutions) and other conditions reported in the 

existing literature were selected based on the assembled databases (see Tables A1, A2 

and A3 in Appendix A). Note that due to the limited test data available for CFRP and 

AFRP bars as mentioned earlier, the test results presented in the following subsections 

are mainly limited to those for GFRP and BFRP bars made with vinylester, epoxy and 

polyester resins (including their modified types), unless otherwise specified. Besides, in 

order to achieve a more comprehensive assessment of the durability performance of 

bare FRP bars, most of the comparable cases discussed in this section include AAT data 

sourced from at least two different studies. 

2.3.1.1 Alkaline solution immersion 

2.3.1.1.1 Effect of alkaline concentration. Existing studies have indicated that the 

concentration of alkaline solutions plays a vital role in the durability of FRP bars in 

alkaline environments (Wang et al. 2022; Wang et al. 2023a). To study the effect of pH 

on the durability of bare FRP bars, AAT data for GFRP bars with a consistent diameter 

range and being directly immersed in alkaline solutions with different pH levels at 

various temperatures (i.e., 20-30 , 40  and 60 ) were collected. As specified by 

ACI 440.3R (ACI 2012) and ASTM D7957 (ASTM 2022), pH = 12.6-13 is a 
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representative range of mature concrete pore solution, and thus the pH values herein are 

classified into three ranges, namely 10 Ò pH < 12.6, 12.6 Ò pH Ò 13 and 13 < pH < 14. 

Fig. 2.2(a) shows the TS retentions of GFRP bars with respect to the exposure duration. 

All the selected GFRP bars had the same diameter range (db = 8-10 mm) and were 

subjected to alkaline solutions with different pH levels. A simple exponential regression 

equation, expressed as ὣ ρππ ÅØÐὸ†ϳ  (Phani and Bose 2012), was adopted to 

generate trendlines based on the selected AAT data, where ὸ represents the aging time 

and † denotes the fitting parameter. This equation has been demonstrated to provide 

reasonably accurate predictions of the durability of FRP bars and exhibits a degradation 

law consistent with other widely used mathematical equations (Chen et al. 2006; Wu et 

al. 2015; Feng et al. 2022). The thin dotted, thin solid and thick dashed trendlines in the 

subfigures correspond to GFRP bars exposed to alkaline solutions with pH ranges of 10 

Ò pH < 12.6, 12.6 Ò pH Ò 13 and 13 < pH < 14, respectively. In addition, the number in 

brackets after each reference in the legend represents the number of test data used in the 

figure, and such a manner is adopted for the figures in this chapter hereafter. The 

trendlines in Fig. 2.2(a) demonstrate that the TS retentions of GFRP bars decrease with 

both exposure time and temperature for all pH levels. This is because the longer the 

exposure time, the more severe the chemical reactions, while the higher the exposure 

temperature, the faster the water molecules and hydroxide ions move (Wang et al. 2022). 

Moreover, higher pH values result in relatively lower strength retentions under the same 

condition. This phenomenon can be explained by the fact that, in an alkaline solution 

with a higher pH level, there are more serious chemical reactions between the 

hydroxide ions and the glass fiber, which may lead to the formation of micro-cracks in 

GFRP bars (Wang et al. 2022). Compared to the TS of GFRP bars, TM is found to be 

less affected by the alkaline concentration, exposure duration and exposure temperature 
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[see Fig 2(b)]. This is reasonable because TM is obtained from the linear-elastic portion 

of the stress-strain curve of the FRP bars, where the matrix still effectively transfers 

stress to the fibers, while the TS is calculated at the failure points of FRP bars 

(Benmokrane et al. 2017b). Since limited test data available for the TSS of bare GFRP 

bars (db = 12-15 mm) in alkaline environments of 10 Ò pH < 12.6 and 13 < pH < 14, 

only those for bars immersed in alkaline solutions with pH values ranging from 12.6 to 

13 are shown in Fig. 2.2(c). Similar to TS, the TSS retentions of GFRP bars gradually 

decrease with time and temperature. For ILSS, as shown in Fig. 2.2(d), the retention 

trends for GFRP bars with diameters ranging from 6 to 8 mm under different conditions 

are also similar to those of TS and TSS, with two exceptions of the polyester-based 

specimens tested by Micelli and Nanni (2004). This is mainly because the polyester 

resin is much more susceptible to chemical attack by alkalis, while the ILSS is 

primarily governed by the matrix and the fiber-matrix interface rather than by the fibers. 

Note that Benmokrane et al. (2017a) reported that the GFRP bars made with polyester 

resin exhibited a much lower ILSS retention after alkaline conditioning, compared to 

their vinylester- and epoxy-based counterparts. In Figs. 2.2(e) and 2.2(f), the retentions 

of FS and FM for GFRP bars with diameters ranging from 9.5 to 13 mm are generally 

close to each other under the same condition, except for those exposed to alkaline 

solutions with higher concentrations (12.6 Ò pH Ò 13) at 60 , where both retentions 

decrease obviously with prolonged exposure. In addition, due to the limited data 

available with respect to the durability of TSS and flexural properties (FS and FM) of 

GFRP bars, a significant amount of further research is required to enhance the 

understanding of these properties.  
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Fig. 2.2 Effect of alkaline concentration on the durability of bare GFRP bars 

2.3.1.1.2 Effect of fiber type. It has been found that the mechanical properties 

(especially tensile properties) of FRP bars vary depending on the fiber type (Wang et al. 

2017a; Wang et al. 2017b; Benmokrane et al. 2020b; Lu et al. 2020a; Lu et al. 2020d). 

To examine the effect of fiber type on the durability of bare FRP bars immersed in 

alkaline solutions, GFRP and BFRP bars having the same diameter ranges and under 

the same exposure conditions (i.e., the alkaline solution with a pH of 12.6-13) are 

compared in Fig. 2.3. Figs. 2.3(a) and 2.3(b) respectively show the degradation trends 

of TS and TM for the two types of FRP bars (db = 6-8 mm) in alkaline environments. 
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(a) (b) (c)

(d) (e) (f)

20-30 (10ÒpH < 12.6)

(a) [TannousandSaadatmanesh1998(2); Wanget al. 2022(10); Wanget al. 2023(10)]; (b) [Wang et al. 2022(7); Wanget al. 2023(2)]; (d) [Yu et al. 2021(4); Sunet al. 2023

(16)]; (e) [Wanget al. 2022(10)]; (f) [Wanget al. 2022(10)]

40 (10ÒpH < 12.6)

(a) [Wanget al. 2022(10); Wanget al. 2023(10)]; (b) [Wanget al. 2022(10); Wanget al. 2023(2)]; (d) [Yu et al. 2021(4)]; (e) [Wanget al. 2022(10)]; (f) [Wanget al. 2022(10)]

60 (10ÒpH < 12.6)

(a) [TannousandSaadatmanesh1998(2); Wanget al. 2022(10); Wanget al. 2023(10)]; (b) [Wanget al. 2022(10); Wanget al. 2023(2)]; (d) [Yu et al. 2021(4)]; (e) [Wanget al.

2022(10)]; (f) [Wanget al. 2022(10)]

20-30 (12.6ÒpHÒ13)

(a) [Chenet al. 2006(4); Chenet al. 2007(1); Ferganiet al. 2018(3); Lu et al. 2020a (4); Wanget al. 2022(5); Wanget al. 2023(5)]; (b) [Ferganiet al. 2018(3); Lu et al. 2020a (4);

Wanget al. 2022(5); Wanget al. 2023(1)]; (c) [Hosseiniet al. 2024(3)]; (d) [Micelli andNanni2004(1); Wanget al. 2017a (4); Ferganiet al. 2018(1); Yu et al. (4); Sunet al.

2023(4)]; (e) [Wanget al. 2022(5)]; (f) [Wanget al. 2022(5)]

40 (12.6ÒpHÒ13)

(a) [Chenet al. 2006(4); Chenet al. 2007(1); Ferganiet al. 2018(3); Wanget al. 2022(5); Wanget al. 2023(5)]; (b) [Ferganiet al. 2018(3); Wanget al. 2022(5); Wanget al. 2023

(1)]; (c) [Hosseiniet al. 2024(3)]; (d) [Wanget al. 2017a(4); Ferganiet al. 2018(1); Yu et al. (4)]; (e) [Wanget al. 2022(5)]; (f) [Wanget al. 2022(5)]

60 (12.6ÒpHÒ13)

(a) [Chenet al. 2006(4); Won andPark2006(1); Chenet al. 2007 (1); Benmokraneet al. 2017b (1); Ferganiet al. 2018(3); Wanget al. 2022(5); Wanget al. 2023(5)]; (b)

[Benmokraneet al. 2017b (1); Ferganiet al. 2018(3); Wanget al. 2022(5); Wanget al. 2023(1)]; (c) [Benmokraneet al. 2017a (9); Benmokraneet al. 2020(12); Arczewskaet al.

2021(12)]; (c) [Benmokraneet al. 2017a (9); Benmokraneet al. 2020(12); Arczewskaet al. 2021(6); Hosseiniet al. 2024(3)]; (d) [Micelli andNanni2004(2); Benmokraneet al.

2015(3); Ferganiet al. 2018(1); Yu et al. (4); D'Antino et al. 2023(1)]; (e) [Benmokraneet al. 2017a (9); Benmokrane2017b (2); Arczewskaet al. 2021(6); Wanget al. 2022(5)];

(f) [Benmokraneet al. 2017a(9); Wanget al. 2022(5)]

20-30 (13< pH < 14)

(a) [Al -Zahraniet al. 2002(4); Senet al. 2002(4); Chenet al. 2006(4); Chenet al. 2007(3); Wanget al. 2023(10)]; (b) [Al -Zahraniet al. 2002(4); Wanget al. 2023(2)]; (d)

[Wanget al. 2017a(4); PanandYan 2021(4); Sunet al. 2023(4)]

40 (13< pH < 14)

(a) [Chenet al. 2006(4); Chenet al. 2007(2); Wanget al. 2023(10)]; (b) [Wanget al. 2023(2)]; (d) [Wanget al. 2017a(4); PanandYan 2021(4)]

60 (13< pH < 14)

(a) [Al -Zahraniet al. 2002(4); Chenet al. 2006(4); Chenet al. 2007(2); Nassaret al. 2022(6); Wanget al. 2023(10)]; (b) [Al -Zahraniet al. 2002(4); Wanget al. 2023(2)]; (d)

[PanandYan 2021(4)]
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The thin solid trendlines represent GFRP bars, while the thick dashed ones stand for 

BFRP bars in these subfigures. It can be seen that the TS retentions of both GFRP and 

BFRP bars gradually decrease with increasing exposure duration in the 20-30 , 40  

and 60  alkaline solutions. It is also interesting to find that the trendlines for GFRP 

bars consistently exhibit higher values than those for BFRP bars, showing that the TS of 

BFRP bars degrade more severely than that of GFRP bars under the same alkaline 

conditions [see Fig. 2.3(a)]. This finding has also been confirmed by other researchers 

(Wang et al. 2017b; Benmokrane et al. 2020b; Wu et al. 2023). In contrast, for TM, 

there is no clear degradation trend over immersion time for either type of FRP bar, and 

even significant increases in TM were found for some GFRP and BFRP bars at 40 , as 

reported by Wang et al. (2017b) [see Fig. 2.3(b)]. Figs. 2.3(c) to 2.3(f) further illustrate 

that fiber type has non-negligible impacts on other four mechanical properties (i.e., TSS, 

ILSS, FS and FM) of FRP bars under the same alkaline conditions, and larger retentions 

can be found in GFRP bars than those in BFRP bars, although the available data for 

TSS, FS and FM are quite limited. Nevertheless, as mentioned previously, the TSS, 

ILSS, FS and FM of FRP bars are primarily governed by the matrix and/or the fiber-

matrix interface, which indicates that the observations made in Figs. 2.3(c) to 2.3(f) 

may result from a combination of several factors (e.g., fiber type, resin type, fiber 

sizing). For example, Benmokrane et al. (2015) confirmed that the deteriorations of 

TSS, ILSS and FS in BFRP bars immersed in a 60  alkaline solution for up to 5000 

hours were caused by the fiber sizing rather than the fiber and resin types, leading to a 

poor bond between the resin and basalt fibers, as verified by scanning electron 

microscopy (SEM). Similar conclusions were drawn in their subsequent study on the 

durability of FRP bars (db = 13-15 mm) provided by the same manufacturer but with 

different fiber types, fiber sizings and resin types (Benmokrane et al. 2020b). Therefore, 
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the conclusions for this issue need to be further confirmed and improved when more 

AAT data are available. It is noteworthy that, among the existing literature on BFRP 

bars reviewed in this study, the majority of referenced BFRP products, excluding 

literature that does not provide manufacturer information, are sourced from two 

manufacturers (see Appendix A). The concentrated test data derived from these 

products may also lead to the above-mentioned underestimations of the material 

properties of BFRP bars. Thus, more experimental data from a wider range of 

manufacturers are also urgently needed to achieve a more comprehensive assessment of 

the durability of BFRP bars. 

 

Fig. 2.3 Effect of fiber type on the durability of bare FRP bars under alkaline conditions  
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2.3.1.1.3 Effect of bar diameter. Existing research has indicated an appreciable size 

effect on the long-term performance of FRP bars (Benmokrane et al. 2017b; Ali et al. 

2020). To investigate this issue, bare GFRP bars of five different diameter ranges (i.e., 

6.0 ± 0.5 mm, 9.5 ± 0.5 mm, 12.5 ± 0.5 mm and 15.5 ± 0.5 mm) immersed in an 

alkaline solution with a pH of 12.6-13.0 at 60  are compared. Figs. 2.4(a) and 2.4(b) 

respectively show the retentions of TS and TM of GFRP bars of different diameters 

with respect to exposure time. In general, the TS retentions of all GFRP bars decrease 

with time, with the smaller GFRP bars exhibiting relatively lower retentions than their 

larger counterparts under the same conditions [see Fig. 2.4(a)], which is consistent with 

the findings reported by Tannous and Saadatmanesh (1998), Arczewska et al. (2021) 

and Lu et al. (2021a). This phenomenon may be caused by the difference in the ratios of 

óódegradedò to óóundegradedò sectional areas of the bar subjected to harsh conditions 

(Arczewska et al. 2021). In contrast, Fig. 2.4(b) indicates that, except for the seven 

circled data points, the diameter has no obvious influence on the TM of GFRP bars. 

Note that TM is an inherent property of FRP bars, largely depending on the level of 

fibers contained in the bars (i.e., fiber content), and thus is less affected by the 

conditioning (Kocaoz et al. 2005). For TSS, as depicted in Fig. 2.4(c), the retentions for 

different-sized GFRP bars also show a decreasing tendency over time. However, the 

size effect on the TSS of GFRP bars seems negligible, which is contrary to the findings 

of Arczewska et al. (2021). Given the limited test results available under this 

circumstance, further research is needed to verify this observation. Fig. 2.4(d) presents 

the test results for ILSS, which are highly dispersed, making it difficult to identify any 

clear effect of diameter on the strength retention of GFRP bars. This discrepancy may 

be attributed to the following two main reasons: (1) The combinations of different fiber 

types, resin types and fiber sizings have a great impact on the ILSS durability of FRP 
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bars, as mentioned previously; (2) Different span-to-diameter ratios used in the short-

beam shear tests might yield different ILSS results, as observed by Wang et al. (2017a) 

and Januġ et al. (2022). Specifically, ILSS has been found to slightly decrease with 

increasing span-to-diameter ratio, despite ASTM D4475 (ASTM 2016a) recommending 

ratios between 3:1 and 6:1. With respect to FS and FM, Figs. 2.4(e) and 2.4(f) 

demonstrate that no significant size effect can be observed based on the limited amount 

of data.  

 

Fig. 2.4 Effect of diameter on the durability of bare GFRP bars under alkaline 

conditions 

So far, only a limited number of studies have comprehensively addressed the size effect 

on the durability of FRP bars (Benmokrane et al. 2017b; Ali et al. 2020; Feng et al. 
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counterparts (88.1%) under an alkaline condition due to the presence of shear lag effect 

(Achillides and Pilakoutas 2004). In contrast, the ILSS and FS of large-sized GFRP 

bars underwent less deterioration because of the reduced affected thickness in the larger 

bars. Similar observations on BFRP bars were subsequently noted by Ali et al. (2020). 

Besides, as shown in Fig. 2.1, existing AAT data for the large-sized FRP bars are 

notably scarce, especially for those with a diameter of db Ó 20 mm, irrespective of the 

conditioning types (Benmokrane et al. 2017b; Benmokrane et al. 2017c; Sawpan 2019; 

Ali et al. 2020; Sawpan 2021; D'Antino et al. 2023; Feng et al. 2024b). To better 

understand the degradation behavior of different-sized FRP bars, further research efforts 

are needed on this issue. 

2.3.1.2 Saline solution immersion 

2.3.1.2.1 Effect of saline solution. The retentions of different mechanical properties 

versus exposure time for bare GFRP bars (within a specific range of diameter) 

immersed in saline solutions at different temperatures are shown in each subfigure of 

Fig. 2.5. Due to the limited data available for flexural properties in saline environments, 

only four properties (i.e., TS, TM, TSS and ILSS) are presented. As expected, the TS 

retention of GFRP bars generally decreases with increasing immersion time and 

temperature in saline solutions, whereas TM remains stable [see Fig. 2.5(b)]. TSS share 

a similar retention tendency with TS under saline conditions, as depicted in Fig. 2.5(c), 

despite the fact that the AAT data for TSS were derived from a single study (Ruiz 

Emparanza et al. 2022) due to the scarcity of related research. Fig. 2.5(d) reveals 

considerable scatter in the ILSS data for GFRP bars, which can also be attributed to the 

various factors affecting the durability of ILSS in FRP bars, as discussed in Section 

2.3.1.1.3. Another observation that can be made from Fig. 2.5 is that, compared to 

alkaline solutions, the TS degradation of GFRP bars is more moderate in saline 
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solutions. For example, after one year, the trendlines for TS retention of GFRP bars 

under 60  saline conditions and 60 low-pH conditions (10 Ò pH < 12.6) terminate at 

around 60% [Fig. 2.5(a)] and 36% [Fig. 2.2(a)], respectively. This is because glass 

fibers are particularly sensitive to fluids ingress (e.g., chemical attacks) due to leaching 

and etching actions, especially in alkaline and water solutions (Chen et al. 2007; Kim et 

al. 2008; Wang et al. 2017b; Fergani et al. 2018a; Lu et al. 2020a). It is noteworthy that 

the tensile durability of GFRP bars was found to be insensitive to the saline contents of 

the exposure solution, as concluded by Wang et al. (2023a). 

 

Fig. 2.5 Effect of saline solution on the durability of bare GFRP bars 

2.3.1.2.2 Effect of fiber type. Fig. 2.6 shows a comparison of mechanical properties 

between bare GFRP and BFRP bars (db = 6-8 mm) exposed to saline conditions at 

different temperatures. As shown in Figs. 2.6(a) and 2.6(c), the TS and ILSS of both 

types of FRP bars degrade gradually as the temperature and immersion time increase. 

Notably, the trendlines for TS retention of GFRP bars are higher than those of BFRP 
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bars, showing that GFRP bars have better corrosion resistance than the BFRP bars in a 

saline environment, which is consistent with the findings reported by other researchers 

(Duo et al. 2021; Wu et al. 2023). However, this conclusion needs to be further verified 

since most test results were sourced from BFRP bars provided by two manufacturers, as 

mentioned previously. In addition to TS, more research concerning the durability of 

shear and flexural properties of FRP bars subjected to saline environments is required to 

draw a more consolidated conclusion. Conversely, as shown in Fig. 2.6(b), the 

difference in TM retentions between the two types of FRP bars is not significant, which 

is similar to that observed in alkaline solutions [see Fig. 2.3(b)]. 

 

Fig. 2.6 Effect of fiber type on the durability of bare FRP bars under saline conditions 

2.3.1.3 Water immersion 

2.3.1.3.1 Effect of water. The AAT results of bare GFRP bars having the same diameter 

range (8-10 mm) immersed in water at different temperatures are shown in each 

subfigure of Fig. 2.7. Similar to the observations in alkaline environments, the 

retentions of TS, ILSS and FS of GFRP bars exposed to water show descending trends 

as both temperature and immersion duration increase, especially for TS [see Figs. 2.7(a), 
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2.7(c) and 2.7(d)]. The significant differences existing in different studies for ILSS 

retentions [Fig. 2.7(c)] can also be attributable to the reasons mentioned in Section 

2.3.1.1.3. Additionally, it seems that under water conditions, the TS of GFRP bars with 

diameters of 8-10 mm deteriorates more slowly than under alkaline conditions 

(especially for the medium and high pH levels, i.e., pH Ó 12.6) but more rapidly than 

under saline conditions. For instance, after one year of immersion at 60, the TS 

retentions corresponding to the trendlines for alkaline (12.6 Ò pH < 13), water and 

saline solutions are approximately 24%, 36% and 60%, respectively. This indicates that 

the TS degradation rate of GFRP bars generally obeys the following trend: alkaline > 

water > saline [see Figs. 2.2(a), 2.5(a) and 2.7(a)]. These observations are consistent 

with the findings reported by Duo et al. (2021), and similar phenomena regarding ILSS 

of GFRP bars were also noticed by Manalo et al. (2020). Manalo et al. (2020) 

concluded that the diffusion rate of water molecules could be slowed down by large salt 

molecules in saline solutions by blocking the paths, while Almusallam et al. (2013) 

explained that a very thin layer of salt formed on the surface of FRP bars may decrease 

the diffusion rate of the solution into the FRP bars, leading to lower water absorption 

for GFRP bars in saline solutions compared to water, especially at higher temperatures. 

In contrast, the retentions of TM and FM, however, change insignificantly over time for 

all exposure temperatures [see Fig. 2.7(b), 2.7(d) and 2.7(e)].   
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Fig. 2.7 Effect of water on the durability of bare GFRP bars 

2.3.1.3.2 Effect of fiber type. Fig. 2.8 shows the effect of fiber type on the durability of 

bare FRP bars exposed to water at different temperatures. Again, a majority of BFRP 

bar data were collected from the products provided by two manufacturers, as previously 

indicated. As shown in Figs. 2.8(a) and 2.8(c), for TS and ILSS, both types of FRP bars 

show a significant decreasing tendency with the increase of exposure temperature and 

time, particularly for those exposed to the temperature of 60 . Besides, both the TS 

and ILSS of BFRP bars experience larger reductions than those of GFRP bars under the 

same conditions, except for the TS of GFRP bars at 60 , where the trendline for GFRP 

bars is slightly lower than that for BFRP bars. Note that the GFRP bar products used by 

Lu et al. (2020d) and Wang et al. (2022) were sourced from the same manufacturer, 

which showed significant degradation after exposure to water at 60 . Moreover, 

similar to the observations made in alkaline and saline solutions, the difference in TM 

retention between the two types of FRP bars is not significant [see Fig. 2.8(b)].  
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It is evident that, compared to the tensile properties, the durability studies on the shear 

and flexural properties of FRP bars under water conditions are extremely limited. 

Hence, more relevant experimental work is needed to draw more comprehensive 

conclusions about the durability of FRP bars. 

 

Fig. 2.8 Effect of fiber type on the durability of bare FRP bars under water conditions 

2.3.1.4 Other conditions 

In addition to the above-mentioned three commonly simulated conditions, the effects of 

other conditions such as acid solution immersion, WD cycles, FT cycles, UV radiation 
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bare FRP bars have been experimentally investigated by some researchers. However, 

since limited test results are available for bare FRP bars under these conditions, only the 

TS retentions of bare GFRP bars subjected to WD cycles, FT cycles, acid solution 

immersion and UV radiation are discussed in this section. Note that no standard 

specifications have been established for most of these conditions, resulting in varying 

conditioning regimes across different studies with respect to exposure temperature and 

duration. 
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Fig. 2.9 Effects of WD cycles, FT cycles, acid solution immersion and UV radiation on 

the durability of bare GFRP bars 

The TS retentions of GFRP bars (db = 9-14 mm) subjected to various conditions, 

including (1) WD cycles in alkaline, saline and water solutions, (2) FT cycles in 

alkaline and water solutions, (3) acid solution immersion, and (4) UV radiation with 

water vapor condensation at different temperatures for different exposure times, are 

presented in Fig. 2.9. It seems that WD cycles in an alkaline solution (pH = 13.6) result 

in more severe TS degradation than those in water and saline solutions, which is similar 

to the degradation law observed under continuous immersion conditions, as mentioned 

in Section 2.3.1.3.1. For example, the TS retentions of the GFRP bars after 72-day WD 

cycles in alkaline, saline and water solutions are 72.76%, 86.38% and 84.44%, 

respectively, as reported in Chen et al. (2007). However, this finding needs to be further 

confirmed as Chen et al. (2007) is the sole existing study examining the effects of WD 

cycles in three different solutions on the durability of bare FRP bars. In the cases of FT 

cycles, significant discrepancies in TS retention of vinylester-based GFRP bars in 

alkaline solutions have been observed among different studies (Chen et al. 2007; Kim et 

al. 2008), which can be attributed to the differences in cooling and heating temperatures 

(-20/20  and -25/30 , respectively) as well as inherent differences in the GFRP bars. 

Compared to the extensive research conducted on GFRP bars immersed in alkaline, 
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saline and water solutions, significantly fewer studies have investigated the effect of 

acid solutions on the degradation of GFRP bars. As shown in Fig. 2.9, acid solutions 

(pH = 2.9~3.1) at temperatures ranging from 20  to 25  have a negligible effect on 

the TS of GFRP bars, even after 180 days of exposure. In addition, Al -Zahrani et al. 

(2002) observed that increasing the exposure temperature from 22  to 60 resulted in 

a significant decrease in TS retention under the same acid conditions, which is 

consistent with the findings from previous discussions on alkaline, saline and water 

solutions. For the conditioning of UV radiation accompanied with water vapor 

condensation, the TS of GFRP bars barely changed after exposure for up to 125 days, as 

reported by Ashrafi et al. (2018). Based on the above discussions, it may be concluded 

that standard specifications for conditioning regimes under these conditions are needed, 

and more relevant experimental tests are also required in the future. 

2.3.2 Coupled Effects of Environmental and Loading Conditions 

As an alternative reinforcement to conventional steel rebar in concrete structures, the 

coupled effects of environmental conditions and sustained load on the durability of bare 

FRP bars also represent a critical issue that needs to be evaluated, especially for FRP 

bars used in prestressed and reinforced concrete structures subjected to high permanent 

loads. To address this concern, existing AAT results for bare BFRP and GFRP bars 

under the coupled actions of sustained loading and environmental conditioning (e.g., 

continuous immersion in alkaline, saline, acid and water solutions) are compared. The 

mechanical properties considered in this section are limited to TS due to the scarcity of 

studies focusing on the other properties (Fergani et al. 2018a). 
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Fig. 2.10 Coupled effects of environmental and loading conditions on the durability of 

bare FRP bars 

Fig. 2.10 compares the TS retentions of bare FRP bars with and without sustained load 

under the same environmental conditions. Only the AAT data from studies that 

simultaneously investigated the durability of both stressed and unstressed FRP bars are 

included in Fig. 2.10, as a result of which the loading condition becomes the sole 

influencing factor. It is clear that, in alkaline environments, the TS retentions of FRP 

bars apparently decrease with increasing exposure temperature (Wu et al. 2015) and 

time (Sen et al. 2002; Wu et al. 2015; Fergani et al. 2018a), regardless of the presence 

of sustained load. Besides, under the same conditions, the applied sustained load, 

ranging from 10% to 60% of the short-term tensile strength (fu) or corresponding to a 

strain of 3000 microstrains (i.e., 3000 me), generally has a non-negligible effect on the 

TS deterioration of bare FRP bars. This phenomenon is primarily because the 

microcracks in the matrix or those generated by the sustained load would allow the 

surrounding media to ingress the matrix, thereby accelerating the deterioration of FRP 

bars (Debaiky Ahmed et al. 2006; Wu et al. 2015; Fergani et al. 2018a). Another 

interesting observation from Sen et al. (2002) is that, some FRP bars with stress levels 

of 15% and 25% fu experienced a complete reduction in TS (100% loss) after exposure 
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to alkaline solutions, which might be caused by the poor inherent properties of GFRP 

bars combined with the high alkaline concentration (pH = 13.41-13.55), as reported by 

the authors.  

 

Fig. 2.11 Tensile strength retentions of bare FRP bars with different stress levels under 

the same alkaline condition 

To further study the detrimental effect of sustained load on the durability of bare FRP 

bars, the TS retentions of FRP bars with different stress levels while exposed to the 

same alkaline conditions are shown in Fig. 2.11. Note that the data represented by the 

same pattern in the bar chart corresponds to the same type of FRP bars under the same 

environmental conditions but with different stress levels. As expected, the TS retentions 

of bare FRP bars decrease as the stress level increases. However, it should be 

mentioned that devices for applying sustained stress to FRP bars differed across 

different studies, indicating a need for standard testing guidelines to ensure more 

reliable results in this area. In addition to establishing standard testing methods, future 

research should also focus on the possible size effect on the durability of bare FRP bars 

with sustained load. Currently, only one study has addressed the durability of stressed 

bare FPR bars with large diameters (db Ó 20 mm) (D'Antino et al. 2023), in which the 

residual TS of 6-, 20- and 32-mm stressed GFRP bars (with sustained load 
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corresponding to 3000 me) after 42-day immersion in 60  alkaline solution (pH = 13) 

were reported as 92.06%, 87.11% and 86.53%, respectively. The authors suggested an 

improvement in the manufacturing and testing processes for large-sized GFRP bars. 

2.4 FRP BARS EMBEDDED IN CONCRETE 

As internal reinforcements, FRP bars are continuously exposed to the concrete 

environment, which is characterized by high alkalinity, as well as to various external 

environmental conditions (e.g., high moisture and saline content) during the service life 

of concrete structures. These factors can simultaneously degrade the FRP bars alone 

and the bond between FRP bars and concrete. Thus, compared to bare FRP bars that are 

directly exposed to various environmental conditions, FRP bars embedded in concrete 

(i.e., concrete-embedded FRP bars) can better represent the real-world conditions 

encountered in field applications. Currently, the commonly used method for assessing 

the durability of concrete-embedded FRP bars is to extract the FRP bars from the 

concrete cover after exposure to simulated conditions for specific exposure time. To 

evaluate the degradation behavior of FRP bars wrapped in concrete, AAT results related 

to the TS, ILSS and TSS of concrete-embedded FRP bars subjected to different 

environmental conditions are compared. In addition, the durability of the BS between 

FRP bars and concrete is assessed. Note that the concrete type discussed in this section 

primarily refers to normal concrete unless otherwise specified.  
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(a) Alkaline solution 

 

(b) Saline solution 

 

(c) Water 

Fig. 2.12 Comparison of mechanical properties between bare FRP bars and concrete-

embedded FRP bars under the same condition 
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2.4.1 Tensile Strength, Interlaminar Shear Strength and Transverse Shear 

Strength 

Figs. 2.12(a), 2.12(b) and 2.12(c) show the comparisons of mechanical properties (i.e., 

ILSS, TS and TSS) between bare and concrete-embedded FRP bars immersed in 

alkaline, saline and water solutions at different exposure temperatures and durations, 

respectively. To ensure that the concrete cover becomes the sole influencing parameter, 

only AAT results from studies that simultaneously focus on the durability of both bare 

and concrete-embedded FRP bars are included. In Fig. 2.12, it can be found that there 

exist significant discrepancies in the relationships of mechanical properties between 

bare and concrete-embedded FRP bars, making it difficult to draw clear conclusions on 

this issue, regardless of the solution type. For instance, Manalo et al. (2020) observed a 

noticeably greater reduction in ILSS for bare GFRP bars compared to their concrete-

embedded counterparts, regardless of the solution type. In contrast, Rolland et al. (2021) 

and Lu et al. (2020b) reported opposing trends in alkaline and saline/water 

environments, respectively. This phenomenon might be attributable to at least the 

following factors: (1) Concrete covers made with different mix proportions exhibit 

different alkalinities (i.e., pH levels) and chemical compositions, which has been 

proven to have a considerable effect on the durability of mechanical properties of 

concrete-embedded FRP bars (Morales et al. 2021; Xie et al. 2022); (2) Concrete covers 

with different thicknesses can result in different alkalinities surrounding the FRP bars 

(Lu et al. 2020b; Lu et al. 2020d; Xie et al. 2022); (3) Inadequate procedures of bar 

extraction may also influence the reliability of test results for concrete-embedded FRP 

bars (Gooranorimi and Nanni 2017; Benmokrane et al. 2018).  

To have a better insight into the differences between bare and concrete-embedded FRP 
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bars, the test data presented in Fig. 2.12 have been regrouped in Fig. 2.13, where the 

mechanical properties of FRP bars immersed in different solutions are plotted in each 

subfigure to further compare the effects of solution type on these properties. In Fig. 

2.13(a), it is evident that concrete-embedded FRP bars possess relatively higher ILSS 

retentions than bare FRP bars under the same conditions, especially for the alkaline 

conditions. This observation can be explained by the reason that the concrete itself 

might protect the FRP bars from direct exposure to the surrounding solutions (Mufti et 

al. 2007b; Manalo et al. 2020). However, compared to the ILSS, the differences in TS 

and TSS between bare and concrete-embedded FRP bars seem to be inconspicuous, as 

shown in Figs. 2.13(b) and 2.13(c). This phenomenon indicates that the properties of 

the fiber-resin interface [primarily influence the ILSS (Ali et al. 2020)] of FRP bars are 

more susceptible to the effects of direct solution immersion compared to the properties 

of the fibers [predominantly affect TS (Benmokrane et al. 2020b)] and the resin [mainly 

govern TSS (Montaigu et al. 2013)]. 
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(b) Tensile strength 

 

(c) Transverse shear strength 

Fig. 2.13 Comparison of mechanical properties between bare and concrete-embedded 

FRP bars immersed in different solutions 
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comparison of the TS retentions of concrete-embedded FRP bars subjected to sustained 

load versus those without sustained load, all under the same environmental condition. It 

can be found that, at the same stress level, the TS retentions of FRP bars extracted from 

concrete generally decrease with increasing exposure temperature and time. 

Additionally, under the same environmental conditions, the strength retentions of 

concrete-embedded FRP bars with sustained load are generally comparable to that of 

their unstressed counterparts, with the exception of data for immersion in water and 

saline solutions from Almusallam and Al-Salloum (2006). These exceptional cases may 

be mainly caused by the thick layer of high-alkalinity cement paste that coats the GFRP 

bars at the midpoint of the concrete beam specimens, as reported in Almusallam and 

Al -Salloum (2006). Fig. 2.15 shows the TS retentions of concrete-embedded FRP bars 

with different stress levels under the same exposure conditions (including immersion in 

saline and water solutions). Similar to the behavior observed in bare FRP bars, the 

deterioration of TS in concrete-embedded FRP bars is generally more pronounced at 

higher stress levels. 

 

Fig. 2.14 Coupled effects of environmental and loading conditions on the durability of 

concrete-embedded FRP bars 
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Fig. 2.15 Comparison of tensile strength retentions for concrete-embedded FRP bars 

with different stress levels 

It is worth mentioning that there is no standard specification for the durability of FRP 

bars wrapped in concrete, and relevant research remains limited. Therefore, 

considerable efforts are needed in this field. 

2.4.2 Bond Strength 

Different from the above-mentioned mechanical properties of FRP bars embedded in 
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demonstrated by Solyom and Balázs (2020). On the other hand, since FRP bars are 

embedded in the concrete matrix for pullout specimens during exposure, the differences 

in BS degradation after exposure to various solutions become minor compared to other 

mechanical properties of FRP bars in the corresponding environments. Given the lack 

of a clear trend regarding the effect of the bar diameter on BS (Nepomuceno et al. 

2021), it is not considered an influencing factor of BS degradation in the following 

discussions unless otherwise specified. 

2.4.2.1 Saline solution immersion 

2.4.2.1.1 Effect of surface treatment. As shown in Fig. 2.16, the results show quite a 

large dispersion for the overall trend. Due to the combined effects of solution 

immersion and increased temperature, the concrete and FRP bars may undergo post-

curing and hygroscopic expansion, respectively, during exposure, resulting in 

unexpected BS enhancements. Moreover, the BS retentions of ribbed FRP bars 

generally outperform those of helically-wrapped bars, except those of sand-coated FRP 

bars under saline solution immersion at 20-30  for a certain period. It is interesting to 

find that a similar trend was also observed in the ultimate BS derived from the well-

known modified BPE bond-slip model (Cosenza et al. 1997) for FRP bars. Thus, it can 

be speculated that the BS degradation extent of FRP bars may have a strong 

relationship with their ultimate BS. However, when the temperature is increasing, no 

clear trend could be observed in Fig. 2.16, especially for the 60  circumstances. 

Besides, the long-term test results for helically-wrapped bars seem insufficient in the 

available literature compared to the other two types of bars, which may need to be 

further examined in future research. Thus, only ribbed and sand-coated FRP bars are 

considered in the subsequent discussions. 
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Fig. 2.16 Effect of surface treatment on the durability of bond strength of GFRP bars 

under saline conditions 

2.4.2.1.2 Effects of fiber and resin types. To interpret the effects of fiber and resin types 

on BS degradation, test results for GFRP, BFRP and CFRP bars from several relevant 

studies are shown in Fig. 2.17. It can be seen that CFRP bars exhibit the highest BS 

retentions as a result of the excellent anti-corrosion performance of carbon fibers, while 

BFRP and GFRP bars possess similar behavior, which is consistent with the 

observations from Dong et al. (2016a). However, the obtained phenomenon is restricted 

to exposure durations of less than 100 days due to the unavailable data for BFRP and 

CFRP bars beyond this range. As mentioned earlier, for any type of FRP bar, there is no 

observable correlation between temperature variations and BS retention. In addition, the 

resin type has a great impact on the bar interface, and the alkaline resistance of resin 

may be directly relevant to the bond durability. In the study conducted by Dong et al. 

(2016a), they found that the BS retentions of epoxy resin-based BFRP bars were 

107.4%, 99.9%, 103.2% and 101.4%, respectively, after 15-, 30-, 45- and 60-day 

immersion in simulated seawater, while the corresponding values decreased to 97.7%, 

98.7%, 94.1% and 91.0% under the same conditions for the vinylester resin-based ones. 
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GFRP bars was detected than that of epoxy resin-based ones (see Fig. 2.17). Thus, the 

long-term performance of resin may also depend on the fiber type and this speculation 

requires further study and verification based on more available test results. 

 

Fig. 2.17 Effects of fiber and resin types on the durability of bond strength of ribbed 

FRP bars under saline conditions 
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Consequently, variations in pH may only have a minimal influence on the bar-concrete 

interface condition; (2) With the increase of pH, a more obvious enhancement in 

concrete strength is achieved as a result of post-curing, which further improves the 

compactness of concrete and suppresses the external environmental effects. In addition, 

regardless of the pH value, sand-coated bars are consistently superior to ribbed bars in 

terms of durability (see Fig. 2.18).  

 

Fig. 2.18 Effect of alkaline concentration on the durability of bond strength of GFRP 

bars under alkaline conditions 
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Hassan et al. (2016) are found under alkaline conditions at 40  and 60 . 

 

Fig. 2.19 Effect of fiber type on the durability of bond strength of FRP bars under 

alkaline conditions 

2.4.2.3 Water immersion 

As shown in Fig. 2.20, similar BS retentions can be observed for the specimens under 
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around 100%, while a conspicuous descending trend is detected for ribbed bars under 
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0 100 200 300 400
0

20

40

60

80

100

120

140

R
e

te
n

ti
o

n
 (

%
)

Time (d)

Bond strength of ribbed and sand-coated FRP bars (NC)

Alkaline solution (IMMR) with pH=12.6-13.0

Sand-coated bars

20-30  (BFRP)

[Lu et al. 2021c (3)] 

20-30  (GFRP)

[Bazli et al. 2017 (1); Zheng et al. 2020 (6)]

40  (BFRP)

[Hassan et al. 2016 (3); Lu et al. 2021c (3)]  

60  (CFRP)

[Won et al. 2006 (1)]

60  (BFRP)

[Hassan et al. 2016 (3); Lu et al. 2021c (3)]

60  (GFRP)

[Chen et al. 2007 (2); Won et al. 2006 (1)]



51 

 

Fig. 2.20 Effect of surface treatment on the durability of bond strength of GFRP bars 

under water conditions 

Apart from the surface characteristics and fiber type of FRP bars, the influence of 

concrete type on the durability of BS under different environmental conditions is also 

discussed herein. As shown in Fig. 2.21, NC and HSC possess very similar performance 
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compared to NC during exposure, leading to improved bond behavior. Second, the 

coupled effects of alkaline environment and chlorides in SWC may increase the 

vulnerability of GFRP barsô surface to degradation. Finally, the dissolved chlorides in 

solutions can also accelerate the rate of portlandite leaching and reduce concrete 

compactness, and the increased porosity near the bond interface could decrease the BS 

significantly. Therefore, the interactions resulting from these factors lead to the 

dispersed observations as in Fig. 2.21. 

0 100 200 300 400

0

20

40

60

80

100

120

140

R
e

te
n

ti
o

n
 (

%
)

Time (d)

Bond strength of GFRP bars (NC)

Water (IMMR)  20-30  (Sand-coated)

[Kazemi et al. 2022 (1); Robert and Benmokrane 2010 (3)]

 20-30  (Ribbed) 

[El Refai et al. 2015 (1); Zheng et al. 2020 (6); 

Zhou et al. 2011 (4); Zhou et al. 2012 (3)]

 40  (Sand-coated)

[Robert and Benmokrane 2010 (3)]

 60  (Sand-coated) 

[Davalos et al. 2008 (3)]

 60  (Ribbed)

[Won et al. 2006 (1)]



52 

 

Fig. 2.21 Effect of concrete type on the durability of bond strength of GFRP bars 
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et al. (2022) could be partially attributed to the significant scatter observed in their tests, 

as found in the original literature. On the other hand, a comparison between the ILSS of 

concrete-embedded FRP bars and their corresponding BS is presented in Fig. 2.24, 

including the results from both alkaline and saline solutions. Conversely, except for the 

results in Chen et al. (2007), the ILSS of FRP bars embedded in normal concrete 

exhibits lower retentions than their BS (Khatibmasjedi et al. 2020; Rolland et al. 2021), 

showing that the ILSS of FRP bars is more sensitive to the concrete environment 

compared with their BS. However, the possible correlation between the durability of 

ILSS and BS in FRP bars needs to be further verified due to the limited availability of 

relevant research. 

 

Fig. 2.22 Comparison between interlaminar shear strength of bare FRP bars and their 

corresponding bond strength under alkaline conditions 
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Fig. 2.23 Comparison between interlaminar shear strength of bare FRP bars and their 

corresponding bond strength under saline conditions 

 

Fig. 2.24 Comparison between interlaminar shear strength of concrete-embedded FRP 

bars and their corresponding bond strength under alkaline and saline conditions 
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beams under saline solution immersion or wet-dry cycling conditions for different 

periods (Tannous and Saadatmanesh 1998; Dong et al. 2018c, 2020; Su et al. 2022). As 

shown in Fig. 2.25, Dong et al. (2018c) found that the failure modes of BFRP-

reinforced SWSSC beams tended to shift from flexural failure (concrete crushing) to 

shear failure (shear compression failure) with the increase in exposure time under 

seawater immersion conditions. However, no failure mode change was observed for the 

same batch of beams in seawater WD cycling environments. They concluded that the 

bond behavior of BFRP stirrups might experience more severe degradation under long-

term seawater immersion due to surface damage. Subsequently, the durability of CFRP-

reinforced SWSSC beams with the same geometric dimension was assessed under the 

same environmental condition and exposure duration (Dong et al. 2020). The results 

showed that although all conditioned beams exhibited similar failure patterns compared 

with unconditioned specimens, a much sparser cracking spacing was observed in the 

conditioned beams, which indicated that more conspicuous bond degradation occurred 

in longitudinal CFRP bars instead of in stirrups. On the other hand, Su et al. (2022) 

reported that the bond degradation of stirrups was not the sole factor contributing to the 

change in failure modes after they compared many sets of beams fabricated with 

different types of stirrups. Thus, it can be speculated that apart from the bond 

degradation of stirrups, variations in beam size, shear span ratio, concrete strength, 

reinforcement ratio and aging temperature may also have great impacts on the failure 

modes and crack patterns of FRP-reinforced concrete beams under saline conditions. 

Considering that there is limited research on this topic, more research is urgently 

needed to clarify these issues. 
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Fig. 2.25 Failure modes of FRP-reinforced SWSSC beams under saline conditions 

(Dong et al. 2018c, 2020; Su et al. 2022) 

 

Fig. 2.26 Load-deflection curves of FRP-reinforced concrete beams after saline 

conditions 
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cracking in the conditioned beams studies by Dong et al. (2018c, 2020), especially in 

the CFRP-reinforced concrete beams. The authors speculated that these changes could 

be due to the degradation of the bond between FRP bars and concrete. However, such 

load drops were not detected during the environmental exposure in the study by Su et al. 

(2022), which indicates that the bond degradation of FRP bars could be ignored in their 

study. Since the bond durability tests were also conducted by Su et al. (2022) and Dong 

et al. (2018c) accompanied by the beam durability tests, the bond test results are 

employed herein to further illustrate this issue. As shown in Fig. 2.27, the BFRP bars in 

Su et al. (2022) possess more significant bond degradation compared to those in Dong 

et al. (2018c). That is to say, the bond degradation is not the only reason for the 

observed load drops. Note that the unconditioned concrete strength of 38.3 MPa and 

50.5 MPa was used by Su et al. (2022) and Dong et al. (2018c), respectively, and the 

shear span ratios of their beams were also different. These differences in the two studies 

may further influence the post-crack behavior. 

 

Fig. 2.27 Ultimate load and bond strength retentions 
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2.5.1.3 Ultimate load and corresponding deflection retentions 

Fig. 2.28 shows the ultimate load and corresponding deflection retentions of FRP-

reinforced concrete beams under saline conditions. It can be seen from Fig. 2.28(a) that 

the ultimate load retentions of BFRP-reinforced SWSSC beams outperform those of 

CFRP-reinforced SWSSC beams under the same environmental condition, regardless of 

the immersion or WD cycling condition. Moreover, the load degradations are generally 

proportional to the exposure temperature, which is consistent with the retention 

variations observed in bare FRP bars. However, it is difficult to distinguish the specific 

effects of immersion and WD cycling due to the inconsistent temperatures for these two 

conditions. Conversely, the temperature seems irrelevant to the variations in mid-span 

deflections, with more detrimental effects observed in the deformations of the beams 

under immersion [see Fig. 2.28(b)]. 
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Fig. 2.28 Ultimate load and corresponding deflection retentions of FRP-reinforced 

concrete beams under saline conditions 
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Fig. 2.29 Deterioration mechanism of FRP-reinforced concrete beams under saline 

conditions (Chang et al. 2022) 

2.5.2 Coupled Effects of Environmental and Loading Conditions 

Several studies have been conducted to simulate the real loading conditions of FRP-

reinforced concrete beams under harsh environments. As depicted in Fig. 2.30, Laoubi 

et al. (2006) first explored the single effect of sustained load on the flexural 

performance of FRP-reinforced concrete beams. Lower initial stiffness occurs 

compared to the reference beams, as a result of the pre-cracking during the application 

of sustained load, and a more obvious distinction in initial stiffness between the stressed 

and unstressed beams is detected with the increase of time. However, the stressed and 

unstressed beams exhibit very similar flexural behavior when the applied load is 

beyond the sustained load level, which indicates that the sustained load primarily 

influences the beam behavior at the early loading stage. 
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Fig. 2.30 Load-deflection curves of FRP-reinforced concrete beams with sustained load 
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conditioning compared with the sustained-loaded beams, which may be attributed to the 

self-healing capability of concrete in water, as explained by the authors. 

 

 

Fig. 2.31 Load-deflection curves of FRP-reinforced concrete beams with sustained load 
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Fig. 2.32 depicts the load-deflection curves of FRP-reinforced concrete beams with 

sustained load in saline solutions (Sen et al. 1998, 1999; Almusallam and Al-Salloum 

2006; Dong et al. 2018a). It is seen that all conditioned beams possess higher initial 

stiffness compared to the unconditioned beams, which seems controversial to the 

observations for the sustained-loaded beams in water immersion conditions. Note that 

all control beams in these studies were unconditioned and tested before the onset of 

environmental conditioning, rather than concurrently with the conditioned beams. Thus, 

the unconditioned beams cannot provide a reliable reference for the conditioned beams 

due to the variations in concrete strength, which has a great impact on the initial 

stiffness. With the increase of exposure time and sustained load levels, more significant 

degradation is observed in both ultimate load and mid-span deflection. Additionally, the 

conditioned beams subjected to the coupled effects of sustained loading and seawater 

conditioning exhibit a stiffer branch before failure compared with the conditioned 

beams without sustained load. This may be attributed to the larger residual 

displacement as a result of sustained loading (Dong et al. 2017a), and this influence 

could become more conspicuous in saline solutions [see Figs. 2.31(a) and 2.32(c)] due 

to the detrimental effect of chloride on the concrete compactness and bond performance 

between FRP bars and concrete.  

Fig. 2.33 summarizes the ultimate load of several sustained-loaded beams under 

different environmental conditions. The results reveal that the sustained load tends to 

reduce the load capacity of FRP-reinforced concrete beams, regardless of the 

environmental conditions. This reduction can be interpreted as follows: as depicted in 

Fig. 2.29, the water molecules can easily access the concrete matrix via the pre-cracks 

as a result of the sustained load, thereby more pronounced detrimental effects occur at 

the bar-concrete interface apart from the existing degradations as mentioned in Section 
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2.5.1, leading to the further propagation of existing micro-cracks and increased damage 

to the interface. 
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Fig. 2.32 Load-deflection curves of FRP-reinforced concrete beams with sustained load 

in saline solution 
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Fig. 2.33 Ultimate load retentions of conditioned FRP-reinforced concrete beams with 

sustained load 

2.5.3 Other Conditions 

2.5.3.1 Water immersion 

Numerous studies have investigated the durability of FRP-reinforced concrete beams 
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whereas the immersion was postponed to several months later in the other two studies, 

in which the concrete strength is stable to some extent. Thus, the effect of post-curing 

of concrete may become more significant during water immersion in Mukherjee and 

Arwikar (2005), leading to increased stiffness in load-deflection curves. As shown in 

Fig. 2.35, the variation trends of concrete compressive strength retention are similar to 

those of ultimate load retention under water immersion conditions. However, the 

difference between these two retentions indicates that the concrete strength variation is 

not the only influencing factor. Second, the high temperature and humidity may 

accelerate the cement hydration and further increase the concrete strength. In addition, 

as mentioned earlier, the BFRP bars used in Lu et al. (2023b) possessed inferior tensile 

and bond durability compared with the other BFRP bar products, so it is not surprising 

that the conditioned beams in their study experienced the highest degradation in terms 

of strength and stiffness. 
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Fig. 2. 34 Load-deflection curves of FRP-reinforced concrete beams under water 

immersion. 
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Fig. 2.35 Ultimate load and concrete strength retentions under water immersion 

2.5.3.2 Freeze-thaw cycles 
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Fig. 2.36 Load-deflection curves of FRP reinforced concrete beams under freeze-thaw 

cycling conditions 

2.6 CONCLUDING REMARKS   
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superior to that of bare BFRP bars after direct solution immersion. Besides, the 

coupled actions of environmental conditioning and sustained loading can 

obviously affect the tensile strength of FRP bars. Under the same exposure 

condition, the deterioration rate increases with the applied stress level for both 

bare and concrete-embedded FRP bars.  

(2) Compared to other mechanical properties of FRP bars, a considerable 

dispersion has been observed in the test results for bond strength, which may be 

caused by the coupled effects of the post-curing of concrete and the 

hygroscopic expansion of FRP bars. Besides, the bond performance of FRP 

bars in concrete is closely related to their surface treatment.  

(3) Based on the available test results for FRP-reinforced concrete beams, the 

degradation process in FRP-reinforced concrete beams is quite complex 

because of the interactions among FRP bars, concrete matrix, and bar-concrete 

interface, resulting in a change of failure modes and some inconsistent 

experimental observations. In addition, the sustained load tends to reduce the 

load capacity and overall behavior of FRP-reinforced concrete beams, 

regardless of the exposure conditions. 

On the other hand, based on the review of existing literature, the research gaps to be 

addressed in this PhD project has also been identified, as summarized below: 

(1) Existing studies have demonstrated that no consensus has been reached 

regarding the size effect on the long-term performance of FRP bars, indicating 

the need for further experimental investigations to clarify this issue. Moreover, 

significant discrepancies between the results obtained from AAT and FET have 
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been observed, highlighting the necessity of establishing a reliable conversion 

relationship between AAT and FET results for FRP bars. 

(2) Given the strong correlation between the bond performance of FRP bars in 

concrete and their surface treatment, the influence of surface characteristics on 

the bond durability of FRP bars needs to be investigated. Additionally, 

emphasis should be placed on establishing long-term bond-slip models that 

incorporate experimental findings as input parameters. 

(3) Compared to FRP bars and FRP bar-to-concrete bonded joints, existing 

experimental data on FRP-reinforced concrete beams remain inconsistent and 

limited. Therefore, further investigation into the durability of FRP-reinforced 

concrete beams under various environmental and loading conditions is needed. 

(4) Most durability research has focused on individual tests of FRP bars, FRP bar 

bonded joints, and FRP-reinforced concrete beams. However, there is an urgent 

need for more systematic studies that compare the material properties of FRP 

and concrete with the structural behavior of FRP-concrete members to 

understand their interactions comprehensively. 
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CHAPTER 3 

 LONG-TERM TENSILE PERFORMANCE  OF 

GFRP BARS IN REAL MARINE ENVIRONMENTS  

3.1 INTRODUCTION  

As reviewed in Chapter 2, GFRP bars have been deemed to be one of potential 

substitutes for conventional steel rebars due to their exceptional corrosion resistance, 

especially in chloride-rich scenarios (Lu et al. 2020a; Ruiz Emparanza et al. 2022; 

Wang et al. 2023a). Compared to AAT, only limited studies have addressed the 

durability of GFRP bars under actual field conditions, primarily due to the significantly 

extended durations and increased costs involved. Existing field investigations have 

mainly focused on GFRP bars extracted from concrete members or structures in service 

(i.e., concrete-embedded bars), with the aim of assessing their microstructural, 

physicochemical and mechanical properties. These studies have demonstrated that 

GFRP bars embedded in concrete structures exhibit no degradation at the microscopic 

level even after a long period of service (Mufti et al. 2007a; Gooranorimi and Nanni 

2017; Benmokrane et al. 2018; Al-Khafaji et al. 2021). However, the extracted GFRP 

bar samples have shown varying degrees of deterioration in mechanical properties, 

depending on the specific field conditions and exposure durations (Bakis et al. 2005; 

Mukherjee and Arwikar 2005; Trejo et al. 2011; Benmokrane et al. 2018; Al-Khafaji et 

al. 2021; Morales et al. 2021; Ramanathan et al. 2021; Lu et al. 2023a; Al-Zahrani 

2024). 

 In addition to studies on concrete-embedded bars, there is a scarcity of research 
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concerning bare GFRP bars directly exposed to natural environmental conditions. Al -

Salloum et al. (2013) carried out tensile tests on bare GFRP bars exposed at two 

different sites (i.e., Riyadh and Jubail in Saudi Arabia, respectively representing hot-dry 

and hot-humid environments of the Middle East) for durations of 6, 12 and 18 months. 

Their results revealed minimal changes in tensile strength and elastic modulus (less 

than 1% under both conditions) even after 18-month field exposure, in line with the 

findings on GFPR bars after direct exposure to the outdoor weather in Saudi Arabia for 

up to 6 months (Al -Zahrani et al. 2002). Nevertheless, it is important to recognize that 

natural environmental conditions are much more complex than those simulated in 

laboratory settings, since multiple influencing factors (e.g., temperature fluctuations, 

UV radiation, high humidity, WD cycles) can be involved in the former scenario. 

Moreover, it has been suggested that commonly employed accelerated aging methods, 

typically involving exposure to aggressive solutions at elevated temperatures, tends to 

yield highly conservative estimates of the durability performance of GFRP bars (Al -

Salloum et al. 2013; Benmokrane et al. 2020a).  

Against this background, this chapter reports on FET results for GFRP bars subjected to 

real marine environments for a long exposure duration of up to four years. Two batches 

of GFRP bars were respectively exposed in different marine environmental zones (i.e., 

atmospheric, splash, tidal, and underwater) at two field exposure stations, aiming at 

clarifying the durability of GFRP bars under varying marine conditions. The residual 

tensile properties of the GFRP bars with several exposure durations in the field were 

examined, and the effect of bar diameter on long-term tensile performance was also 

investigated. 

Of note, the FETs were conducted as part of a theme-based research scheme project 
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entitled ñSustainable Marine Infrastructure Enabled by the Innovative Use of Seawater 

Sea-Sand Concrete and Fiber-Reinforced Polymer Compositesò. This project aims to 

develop a new type of concrete structures to achieve sustainable marine infrastructure: 

seawater sea-sand concrete (SSC) structures reinforced with FRP composites (hereafter 

referred to as FRP-SSC structures). A key objective of the project is to gain an in-depth 

understanding of the durability and deterioration mechanisms of FRP-SSC materials 

and structural members after prolonged exposure to real marine environments. Table 

3.1 details the FET plan presented in this thesis, including specimen type, concrete 

casting dates and placement locations across different exposure zones. The casting 

procedures for each series of specimens are shown in Fig. 3.1. While the majority of the 

tests summarized in Table 3.1 were conducted by the PhD candidate, he would like to 

acknowledge the contributions of his colleagues to this large-scale experimental 

program. In particular, Dr. Cheng Jiang led the preparation and placement of specimens 

in Series I and conducted tests on both control specimens and those after 8-month 

exposure. Additionally, Dr. Yiwen Zhang led the preparation and placement of 

specimens in Series II and performed tests on the 12-month exposed specimens in 

Series I. Specifically, this chapter only focuses on the durability of GFRP bar, while the 

investigations of FRP-SSC bonded joints and beams are presented in Chapters 5 and 6, 

respectively.  
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Table 3.1 Plan of field exposure tests 

Series Specimen type 

Date of 

concrete 

casting 

Date of 

specimen 

placement 

Exposure 

station 

Exposure 

zone# 

1st GFRP bars 5 Oct. 

2019 

14 Jan. 

2020 

I A-I, S-I, 

T-I 

 

FRP bar-SSC bonded joints  

FRP-SSC beams  

2nd FRP-SSC beams with 

sustained load 

5 Oct. 

2019 

2 Feb. 

2021 

I T-I 

3rd GFRP bars 21 Nov. 

2021 

5 Jan. 

2022 

II  A-II, U-II  

 FRP bar-SSC bonded joints  
#A = atmospheric zone; S = splash zone; T = tidal zone; U = underwater zone. 

 

(a) The 1st and 2nd series of specimens 

 

(b) The 3rd series of specimens 

Fig. 3.1 Concrete casting for field exposure tests 
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3.2 EXPERIMENTAL PROGRAM  

3.2.1 Materials 

This chapter investigates two batches of helically-wrapped and sand-coated GFRP bar 

specimens, corresponding to the 1st and 3rd series presented in Table 3.1, both supplied 

by Dextra Building Products (Guangdong) Co., Ltd. (see Fig. 3.2). Both batches of 

GFRP bars were manufactured via a pultrusion process using continuous E-glass fibers 

impregnated with a vinylester-based resin matrix, with a helical yarn wrapping around 

the bar during production. It is clearly seen from Fig. 3.2 that there is a significant 

difference between the surface appearances of the two batches of GFPR bars: Batch I 

specimens exhibit significantly larger rib spacing (i.e., interval spacing of the helical 

yarn) and a thicker layer of sand coating compared to Batch II. Batch I specimens with 

diameters of 6 mm and 10 mm [nominal diameters of 6.4 mm and 9.5 mm, respectively, 

as specified in ACI (2017)] were employed, while only specimens with a diameter of 

10 mm were used for Batch II. The physical and mechanical properties of both batches 

of GFRP bars are summarized in Table 3.2, as provided by the manufacturer. 

 

Fig. 3.2 Close-up view of different batches of GFPR bars  

Batch I

Batch II

6-mm

10-mm

10-mm
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Table 3.2 Physical and mechanical properties of GFRP bars provided by manufacturer 

Batch 

Nominal 

diameter 

(mm) 

Diameter 

(mm) 

Tensile 

strength 

(MPa) 

Elastic 

modulus 

(GPa) 

Fiber 

content 

(%) 

I 6.4 6.67 912.3# 52.8 83.6 

9.5 9.91 852.9# 50.5 81.1 

II  9.5 9.89 1037.2* 53.0 81.2 
#Mean value minus 3 times standard deviation. 
*Minimum value. 

3.2.2 Field Exposure Stations 

Two field exposure stations were included, with their geographical locations and 

photographs shown in Fig. 3.3. A large number of 1000-mm-length GFRP bar samples 

from Batches I and II were prepared prior to exposure. Batch I specimens were 

transported to the Hong Kong-Zhuhai-Macau (HZM) Bridge Exposure Station (denoted 

as Station I) in January 2020, while Batch II specimens were transported to the 

Zhanjiang Port Exposure Station (denoted as Station II) in January 2022 (see Table 3.1). 

Fig. 3.4. illustrates the variations in temperature [including minimum and maximum 

monthly temperatures (Min. and Max.) and mean monthly and annual temperatures 

(MMT and MAT)] as well as relative humidity (RH) [including mean monthly and 

annual relative humidities (MMRH and MARH)] in the corresponding regions of the 

two stations during the exposure period (data sourced from https://www.qweather.com/). 

Detailed environmental conditions for both stations are provided in Table 3.3 and 

further described below.  

https://www.qweather.com/
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Fig. 3.3 Field exposure stations 

 

Station II: 

Zhanjiang Port

Station I:

West Artificial Island 

of HZM Bridge

Base map from https://www.google.com/maps

Atmospheric

Splash

Tidal 

Underwater 

S-IIT-II A-II

U-II

Atmospheric

Splash

Tidal

S-I

A-IT-I

T-I
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(a) Temperature 

 

(b) Relative humidity 

Fig. 3.4 Variations of temperature and relative humidity in Xiangzhou (Zhuhai City) 

and Xiashan (Zhanjiang City) districts during exposure period (obtained from 

https://www.qweather.com/) 

Table 3.3 Environmental characteristics of different exposure zones 

Station Exposure zone Environmental characteristic# 

I A-I WD (Random); HH; HS; UV; TF 

S-I WD (Frequent); HH; HS; UV; TF 

T-I WD (Consecutive); HH; HS; UV; TF; AE; WP; OG 

II  A-II  HH; HS; TF 

S-II  WD (Frequent); HH; HS; TF 

T-II  WD (Consecutive); HH; HS; TF; AE; WP; OG 

U-II  HH; HS; TF; OG 
#AE = abrasion and erosion; OG = organic growth; HH = high humidity; HS = high 

salinity; TF = temperature fluctuations; UV = ultraviolet radiation; WD = wet-dry 

cycles; WP = wave pressure.  

 

3.2.2.1 Station : HZM Bridge Exposure Station 

Station I is located on the West Artificial Island of Hong Kong-Zhuhai-Macau (HZM) 
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Bridge in Xiangzhou District, Zhuhai City, China, characterized by a subtropical 

monsoon climate. The region experiences annual precipitation ranging from 1700 to 

2300 mm, with a concentrated rainy season extending from April to September. As 

depicted in Fig. 3.4, during the 4-year exposure period (2020 to 2023), the MAT was 

recorded to be 23.3, with minimum and maximum monthly temperatures of 6  and 

36 , respectively [Fig. 3.4(a)], and a MARH of 77.8% [Fig. 3.4(b)]. Besides, the 

region is susceptible to typhoons, particularly between July and September, which can 

cause extreme weather conditions such as high winds and heavy rainfall.  

As illustrated in Fig. 3.3, Station I includes three exposure zones, namely, atmospheric 

zone (A-I), splash zone (S-I) and tidal zone (T-I), with designed elevations of +6.2 m, 

+2.5 m, 0.0 m, respectively. The designed average, lowest and highest water levels are 

+0.54 m, -0.78 m and +1.65 m, respectively. Each exposure zone represents a typical 

environmental condition, as summarized in Table 3.3. A-I, the zone located above S-I, 

is characterized by high humidity and salinity (humid marine air with airborne 

chlorides), UV radiation, temperature fluctuations and random WD cycles caused by 

rainfall, while for S-I, the zone situated above the high tide level influenced by wave 

action, experiences frequent WD cycles, high humidity and salinity (severe salt spray), 

UV radiation as well as temperature fluctuations. T-I, the zone located between low and 

high tide levels, is subject to consecutive WD cycles, high humidity and salinity, 

abrasion and erosion from tidal changes, UV radiation, temperature fluctuations, wave 

pressure and organic growth (e.g., seashells, oysters, algae). Batch I specimens were 

separately exposed in these three exposure zones for different durations. 

3.2.2.2 Station II: Zhanjiang Port Exposure Station 

Station II is located at the Xiashan Bulk Cargo Terminal of Zhanjiang Port in Xiashan 
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District, Zhanjiang City, China, which shares a similar subtropical monsoon climate 

with Station I, with annual precipitation ranging from 1300 to 1700 mm. During the 2-

year exposure period (2022 to 2023), the recorded MAT, minimum and maximum 

monthly temperatures were 23.3 , 6  and 35 ), respectively, fairly close to those of 

Station I [Fig. 3.4(a)], while the MARH was slightly higher at 82.7% [Fig. 3.4(b)].  

There are four exposure zones at Station II, including atmospheric zone (A-II), splash 

zone (S-II), tidal zone (T-II)  and underwater zone (U-II , also known as submerged 

zone), with designed elevations of +11.5 m, +4.7 m, +2.0 m and +0.05 m, respectively. 

The designed lowest and highest water levels are +0.45 m and +4.14 m, respectively. 

Compared to Station I, Station II exhibits some differences in environmental conditions. 

As shown in Fig. 3.3, A-II  is completely shielded by the overhead structures, while S-II  

and T-II are situated below the ground level. Therefore, UV radiation is absent in these 

three zones, and WD cycles do not occur in A-II . Additionally, U-II is constantly 

submerged, resulting in more stable environmental conditions characterized by 100% 

humidity, high salinity, minor temperature fluctuations and severe organic growth. It 

should be noted that Batch II specimens were exposed only in the A-II and U-II  zones, 

with the focus mainly on the durability of GFRP bars subjected to atmospheric and 

underwater conditions.  

3.2.3 Specimen Preparation and Test Method 

After reaching the target exposure durations, several GFRP bar specimens from Batches 

I and II, exposed in different zones, were sampled and subsequently tested in the 

laboratory to determine their tensile properties. Five replicate specimens were prepared 

for each test condition (Table 3.4). Before testing, both ends of the 6- and 10-mm GFRP 

bars were anchored into 200- and 250-mm-length steel tubes (outer diameter = 26 mm; 
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thickness = 2.5 mm), respectively, with epoxy resin filling the gap between the bars and 

tubes. To ensure proper centering, each steel tube was equipped with plastic caps at 

both ends, allowing the GFRP bars to pass through the cap centers. The free length of 

all specimens was fixed at 400 mm, leading to total lengths of 800 and 900 mm for the 

6- and 10-mm GFRP bars specimens, respectively [Fig. 3.5(a)]. To ensure sufficient 

strength of the epoxy resin, all specimens were cured at ambient temperature for a 

minimum of seven days. 

Tensile tests were performed in accordance with ASTM (2021). An extensometer with a 

gauge length of 50 mm was instrumented at the mid-length of the specimen to capture 

strain variation during testing, as shown in Fig. 3.5(b). To prevent damage, the 

extensometer was removed once the load reached approximately 60% to 70% of the 

ultimate load obtained from the reference specimens. Testing was conducted using a 

WAW-1000 testing machine, with applied load and specimen elongation automatically 

recorded by a computerized data-acquisition system. Loading was displacement-

controlled at a constant rate of 4 mm/min. 

Table 3.4 Test matrix of GFRP bar specimens 

Batches of 

specimen 
Station 

Environmental 

condition 

Exposure 

duration# 

(months) 

Number of 

specimens 

I 

(6 and 10 

mm) 

I Laboratory (Control) 0 5 

Atmospheric (A-I) 8/12/24/37/48 5/5/5/5/5 

Splash (S-I) 8/12/24/37/48 5/5/5/5/5 

Tidal (T-I) 8/12/24/37/48 5/5/5/5/5 

II  

(10 mm) 

II  Laboratory (Control) 0 5 

Atmospheric (A-II)  13/24 5/5 

Underwater (U-II)  13/24 5/5 
#Due to administrative reasons at the exposure station, the sampling intervals may 

slightly deviate from exact annual cycles. 
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(a) Specimen preparation 

 

(b) Test set-up 

Fig. 3.5 Specimen preparation and test set-up 

Extensometer
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3.3 RESULTS AND DISCUSSION 

3.3.1 Surface Characteristic Observations 

Fig. 3.6 shows the close-up views of the GFRP bars after exposure in different zones of 

the two stations. It is clearly seen that the specimens taken from T-I and U-II  zones had 

a dark surface color due to algae growth, with additional marine organisms such as 

barnacles, oysters and seashells attached to the surfaces, particularly pronounced for 

specimens exposed in the tidal environment (T-I) for 48 months. Specimens exposed in 

S-I zone displayed a deep shade of yellow, likely resulting from the coupling effects of 

frequent WD cycles induced by wave action and UV radiation on the resin matrix. In 

contrast, specimens subjected to atmospheric environments (A-I and A-II)  showed 

minimal surface changes except for a loss of luster when compared to the unexposed 

reference ones (Fig. 3.2). 

 

(a) 6-mm GFRP bars at Station I 

A-I

S-I

T-I

Marine organisms

48 months
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(b) 10-mm GFRP bars at Station I 

 

(c) 10-mm GFRP bars at Station II 

Fig. 3.6 Surface characteristics of GFRP bars exposed in different exposure zones 

3.3.2 Failure Modes 

Fig. 3.7 displays the failure modes of specimens exposed in different exposure zones 

for varying durations [8 and 48 months for Batch I, as shown in Figs. 3.7(a) and 3.7(b), 

and 13 and 24 months for Batch II , as shown in Fig. 3.7(c)]. As expected, the failure 

modes of specimens exposed to the atmospheric (A-I and A-II) and splash (S-I) 

environments were constant and characterized by the complete damage of resin matrix 

accompanied by fiber separation and rupture, regardless of exposure duration. 

A-I

S-I
Marine organisms

T-I

48 months

Marine organismsA-II

U-II

24 months
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Conversely, for the specimens exposed to the tidal (T-I) and underwater (U-II) 

environments, localized damage rather than the typical broom-shaped failure was 

noticed, especially in those with a larger diameter [Figs. 3.7(b) and 3.7(c)]. This 

indicates that prolonged exposure to consecutive WD cycles (tidal conditions) or 

continuous immersion (underwater conditions) has a significant impact on the tensile 

failure modes of GFRP bars. Similar observations have been reported by other 

researchers (D'Antino et al. 2023; Yue et al. 2024), with the phenomenon potentially 

attributed to the internal defects induced by resin hydrolysis and cracking. 

 

(a) 6-mm GFRP bars at Station I 

 

(b) 10-mm GFRP bars at Station I 

A-I

S-I

T-I

8 months

A-I

S-I

T-I

48 months

A-I

S-I

T-I

8 months

A-I

S-I

T-I

48 months
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(c) 10-mm GFRP bars at Station II  

Fig. 3.7 Failure modes of GFRP bars exposed in different exposure zones 

3.3.3 Variations in Tensile Properties of GFRP Bars 

The average tensile properties (including tensile strength and elastic modulus) together 

with standard deviations (SD) and the coefficients of variation (COV) for the two 

batches of specimens exposed in different zones over various durations are given in 

Tables 3.5, 3.6 and 3.7. All the test results were calculated based on nominal cross-

sectional areas specified by ACI (2017) (i.e., 32 mm2 and 71 mm2 for 6- and 10-mm 

GFRP bars, respectively). The test results of the reference (unexposed) specimens are 

also included. Note that specimens that failed within or just outside the anchorage were 

excluded from analysis. 

3.3.3.1 Effect of field exposure conditions 

Figs. 3.8(a) and 3.8(b) respectively show the tensile strength variations of 6- and 10-

mm GFRP bars (Batch I) exposed in different zones at Station I for up to four years. 

Under the tidal environment (T-I), a clear decreasing trend in tensile strength was 

noticed for both bar diameters, with values reducing from 1024.38 MPa and 1224.62 

MPa to 771.85 MPa and 993.62 MPa for 6- and 10-mm GFRP bars, respectively, after 

48-month field exposure. This suggests that the tidal environment, characterized by 

cyclic wetting and drying combined with periodic immersion, accelerates the 

A-II

U-II

13 months

A-II

U-II

24 months
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deterioration of GFRP bars. That is, the repeated exposure to moisture and oxygen 

appears to promote hydrolysis, plasticization, and swelling on the resin matrix, which in 

turn leads to weakening of the fiber-matrix interface and the development of 

microcracks. Besides, glass fibers are particularly sensitive to fluid ingress (e.g., 

chemical attacks) due to leaching and etching actions, and the prolonged exposure leads 

to more severe chemical reactions (Chen et al. 2007; Kim et al. 2008; Fergani et al. 

2018a; Lu et al. 2020a). 

On the contrary, tensile strength of specimens in A-I was almost unchanged throughout 

the exposure period, with retentions of 96.74~107.15% and 99.82~103.35% for 6- and 

10-mm GFRP bars, respectively. These findings align with previous studies on GFRP 

bars subjected to different atmospheric environments (MAT = 26.0  and 27.5 ; RH = 

52% and 26%) for up to 18 months, as reported by Al -Salloum et al. (2013). For 

specimens exposed in S-I, the tensile strength of 10-mm GFRP bars after 48 months 

remained comparable to unexposed (0-month) specimens (1224.35 MPa versus 1224.62 

MPa), while 6-mm GFRP bars exhibited a negligible reduction with a retention of 

94.97%. These observations are reasonable because the atmospheric environment, with 

limited moisture exposure, minimizes hydrolytic degradation, while the splash 

environment, despite frequent wetting, may not retain sufficient moisture to cause 

severe deterioration. It is worth highlighting that the tensile strength of FRP bars has 

been found to be almost unaffected by the conditioning involving UV radiation 

combined with water-spay or water vapor condensation (Da Silva et al. 2016; Ashrafi et 

al. 2018).  

On the other hand, tensile strength variations of 10-mm GFRP bars (Batch II) exposed 

at Station II are shown in Fig. 3.8(c). Again, specimens subjected to atmospheric 
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environment (A-II ) exhibited insignificant degradation of tensile strength, which is 

consistent with the observations at Station I (A-I). However, tensile strength of the 

specimens exposed in U-II remarkably decreased with exposure time, decreasing from 

1131.37 MPa to 927.67 MPa after two years. Another important observation is that 10-

mm GFRP bars in U-II underwent more severe degradation than those of the same 

diameter in T-I, with tensile strength retentions of 81.99% and 90.64%, respectively, 

over 24 months. This difference may be attributed to at least the following two reasons: 

(1) Continuous seawater immersion in U-II  promotes more aggressive chemical 

reactions than the cyclic exposure in T-I, inducing plasticization of the resin matrix and 

accelerating hydrolysis, which results in matrix softening and fiber debonding; (2) The 

much thicker sand-coated layer provides better protection for Batch I specimens (Fig. 

3.2), which mitigates the diffusion of harmful ions (Feng et al. 2024a) as well as 

decelerated the fiber loosening and resin cracking and flaking (Yue et al. 2024). 

 

(a) 6-mm GFRP bars at Station I  
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(b) 10-mm GFRP bars at Station I  

 

(c) 10-mm GFRP bars at Station II 

Fig. 3.8 Tensile strength variations of GFRP bars in different field exposure conditions 

The variations of tensile elastic modulus for specimens exposed in different zones at 

both stations are illustrated in Fig. 3.9. Compared to tensile strength, the differences in 

elastic modulus across environmental conditions were relatively minor for all exposure 

durations. For example, at Station I, elastic moduli of 6-mm specimens ranged from 

46.66 GPa to 53.19 GPa (Table 3.5), while those of 10-mm ones were in the range of 

51.10 GPa to 55.62 GPa (Table 3.6), both close to their unexposed counterparts (52.07 

GPa and 54.13 GPa for 6- and 10-mm GFRP bars, respectively). Similar phenomena 
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were noticed for specimens at Station II (Table 3.7). This is expected because the elastic 

modulus of FRP bar is an inherent property of the material, largely governed by fiber 

content. Thus, it is less affected by the environmental degradation (Kocaoz et al. 2005). 

Besides, elastic moduli were determined from the linear-elastic portions of stress-strain 

curves, in which the resin matrix remains effective in transferring stresses to the fibers 

(Benmokrane et al. 2017b). 

 

(a) 6-mm GFRP bars at Station I 

 

(b) 10-mm GFRP bars at Station I 
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(c) 10-mm GFRP bars at Station II  

Fig. 3.9 Elastic modulus variations of GFRP bars in different exposure conditions 

3.3.3.2 Effect of bar diameter 

To assess the influence of bar diameter on the durability of GFRP bars in marine 

environments, Fig. 3.10 compares the retentions of tensile properties for different-sized 

specimens exposed at Station I. It can be seen from Fig. 3.10(a) that due to the 

insignificant tensile strength degradation in specimens exposed in A-I and S-I, as 

discussed previously, no size effect can be observed over the exposure period. For the 

specimens in T-I, however, the tensile strength deterioration of small-sized specimens 

(6-mm) was much more pronounced compared to their large-sized counterparts (10-

mm), regardless of exposure duration, with retentions of 75.35% and 81.14%, 

respectively, after four years. Similar findings have been reported in previous studies on 

GFRP bars immersed in saline solutions (Tannous and Saadatmanesh 1998; Lu et al. 

2021a). This size effect may be attributed to the difference between the ratios of 

óódegradedò to óóundegradedò areas of the bars subjected to harsh conditions 

(Arczewska et al. 2021). That is, the larger the bar diameter, the smaller the affected 

area. 
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Although elastic moduli of the specimens suffered limited deterioration under the 

exposure conditions, an interesting observation is that bar diameter seems to have a 

non-negligible effect on the durability of the tensile elastic modulus, particularly for 

those subjected to tidal conditions [Fig. 3.10(b)]. Given the fiber contents of the 6- and 

10-mm GFRP bars are close to each other (83.6% and 81.1%, respectively, as provided 

in Table 3.2), this phenomenon may be attributed to the same mechanisms underlying 

the size effect observed in tensile strength. Although environmental conditions in A-I 

and S-I are less severe than in T-I, a size effect on elastic modulus retention appears to 

still exist in most specimens exposed in these two zones. 

 

(a) Tensile strength 

 

(b) Tensile elastic modulus 

Fig. 3.10 Comparison of tensile properties of different-sized GFRP bars
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Table 3.5 Tensile properties of 6-mm GFRP bars exposed at Station I 

Exposure period Exposure zone 
Tensile strength (MPa)  Elastic modulus (GPa) 

Average  SD COV (%) Retention (%)  Average SD COV (%) Retention (%) 

0-month / 1024.38  77.38  7.55  100.00   52.07  1.00  1.92  100.00  

8-month A-I  990.94  60.27  6.08  96.74   49.94  2.41  4.83  95.90  

S-I 1079.06  83.56  7.74  105.34   53.19  1.34  2.52  102.14  

T-I 1057.19  45.22  4.28  103.20   51.72  1.38  2.66  99.32  

12-month A-I  1031.88  85.13  8.25  100.73   50.31  1.53  3.04  96.62  

S-I 1067.50  53.87  5.05  104.21   51.91  1.06  2.04  99.68  

T-I 952.50  60.70  6.37  92.98   51.66  1.51  2.92  99.20  

24-month A-I  1030.54  50.58  4.91  100.60   52.45  1.81  3.45  100.72  

S-I 1003.14  38.98  3.89  97.93   52.74  2.35  4.45  101.29  

T-I 896.44  49.42  5.51  87.51   51.34  2.23  4.35  98.60  

37-month A-I  1056.14  67.14  6.36  103.10   49.53  1.60  3.23  95.11  

S-I 1027.26  49.29  4.80  100.28   48.89  1.34  2.73  93.89  

T-I 822.17  70.60  8.59  80.26   49.46  1.75  3.53  94.97  

48-month A-I  1097.65  43.21  3.94  107.15   47.60  0.74  1.56  91.42  

S-I 972.88  119.27  12.26  94.97   46.66  2.02  4.33  89.61  

T-I 771.85  66.61  8.63  75.35   48.74  1.70  3.49  93.60  
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Table 3.6 Tensile properties of 10-mm GFRP bars exposed at Station I 

Exposure period Exposure zone 
Tensile strength (MPa)  Elastic modulus (GPa) 

Average  SD COV (%) Retention (%)  Average SD COV (%) Retention (%) 

0-month / 1224.62  69.26  5.66 100.00  54.13  0.72  1.34 100.00 

8-month A-I  1265.61  43.10  3.41 103.35  55.50  0.82  1.47 102.54 

S-I 1222.45  68.98  5.64 99.82  54.94  1.33  2.41 101.51 

T-I 1298.87  21.46  1.65 106.06  55.37  0.13  0.23 102.29 

12-month A-I  1233.52  28.34  2.30 100.73  55.23  1.75  3.16 102.03 

S-I 1239.30  32.98  2.66 101.20  55.62  1.23  2.20 102.76 

T-I 1214.96  53.33  4.39 99.21  55.13  0.87  1.58 101.85 

24-month A-I  1222.48  44.90  3.67 99.82  53.84  1.75  3.25 99.46 

S-I 1177.28  38.55  3.27 96.13  55.19  0.90  1.63 101.96 

T-I 1109.94  21.94  1.98 90.64  54.43  2.23  4.11 100.57 

37-month A-I  1242.69  63.55  5.11 101.48  52.53  1.22  2.32 97.05 

S-I 1230.70  61.56  5.00 100.50  53.09  0.75  1.42 98.08 

T-I 1053.92  50.75  4.82 86.06  53.39  0.08  0.15 98.63 

48-month A-I  1242.45  51.19  4.12 101.46  51.10  0.72  1.41 94.41 

S-I 1224.35  66.85  5.46 99.98  51.49  1.00  1.94 95.13 

T-I 993.62  25.79  2.60 81.14  52.62  1.51  2.86 97.22 
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Table 3.7 Tensile properties of 10-mm GFRP bars exposed at Station II 

Exposure period Exposure zone 
Tensile strength (MPa)  Elastic modulus (GPa) 

Average  SD COV (%) Retention (%)  Average SD COV (%) Retention (%) 

0-month / 1131.37  44.73  3.95 100.00  47.70  1.74  3.65 100.00 

13-month A-II   1164.06  44.68  3.84 102.89  49.44  1.17  2.36 103.64 

U-II  1024.00  33.22  3.24 90.51  48.11  0.87  1.80 100.85 

24-month A-II   1168.70  32.17  2.75 103.30  47.33  0.89  1.89 99.22 

U-II  927.67  15.22  1.64 81.99  47.67  1.29  2.71 99.93 
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3.4 CONCLUSIONS 

This chapter presents the results of a field study on two batches of GFRP bars exposed 

in different marine environmental zones (i.e., atmospheric, splash, tidal and underwater) 

at two field exposure stations over a period of up to four years, aiming at exploring the 

durability of GFRP bars subjected to real marine environments. The following 

conclusions can be drawn based on the results and discussion: 

(1) Marine organisms were observed attached to the surfaces of GFPR bars located 

in the tidal and underwater zones. The appearance of GFRP bars exposed in the 

splash zone exhibited a color of deep yellow, while minimal surface changes 

were found for those exposed in both atmospheric zones. Prolonged exposure 

to tidal and underwater conditions had a significant impact on the failure modes 

of GFRP bars, with a transition from typical broom-shaped failure to localized 

damage. 

(2) GFRP bars subjected to tidal conditions experienced a noticeable tensile 

strength reduction after 48-month exposure, compared to those exposed in the 

atmospheric and splash zones, regardless of bar diameter. Tensile strength 

deterioration was more severe for GFRP bars exposed underwater than for 

those of the same diameter subjected to tidal exposure over the same duration. 

In contrast, the elastic modulus of GFRP bars was comparatively less affected 

by the different marine environmental conditions. 

(3) Large-sized GFRP bars demonstrated better resistance to tensile strength 

degradation than their small-sized counterparts under tidal exposure, regardless 

of exposure duration, implying a size effect on the durability of GFRP bars in 
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terms of tensile strength. Besides, a non-negligible size effect was also 

observed in the tensile elastic modulus of GFRP bars subjected to marine 

environments. 
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CHAPTER 4 

 PREDICTION MODEL FOR DURABILITY OF FRP 

BARS 

4.1 INTRODUCTION  

In Chapter 3, a systematic experimental study has been presented on the long-term 

performance of GFRP bars subjected to real marine environments for up to four years. 

In order to estimate the durability of FRP bars in real service environment, currently, 

several prediction models have been proposed based on the short-term experimental 

results obtained from AAT studies (Bank et al. 2003; Huang and Aboutaha 2010; 

Davalos et al. 2011; Serbescu et al. 2015; Dong et al. 2017b; Wang et al. 2024). 

However, a concern arises from the fact that the severe exposure conditions employed 

in AAT studies, such as immersion in high pH-level alkaline solutions at elevated 

temperatures, may not accurately represent the actual conditions experienced by FRP 

bars during their service life. This discrepancy could result in potential inaccuracies in 

model predictions. To address this issue, a systematic assessment of these models is 

essential prior to establishing a reliable conversion relationship between AAT and FET. 

In this chapter, existing prediction models concerning the durability of FRP bars were 

first reviewed. Subsequently, the performance of selected models was assessed against 

a newly assembled FET database using the AAT results collected from AAT database in 

Chapter 2. Finally, a refined model was proposed for bare FRP bars in marine 

environments based on the existing FET results with the aim to develop a consolidated 

and accurate approach for predicting the long-term performance of FRP bars. 
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4.2 EXISTING PREDICTION MODELS FOR DURABILITY 

OF FRP BARS 

4.2.1 Empirical Models Based on Arrhenius Theory 

Currently, most of the commonly used prediction models for the long-term mechanical 

properties of FRP bars in real service environment are developed based on Arrhenius 

theory (Nelson 2009), which assumes that the increasing temperatures and aging time 

only increase the degradation rate but do not affect the degradation mechanism. Thus, 

temperature is the sole dominant factor of acceleration in the aging process. The 

relationship between the degradation rate of FRP bars and the aging temperature can be 

expressed as follows: 

Ὧ ὃ ÅØÐ
Ὁ

ὙὝ
τȢρ 

where Ὧ = degradation rate (1/time); ὃ = constant of material and degradation process; 

Ὁ = activation energy of material; Ὑ = universal gas constant; and Ὕ = temperature in 

Kelvin. 

Eq. (4.1) can be further expressed as: 
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Ὕ
ÌÎὃ τȢς 

In Eq. (4.2), it can be found that the logarithm of ρȾὯ (the time for a material property 

to degrade to a given value) is a linear function of ρȾὝ with a slope of ὉȾὙ. 

According to the Arrhenius theory, the time shift factor ὝὛὊ, a concept proposed by 

Dejke and Tepfers (2001), for a mechanical property to reach the same retention value 
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(represented by ὣ) at different temperatures of Ὕ and Ὕ can be calculated by the 

following equation: 

ὝὛὊ
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Ὧ
ὣ
Ὧ

Ὧ

Ὧ

ὃ ÅØÐ
Ὁ
ὙὝ

ὃ ÅØÐ
Ὁ
ὙὝ

ÅØÐ
Ὁ

Ὑ

ρ

Ὕ

ρ

Ὕ
τȢσ 

where ὣ = retention of FRP mechanical property (%); ὸ and ὸ = time required for the 

mechanical property to reach a given retention value at temperatures of Ὕ and Ὕ, 

respectively; and Ὧ  and Ὧ  = degradation rates at temperatures of Ὕ  and Ὕ , 

respectively. 

On the basis of Arrhenius theory, numerous studies have been carried out to predict the 

long-term performance of FRP bars by using the existing models and the short-term 

results obtained from AAT studies (Tannous and Saadatmanesh 1998; Bank et al. 2003; 

Huang and Aboutaha 2010; Davalos et al. 2011; Robert and Benmokrane 2013; Wu et 

al. 2015; Dong et al. 2017b). At present, there are two main prediction methods for the 

performance prediction of FRP bars by measuring either ñstrength retentionò or 

ñmoisture absorptionò (Serbescu et al. 2015). The five widely used prediction models 

are briefly introduced as follows. 

The first model, originally proposed by Litherlan et al. (1981) for predicting the 

residual strength of glass fiber reinforced concrete (GRC) and later described by Bank 

et al. (2003) for FRP composites, can be expressed as Eq. (4.4): 

ὣ ὥÌÏÇὸ ὦ τȢτ 

where ὸ = aging time; and ὥ and ὦ = fitting parameters of regression equation. However, 

the following two inherent limitations exist in this model: (1) This model is only a 



104 

linear regression of the test results and does not adopt any assumptions related to 

degradation mechanism; (2) The strength retention at ὸ = 0 approaches infinity. 

Additionally, some researchers have found that, when using this model for FRP bars, 

the Arrhenius plots fitted using the test results of FRP bars were not parallel to each 

other (Davalos et al. 2011; Wu et al. 2015), which implied that the degradation 

mechanism may have changed with exposure time, violating the basic assumption in 

the Arrhenius theory. 

Apart from the single logarithmic model [Eq. (4.4)], the second model, which was 

proposed by Serbescu et al. (2015) based on the prediction method adopted by fib 

Bulletin 40 (fib 2007), assumes that the strength retention and the aging time have a 

linear relationship in a double logarithmic scale. The strength retention can be 

calculated by Eq. (4.5): 

ÌÏÇὣ ὥÌÏÇὸ ὦ τȢυ 

Another two models expressed by Eqs. (4.6) and (4.7) were initially  proposed by Phani 

and Bose (2012) to predict the flexural strength retention of CFRP composite laminates:  

ὣ ρππ ÅØÐ
ὸ

†
τȢφ 

ὣ ρππὣ  ÅØÐ
ὸ

†
ὣ τȢχ 

where † = fitting parameter; and ὣ  = retention of mechanical properties of FRP bars 

(%) at aging time of infinity. These two models assume that the degradation rates of 

mechanical properties of FRP bars are relatively high at the initial aging, then slow 

down gradually and finally stabilize. Different from the first two models [i.e., Eqs. (4.4) 

and (4.5)], the degradation mechanism adopted for these two models is that the 
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degradation of FRP bars is mainly caused by the fiber-resin interface debonding. The 

main difference between Eqs. (4.6) and (4.7) is that the residual mechanical properties 

of FRP bars tend to be zero or a given value ὣ . It is worth mentioned that Eq. (4.6) is 

much more conservative than Eq. (4.7) for FRP bar predictions as reported by Wang et 

al. (2017b) and Feng et al. (2022). 

Except for the aforementioned four ñstrength retentionò models, the fifth model, 

namely ñmoisture absorptionò model, was proposed by Tannous and Saadatmanesh 

(1998) based on Fickôs law, as given in Eq. (4.8): 

ὣ ρππρ
ЍςὈὅὸ

ὶ
τȢψ 

where Ὀ = diffusion coefficient; ὅ = solution ion concentration; and ὶ = radius of FRP 

bars. The use of this model is limited due to at least the following two reasons: (1) The 

model assumes that the affected area of FRP bars penetrated by ion erosion completely 

deteriorates and can no longer bear any load, which may not represent the actual 

conditions of FRP bars; (2) It is rather complicated to obtain the values of Ὀ and ὅ from 

moisture absorption tests on FRP bars (Dong et al. 2017b). 

4.2.2 fib Bulletin 40 (2007) Model 

To consider the influences such as moisture condition, temperature, desired service-life 

and diameter on the durability of FRP bars in concrete, fib Bullentin 40 (2007) 

proposed an approach to predict the long-term tensile performance of FRP bars. An 

environmental strength reduction factor – ȟ , whose inverse (i.e., ρȾ– ȟ ) 

representing the tensile strength retention of FRP bars, was incorporated in this 

prediction method. When the characteristic value of tensile strength after 1000-hour 
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exposure Ὢ  is known, – ȟ can be determined by Eq. (4.9a); otherwise, Eq. 

(4.9b) is recommended. 

– ȟ

Ὢ ȾὪ ȾρππὙ Ⱦρππ    ὥ

ρȾρππὙ Ⱦρππ                       ὦ
τȢω 

where Ὢ  = characteristic value of tensile strength obtained from the short-term tests; 

Ὑ  = standard reduction of tensile strength in percent per logarithmic decade due to 

environmental influence, which can be determined by the slope of tensile strength 

versus time in double logarithmic scale; and ὲ = exponent comprising the sum of 

moisture (ὲ ), temperature(ὲ ), service life (ὲ ) and diameter (ὲ ) exponents, as 

given in Eq. (4.10).  

ὲ ὲ ὲ ὲ ὲ τȢρπ 

The values of these four influencing parameters adopted in fib Bulletin 40 (2007) for 

different environmental conditions are given in Table 4.1. 

Table 4.1 Influencing parameters adopted in fib Bulletin 40 (2007) 

Parameter Condition# Value 

Moisture (ὲ ) Dry (RH = 50%) -1 

 Moist (RH = 80%) 0 

 Moisture saturated (RH = 100%) 1 

Temperature (ὲ ) MAT < 5 -0.5 

 MAT = 5 to 15 0 

 MAT = 15 to 25 0.5 

 MAT = 25 to 35 1 

Service life (ὲ ) 1 year 1 

 10 years 2 

 50 years 2.7 

 100 years 3 

Diameter (ὲ) Ó tested 0 

 75% of tested 0.5 

 50% of tested 1 
#RH = relative humidity; MAT = mean annual temperature. 
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4.2.3 Prediction Models Based on Environmental Reduction Factor (ERF) 

Based on the single logarithmic prediction model [Eq. (4.4)] and the existing design 

guidelines/codes for durability specification of FRP bars used as concrete reinforcement, 

a model that incorporates the effects of temperature, design life (DL) and environmental 

relative humidity (RH) into the ERF was proposed for tensile durability of FRP bars by 

Huang and Aboutaha (2010). Eq. (4.11) expresses the ERF (–) for FRP bars with 

specified design service life and service temperature in both saturated and unsaturated 

concrete conditions: 

– ρ ὲ Ў ”ϽÌÏÇ$,43& τȢρρ 

where ὲ  = RH correction factor, which was assumed to be equal to the ratio of mobile 

water (i.e., capillary and adsorbed water) in concrete under different RHs as shown in 

Fig. 4.1; Ў = tensile strength reduction after 1-year experimentally exposure or by 

substituting log (365) into the regression equation; ” = slope of Arrhenius regression 

line of the single logarithmic model [Eq. (4.4)]; $, = design life in years; and 43& = 

time shift factor between the reference temperature and the service temperature, which 

can be calculated by Eq. (4.3). 

Given that the actual service temperature over a year is a fluctuating value rather than a 

constant value, Huang (2011) further improved the refined model [Eq. (4.11)] by 

adopting the mean monthly temperature (MMT) instead of the MAT. It was found that 

the difference between the ERFs by the two methods is limited, with the latter one 

generating a relatively conservative value (Huang 2011). 



108 

 

Fig. 4.1 Relationship between RH correction factor and relative humidity (adapted from 

Huang and Aboutaha 2010) 

Based on the approaches taken by Huang and Aboutaha (2010) and Huang (2011), 

Dong et al. (2017b) proposed a refined model involving the effects of concrete 

wrapping, temperature fluctuation, DL and RH. In this model, the ERF can be 

determined by Eq. (4.12): 

%2&ρ ὲ Ў ”ϽÌÏÇ
$,43&

‌ –
τȢρς 

where ‌ = nominal time shift factor for bare FRP bars and concrete-embedded FRP bars 

immersed in the liquid solution (‌ = 2.44 and 2.08 were recommended for GFRP and 

BFRP bars, respectively, before more experimental data is available); and – = 

correction factor considering the influence of the actual temperature fluctuations, as 

given in Eq. (4.13). 

–
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where Ὕ  = mean annual temperature; and Ὕ  = mean monthly temperature. Table 4.2 
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summarizes the correction factors required for different types of AAT that classified by 

Dong et al. (2017b). 

Table 4.2 Correction factors (CFs) required for long-term predictions using different 

types of aging tests [Dong et al. (2017b)] 

 

AAT with elevated temperatures 

Type I Type II Type III 

Bare bar 

immersed 

in solution 

Concrete-embedded bar 

immersed in solution 

Concrete-embedded bar 

exposed to constant 

humidity environment 

Correction 

factor# 
‌ȟὲȟ– ὲȟ– – 

#‌ȟὲȟ– = CFs for concrete-wrap, RH and temperature fluctuation, respectively. 

On the basis of the exponential model [Eq. (4.7)] and the concept introduced by Huang 

and Aboutaha (2010), Feng et al. (2023) recently developed another refined model that 

incorporates the effects of RH and temperature fluctuations to predict the deterioration 

of FRP bars, as expressed in Eq. (4.14). 

ρππρππὣὲ ρππὣ  ÅØÐ
ὸ

†
ὣ τȢρτ 

Different from the previous refined models, daily temperature is used to determine the 

TSF values in this refined model. 

4.3 EXPERIMENTAL DATABASE  

To assess the performance of existing prediction models derived from AAT and to 

establish the conversion relationship between AAT and FET, a filtered FET database 

was developed, as given in Table 4.3, based on the database (i.e., Table D1) provided in 

Appendix B. Only GFRP bars [including bare bars, concrete-embedded bars without 

sustained load (i.e., unstressed) and concrete-embedded bars with sustained load (i.e., 
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stressed)] are considered in this chapter due to the limited availability of FET data for 

other types of FRP bars as mentioned previously. Besides, only the tensile strength of 

GFRP bars is included in the database for several reasons: (1) It is one of the most 

critical properties of FRP bars, with various design codes/guidelines [e.g., fib Bulletin 

40 (2007); (CSA 2019; ACI 2022)] recommending durability-related reduction factors 

for it; (2) Most prediction models were initially developed to assess the tensile 

durability of FRP bars; (3) Compared to the tensile properties of GFRP bars, 

experimental data on other mechanical properties is relatively scarce. The details of the 

FET datasets included in Table 4.3 are given in the following subsections. 

4.3.1 Bare GFRP Bars 

Al-Salloum et al. (2013) conducted FET on the 12-mm GFRP bare bars (made with 

vinylester resin) subjected to two field conditions with exposure times of 6, 12, and 18 

months. The exposure sites included Riyadh and Jubail in Saudi Arabia, representing 

the hot-dry and hot-humid environments of the Middle East, respectively. The MATs of 

these two locations are similar (27.5  and 26 ) with mean annual high and low 

temperatures of 33  and 19 , respectively, while the mean annual RHs are about 26% 

and 52%, respectively. 

4.3.2 Concrete-Embedded Unstressed GFRP Bars 

Morales et al. (2021) carried out FET on the durability of unstressed GFRP bars (9.5-

mm and VE-based) embedded in fly ash-based and slag-based seawater concrete 

(SWC). The SWC elements were exposed to the typical field environment of a 

subtropical region in South Florida, USA, for varying durations (1, 6, 12 and 24 

months). The recorded MAT and RH for the field conditions were 25  and 71.2%, 
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respectively. 

4.3.3 Concrete-Embedded Stressed GFRP Bars 

A total of three FET studies on stressed GFRP bars embedded in concrete were 

collected (Bakis et al. 2005; Mukherjee and Arwikar 2005; Trejo et al. 2011). (1) Bakis 

et al. (2005) presented FET results of the residual tensile properties of 10.2-mm GFRP 

bars (VE-based) in concrete beams with a sustained load of 20% of ultimate moment 

Mu (which was roughly 12% of the ultimate tensile strength fu of the FRP bar, as 

reported by the authors). Prior to the application of sustained load, the beams were pre-

cracked under four-point bending by subjecting them to about 50% Mu. The beams 

were exposed to the outdoor environment in State College, Pennsylvania, for durations 

of 12 and 36 months. The MAT in this location is 9°C, with typical daily high and low 

temperatures of 20~30  in the summer and -15~-5  in the winter, respectively. (2) 

The FET carried out by Mukherjee and Arwikar (2005) was similar to that by Bakis et 

al. (2005). In this study, the pre-cracked concrete beams were exposed to the natural 

conditions of Mumbai, India. The environment is hot and humid, with the MAT and RH 

being 27.5  and 74.9%, respectively. (3) Trejo et al. (2011) examined the tensile 

durability of three different types of GFRP bars embedded in concrete slabs. These 

slabs were subjected to natural weather conditions in Texas, USA, for approximately 

seven years. Before natural exposure, the slabs were pre-cracked under three-point 

bending, as a result of which the maximum stress of the inner GFRP bars was less than 

30% fu. The recorded mean daily temperatures of the exposure site were 5~40 and 

the MAT and RH were reported to be 23 and 59.3%, respectively. 
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Table 4.3 FET database for model assessment 

Reference Bar type 
Concrete 

type 
Stress level Exposure site 

MAT 

( ) 

RH 

(%) 

Time 

(m) 

Ret. 

 (%) 
Remarks 

Al -Salloum et al. (2013) 12 mm (VE) / 0 Riyadh, Saudi 

Arabia 

27.5 26.0 6 99.66 Bare 

GFRP bars   12 99.59 

  18 99.46 

12 mm (VE) / 0 Jubail, Saudi 

Arabia  

26.0 52.0 6 99.80 

  12 99.46 

  18 99.46 

Morales et al. (2021) 9.5 mm (VE) SWC (with 

fly ash) 

0 South Florida, 

USA 

25.0 71.2 1 99.86 Concrete-

embedded 

unstressed 

GFRP bars  

  6 96.69 

  12 100.53 

  24 98.60 

9.5 mm (VE) SWC (with 

slag) 

0    1 85.45 

  6 88.87 

  12 88.67 

  24 81.51 

Bakis et al. (2005) 10.2 mm (VE) NC 20% Mu Pennsylvania, 

USA 

9.0 57.6* 12 102.85 Concrete-

embedded 

stressed 

GFRP bars  

  36 98.78 

Mukherjee and Arwikar 

(2005) 

9.5 mm (VE) NC 20% Mu Mumbai, India 27.5* 74.9* 18 65.43 

    30 61.40 

Trejo et al. (2011) 16 mm (PE) NC Preloaded: 

< 30% fu 

Texas, USA 23.0 59.3* å84 87.16 

16 mm (VE)    å84 88.32 

16 mm (VE)    å84 73.89 

19 mm (PE)    å84 92.73 

19 mm (VE)    å84 79.34 

19 mm (VE)    å84 78.50 

Note: (1) VE = vinylester resin; PE = polyester resin. (2) SWC = seawater concrete; NC = normal concrete. (3) Mu = ultimate moment measured in the beam 

tests; fu = ultimate tensile stress of an FRP bar. (4) ñ*ò: The data were collected from the online database (https://www.climate.top/). 
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Upon observing the database given in Table 4.3, in general, it can be found that the 

GFRP bars for FET studies considered herein were mainly manufactured with 

vinylester resin and had diameters ranging from 9.5 mm to 19 mm. The majority of 

these bars were subjected to field exposure for less than three years, while only one 

study reported test results for specimens exposed in field for seven years (Trejo et al. 

2011). In addition, most specimens were placed in exposure sites characterized by hot-

humid or hot-dry conditions, with an exception reported in Bakis et al. (2005) being 

exposed to a cold environment (MAT = 9 ). 

4.4 PERFORMANCE OF EXISTING MODELS FOR 

DURABILITY OF FRP BARS  

In this section, three commonly used models [i.e., Arrhenius empirical model, fib 

Bulletin 40 (2007) model and Huang and Aboutahaôs (2010) model], as described in 

Section 4.2, were employed to predict the tensile strength retention of GFRP bars using 

the AAT database (i.e., Table A1) provided in Chapter 2. These predictions were 

subsequently compared with the FET results presented in Table 4.3, aiming to evaluate 

the capability of each model in predicting the deterioration of GFRP bars under actual 

exposure conditions based on AAT data and provide a comprehensive assessment of 

model performance. 

4.4.1 Arrhenius Empirical Model 

As discussed in Section 4.2.1, a potential issue with using logarithmic models to predict 

the long-term performance of FRP bars is that the Arrhenius plots may not be parallel to 

each other. Consequently, the less conservative exponential model [i.e., Eq. (4.7)] was 

applied in this section. To enhance the accuracy of predictions using Arrhenius model, 
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available AAT results with at least three different temperatures were selected (Bank et 

al. 2003). Note that Bank et al. (2003) suggested a minimum acceptable coefficient of 

determination (R²) of 0.80. As a result, data points that did not meet this criterion (i.e., 

R² < 0.80)  were first excluded and the remaining ones with at least two different 

temperatures were then utilized for further calculations. 

4.4.1.1 Bare GFRP bars 

According to Eq. (4.7), the master curves of selected short-term test data for different 

conditions are shown in Fig. 4.2, and for reference, the corresponding coefficients of 

regression equations obtained in the prediction process are listed in Table 4.4. The AAT 

data used herein is limited to those obtained from bare GFRP bars (with a diameter 

range of 9.5~12.7 mm) immersed in alkaline, saline and water solutions. The FET data 

reported by Al -Salloum et al. (2013) (Table 4.3) is also included in each subfigure of 

Fig. 4.2 to assess the prediction accuracy based on Arrhenius theory. Only the predicted 

results calculated using a MAT of 26.0  are presented herein as a reference since the 

difference between the predictions for MATs of 26.0  and 27.5  at the two exposure 

sites is relatively small, while using the lower MAT with the same dataset yields a more 

conservative prediction. 
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Table 4.4 Coefficients of regression equations based on Arrhenius empirical model for bare GFRP bars 

Solution 

type 
Reference Bar type pH 

T 

( ) 

Coef. in Eq. (4.7) 
 Coef. in Eq. 

(4.2) TSF 
Coef. for master curve 

Ű YÐ R2  Ea /R R2 Ű YÐ R2 

Alkaline 

solution 

Chen et al. (2006) 9.53 mm (VE) 13.6 20 165.5 22.31 0.963  2122 0.957 0.86 148.6 22.96 0.985 

40 121.9  0.999  1.37 

 60 68.9  0.996  2.06 

 Kim et al. (2008) 12.7 mm (VE) 13.0 25 35.0 59.90 0.994  2127 0.808 0.98 36.2 62.41 0.972 

 40 42.2  0.996  1.37 

 80 13.0  1.000  2.97 

 12.7 mm 

(Modified VE) 

13.0 25 186.7 42.44 0.951  3787 0.949 0.96 277.1 34.77 0.972 

 40 159.1  0.929  1.76 

 80 28.6  1.000  6.93 

 Won et al. (2008) 12.7 mm (VE) 12.6 20 429.2 67.59 0.968  3742 0.989 0.77 358.8 67.58 0.953 

 40 230.4  0.907  1.75 

 60 90.3  0.949  3.58 

 80 52.5  0.956  6.77 

 Rolland et al. 

(2021) 

12.7 mm (VE) 13.0 

~ 

13.6 

20 682.1 55.24 1.000  5183 0.992 0.70 418.9 56.36 0.997 

 40 187.7  0.999  2.17 

 60 82.2  1.000  5.86 

 Wang et al. (2022) 9.52 mm (VE) 13.0 23 1097.1 30.67 0.961  8926 0.958 0.74 1189.8 29.63 0.967 

 40 392.5  0.962  3.80 

 60 38.9  0.995  21.01 

 11.0 23 2426.0 46.78 0.914  11184 0.994 0.68 2044.2 46.13 0.993 

 40 416.3  0.995  5.32 

 60 36.8  0.993  45.40 

 12.0 23 2040.0 43.47 (0.717)  11920 1.000 / 2566.1 43.46 0.997 

 40 432.2  0.993  5.94 

 60 44.0  0.996  58.36 

 Wang et al. 

(2023a) 

9.52 mm (VE) 13.6 23 641.8 30.90 0.936  7356 0.991 0.78 556.2 31.32 0.991 

 40 209.6  0.997  3.00 
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 60 40.8  0.999  12.30 

 13.6 23 543.5 33.49 0.944  7499 0.980 0.78 499.0 33.97 0.983 

 40 196.0  0.998  3.07 

 60 32.8  0.996  12.91 

 Yue et al. (2024) 12 mm (EP) 11.5 20 363.5 55.37 0.871  2593 0.987 0.84 306.1 54.06 0.934 

   40 186.3  0.959    1.47    

   60 126.3  0.915    2.42    

  12.5 20 349.7 19.54 0.940  3175 0.921 0.80 190.9 33.11 0.933 

   40 126.7  0.909    1.61    

   60 96.6  0.966    2.95    

  13.5 20 105.8 11.91 0.886  3251 0.983 0.80 89.8 11.75 0.971 

   40 60.4  0.991    1.63    

   60 27.7  0.994    3.03    

 12 mm (EP) 12.5 20 138.1 48.18 0.911  5182 0.984 0.70 104.0 48.94 0.948 

   40 56.2  0.936    2.17    

   60 16.4  0.933    5.86    

  13.5 20 136.1 8.29 0.919  2074 0.986 0.87 121.4 5.03 0.959 

   40 79.6  0.950    1.36    

   60 58.4  0.983    2.03    

Saline 

solution 

Kim et al. (2008) 12.7 mm (VE) / 25 256.9 45.28 0.895  3994 1.000 0.96 244.3 45.41 0.983 

 40 218.3  (0.504)    /    

  80 31.9  0.981    7.70    

 Ruiz Emparanza 

et al. (2022) 

å10 mm (VE) / 23 1827.5 57.74 0.943  9713 1.000 0.72 1312.7 57.75 0.994 

  40 738.0  (0.706)    /    

  60 47.8  0.987    27.49    

 å10 mm (VE) / 23 1986.5 73.34 (0.535)  11935 1.000 / 10823.7 73.21 0.940 

  40 1802.1  0.810    5.95    

  60 182.8  0.840    58.65    

 Wang et al. 

(2023a) 

9.52 mm (VE) / 23 3974.6 49.66 0.915  11959 0.999 0.67 2918.0 49.27 0.996 

  40 509.9  0.990    5.97    

  60 44.9  0.993    59.14    

Water Kim et al. (2008) 12.7 mm (VE) / 25 73.0 77.53 (0.639)  2723 1.000 / 82.6 78.57 0.947 

  40 62.1  0.896    1.50    
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  80 23.2  0.961    4.02    

 12.7 mm 

(Modified VE) 

/ 25 270.9 43.79 (0.295)  5376 1.000 / 544.1 44.01 0.987 

  40 245.8  0.857    2.23    

  80 35.2  0.997    15.61    

 Wang et al. (2022) 9.52 mm (VE) / 23 8445.9 48.62 (-0.334)  13279 1.000 / 3288.4 48.73 0.992 

  40 454.1  0.966    7.28    

  60 35.6  0.990    92.78    

Note: (1) VE = vinylester resin; EP = epoxy resin. (2) The data in the brackets were excluded from the calculation because the correlation coefficient (R2) was 

less than 0.80. (3) All the predicted results were calculated based on the MAT of 26.0 . 
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As shown in Figs. 4.2(a)~4.2(c), the prediction curves for different studies vary 

significantly, regardless of the solution type. This variability can be further evidenced 

by the distinctly different convergency values YÐ observed for the master curves 

corresponding to different studies. Specifically, the convergence values range from 5.03% 

to 67.58% for alkaline solutions, 45.41% to 73.21% for saline solutions, and 44.01% to 

78.57% for water solutions (see Table 4.4). This is reasonable because the long-term 

performance of FRP bars is affected by many factors, including fiber, matrix and their 

interfacial properties (Benmokrane et al. 2020b), bar diameter (Benmokrane et al. 

2017b), manufacturing process (Benmokrane et al. 2020b) as well as exposure 

conditions (e.g., alkaline concentration and saline contents) (Wang et al. 2023a). 

Another important observation that can be made from Fig. 4.2 is that the FET data 

points (solid markers) lie above all the master curves of three different solution types, 

indicating that the selected Arrhenius empirical model provides highly conservative 

predictions for bare GFRP bars exposed to atmospheric environments [i.e., hot-dry and 

hot-humid environmental conditions (Al -Salloum et al. 2013)], particularly when AAT 

data from high pH-level alkaline conditions are used [Fig. 4.2(a)]. The significantly 

underestimated predictions can be attributed to the fact that direct immersion in a 

solution is considerably more aggressive than real-world environmental conditions and 

thus cannot accurately represent the actual field conditions that GFRP bars are 

subjected to. 
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(c) Water 

Fig. 4.2 Comparison between FET result and prediction curves based on Arrhenius 

empirical model for bare GFRP bars 

4.4.1.2 Concrete-embedded unstressed GFRP bars  

Similar to the bare GFRP bars, the prediction process was also performed on the 

unstressed GFRP bars wrapped in concrete. The resultant curves were compared with 

the FET results in Morales et al. (2021) (see Table 4.3) to assess the accuracy of 

Arrhenius model [Eq. (4.7)]. The master curves for different conditions are displayed in 

each subfigure of Fig. 4.3 and the corresponding coefficients of regression equations 

obtained in the prediction process are provided in Table 4.5. Since the AAT data for 

concrete-embedded unstressed GFRP bars immersed in the alkaline solution is lacking, 

only those with respect to saline and water solution immersion are presented. 
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Table 4.5 Coefficients of regression equations based on Arrhenius empirical model for concrete-embedded unstressed GFRP bars 

Solution 

type 
Reference Bar type 

Concrete 

type 

T 

( ) 

Coef. in Eq. (4.7) 
 Coef. in Eq. 

(4.2) TSF 
Coef. for master curve 

Ű YÐ R2  Ea /R R2 Ű YÐ R2 

Saline 

solution 

Robert and 

Benmokrane (2013) 

12.7 

mm 

(VE) 

NC 23 1440.1 68.96 0.940  1792 0.997 0.96 3066.5 35.99 0.972 

40 1015.6  0.994  1.33 

50 872.6  0.963  1.59 

Lu et al. (2022) 

 

6 mm 

(VE) 

SWSSC 28 111.8 19.72 0.964  4625 0.851 1.17 102.7 19.34 0.960 

40 35.1  0.993  2.10 

60 23.8  0.995  5.10 

Water Davalos et al. 

(2011) 

9.53 

mm 

(VE) 

NC 20 618.0 43.21 0.934  5571 0.973 0.73 466.2 43.99 0.972 

40 236.3  0.923  2.45 

50 92.1  0.987  4.24 

60 69.2  0.994    7.12    

El-Hassan et al. 

(2017) 

8 mm 

(EP) 

SWC 20 608.3 44.93 0.952  2874 0.984 0.85 464.9 49.12 0.951 

 40 368.9  0.892    1.59    

 60 186.4  0.964    2.75    

Fergani et al. 

(2018a) 

8 mm 

(VE) 

NC 20 881.8 57.32 (0.656)  5630 1.000 / 715.8 57.43 0.973 

40 291.4  0.999  2.47 

60 99.0  0.955  7.27 

Note: (1) VE = vinylester resin; EP = epoxy resin. (2) The data in the brackets were excluded from the calculation because the correlation coefficient (R2) was 

less than 0.80. (3) All the predicted results were calculated based on the MAT of 25.0. (4) NC = normal concrete; SWC = seawater concrete; SWSSC = 

seawater sea-sand concrete. 
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In Fig. 4.3, except for the master curve by Robert and Benmokrane (2013), which lies 

above one of the FET datasets (solid blue square markers) [Fig. 4.3(a)], it is noticed that 

the prediction model generally underestimates the residual tensile strength of concrete-

embedded unstressed GFRP bars after exposure to a hot-humid field environment. This 

underestimation is particularly pronounced for the GFRP bars wrapped in seawater 

concrete (SWC) comprised of fly ash, regardless of the solution type. The exceptional 

case in Fig. 4.3(a) may be caused by the different mix proportions of concrete, which 

has a non-negligible influence on the degradation mechanism of GFRP bars as 

demonstrated by Morales et al. (2021), and this issue needs to be further verified due to 

the limited existing test results. Besides, it is interesting to find that compared to the 

12.7-mm GFRP bars in Robert and Benmokrane (2013), the predicted curve for the 6-

mm GFRP bars in Lu et al. (2022) exhibits a more pronounced underestimation [Fig. 

4.3(a)], which can be attributed to the possible size effect on the long-term tensile 

strength of GFRP bars as mentioned in Chapter 3. 
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(b) Water 

Fig. 4.3 Comparison between FET results and prediction curves based on Arrhenius 

empirical model for concrete-embedded unstressed GFRP bars 

4.4.1.3 Concrete-embedded stressed GFRP bars 

Compared to unstressed GFRP bars embedded in concrete, those covered by concrete 

and subjected to sustained load can better represent their actual service conditions. On 

the basis of Arrhenius empirical model, the comparisons between FET results (Bakis et 

al. 2005; Mukherjee and Arwikar 2005; Trejo et al. 2011) (Table 4.3) and prediction 

curves for concrete-embedded stressed GFRP bars conditioned in saline and water 

solutions are depicted in Fig. 4.4, and the corresponding coefficients of regression 

equations are given in Table 4.6. As a reference, only the predictions based on a MAT 

of 23.0  are displayed herein for the same reason as mentioned in Section 4.4.1.1. 
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Table 4.6 Coefficients of regression equations based on Arrhenius empirical model for concrete-embedded stressed GFRP bars 

Solution 

type 
Reference 

Bar 

type 

Concrete 

type 
Stress level T ( ) 

Coef. in Eq. (4.7)  Coef. in Eq. (4.2) 
TSF 

Coef. for master curve 

Ű YÐ R2  Ea /R R2 Ű YÐ R2 

Saline 

solution 

Lu et al. 

(2022) 

6 

mm 

(VE) 

SWSSC 20% fu 28 104.5 17.86 0.965  3697 0.898 1.23 76.2 18.05 0.990 

40 45.2  1.000   1.97 

 60 30.7  1.000   4.00 

   40% fu 28 106.3 3.99 0.867  3127 0.851 1.19 72.4 5.17 0.964 

40 48.5  0.985  1.77 

60 37.4  0.977  3.23 

Water Davalos 

et al. 

(2011) 

9.53 

mm 

(VE) 

NC 2000~2600 ɛŮ 20 512.6 37.82 0.940  3831 0.938 0.88 597.4 29.99 0.974 

40 313.6  0.998  2.02 

60 105.2  0.993    4.21    

El-

Hassan et 

al. (2018) 

8 

mm 

(EP) 

SWC 25% fu 20 732.1 32.28 0.972  3805 0.992 0.88 562.7 35.09 0.974 

40 283.9  0.915  2.00 

60 154.8  1.000  4.17 

Note: (1) VE = vinylester resin; EP = epoxy resin. (2) fu = ultimate tensile stress of an FRP bar; ɛŮ = strain of FRP bar. (3) All the predicted results were 

calculated based on the MAT of 23.0 . (4) NC = normal concrete; SWC = seawater concrete; SWSSC = seawater sea-sand concrete. 
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In Fig. 4.4, it is evident that the prediction curves generated by AAT data obviously 

underestimate the tensile durability of stressed GFRP bars wrapped in concrete, 

irrespective of the stress level, especially for those conditioned in the environments 

with relatively low temperatures and/or low RH (Bakis et al. 2005; Trejo et al. 2011). It 

is worth noting that the diameters of GFRP bars for FET data are in the range of 9.5~19 

mm, while those for the selected AAT data are in the range of 6~9.53 mm. The use of 

AAT data for GFRP bars with relatively small diameters may also result in 

underestimated predictions when compared to FET results. This discrepancy is likely 

due to the possible size effect on the tensile strength of GFRP bars, as previously 

discussed. 
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(b) Water 

Fig. 4.4 Comparison between FET results and prediction curves based on Arrhenius 

empirical model for concrete-embedded stressed GFRP bars 

4.4.2 fib Bulletin 40 (2007) Model 

Although fib Bulletin 40 (2007) model was initially developed for the FRP bars in 

concrete environments due to the incorporation of a correction term ὲ  for moisture 

condition in concrete members, as mentioned in Section 4.2.2, in this section, this 

section also includes the AAT datasets of bare GFRP bars to assess the applicability of 

applying this model to bare FRP bars. It should be noted that only the AAT data with a 

temperature range of 20~30  were selected for making predictions. This temperature 

range represents the most moderate scenario for AAT, which might lead to relatively 

unconservative predictions, and it also corresponds to the common MAT range for FET. 
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ὲ , ὲ  and ὲ  were determined according to the factors recommended by fib Bulletin 

40 (2007) (Table 4.1) using the interpolation method. When determining the influencing 

coefficient Ὑ , only datasets from the same literature that meet the requirement of a 

minimum acceptable R2 value (i.e., R2 Ó 0.80) were adopted for the calculation (Bank et 

al. 2003). 

4.4.2.1 Bare GFRP bars 

In order to obtain the Ὑ  values, the tensile strength retention curves of bare GFRP 

bars (db = 9.5~12.7 mm) under alkaline and saline conditions are plotted in Fig. 4.5 on a 

double logarithmic scale. As per Eqs. (4.9) and (4.10), the coefficients were determined 

based on the environmental conditions of exposure sites in Al -Salloum et al. (2013) 

(see Table 4.3) and the predicted retentions ρȾ– ȟ are summarized in Table 4.7. Fig. 

4.5(a) illustrates significant differences in the tensile strength retention curves for 

alkaline conditions, with the Ὑ  values ranging from 2.41% to 45.53% (see Table 4.7). 

As a result, the retention predictions vary considerably across different studies, which is 

similar to the observations made in the predictions based on Arrhenius model and can 

be explained by the reasons mentioned in Section 4.4.1.1. By contrast, the discrepancy 

between the retention curves for saline conditions is relatively small (Ὑ  = 

2.05~10.30%), as shown in Fig. 4.5(b). For ease of assessing the model performance, 

Fig. 4.6 compares the model predictions with the FET results of bare GFRP bars after 

field exposure to hot-dry and hot-humid environments for up to 18 months (Al -Salloum 

et al. 2013). It is seen that all the predicted results by fib Bulletin 40 (2007) model 

underestimate the residual tensile strength of bare GFRP bars, regardless of the solution 

type, particularly for the cases of alkaline solutions with high pH levels (e.g., pH > 13). 
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Table 4.7 Coefficients and predicted results based on fib Bulletin 40 (2007) model for bare GFRP bars 

Solution 

type 
Reference Bar type PH 

T 

( ) 

Coef. in Eqs. (4.9) and (4.10) Ret. 

ρȾ– ȟ 

(%) 

Ὑ  

(%) 
R2 

MAT 

( ) 
ὲ  

RH 

(%) 
ὲ  

Time 

(m) 
ὲ  ὲ  ὲ – ȟ 

Alkaline 

solution 

Chen et al. 

(2006) 

9.53 mm 

(VE) 

12.7 20 9.54 0.994 27.5 1 26.0 -1 6 0.69 0 

 

0.69 1.31 76.33 

    12 1 1.00 1.35 74.02 

    18 1.17 1.17 1.37 72.76 

    26.0 1 52.0 -0.93 6 0.69 0.76 1.32 75.82 

        12 1.00 1.07 1.36 73.52 

        18 1.17 1.24 1.38 72.28 

13.6  45.53 0.978 27.5 1 26.0 -1 6 0.69 0.69 5.13 19.48 

       12 1 1.00 6.19 16.16 

       18 1.17 1.17 6.86 14.58 

      26.0 1 52.0 -0.93 6 0.69 0.76 5.35 18.71 

          12 1.00 1.07 6.44 15.52 

          18 1.17 1.24 7.14 14.00 

Kim et al. 

(2008) 

12.7 mm 

(VE) 

13.0 25 14.93 0.997 27.5 1 26.0 -1 6 0.69 0.69 1.55 64.70 

       12 1 1.00 1.62 61.57 

       18 1.17 1.17 1.67 59.90 

      26.0 1 52.0 -0.93 6 0.69 0.76 1.56 64.01 

          12 1.00 1.07 1.64 60.91 

          18 1.17 1.24 1.69 59.26 

Won et al. 

(2008) 

12.7 mm 

(VE) 

12.6 20 7.73 0.941 27.5 1 26.0 -1 6 0.69 0.69 1.24 80.52 

        12 1 1.00 1.27 78.55 

        18 1.17 1.17 1.29 77.49 

      26.0 1 52.0 -0.93 6 0.69 0.76 1.25 80.09 

          12 1.00 1.07 1.28 78.13 

          18 1.17 1.24 1.30 77.07 

Lu et al. (2021a) 11.2 mm 

(VE) 

12.9 20 12.81 0.885 27.5 1 26.0 -1 6 0.69 0.69 1.45 69.14 

        12 1 1.00 1.51 66.29 

        18 1.17  1.17 1.54 64.76 

      26.0 1 52.0 -0.93 6 0.69 0 0.76 1.46 68.51 
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          12 1.00 0 1.07 1.52 65.69 

          18 1.17 0 1.24 1.56 64.17 

Wang et al. 

(2022) 

9.52 mm 

(VE) 

13.0 23 7.23 0.948 27.5 1 26.0 -1 6 0.69  0.69 1.22 81.71 

        12 1  1.00 1.25 79.85 

        18 1.17  1.17 1.27 78.84 

    26.0 1 52.0 -0.93 6 0.69 0 0.76 1.23 81.30 

        12 1.00 0 1.07 1.26 79.45 

        18 1.17 0 1.24 1.27 78.44 

11.0  2.41 0.912 27.5 1 26.0 -1 6 0.69  0.69 1.07 93.63 

        12 1  1.00 1.08 92.93 

        18 1.17  1.17 1.08 92.55 

      26.0 1 52.0 -0.93 6 0.69 0 0.76 1.07 93.48 

          12 1.00 0 1.07 1.08 92.78 

          18 1.17 0 1.24 1.08 92.40 

Lu et al. (2023a) 11.2 mm 

(VE) 

12.9 25 12.83 0.886 27.5 1 26.0 -1 6 0.69  0.69 1.45 69.08 

        12 1  1.00 1.51 66.23 

        18 1.17  1.17 1.55 64.70 

      26.0 1 52.0 -0.93 6 0.69 0 0.76 1.46 68.45 

          12 1.00 0 1.07 1.52 65.63 

          18 1.17 0 1.24 1.56 64.11 

Wang et al. 

(2023a) 

9.52 mm 

(VE) 

13.6 23 12.37 0.986 27.5 1 26.0 -1 6 0.69  0.69 1.43 70.08 

        12 1  1.00 1.49 67.29 

        18 1.17  1.17 1.52 65.80 

    26.0 1 52.0 -0.93 6 0.69 0 0.76 1.44 69.46 

        12 1.00 0 1.07 1.50 66.70 

        18 1.17 0 1.24 1.53 65.22 

13.6  12.19 0.947 27.5 1 26.0 -1 6 0.69  0.69 1.42 70.47 

        12 1  1.00 1.48 67.71 

        18 1.17  1.17 1.51 66.23 

      26.0 1 52.0 -0.93 6 0.69 0 0.76 1.43 69.86 

          12 1.00 0 1.07 1.49 67.12 

          18 1.17 0 1.24 1.52 65.66 

Yue et al. (2024) 12 mm (EP) 11.5 20 6.31 0.846 27.5 1 26.0 -1 6 0.69  0.69 1.19 83.89 
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        12 1  1.00 1.22 82.23 

        18 1.17  1.17 1.23 81.32 

    26.0 1 52.0 -0.93 6 0.69 0 0.76 1.20 83.53 

        12 1.00 0 1.07 1.22 81.87 

        18 1.17 0 1.24 1.24 80.97 

12.5  12.38 0.858 27.5 1 26.0 -1 6 0.69  0.69 1.43 70.05 

        12 1  1.00 1.49 67.26 

        18 1.17  1.17 1.52 65.77 

    26.0 1 52.0 -0.93 6 0.69 0 0.76 1.44 69.44 

        12 1.00 0 1.07 1.50 66.67 

        18 1.17 0 1.24 1.53 65.19 

13.5  37.71 0.951 27.5 1 26.0 -1 6 0.69  0.69 3.58 27.95 

        12 1  1.00 4.14 24.17 

        18 1.17  1.17 4.48 22.30 

    26.0 1 52.0 -0.93 6 0.69 0 0.76 3.69 27.08 

        12 1.00 0 1.07 4.27 23.42 

        18 1.17 0 1.24 4.63 21.61 

13.5  37.35 0.930 27.5 1 26.0 -1 6 0.69  0.69 3.52 28.39 

        12 1  1.00 4.07 24.59 

        18 1.17  1.17 4.40 22.71 

       26.0 1 52.0 -0.93 6 0.69 0 0.76 3.63 27.52 

           12 1.00 0 1.07 4.20 23.84 

           18 1.17 0 1.24 4.54 22.01 

Saline 

solution 

Kim et al. 

(2008) 

12.7 mm 

(Modified 

VE) 

/ 25 10.30 0.913 27.5 1 26.0 -1 6 0.69  0.69 1.34 74.63 

        12 1  1.00 1.39 72.18 

        18 1.17  1.17 1.41 70.86 

      26.0 1 52.0 -0.93 6 0.69 0 0.76 1.35 74.09 

          12 1.00 0 1.07 1.40 71.66 

          18 1.17 0 1.24 1.42 70.34 

Al -Salloum et 

al. (2013) 

12 mm 

(VE) 

/ 23 8.34 0.976 27.5 1 26.0 -1 6 0.69  0.69 1.26 79.10 

        12 1  1.00 1.30 77.02 

        18 1.17  1.17 1.32 75.88 

      26.0 1 52.0 -0.93 6 0.69 0 0.76 1.27 78.64 
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          12 1.00 0 1.07 1.31 76.57 

          18 1.17 0 1.24 1.33 75.44 

Ruiz Emparanza 

et al. (2022) 

~10 mm 

(VE) 

/ 23 3.77 0.859 27.5 1 26.0 -1 6 0.69  0.69 1.11 90.16 

        12 1  1.00 1.12 89.10 

        18 1.17  1.17 1.13 88.52 

    26.0 1 52.0 -0.93 6 0.69 0 0.76 1.11 89.93 

        12 1.00 0 1.07 1.13 88.87 

        18 1.17 0 1.24 1.13 88.29 

  5.04 0.920 27.5 1 26.0 -1 6 0.69  0.69 1.15 87.00 

        12 1  1.00 1.17 85.63 

        18 1.17  1.17 1.18 84.88 

    26.0 1 52.0 -0.93 6 0.69 0 0.76 1.15 86.70 

        12 1.00 0 1.07 1.17 85.34 

        18 1.17 0 1.24 1.18 84.59 

  7.48 0.887 27.5 1 26.0 -1 6 0.69  0.69 1.23 81.12 

        12 1  1.00 1.26 79.21 

        18 1.17  1.17 1.28 78.17 

      26.0 1 52.0 -0.93 6 0.69 0 0.76 1.24 80.70 

          12 1.00 0 1.07 1.27 78.80 

          18 1.17 0 1.24 1.29 77.77 

Lu et al. (2023a) 11.2 mm 

(VE) 

/ 25 10.10 0.813 27.5 1 26.0 -1 6 0.69  0.69 1.33 75.07 

        12 1  1.00 1.38 72.66 

        18 1.17  1.17 1.40 71.35 

      26.0 1 52.0 -0.93 6 0.69 0 0.76 1.34 74.54 

          12 1.00 0 1.07 1.39 72.14 

          18 1.17 0 1.24 1.41 70.85 

Wang et al. 

(2023a) 

9.52 mm 

(VE) 

/ 23 2.05 0.966 27.5 1 26.0 -1 6 0.69  0.69 1.06 94.57 

        12 1  1.00 1.06 93.97 

        18 1.17  1.17 1.07 93.64 

       26.0 1 52.0 -0.93 6 0.69 0 0.76 1.06 94.44 

           12 1.00 0 1.07 1.07 93.84 

           18 1.17 0 1.24 1.07 93.51 

Note: (1) VE = vinylester resin; EP = epoxy resin. 
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(a) Alkaline solution 

 

(b) Saline solution 

Fig. 4.5 Tensile strength retention curves based on fib Bulletin 40 (2007) model for bare 

GFRP bars 
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(a) Alkaline solution 

 

(b) Saline solution 

Fig. 4.6 Comparison between FET results and predictions based on fib Bulletin 40 

(2007) model for bare GFRP bars 
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4.4.2.2 Concrete-embedded unstressed GFRP bars 

The tensile strength retention curves based on fib Bulletin 40 (2007) model for 

concrete-embedded unstressed GFRP bars (db = 6~12.7 mm) subjected to different 

solutions are shown in Fig. 4.7, and the coefficients and predictions determined in 

accordance with the FET details in Morales et al. (2021) are listed in Table 4.8. Similar 

to the bare GFRP bars, it can be observed from Fig. 4.7 that the Ὑ  values for different 

studies vary significantly. By comparing the FET results with the predicted tensile 

strength retentions ρȾ– ȟ for unstressed GFRP bars embedded in concrete and 

subjected to different solution immersion, as illustrated in Fig. 4.8, it is found that the 

model predictions generally underestimate the reported FET results to varying degrees. 

This underestimation is particularly pronounced for the GFRP bars wrapped in SWC 

incorporating fly ash. For example, after 2-year field exposure in hot-humid 

environment (MAT = 25 , RH = 71.2%), the residual tensile strengths of 9.5-mm VE-

type GFRP bars wrapped in fly ash- and slag-based SWC are 98.60% and 81.51% 

(Morales et al. 2021), respectively, while the predicted value determined by 9.53-mm 

VE-type GFRP bars wrapped in NC and immersed in 20 water is only 69.40% 

(Davalos et al. 2011). Therefore, it might be concluded that fib Bulletin 40 (2007) 

model also gives highly conservative predictions for the concrete-embedded unstressed 

GFRP bars exposed to natural hot-humid environment. 
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Table 4.8 Coefficients and predicted results based on fib Bulletin 40 (2007) model for concrete-embedded unstressed GFRP bars 

Solution 

type 
Reference Bar type 

Concrete 

type 

T 

( ) 

Coef. in Eqs. (4.9) and (4.10) Ret. 

ρȾ– ȟ 

(%) 

Ὑ  

(%) 
R2 

MAT 

( ) 
ὲ  

RH 

(%) 
ὲ  

Time 

(m) 
ὲ  ὲ  ὲ – ȟ 

Alkaline 

solution 

Wu et al. 

(2022) 

10 mm 

(VE) 

NC RT 5.61 0.984 25.0 1 71.2 -0.29 1 -0.09 0 0.62 1.16 85.96 

        6 0.69  1.40 1.22 82.19 

        12 1.00  1.71 1.24 80.74 

        24 1.30  2.00 1.26 79.38 

Saline 

solution 

Robert and 

Benmokrane 

(2013) 

12.7 

mm 

(VE) 

NC 23 3.79 0.829     1 -0.09 0.5 1.12 1.13 88.64 

        6 0.69  1.90 1.16 86.02 

        12 1.00  2.21 1.18 85.01 

        24 1.30  2.50 1.19 84.04 

Lu et al. 

(2022) 

6 mm 

(VE) 

SWSSC 28 29.64 0.905     1 -0.09 0 0.62 2.51 39.79 

        6 0.69  1.40 3.30 30.27 

        12 1.00  1.71 3.68 27.17 

        24 1.30  2.00 4.08 24.49 

Water Davalos et al. 

(2011) 

9.53 

mm 

(VE) 

NC 20 8.72 0.937     1 -0.09 0 0.62 1.27 78.72 

        6 0.69  1.40 1.36 73.32 

        12 1.00  1.71 1.40 71.29 

        24 1.30  2.00 1.44 69.40 

El-Hassan et 

al. (2017) 

8 mm 

(EP) 

SWC 20 12.35 0.952     1 -0.09 0 0.62 1.41 70.78 

        6 0.69  1.40 1.57 63.87 

        12 1.00  1.71 1.63 61.34 

        24 1.30  2.00 1.70 59.00 

Note: (1) VE = vinylester resin; EP = epoxy resin. (2) NC = normal concrete; SWC = seawater concrete; SWSSC = seawater sea-sand concrete. 
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Fig. 4.7 Tensile strength retention curves based on fib Bulletin 40 (2007) model for 

concrete-embedded unstressed GFRP bars 

 

Fig. 4.8 Comparison between FET results and predictions based on fib Bulletin 40 

(2007) model for concrete-embedded unstressed GFRP bars 
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corresponding coefficients and predicted results obtained on the basis of three FET 

studies (Bakis et al. 2005; Mukherjee and Arwikar 2005; Trejo et al. 2011) are 

summarized in Table 4.9. Again, as shown in Fig. 4.9, there exists remarkable 

differences in the retention curves for different studies, leading to significant variation 

in the Ὑ  values (Table 4.9). This variation is similar to that observed in both bare and 

concrete-embedded unstressed GFRP bars. Comparing the three FET datasets with the 

corresponding predictions by fib Bulletin 40 (2007) model, as illustrated in Fig. 4.10, 

the following observations can be made: (1) All the FET results are dramatically 

underestimated by the predictions using AAT data of Lu et al. (2022), which might be 

attributable to the use of GFRP bars with a much smaller diameter (db = 6 mm) in this 

study; (2) Although 8-mm GFRP bars were adopted by Fergani et al. (2018a), the 

corresponding predictions seem to be much greater in magnitude than those of other 

studies. This can be explained by the fact that the residual tensile strength after 1000h 

exposure [i.e., Ὢ  in Eq. (4.9a)] has been provided in Fergani et al. (2018a), as a 

result of which a much larger prediction would be generated using Eq. (4.9a) compared 

to Eq. (4.9b). Therefore, more developmental work could focus on this aspect to 

improve the reliability of fib Bulletin 40 (2007) model; (3) Probably due to the low 

MAT (9 ) in the natural environment to which the specimens were exposed, the FET 

results from Bakis et al. (2005) are significantly underestimated by most of the 

predictions, irrespective of the solution type, while an opposite trend is observed for the 

specimens conditioned in hot and humid environments (MAT = 27.5  and RH = 

74.9%) in Mukherjee and Arwikar (2005); (4) For Trejo et al. (2011), although some of 

the predicted results closely approximate the FET results obtained from the 16- and 19-

mm GFRP bars extracted from preloaded concrete beams after 7-year outdoor exposure, 

the experimental results still exceed the predicted values on average. 
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Table 4.9 Coefficients and predicted results based on fib Bulletin 40 (2007) model for concrete-embedded stressed GFRP bars 

Solution 

type 
Reference 

Bar 

type 

Concrete 

type 
Stress level 

T 

( ) 

Coef. in Eqs. (4.9) and (4.10) Ret. 

ρȾ– ȟ 

(%) 

Ὑ  

(%) 
R2 

MAT 

( ) 
ὲ  

RH 

(%) 
ὲ  

Time 

(m) 
ὲ  ὲ  ὲ – ȟ 

Alkaline 

solution 

Wu et al. 

(2022) 

(pH = 13) 

10 

mm 

(VE) 

NC 20% Mu RT 4.96 0.872 9.0 0 57.6 -0.75 12 0.99 0 0.25 1.12 89.19 a 

        36 1.47 0 0.72 1.15 87.05 a 

    27.5 1 74.9 -0.17 18 1.17 0 2.00 1.23 81.58 b 

        30 1.39 0 2.22 1.24 80.67 b 

    23.0 0.5 59.3 -0.69 84 1.84 0 1.65 1.20 83.05 c 

 Pre-cracks 

+ 20% Mu 

 10.30 0.922 9.0 0 57.6 -0.75 12 0.99 0 0.25 1.28 78.32 a 

        36 1.47 0 0.72 1.34 74.36 a 

    27.5 1 74.9 -0.17 18 1.17 0 2.00 1.54 64.74 b 

        30 1.39 0 2.22 1.58 63.19 b 

    23.0 0.5 59.3 -0.69 84 1.84 0 1.65 1.49 67.25 c 

Saline 

solution 

Lu et al. 

(2022) 

6 mm 

(VE) 

SWSSC 20% fu 28 54.92 0.936 9.0 0 57.6 -0.75 12 0.99 0 0.25 5.99 16.69 a 

        36 1.47 0 0.72 8.76 11.41 a 

    27.5 1 74.9 -0.17 18 1.17 0 2.00 24.21 4.13 b 

         30 1.39 0 2.22 28.89 3.46 b 

     23.0 0.5 59.3 -0.69 84 1.84 0 1.65 18.30 5.46 c 

 40% fu  53.62 0.938 9.0 0 57.6 -0.75 12 0.99 0 0.25 5.62 17.79 a 

        36 1.47 0 0.72 8.11 12.33 a 

    27.5 1 74.9 -0.17 18 1.17 0 2.00 21.61 4.63 b 

            30 1.39 0 2.22 25.63 3.90 b 

        23.0 0.5 59.3 -0.69 84 1.84 0 1.65 16.51 6.06 c 

Water Davalos et 

al. (2011) 

9.53 

mm 

(VE) 

NC 2000~2600 

ɛŮ 

20 10.74 0.837 9.0 0 57.6 -0.75 12 0.99 0 0.25 1.29 77.47 a 

         36 1.47 0 0.72 1.36 73.38 a 

     27.5 1 74.9 -0.17 18 1.17 0 2.00 1.58 63.49 b 

         30 1.39 0 2.22 1.62 61.91 b 

        23.0 0.5 59.3 -0.69 84 1.84 0 1.65 1.51 66.07 c 

 He et al. 

(2017) 

10 

mm 

NC 20% fu 23 5.76 0.992 9.0 0 57.6 -0.75 12 0.99 0 0.25 1.14 87.53 a 

         36 1.47 0 0.72 1.18 85.09 a 
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 (VE)     27.5 1 74.9 -0.17 18 1.17 0 2.00 1.27 78.89 b 

          30 1.39 0 2.22 1.28 77.86 b 

      23.0 0.5 59.3 -0.69 84 1.84 0 1.65 1.24 80.55 c 

  Pre-cracks 

+ 20% fu 

 6.06 0.915 9.0 0 57.6 -0.75 12 0.99 0 0.25 1.15 86.89 a 

         36 1.47 0 0.72 1.19 84.33 a 

     27.5 1 74.9 -0.17 18 1.17 0 2.00 1.28 77.86 b 

          30 1.39 0 2.22 1.30 76.79 b 

      23.0 0.5 59.3 -0.69 84 1.84 0 1.65 1.26 79.59 c 

  Pre-cracks 

+ 40% fu 

 5.18 0.992 9.0 0 57.6 -0.75 12 0.99 0 0.25 1.13 88.73 a 

         36 1.47 0 0.72 1.16 86.51 a 

     27.5 1 74.9 -0.17 18 1.17 0 2.00 1.24 80.83 b 

            30 1.39 0 2.22 1.25 79.88 b 

        23.0 0.5 59.3 -0.69 84 1.84 0 1.65 1.21 82.35 c 

 El-Hassan 

et al. 

(2018) 

8 mm 

(EP) 

SWC 25% fu 20 15.96 0.936 9.0 0 57.6 -0.75 12 0.99 0 0.25 1.48 67.65 a 

          36 1.47 0 0.72 1.61 62.27 a 

      27.5 1 74.9 -0.17 18 1.17 0 2.00 2.00 49.88 b 

          30 1.39 0 2.22 2.08 47.99 b 

       23.0 0.5 59.3 -0.69 84 1.84 0 1.65 1.89 53.02 c 

 Fergani et 

al. (2018a) 

8 mm 

(VE) 

NC 3000 ɛŮ 20 3.97 0.971 9.0 0 57.6 -0.75 12 0.99 0 0.25 1.01 99.00 a 

          36 1.47 0 0.72 1.03 97.10 a 

      27.5 1 74.9 -0.17 18 1.17 0 2.00 1.08 92.21 b 

           30 1.39 0 2.22 1.09 91.38 b 

       23.0 0.5 59.3 -0.69 84 1.84 0 1.65 1.07 93.53 c 

Note: (1) VE = vinylester resin; EP = epoxy resin. (2) NC = normal concrete; SWC = seawater concrete; SWSSC = seawater sea-sand concrete. (3) Mu = 

ultimate moment measured in the beam tests; fu = ultimate tensile stress of an FRP bar; ɛŮ = tensile strain of FRP bar. (4) aBakis et al. (2005); bMukherjee and 

Arwikar (2005); cTrejo et al. (2011). 
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Fig. 4.9 Tensile strength retention curves based on fib Bulletin 40 (2007) model for 

concrete-embedded stressed GFRP bars 

 

Fig. 4.10 Comparison between FET results and predictions based on fib Bulletin 40 

(2007) model for concrete-embedded stressed GFRP bars 
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4.4.3 Huang and Aboutahaôs (2010) Model 

The ERF-based approach proposed by Huang and Aboutaha (2010) has been adopted 

by several researchers for predicting the long-term mechanical properites of FRP bars 

(Dong et al. 2017b; Benmokrane et al. 2020a; Liang et al. 2021). It is worth noting that 

the ERF value specified in the current ACI code (ACI 2022)] for GFRP bars was 

determined by Benmokrane et al. (2020a) based on Huang and Aboutahaôs (2010) 

model. Although this model was initially developed for the FRP bars in concrete 

environment as mentioned in Section 4.2.3, the AAT datasets of bare GFRP bars were 

also included in this section referring to the method in Benmokrane et al. (2020a). In 

the prediction process, the RH correction factor ὲ  was determined according to the 

curve shown in Fig. 4.1 by the interpolation method. The criteria for selection of AAT 

data are stated as follows: (1) Datasets with at least two aging temperatures as well as 

three exposure durations were considered; (2) Only the datasets with R2 value greater 

than 0.80 were used (Bank et al. 2003), unless otherwise specified. 

4.4.3.1 Bare GFRP bars 

Fig. 4.11 shows the comparison of tensile strength retentions of bare GFRP bars 

between the FET results reported by Al -Salloum et al. (2013) (see Table 4.3) and the 

predictions derived from different AAT studies based on Huang and Aboutahaôs (2010) 

model. These AAT studies involved GFRP bars with diameters ranging from 9.5 mm to 

12.7 mm that were exposed to alkaline and saline solutions. The coefficients 

determined according to the field conditions of FET study and the predictions – are 

listed in Table 4.10. It should be noted that the value of ” for each dataset was averaged 

from the slopes of two regression lines (i.e., the values of ὥ) at two selected 

temperatures. Table 4.10 reveals that when the RH is less than 30% (i.e., ὲ  = 0, as 
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indicated in Table 4.1), the predicted tensile strength retention is consistently 100% (i.e., 

no GFRP degradation can be observed), closely aligning with those observed after field 

exposure (i.e., retention = 99.46~99.66%). Consequently, only the results with respect 

to the field conditions of MAT = 26  and RH = 52.0% are presented in Fig. 4.11. 

Notably, the predicted results generally exhibit good agreement with the FET results, 

particularly for those produced by AAT data of GFRP bars under relatively moderate 

conditions, such as the alkaline environments with a pH value not exceeding 13.0 and 

saline environments. For example, the experimentally determined tensile strength 

retention for the bare GFRP bars exposed to hot-humid environments for 18 months is 

99.46% (Al -Salloum et al. 2013), while the predictions based on AAT data from 

alkaline (pH = 11.5~13.0) and saline solutions range from 93.05% to 100%. 
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Table 4.10 Coefficients and predicted results based on Huang and Aboutahaôs (2010) model for bare GFRP bars 

Solution 

type 
Reference Bar type PH 

T 

( ) 

Coef. in Eq. (4.4)  Coef. in Eq. (4.11) Ret. 

– 

(%) 
ὥ ὦ R2 

 
” Ў Ea /R 

MAT 

( ) 
ὝὛὊ 

RH 

(%) 
ὲ  

Time 

(m) 

Ὀὒ 
(y) 

Alkaline 

solution 

Chen et al. 

(2006) 

9.53 mm 

(VE) 

13.6 20 

40 

-0.63 1.90 0.939   0.62  0.709 2251 27.5 1.21  26.0 0.00  

 

 

0.14  

 

 

0.00  

 

 

0.14  

 

 

6 0.5  100.00  

-0.60  1.77  0.994         12 1.0  100.00  

          18 1.5  100.00  

         26.0 1.17  52.0 6 0.5  92.01  

            12 1.0  89.38  

            18 1.5  87.85  

Won et al. 

(2008) 

12.7 mm 

(VE) 

12.6 20 -0.16  1.25  0.950   0.17  0.169 3795 27.5 1.38  26.0 6 0.5  100.00  

 80 -0.17  1.09  0.941         12 1.0  100.00  

            18 1.5  100.00  

           26.0 1.30  52.0 6 0.5  98.05  

              12 1.0  97.34  

              18 1.5  96.92  

Wang et 

al. (2022) 

9.52 mm 

(VE) 

13.0 23 -0.15  1.21  0.956   0.20  0.171 9508 27.5 1.62  26.0 0.00  6 0.5  100.00  

 60 -0.25  0.90  0.960          12 1.0  100.00  

             18 1.5  100.00  

         26.0 1.38  52.0 0.14  6 0.5  98.04  

             12 1.0  97.19  

             18 1.5  96.70  

Wang et 

al. (2023a) 

9.52 mm 

(VE) 

13.6 23 -0.24  1.34  0.984   0.24  0.268 10786 27.5 1.72  26.0 0.00  6 0.5  100.00  

 60 -0.25  0.91  0.905          12 1.0  100.00  

             18 1.5  100.00  

         26.0 1.44  52.0 0.14  6 0.5  96.69  

             12 1.0  95.65  

             18 1.5  95.04  

13.6 23 -0.23  1.30  0.961   0.21  0.284 14964 27.5 2.13  26.0 0.00  6 0.5  100.00  

 60 -0.19  0.79  0.884          12 1.0  100.00  

             18 1.5  100.00  
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           26.0 1.66  52.0 0.14  6 0.5  96.22  

               12 1.0  95.33  

               18 1.5  94.81  

Yue et al. 

(2024) 

12 mm 

(EP) 

11.5 40 -0.24  1.30  0.950   0.25  0.325 1598 27.5 0.81  26.0 0.00  6 0.5  100.00  

 60 -0.25  1.27  0.826          12 1.0  100.00  

             18 1.5  100.00  

         26.0 0.79  52.0 0.14  6 0.5  96.82  

             12 1.0  95.77  

             18 1.5  95.15  

12.5 20 -0.25  1.30  0.950   0.29  0.336 11959 27.5 2.77  26.0 0.00  6 0.5  100.00  

 40 -0.33  1.27  0.826          12 1.0  100.00  

             18 1.5  100.00  

         26.0 2.27  52.0 0.14  6 0.5  95.01  

             12 1.0  93.77  

             18 1.5  93.05  

13.5 20 -0.60  1.67  0.921   0.59  0.873 3755 27.5 1.38  26.0 0.00  6 0.5  100.00  

 60 -0.58  1.28  0.927          12 1.0  100.00  

             18 1.5  100.00  

         26.0 1.29  52.0 0.14  6 0.5  89.22  

             12 1.0  86.70  

             18 1.5  85.23  

12.5 40 -0.31  1.21  0.911   0.27  0.578 11663 27.5 0.21   0.00  6 0.5  100.00  

 60 -0.24  0.94  0.861          12 1.0  100.00  

             18 1.5  100.00  

         26.0 0.17   0.14  6 0.5  95.93  

             12 1.0  94.76  

             18 1.5  94.07  

13.5 20 -0.61  1.74  0.952   0.63  0.830 1565 27.5 1.14  26.0 0.00  6 0.5  100.00  

 60 -0.65  1.57  0.945          12 1.0  100.00  

             18 1.5  100.00  

            26.0 1.11  52.0 0.14  6 0.5  90.52  

                12 1.0  87.83  

                18 1.5  86.25  
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Saline 

solution 

Kim et al. 

(2008) 

12.7 mm 

(Modified 

VE) 

/ 25 -0.21  1.24  0.901   0.27  0.295  1822  27.5 1.05  26.0 0.00  6 0.5  100.00  

 80 -0.32  1.13  0.918          12 1.0  100.00  

             18 1.5  100.00  

           26.0 1.02  52.0 0.14  6 0.5  96.93  

               12 1.0  95.80  

               18 1.5  95.13  

Ruiz 

Emparanza 

et al. 

(2022) 

~10 mm 

(VE) 

/ 23 -0.08  1.14  0.864   0.12  0.071  8142  27.5 1.51  26.0 0.00  6 0.5  100.00  

 60 -0.16  0.98  0.831          12 1.0  100.00  

             18 1.5  100.00  

         26.0 1.32  52.0 0.14  6 0.5  99.31  

             12 1.0  98.78  

             18 1.5  98.47  

 23 -0.11  1.24  0.927   0.10  0.056  9918  27.5 1.65  26.0 0.00  6 0.5  100.00  

 40 -0.08  1.16  0.989          12 1.0  100.00  

             18 1.5  100.00  

         26.0 1.40  52.0 0.14  6 0.5  99.43  

             12 1.0  99.01  

             18 1.5  98.77  

 23 -0.17  1.36  0.900   0.18  0.072  9283  27.5 1.60  26.0 0.00  6 0.5  100.00  

 60 -0.18  1.09  0.990          12 1.0  100.00  

             18 1.5  100.00  

           26.0 1.37  52.0 0.14  6 0.5  99.39  

               12 1.0  98.64  

               18 1.5  98.20  

Wang et 

al. (2023a) 

9.52 mm 

(VE) 

/ 40 -0.25  1.39  0.972   0.23  0.242  20023  27.5 0.07  26.0 0.00  6 0.5  100.00  

 60 -0.21  1.01  0.923          12 1.0  100.00  

             18 1.5  100.00  

            26.0 0.05  52.0 0.14  6 0.5  100.00  

                12 1.0  100.00  

                18 1.5  100.00  

Note: (1) VE = vinylester resin; EP = epoxy resin. 
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(a) Alkaline solution 

 

(b) Saline solution 

Fig. 4.11 Comparison between FET results and predictions based on Huang and 

Aboutahaôs (2010) model for bare GFRP bars 

4.4.3.2 Concrete-embedded unstressed GFRP bars 
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retentions based on Huang and Aboutahaôs (2010) model are compared with the FET 

results tested by Morales et al. (2021) in Fig. 4.12, and the coefficients obtained in the 

prediction process are summarized in Table 4.11. Fig. 4.12 clearly shows that for the 

GFRP bars wrapped in fly ash-based SWC, the model predictions generally agree well 

with the FET results in the initial two exposure durations (i.e., 1 and 6 months), 

regardless of the solution type, whereas in the subsequent exposure durations (i.e., 12 

and 24 months), the model predictions tend to be slightly smaller in magnitude 

compared to the FET data. For the slag-based SWC counterparts, however, the FET 

results for all exposure durations are generally overestimated by the model predictions, 

and this observation can also be explained by the reasons mentioned in Section 4.4.1.2. 
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Table 4.11 Coefficients and predicted results based on Huang and Aboutahaôs (2010) model for concrete-embedded unstressed GFRP bars 

Solution 

type 
Reference 

Bar 

type 

Concrete 

type 

T 

( ) 

Coef. in Eq. (4.4)  Coef. in Eq. (4.11) Ret. 

– 

(%) 
ὥ ὦ R2  ” Ў Ea /R 

MAT 

( ) 
ὝὛὊ 

RH 

(%) 
ὲ  

Time 

(m) 

Ὀὒ 
(y) 

Saline 

solution 

Robert and 

Benmokrane 

(2013) 

12.7 

mm 

(VE) 

NC 23 -0.08  1.15  0.836   0.09  0.066  267  25.0 1.01  71.2 0.29  1 0.1  100.00  

 50 -0.09  1.14  0.835          6 0.5  98.83  

             12 1.0  98.06  

             24 2.0  97.28  

Lu et al. 

(2022) 

6 

mm 

(VE) 

SWSSC 28 -0.42  1.39  0.936   0.40  0.687  7850   0.77    1 0.1  93.70  

 60 -0.37  0.96  1.000          6 0.5  84.73  

             12 1.0  81.26  

             24 2.0  77.78  

Water Davalos et 

al. (2011) 

9.53 

mm 

(VE) 

NC 20 -0.18  1.26  0.940   0.21  0.207  1030  1.06    1 0.1  100.00 

 40 -0.24  1.24  0.948          6 0.5  95.64 

             12 1.0  93.80 

             24 2.0  91.96 

El-Hassan et 

al. (2017) 

8 

mm 

(EP) 

SWC 20 -0.22  1.33  0.960   0.22  0.242  5989   1.41    1 0.1  98.80  

 40 -0.21  1.21  0.731*          6 0.5  93.91  

             12 1.0  92.01  

             24 2.0  90.12  

Fergani et 

al. (2018a) 

8 

mm 

(VE) 

NC 40 -0.25  1.36  0.991   0.26  0.284  3617   0.56    1 0.1  100.00  

 60 -0.28  1.28  0.895          6 0.5  95.96  

             12 1.0  93.65  

             24 2.0  91.34  

Note: (1) VE = vinylester resin; EP = epoxy resin. (2) NC = normal concrete; SWC = seawater concrete; SWSSC = seawater sea-sand concrete. (3) *R2 value 

at 40  slightly less than 0.80 was also included. 
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Fig. 4.12 Comparison between FET results and predictions based on Huang and 

Aboutahaôs (2010) model for concrete-embedded unstressed GFRP bars 

4.4.3.3 Concrete-embedded stressed GFRP bars 

For the concrete-embedded stressed GFRP bars, after filtering the available AAT data 

according to the selection criteria for Huang and Aboutahaôs (2010) model, only two 

datasets from Lu et al. (2022) were used in the prediction model. Fig. 4.13 shows the 

predicted tensile strength retentions in comparison with the FET results, with the 

corresponding coefficients summarized in Table 4.12. Despite the fact that the diameter 

of GFRP bars used for model prediction [6 mm as in Lu et al. (2022)] is much smaller 

than those employed in the FET studies (9.5~19 mm), there is an excellent agreement 

between the FET results from Mukherjee and Arwikar (2005) and the model predictions. 

For the other two FET studies (Bakis et al. 2005; Trejo et al. 2011), due to the reasons 

mentioned in preceding sections, the FET results are reasonably underestimated by the 

predictions as expected. 
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Table 4.12 Coefficients and predicted results based on Huang and Aboutahaôs (2010) model for concrete-embedded stressed GFRP bars 

Solution 

type 
Reference 

Bar 

type 

Concrete 

type 

Stress 

level 

T 

( ) 

Coef. in Eq. (4.4)  Coef. in Eq. (4.11) Ret. 

– 

(%) 
ὥ ὦ R2  ” Ў Ea /R 

MAT 

( ) 
ὝὛὊ 

RH 

(%) 
ὲ  

Time 

(m) 

Ὀὒ 
(y) 

Saline 

solution 

Lu et al. 

(2022) 

6 

mm 

(VE) 

SWSSC 20% 

fu 

28 -0.60  1.58  0.978   0.56  0.958  9979 9.0 0.11  57.6 0.17  12 1.0  92.96 a  

 40 -0.53  1.27  0.974   0.56     0.11   0.17  36 3.0  88.35 a  

         27.5 0.95  74.9 0.34  18 1.5  64.45 b 

          0.95   0.34  30 2.5  60.19 b 

         23.0 0.57  59.3 0.18  84 7.0  76.61 c 

   40% 

fu 

28 -0.51  1.34  0.979   0.50  0.955  4184  9.0 0.39  57.6 0.17  12 1.0  87.12 a 

 60 -0.49  1.05  0.905   0.50     0.39   0.17  36 3.0  83.03 a 

         27.5 0.98  74.9 0.34  18 1.5  64.63 b 

          0.98   0.34  30 2.5  60.85 b 

         23.0 0.79  59.3 0.18  84 7.0  76.08 c 

Note: (1) VE = vinylester resin. (2) SWSSC = seawater sea-sand concrete. (3) fu = ultimate tensile stress of an FRP bar. (4) aBakis et al. (2005); bMukherjee 

and Arwikar (2005); cTrejo et al. (2011). 
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Fig. 4.13 Comparison between FET results and predictions based on Huang and 

Aboutahaôs (2010) model for concrete-embedded stressed GFRP bars 

4.4.4 Comparison Between Existing Models 

A comparison of performance between the abovementioned three prediction models is 

presented in this section. To ensure consistency, the AAT data used herein were limited 

to those that simultaneously meet the selection criteria of the three models. In addition, 

the statistical indices, including the mean, the standard deviation (SD), the coefficient 

of variation (COV), and the average absolute error (AAE) [defined as Eq. (4.15)] were 

used to evaluate the accuracy of the three models. 
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(Ὑ ȾὙ ) calculated by the three models, and the corresponding distributions of 

retention ratio versus AAT studies are shown in Fig. 4.14. It can be found from Table 

4.13 that Huang and Aboutahaôs (2010) model provides the most accurate predictions 

with the average Ὑ ȾὙ  of 0.979, 1.010 and 0.925 for bare, concrete-embedded 

unstressed and concrete-embedded stressed GFRP bars, respectively. In contrast, the 

accuracies of Arrhenius empirical model and fib Bulletin 40 (2007) model are much 

poorer, especially for the concrete-embedded stressed GFRP bars (mean = 0.149 and 

0.083, respectively), which can also be observed in Fig. 4.14. Besides, the CoV 

(0.039~0.100) and AAE (0.026~0.082) of Huang and Aboutahaôs (2010) model are 

remarkably lower than those of the other two models, again suggesting that the former 

performs better in predicting the long-term performance of GFRP bars. It is important 

to point out that the evaluation of model performance is highly dependent on the size of 

the database used for model predictions, and therefore additional experimental studies 

are necessary in the future to enable more robust conclusions. 

Table 4.13 Assessment of tensile strength retention ratio (Rpre/Rtest) 

Bar type Model 

Number 

of data 

points 

Mean SD COV AAE 

Bare GFRP bars Arrhenius 78 0.629 0.280 0.444 0.371 

fib Bulletin 40 (2007)  0.657 0.253 0.386 0.343 

Huang and Aboutaha (2010)  0.979 0.038 0.039 0.026 

CE unstressed 

GFRP bars 

Arrhenius 32 0.778 0.285 0.367 0.276 

fib Bulletin 40 (2007)  0.688 0.234 0.340 0.360 

Huang and Aboutaha (2010)  1.010 0.101 0.100 0.063 

CE stressed 

GFRP bars 

Arrhenius 20 0.149 0.084 0.565 0.851 

fib Bulletin 40 (2007)  0.083 0.033 0.394 0.917 

Huang and Aboutaha (2010)  0.925 0.068 0.074 0.082 

Note: CE = concrete-embedded. 
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(a) Bare GFRP bars 

 

 

(b) Concrete-embedded unstressed GFRP bars 
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(c) Concrete-embedded stressed GFRP bars 

Fig. 4.14 Tensile strength retention ratio by different prediction models for GFRP bars 
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predictions of GFRP bars, it was found that Huang and Aboutahaôs (2010) model 

offered the highest reliability among the three existing models, and it was deemed 

applicable to bare GFRP bars subjected to natural weathering. In this section, the 

accuracy of Huang and Aboutahaôs (2010) model was further validated against FET 

results presented in Chapter 3 for the bare GFRP bars exposed to aggressive marine 

environments. As provided in Table 4.10, the filtered AAT dataset collected from Ruiz 

Emparanza et al. (2022) were used to produce predictions due to the following reasons: 
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the GFRP bar specimens used in Ruiz Emparanza et al. (2022) and Chapter 3 is given in 

Table 4.14. It should be pointed out that the RHs for atmospheric and splash conditions 

were taken to be recorded values, while those for both the tidal (characterized by 

consecutive wet-dry cycles) and underwater (characterized by constant submersion) 

conditions were assumed to be 100%. 

Using the prediction coefficients (i.e., ”, Ў and Ea /R) from Ruiz Emparanza et al. 

(2022) as provided in Table 4.10 and following the prediction process of Huang and 

Aboutahaôs (2010) model as detailed in Section 4.4.3, the prediction results for bare 

GFRP bars under various marine environmental conditions (including atmospheric, 

splash, tidal and underwater environments) are presented in Table 4.15, where the 

predicted tensile strength retention –ȟ  was averaged from the predictions produced 

by the AAT datasets of three different types (i.e., A, C, and D) of GFRP bars. As 

expected, Huang and Aboutahaôs (2010) model provides reasonably accurate 

predictions for the bare GFRP bars in mild marine environments, such as atmospheric 

(A-I and A-II) and splash (S-I) conditions, despite a slight underestimation (errors 

ranging from -5.6 to -0.2), which is similar to that observed in the bare GFRP bars 

subjected to natural weathering (Al -Salloum et al. 2013). Such an underestimation is 

believed to be acceptable as it allows slightly conservative predictions to be made in 

practice. However, this model seems less reliable with regard to the bare GFRP bars 

subjected to much harsher marine environments with a prolonged period. More 

specifically, the residual tensile strength of bare GFRP bars exposed to tidal (T-I) and 

underwater (U-II) conditions for four and two years, respectively, is significantly 

overestimated by this model. 
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Table 4.14 Key information of bare GFRP bars used in the selected studies 

Reference Specimen 
Diameter 

(mm) 

Fiber 

content 

(%) 

Resin 

type 
Fiber type 

Exposure 

type 
Exposure condition 

MAT 

( ) 

RH 

(%) 

Time 

(m) 

Ruiz Emparanza 

et al. (2022) 

Type-A 10.16 76.3 Vinylester E-CR Glass AAT Seawater immersion 

at 23/40/60  

/ / 2/4/7/12 

Type-C 10.09 76.1 Vinylester E Glass    

Type-D 10.70 70.1 Vinylester E-CR Glass    

The present study 

(Chapter 3) 

A-I 9.91 81.1 Vinylester E Glass FET Atmospheric  23.3 77.8 8/12/24/37/48 

S-I      Splash  23.3 77.8 

T-I      Tidal  23.3 100# 

A-II  9.89 81.2 Vinylester E Glass FET Atmospheric 23.3 82.7 13/24 

U-II       Underwater 23.3 100#  
#The RHs for both the tidal (characterized by consecutive wet-dry cycles) and underwater (characterized by constant submersion) conditions were assumed to 

be 100%. 
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Table 4.15 Comparison between the test and predicted results 

FET 

specimen 

Coef. in Eq. (4.11) 
–ȟ  

(%) 

Huang and Aboutahaôs 

(2010) model 
Correction 

factor 

‌  

Proposed model 

MAT 

( ) 
ὝὛὊ 

RH 

(%) 
ὲ  

Time 

(m) 

Ὀὒ 
(y) 

–ȟ
# 

(%) 
Error 

–ȟ  

(%) 
Error 

A-I 23.3 1.03 77.8 0.38 8 0.7 (103.35) 98.30 -1.7  1.00 98.30 -1.7  

     12 1.0 (100.73)  97.42  -2.6  1.00 97.42  -2.6  

     24 2.0 99.82  95.91  -3.9  1.00 95.91  -3.9  

     37 3.1 (101.48)  94.96  -5.0  1.00 94.96  -5.0  

     48 4.0 (101.46) 94.40  -5.6  1.00 94.40  -5.6  

S-I   77.8 0.38 8 0.7 99.82  98.30  -1.5  1.00 98.30  -1.5  

     12 1.0 (101.20)  97.42  -2.6  1.00 97.42  -2.6  

     24 2.0 96.13  95.91  -0.2  1.00 95.91  -0.2  

     37 3.1 (100.50)  94.96  -5.0  1.00 94.96  -5.0  

     48 4.0 99.98  94.40  -5.6  1.00 94.40  -5.6  

T-I   100 1.00 8 0.7 (106.06)  95.52  -4.5  0.00  100.00  +0.0  

     12 1.0 99.21  93.19  -6.1  0.24  98.34  -0.9  

     24 2.0 90.64  89.20  -1.6  0.78  91.61  +1.1  

     37 3.1 86.06  86.71  +0.8  1.11  85.25  -0.9  

     48 4.0 81.14  85.22  +5.0  1.31  80.62  -0.6  

A-II  23.3 1.03 82.7 0.45 13 1.1 (102.89)  96.70  -3.3  1.00 96.70  -3.3  

     24 2.0 (103.30)  95.10  -4.9  1.00 95.10  -4.9  

U-II    100 1.00 13 1.1 90.51  92.73  +2.5  / / / 

     24 2.0 81.99  89.20  +8.8  / / / 

Note: (1) The data in the brackets were taken to be 100% in the calculation process. (2) Error = (–ȟ –ȟ )/–ȟ . (3) #Average 

value obtained from the predictions produced by the AAT datasets of three different types of GFRP bars.  
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To address the abovementioned overestimation, the present study refines Huang and 

Aboutahaôs (2010) model [Eq. (4.11)] by introducing a time-dependent correction 

factor ñ‌ò (‌ π), to account for the additional effects of tidal exposure on bare 

GFRP bars: 

– ρ ‌ ὲ Ў ”ϽÌÏÇ$,43& τȢρφ 

A regression analysis was conducted to obtain the best-fit ‌  value, and the ‌  values 

obtained from the AAT results of three types of GFRP bars are shown against exposure 

time t in Fig. 4.15. Based on the regression results, the following equation was 

proposed for ‌ : 

‌ πȢχχÌÎὸ ρȢφχ τȢρχ 

The average values of ‌  and the predictions produced by the proposed model are 

listed in Table 4.15, while Fig. 4.16 compares the predictions of the proposed model 

and Huang and Aboutahaôs (2010) model against the FET results. It is evident that the 

proposed model provides highly accurate predictions for GFRP bars in the T-I zone and 

significantly outperforms Huang and Aboutahaôs (2010) model, with error ranges 

reduced from -6.1~5.0 to -0.9~1.1. Besides, as mentioned previously, Huang and 

Aboutahaôs (2010) model remains applicable to bare GFRP bars exposed to 

atmospheric and splash environments.  

Note that the proposed model, which incorporates the correction factor ñ‌ò, may be 

applicable solely to bare GFRP bars in tidal environments. Further research is necessary 

to develop a size-dependent model that can accurately predict the long-term 

performance of bare GFRP bars in both tidal and underwater environments when more 

experimental data are available. 
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Fig. 4.15 Correction factor ‌  value versus exposure time 

 

Fig. 4.16 Comparison between FET results and model predictions 

4.6 CONCLUSIONS 
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models, a refined model that incorporates the additional effects of tidal conditions on 

bare GFRP bars was proposed, and the accuracy of this newly developed model was 

also assessed. From the results presented in this chapter, the following conclusions can 

be drawn: 

(1) Compared to the AAT studies, those on or relevant to the durability of FRP bars 

under real field conditions are quite scarce so far, leading to limited FET data 

available for model evaluation. 

(2) The predictions generated by Arrhenius empirical model and fib Bulletin 40 

(2007) model using AAT data from different studies might vary significantly, 

which is caused by the fact that the long-term performance of FRP bars is 

affected by various factors such as the inherent properties, bar diameter, 

manufacturing process and types of conditioning. 

(3) Huang and Aboutahaôs (2010) model was found to perform better than the other 

two models in predicting the long-term tensile performance of GFRP bars 

based on the FET database. 

(4) The proposed model provides much more accurate predictions for the bare 

GFRP bars subjected to tidal conditions, while Huang and Aboutahaôs (2010) 

model is applicable to the bare GFRP bars under both atmospheric and splash 

conditions. 

(5) The proposed model may only be applicable to bare GFRP bars with a limited 

bar diameter range (approximately 10 mm) under tidal conditions. In order to 

develop a size-dependent prediction model for GFRP bars under both tidal and 

underwater environmental conditions, more experimental data with wider 
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ranges of bar sizes are needed. 
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CHAPTER 5 

 LONG-TERM BOND PERFORMANCE BETWEEN 

GFRP BARS AND SEAWATER SEA-SAND 

CONCRETE IN REAL MARINE ENVIRONMENTS  

5.1 INTRODUCTION  

As internal reinforcement, the bond between GFRP bars and the surrounding concrete is 

a critical factor in determining the serviceability of concrete structures reinforced with 

GFRP bars, and bond durability directly influences the safety and maintenance 

requirements of such structures (ACI 2022). So far, considerable research has been 

conducted to assess the long-term bond performance between GFRP bars and normal 

concrete (NC) under simulated environmental conditions using direct pullout tests 

(Robert and Benmokrane 2010; Zhou et al. 2011; Bazli et al. 2017; Yan and Lin 2017; 

Chang et al. 2021; Kazemi et al. 2022; Ruiz Emparanza et al. 2022; Shakiba et al. 2023). 

However, these studies have reported considerable dispersion in bond strength results, 

with no clear consensus, as discussed in Chapter 2. For example, Yan and Lin (2017) 

found that the bond strength of GFRP bars in NC decreased by approximately 10% and 

12%, respectively, after exposure to the saline solution at 50  and 70  for 60 days, 

whereas Khatibmasjedi et al. (2020) reported an increase of approximate 7% in bond 

strength after 24 months of seawater immersion at 60 . 

Compared with NC, far fewer studies address the bond durability of GFRP bars in SSC. 

Chang et al. (2021) experimentally investigated the effect of seawater immersion at 25  

on bond performance of different-sized GFRP bars in SSC. They found that the bond 
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strength retention for 12-mm GFRP bars decreased to 92.6% after an exposure period 

of 270 days, while that for 16-mm GFRP bars increased to 115.7%. Hao (2024) 

conducted an experimental study on GFRP bar-to-SSC bonded joints subjected to wet-

dry cycles in saline solution at 40  for up to two years. The test results showed that 

only a slight reduction (7.5%) was detected in bond strength after 24 months. Ke et al. 

(2024) tested bond durability under hydrothermal aging conditions (saline solution 

immersion at 23 , 40  and 60 ) for up to 360 days and found no degradation in 

bond strength of the pullout specimens. 

Most existing studies on bond durability of GFRP bars in concrete rely on accelerated 

aging methods, with a notable lack of research on long-term bond performance under 

actual field and marine conditions (see Table E1 in Appendix B). Given that it is very 

difficult to infer real-world long-term performance from AAT results, direct FET is 

necessitated to obtain conclusive data. 

Against this background, this chapter presents direct pullout test results for two series 

of GFRP bar-to-SSC bonded joints after field exposure in four marine environmental 

zones (i.e., atmospheric, splash, tidal, and underwater) for up to four years. The aim is 

to assess the long-term bond performance between GFRP bars and SSC in real marine 

environments, thereby facilitating the broader application of GFRP bars in practice. 

Additionally, a time-dependent bond stress-slip model for GFRP bars in SSC is 

proposed, and its accuracy is evaluated. 
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5.2 EXPERIMENTAL PROGRAM  

5.2.1 Materials 

5.2.1.1 GFRP bars 

As shown in Fig. 5.1, two batches of 10-mm GFRP bars, designated as Batch I and 

Batch II, were used in this chapter. These GFRP bars are identical in diameter to those 

employed in Chapter 3. Compared to Batch II, Batch I bars exhibit a larger interval 

spacing of helical yarn (20 mm versus 8.5 mm) and a thicker sand coating on their 

surface. The tensile strength and elastic modulus of Batch-I bars were experimentally 

determined to be 1224.62 MPa and 54.13 GPa, respectively, while the corresponding 

values for Batch-II bars were measured as 1131.37 MPa and 47.70 GPa, respectively, 

according to ASTM (2021). Further details regarding the two batches of GFRP bars are 

provided in Chapter 3. 

 

Fig. 5.1 Two batches of GFRP bars used in this chapter 

Batch I

Batch II

20 mm

8.5 mm
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5.2.1.2 Seawater sea-sand concrete 

Ready-mixed SSC a designed compressive strength of 55 MPa, provided by Gammon 

Construction Ltd. in Hong Kong, was used in this chapter. The detailed mix proportions 

of SSC, including Type I Ordinary Portland cement [as specified in ASTM (2024)], 

pulverized fuel ash, coarse aggregate (20-mm crushed rock), fine aggregate (10-mm 

crushed rock), sea-sand, seawater, and superplasticizer (Rheomac 1002, supplied by 

BASF Hong Kong Limited), are detailed in Table 5.1. The seawater was sourced from 

local saltwater pumping stations in Hong Kong, and the sea-sand was imported from 

Malaysia. Sieve analysis was performed on the sea-sand according to GB/T (2022). 

Based on the grading curve shown in Fig. 5.2, the fineness modulus of the sea-sand was 

calculated to be 2.68. Additionally, the apparent density (2682 kg/m3), silt content 

(4.1%), and shell content (3.4%) of the sea-sand were determined in accordance with 

JGJ (2006). 

 

Fig. 5.2 Grading curve of sea-sand  
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Table 5.1 Mix proportions of SSC 

Raw material 
Quantity 
(kg/m3) 

Specific gravity (g/cm3) Volume (m3) 

Cement 330 3.15 0.105 
Pulverized Fuel Ash 110 2.20 0.050 
20-mm Aggregate 565 2.62 0.216 
10-mm Aggregate 465 2.62 0.177 

Sea-sand 730 2.62 0.279 
Seawater 165 1.02 0.162 

Superplasticizer 2.65 ± 2.12 1.06 0.003 

 

5.2.2 Design and Preparation of Pullout Specimens 

Two series of pullout specimens (referred to as Series I and Series II) were investigated. 

These respectively correspond to the 1st and 3rd series of FET specimens involved in a 

theme-based research scheme project (Table 3.1), as detailed in Chapter 3. Series I and 

II specimens incorporated GFRP bars from Batches I and II, respectively. As illustrated 

in Fig. 5.3, each pullout specimen consisted of a 670-mm-length GFRP bar embedded 

concentrically in an SSC cube with a side length of 150 mm. The bonded length of the 

GFRP bar was set to four times the bar diameter [i.e., 4db = 40 mm, as shown in Fig. 

5.3(a)] for Series I specimens, in accordance with JSCE (1995b), while for Series II 

specimens, the bonded length was designed as five times the bar diameter [i.e., 5db = 50 

mm, as shown in Fig. 5.3(b)], following ASTM (2020). It is worth mentioning that for 

FRP bars with bonded lengths shorter than 5db, the bond stress distribution along the 

bonded length can be assumed uniform, allowing local stress to be equivalent to the 

average stress (Haskett et al. 2008; Feng et al. 2016). A polyvinyl chloride (PVC) tube 

was used as a bond breaker for the unbonded section, isolating the GFRP bar from the 

SSC. Both ends of the PVC tube were sealed with sealant so that the seawater or other 

chemicals could only penetrate through the concrete cover. To facilitate measurement of 

free end slip, the GFRP bar protruded 20 mm beyond the SSC cube.  
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(a) Series I 

 

(b) Series II 

Fig. 5.3 Schematic diagram and preparation of pullout specimens (unit: mm) 
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The two series of specimens were each cast using a single batch of SSC on 5 October 

2019 and 21 November 2021, respectively, in Tsing Yi, Hong Kong. The slump values 

of the two batches of SSC were measured to be 180 mm and 170 mm, respectively. All 

pullout specimens were cured at ambient temperature and watered for at least seven 

days. After 28 days of curing, the average compressive strengths of SSC, obtained from 

three 100-mm concrete cubes according to GB/T (2019), were 60.86 MPa and 64.20 

MPa for the two batches, respectively. As per GB/T (2019) and JGJ/T (2016), the 

corresponding 28-day standard cylindrical strengths of the SSC (diameter =150 mm; 

height = 300 mm) were approximately 46.25MPa  and 48.79 MPa, respectively. 

5.2.3 Field Exposure Conditions 

The project included four different marine environmental zone (i.e., atmospheric, splash, 

tidal and underwater) at two field exposure stations [i.e., the Hong Kong-Zhuhai-Macau 

(HZM) Bridge Exposure Station (Station I) and the Zhanjiang Port Exposure Station 

(Station II)]. Both stations are characterized by typical subtropical marine environments. 

Temperature and relative humidity changes in the regions of the two stations, as well as 

the environmental characteristics of the exposure zones, are detailed in Chapter 3. 

Fig. 5.4 displays the specimens placed in different exposure zones at the two stations. 

Field exposure tests for Series I specimens commenced at Station I on 14 January 2020 

(approximately three months after casting), while those for Series II specimens started 

at Station II on 5 January 2022 (approximately 1.5 months after casting). Table 5.2 

gives the test matrix of pullout specimens. Series I specimens were exposed in zones A-

I, S-I and T-I for five durations (8, 12, 24, 37 and 48 months), while Series II specimens 

were exposed in zones A-II and U-II for two durations (13 and 24 months). In addition, 

control (unexposed) specimens were stored in laboratory conditions before testing. 
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Table 5.2 Test matrix of pullout specimens 

Series of 

specimen 
Station 

Environmental 

condition 

Exposure 

duration# 

(months) 

Number of 

specimens 

I I Laboratory (Control) 0 3 

Atmospheric (A-I) 8/12/24/37/48 5/5/5/5/5 

Splash (S-I) 8/12/24/37/48 5/5/5/5/5 

Tidal (T-I) 8/12/24/37/48 5/5/5/0*/3**  

II  II  Laboratory (Control) 0 3 

Atmospheric (A-II)  13/24 5/5 

Underwater (U-II)  13/24 5/5 
#Due to administrative reasons at the exposure station, the sampling intervals may 

slightly deviate from exact annual cycles. 

*No specimen was collected on the day of sampling due to the elevated water level. 
** Specimens were composed of a GFRP bar that was not damaged by mechanical 

actions of waves and tides, as will be discussed subsequently. 

 

 

(a) Series I specimens at Station I 

 

(b) Series II specimens at Station II 

Fig. 5.4 Specimens in different exposure zones 
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