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ABSTRACT 

Interlaminar shear behaviour have been investigated for basalt-, glass- and carbon fibre 

reinforced polymer (BFRP/GFRP/GFRP) bars in seawater and sea sand concrete (SWSSC), 

using an accelerated test. The investigation includes the influence of different short beam shear 

test methods and the effect of test span-to-diameter ratios on interlaminar shear strength. The 

degradation mechanism of FRP bars in SWSSC solutions have been characterised using 

moisture absorption and desorption tests, scanning electron microscopy (SEM) and Fourier 

transform infrared (FTIR) spectroscopy. The long-term shear behaviour of BFRP/GFRP/CFRP 

bars in SWSSC environment have been predicted using Arrhenius theory. 
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1. INTRODUCTION 

Overexploitation of river sand mining and fresh water resource may cause ecological and 

environmental problems. To avoid such overexploitation, use of seawater and sea sand concrete 

(SWSSC) is an attractive alternative for civil engineering application [1, 2]. SWSSC possess 

the similar mechanical properties to the conventional Portland cement (OPC)-based concrete 

[3]. Furthermore, the adding of the geo-polymers (e.g. slag, fly ash) to SWSSC can effectively 

reduce the probability of cracking that the conventional Portland cement (OPC)-based concrete 

suffer due the alkali silica reaction (ASR) [3-5]. 

However, because of the high chloride contents of seas water, the degradation/corrosion rate 

of the conventional steel reinforcements will be prohibitively high in the SWSSC environment. 

To address this critical problem of corrosion, fibre reinforced polymer (FRP) composites are 

increasingly considered as the substitute for the steel in due to the excellent corrosion resistance 

and high strength-to-weight ratio of FRPs [6, 7]. The traditional FRP materials generally refer 

to glass- and carbon-fibre reinforced polymers (i.e. GFRPs and CFRPs), and GFRPs are most 

widely used for its low cost [8], whereas the use of CFRPs is still restricted because they are 

expensive, although carbon fibre possess the most outstanding strength/modulus and corrosion 

resistance [9]. Recently, a new class of FRPs, basalt fibre reinforced polymers (BFRPs) has 

been developed since basalt fibre possess many advantages in its mechanical properties and 

chemical resistance, along with their superior performance-to-cost ratio in comparison with the 

glass or carbon fibres [10-12]. FRPs in concrete structures have been recently been investigated 

for external confinements (e.g. concrete-filled FRP tubes) [13, 14] as well as for internal 

reinforcements (e.g. reinforcing FRP bars in concrete) [15] . The long-term tensile behaviour 

of FRP bars in SWSSC environment [15] was recently reported. This paper focuses on 

interlaminar shear capacity of FRP bars in SWSSC environment. 
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The interlaminar shear strength is usually adopted to evaluate the interface property of 

composites using the typical short beam shear test method [11, 16-22]. On one hand, the 

interlaminar shear strength, which is an important influencing factor to determine the basic 

mechanical properties of FRP composites, e.g., tensile strength [23], compressive strength [16] 

and flexural strength [17], is much closely related to the bond strength between FRP 

reinforcement and concrete [19, 24].  On the other hand, the degradation of FRP composites in 

aggressive environments (e.g. moisture, sweater and concrete pore solution) mainly involves 

the damage of fibre [18, 25], the degradation of resin [25-28] and the deboning of interface [17, 

29]. Furthermore, the fibre-resin interface is generally more easily destroyed by the aggressive 

solution, and it is commonly believed to be the weakest location in composite materials [9] due 

to its heterogeneity [30]. 

There are several reports on the durability of interlaminar shear behaviour of GFRP and CFRP 

bars in the traditional concrete environment [17-20, 25, 31]. These reports included the 

influence different factors, viz., exposure temperatures [18], pH and humidity of concrete [19], 

resin type [25], and fibre hybrid [31]. CFRP bars have generally been found to possess better 

durability than GFRP bars [18, 31]. There are limited reported studies on BFRP [17, 21, 32, 

33]. Wu et al. found that the loss in shear strength of BFRP bars after 9 weeks of exposure to 

alkaline solution at 55 oC was only limited to ~15% [32]. Elgabbas et al. reported the 

degradation of BFRP bar in alkaline solution at 60 oC to be confined to the fibre-resin interface 

rather (than in fibre or resin itself) [21]. Benmokrane et al. showed that the resin type played 

an important role in the interlaminar shear strength of BFRP bars, and GFRP bars to be more 

durable than BFRP bar in alkaline solution at 60 oC [17]. To the best of the authors’ knowledge, 

there are no reported studies on the interlaminar shear behaviour of BFRP, GFRP and CFRP 

bars in SWSSC environment. This paper aims to fill this gap.   
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In this study, the interlaminar shear behaviour of BFRP, GFRP and CFRP bars in simulated 

SWSSC solutions was investigated using the short beam shear (SBS) test. Moisture absorption 

and desorption test, scanning electron microscopy (SEM) and Fourier transform infrared (FTIR) 

spectroscopy were employed to characterise the degradation mechanism of FRP bars in 

SWSSC solutions. Finally existing degradation models were adopted to predict the long-term 

performance of FRP bars in SWSSC environment.  

 

2. EXPERIMENTAL PROGRAM 

2.1 Materials 

Three kinds of unidirectional FRP (i.e. BFRP, GFRP and CFRP) bars with a nominal diameter 

of 6 mm were used in this study, as shown in Fig. 1. The reason for selecting the FRP bars with 

a small diameter of 6 mm than the larger size of FRP bars is to obtain the quicker degradation 

rate and more conservative durability results in SWSSC solutions. BFRP, GFRP and CFRP 

bars were all produced using the same epoxy resin and corresponding reinforced fibres by 

pultrusion. The basalt fibres were manufactured by Zhejiang GBF Basalt Fibre Co. Ltd. 

(Hengdian, China), the E-glass fibres were manufactured by Chongqing Polymer International 

Corp. (Chongqing, China), and the T700 carbon fibres were manufactured by Toray Industries 

Inc. (Japan). It should be noted that the type of sizing on fibres play an important role on the 

durability of interface fiber/matrix, as shown in a previous study by the authors [9]. Three kinds 

of commercial fibres were all sized. Based on the information supplied by the manufactures, 

the main composition of the sizing agent on glass fibre and basalt fibre is a silane coupling 

agent, and the main composition of sizing agent on carbon fibre is an epoxy resin emulsion. 

However, the detailed formula for three kinds of sizing agents is confidential. The epoxy resin 

was procured from Bluestar New Chemical Materials Co. Ltd (Wuxi, China), and the detailed 

chemical structures for epoxy, hardener, and cured epoxy resin [34] are shown in Fig. 2. Based 
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on the information from suppliers, the molding temperatures for BFRP bars in six zones during 

pultrusion were from 160 to 300 oC, the pull through speed was 150 cm/min, and the basalt 

fibre volume fraction (Vf) is approximately 65%. While the same curing parameters were 

adopted for GFRP and CFRP bars: the molding temperature was kept as 140 oC in all three 

zones during pultrusion and the pull through speed was 40 cm/min. The fibre volume fraction 

(Vf) was approximately 62.8% and 66.8% for GFRP and CFRP, respectively. All the 

production parameters of BFRP, GFRP and CFRP bars provided by manufactures are listed in 

Table 1. 

As shown in Fig. 1(b), the surface of BFRP bars was ribbed with a nylon laminate during 

pultrusion and the surfaces of GFRP and CFRP bars were both helically wrapped with a Kevlar 

fibre bundle with 0.4 mm diameter. These rough treatments cause that the diameter is not 

uniform along the surface of FRP bars. For BFRP bars, the measured average outer diameter 

is 6.82±0.17 mm and the inner diameter is 5.89±0.15 mm. For GFRP and CFRP bars, the outer 

and inner diameters are rather close, and the measured average outer diameter is 6.33±0.10 mm 

for GFRP and 5.80±0.08 for CFRP. For the calculation of cross-section area of FRP bars, the 

average diameter was adopted, i.e. 6.0, 6.3 and 5.8 mm for BFRP, GFRP and CFRP bars, 

respectively. 

 

2.2 Simulated Seawater and Sea Sand Concrete (SWSSC) Solution 

In this study, two kinds of simulated SWSSC pore solutions with different pH values were 

chosen, as adopted in authors’ previous study on tensile behaviour of FRP bars [15] . As shown 

in Table 2, the normal seawater sea sand concrete (N-SWSSC) solution was prepared by mixing: 

sodium hydroxide (2.4 g/l, NaOH), potassium hydroxide (19.6 g/l, KOH), calcium hydroxide 

(2 g/l, Ca(OH)2), sodium chloride (35 g/l, NaCl) and distilled water (to make the volume of 

solution of one litre). Similarly, the high performance seawater sea sand concrete (HP-SWSSC) 
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solution was prepared by mixing: sodium hydroxide (0.6 g/l, NaOH), potassium hydroxide (1.4 

g/l, KOH), calcium hydroxide (0.037 g/l, Ca(OH)2), sodium chloride (35 g/l, NaCl) and 

distilled water (to make the volume of solution of one litre). The mass concentrations of NaOH, 

KOH and Ca(OH)2 were chosen according to Chen et al. [19] to simulate the normal concrete 

and high performance concrete pore solutions. The pH of N-SWSSC and HP-SWSSC solutions 

were measured to be 13.4 and 12.7, respectively. The molar concentrations of chemicals (i.e. 

NaOH, KOH, Ca(OH)2 and NaCl) are used to prepare the simulated SWSSC pore solutions 

which produce alkali ions/elements with concentrations close to those produced in real 

seawater and sea sand concrete pore solution. 

 

2.3 Short Beam Shear Test 

The short beam shear tests of three kinds of FRP bars were conducted on an Instron 4204 

machine with a capacity of 50 kN according to the modified ASTM D4475-02 [35]. The 

specimens were cut to a length of one diameter greater than the test span. Steel rods with 6 mm 

diameter were used to apply the load as well as to act as supports. The loading speed was 

controlled at 1.3 mm/min. The apparent horizontal shear strength was calculated as follows: 

2/849.0 dPSH =                                                      (1) 

where SH = apparent horizontal shear strength (MPa); P = breaking load (N); d = diameter of 

specimen (mm). 

As shown in Fig. 3, two test methods were compared in this study. For method 1, the load is 

directly applied through the steel rod, whereas for method 2, the load is applied through a steel 

cap. In method 2, a steel cap with a groove in the radius (R) of the FRP bar was designed and 

added between FRP bar and loading ram during the test as shown in Fig. 3b. The improved 

method 2 was developed to avoid the local failure (Fig. 3c) during short beam shear test. 
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For reference BFRP, GFRP and CFRP bars, three different test span to diameter ratios (i.e. s/d 

= 4, 5 and 6) were chosen since all the FRP specimens failed in vertical crack when s/d < 4, or 

in flexural failure mode when s/d > 6. At least five specimens were measured for each condition. 

For the test plan of FRP bars exposed to the SWSSC solutions, three exposure temperatures 

(25 oC refers to room temperature, 40 and 55 oC) and four exposure periods (21, 42, 63 and 84 

days) were chosen. The length of specimens for pre-exposure aging was uniformly 7 times its 

diameter, i.e. 42.0, 44.1 and 40.6 mm for BFRP, GFRP and CFRP, respectively. Prior to 

exposing the bars to the solutions, both ends of each specimen were epoxy-coated and air-dried 

to prevent axial (longitudinal) penetration of solutions into bars [36]. Based on the reference 

test results, the test span to diameter ratios for three kinds of conditioned FRP bars are set from 

4 to 6 to achieve the failure in horizontal shear model. At least three exposed specimens were 

measured for each condition. 

The short beam specimen label system was defined in this study as follows: 

For unconditioned specimens, “BR” represents the BFRP reference specimen, “GR” represents 

the GFRP reference specimen and “CR” represents the CFRP reference specimens. 

For conditioned specimens, “NBT25D21” represents the BFRP specimen after pre-exposure in 

N-SWSSC solution at 25 oC for 21 days. In the label “NBT25D21”, “N” means the N-SWSSC 

solution; “B” means the BFRP bar; “T25” means that the exposure temperature is 25 oC and 

“D21” means that the durability time is 21 days. Similarly, “HPGT32D21” represents the 

GFRP specimen after pre-exposure in HP-SWSSC solution at 25 oC for 21 days, and 

“HPCT25D21” represents the CFRP specimen after pre-exposure in HP-SWSSC solution at 

25 oC for 21 days. 
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2.4 Moisture Absorption and Desorption Tests 

The moisture absorption test of BFRP, GFRP and CFRP bars in N-SWSSC and HP-SWSSC 

solutions were carried out according to the modified ASTM D5229/D5229M-14 [37]. Same to 

the exposure condition of short beam shear specimens, the exposure temperatures were 25, 40 

and 55 oC and the longest exposure time was 84 days, and the length of each specimen was 

also kept as 7 times its diameter. Before exposure to SWSSC solutions, both ends of each 

specimen were also epoxy-coated and air-dried, and then each specimen was further dried to 

the consistent weight in oven at 60 oC condition. The moisture gain was detected by 

periodically weighing the samples from the immersion bath. The surfaces were dried using 

tissue paper, and then the weights of the samples were recorded using an electronic balance 

with an accuracy of 0.1 mg. At least three specimens were measured for each condition. The 

weight gain percent of each specimen was calculated as follows: 

100
0

0 =
W

-WW
M t

t                                                       (2) 

where Mt = weight gain percent at time t (%); W0 = initial specimen weight before exposure (g); 

and Wt = current specimen weight at time t (g). 

For the moisture desorption test, all the moisture absorption specimens after exposure to 

SWSSC solutions for 84 days were re-dried in oven at 60 oC condition until the weights are 

unchanged. The final weight change percent of specimen after drying was calculated as follows: 

100
0

0dry

dry =
W

-WW
M                                                       (3) 

where Mdry = weight change percent after re-dry treatment (%) and Wdry = finial specimen 

weight after re-dry treatment (g). 

The specimen label system defined in “Short Beam Shear Test” part is still valid in this part. 
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2.5 Scanning Electron Microscopy (SEM) 

The failure morphologies of the reference and conditioned BFRP, GFRP and CFRP specimens 

after the short beam shear test were characterized with a JEOL 7001F field emission scanning 

electron microscope (SEM, Japan). 

 

2.6 Fourier Transform Infrared (FTIR) Spectroscopy 

BRUKER-FTIR spectrometer equipped with facility for attenuated total reflectance 

measurements was used to study the chemical structures of reference BFRP, GFRP and CFRP 

specimens without prior exposure to the simulated sea water sea concrete solutions. For the 

three samples of the same type of FRP, the same trend was observed in the FTIR spectra. To 

investigate the degradation and leaching, if any, out of FRP matrix during exposure to the 

simulated concrete solutions, the residues of the solutions were collected after exposure for 84 

days at 55 oC and the residues were subjected to FTIR analysis. The details for the procedure 

of collection and preparation of the residue prior to FTIR measurements is a part of the on-

going research of a master thesis titled “Durability of fibre reinforced polymer (FRP) and 

stainless steel (SS) with combined use of seawater sea sand concrete (SWSSC)” of F Guo, and 

it will be published later by F Guo, S Al-Saadi, RK Singh Raman, and XL Zhao.  

FTIR measurements are carried out using the wave numbers in the range of 4000 to 500 cm-1. 

For each specimen, 64 scans were acquired with spectral resolution of 4 cm-1. FTIR spectrum 

of the background was generated, prior to FTIR of the samples. 
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3. RESULTS AND DISCUSSIONS 

3.1 Short Beam Shear Test Results for Reference Specimens 

3.1.1 Local failures 

The typical short beam shear test curves for FRP bars under the same tested span to diameter 

ratio (e.g. span to diameter ratio is 6) using two test methods are compared in Fig. 4. It is clear 

that the load-deformation curves of all reference FRP bars using method 2 (with steel cap) 

show a linear elastic behaviour until the horizontal shear failure, while those using method 1 

(without steel cap) show an obvious local yield behaviour before the horizontal shear failure. 

This local yield behaviour in method 1 was a result of the local indentation in the middle part 

of the specimen under the loading point. As shown in Fig. 3(c), the local failures in Method 1 

were also evidenced by the slight hollows pointed by the red circles on the surfaces of tested 

specimens, while no obvious local failures occurred on the surfaces of tested specimens using 

method 2. Therefore, the method 2 (with steel cap) can effetely avoid the local failure damage 

of FRP specimens before the peak load occurs during the test. Moreover, method 2 is much 

simpler than the specified standard method in ASTM D4475-02, which needs a much more 

sophisticated loading device. The improved method to avoid local failure was also suggested 

by previous researchers in testing FRP plates [38]. However, it is interesting that that each 

curve in method 2 possess the first sharp peak (marked as P1 in Fig. 4) followed by a second 

lower peak (marked as P2 in Fig. 4), whereas only one peak (marked as P in Fig. 4) was 

observed for method 1. As summarized in Table 2 and Fig. 5, compared with method 1, the 

first peak of method 2 produces higher peak load on average 19.3%, 30.0%, and 22.7% higher 

for BFRP, GFRP and CFRP bars, respectively. The second peak of method 2 is very close to 

that of method 1. Therefore, to avoid overestimate the tested horizontal shear strength of FRP 

bars, method 1 (without steel cap) was still adopted for the conditioned specimens in this study. 
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3.1.2 Effect of test span 

As shown in Fig. 5 and Table 3, the apparent horizontal shear strength SH values for BFRP, 

GFRP and CFRP bars were experimentally obtained for different span to diameter ratios 

ranging from 4 to 6 in the short beam shear test. It is clear that the shear strength of each kind 

of FRP bar slightly decreases with the increased test span to diameter ratio. This test result is 

consistent with the previous short beam shear research results of FRP plates under different 

test span [39-43], though no similar researches of FRP bars are reported by other researches. 

This phenomenon may be explained by the following theory. 

In the actual short beam shear test of FRP materials, the specimen is not in the state of pure 

shear. The stress components in the middle part of the tested specimen at breaking failure 

mainly include two parts [39, 43, 44]: the horizontal shear strength SH at the neutral plane and 

the maximum flexural strength (tensile or compressive strength) σmax at the extreme edge of 

the specimen. Based on the strength of materials theory [39, 45], the maximum flexural strength 

σmax in three-point bending can be calculated using simple beam theory: 

33max

8

32/

4/

d

Ps

d

Ps
ModulusSectionElastic

MomentBending


 ===                                       (4) 

where s is the test span.  

According to Eq. (1) and Eq. (4), since σmax and SH are constant for the same material, the shear 

failure load is unchanged while the flexural failure load is decreased with the increased test 

span (i.e. span to diameter ratio). Therefore, at the low test span, the horizontal crack generally 

occurs before the flexural failure, the breaking load P represents the shear failure load, and then 

the calculated SH values are accurate. However, at the higher test span, a relatively lower 

breaking load P could cause the flexural failure especially at the tensile edge of FRP bars before 

the horizontal crack occurs [43]. Finally, this lower recorded breaking load P resulted in the 

lower calculated SH value. When the span-to-diameter ratio is within 4 to 6, the variation of 

shear strength is not significant (see Table 3). 
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3.1.3 Effect of FRP type 

In this study, three different span-depth ratios were adopted in the testing program to cover a 

range of failure modes. It was observed that the tested interlimaer shear strength results for the 

same FRP bars are quite close to each other even at different span-depth ratios. For simplicity 

an average value is adopted for each FRP bars rather than using 9 different cases (3 FRP bars 

with 3 span-depth ratios).  

As listed in Table 3, the average shear strengths under different spans using method 1 are 44.6, 

38.7, and 42.2 MPa for BFRP, GFRP and CFRP bars, respectively; While those of the first 

peak using method 2 are 53.2, 50.3, and 51.8 MPa for BFRP, GFRP and CFRP bars, 

respectively. These results suggest that the interlaminar shear strength of BFRP is the highest, 

that of GFRP is the lowest and that of CFRP is somewhere in between. However, it is clear that 

the gaps of shear strength between three kinds of FRP bars are not huge, compared with the 

mechanical properties of three kinds of fibres (Table 1). This is because that the interlimaner 

shear strength presents the bonding behaviour between fibre and epoxy resin, which generally 

depends on the surface treatment of fibre [9] and resin type [17]. Since the same epoxy was 

used inside three kinds of FRP bars, the difference in the shear behaviour may be mainly from 

the surface sizing of each kind of fibre during their manufacturing process. 

 

3.2 Durability Test Results 

3.2.1 Short beam shear test results 

Fig. 6 presents the photographs of three kinds of FRP bars after exposed to SWSSC solutions 

for 84 days at different temperatures. It is clear that the surface damage for each kind of FRP 

specimen becomes more severe with the increased exposure temperature and that N-SWSSC 

solution is more aggressive than the HP-SWSSC solution. Especially for the specimens 

exposed to the N-SWSSC solution at 55 oC condition, the obvious surface fuzz and porousness 
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were observed. In addition, the BFRP specimens were damaged much more than GFRP and 

CFRP specimens in the same condition. 

Tables 4-6 summarize the detailed short beam shear test results of three kinds of conditioned 

specimens, and the apparent horizontal shear strength retentions of FRP specimens in the 

different exposure conditions are shown in Fig. 7. It is clear that the apparent horizontal shear 

strength of all FRP bars basically decreases as the exposure periods increase in all conditions, 

and the higher exposure temperature is, the higher the degradation rate is. Meanwhile, the 

degradation rate in N-SWSSC solution is obviously higher than that in HP-SWSSC solution, 

especially at 40 and 55oC, which may be attributed to the greater alkali-ion content of N-

SWSSC solution than that of HP-SWSSC solution. Fig. 7 also suggests that the durability of 

BFRP is not as good as that of GFRP and CFRP after exposed to N-SWSSC solution. It should 

be noted that the difference in durability behaviour for three kinds of FRP bars in HP-SWSSC 

solution is less significant. Similarly, as recently reported by Benmokrane et al., after exposure 

to the alkaline solution (pH = 12.6 to 13.0) at 60oC for 5000 h, the interlaminar  shear strength 

retention of the vinylester-based and epoxy-based BFRP bars  are 78% and 86%, respectively, 

while that of the vinylester-based GFRP bar is as high as 95% [17]. This also proves that the 

durability interlaminar shear behaviour of current BFRP bars is much less than that of current 

GFRP bars, and this may be attributed to the immature surface treatment process for the basalt 

fibre during its manufacture.  

In addition, as shown in Tables 4-6, it is interesting to compare the results for three kinds of 

FRP bars in N-SWSSC solution at T55D63 and T55D84 points. For BFRP bars, both 

NBT55D63 and NBT55D84 failed nearly completely. For GFRP bars, both NGT55D63 and 

NGT55D84 still possess approximately 50% strength retention. However, for CFRP bars, 

NCT55D63 still has 42.9% strength retention, but with another extra 21 days, the strength of 

NCT55D84 nearly all gone, similar trend is also found for NCT40 condition (from 76.1% to 
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34.1%). This shows that the extra 21 days (from 63 to 84 days) have effective influence on the 

interlaminar shear strength of CFRP bars in N-SWSSC solution at 40 and 55oC. This may be 

related to particular durable feature of the surface sizing on carbon fibres, which perhaps mostly 

fail under the coupling effect of exposure temperature and duration. 

3.2.2 Moisture absorption and desorption test results 

Fig. 8 presents the moisture absorption results for three kinds of FRP specimens exposed to N-

SWSSC and HP-SWSSC solution. For the FRP bar specimens in the N-SWSSC solution, the 

weight gain percent curves of GFRP and CFRP bars at 25 oC both increase linearly at the initial 

stage and then keep balance at a saturation state with the increasing square root of exposure 

time, which conform to the typical Fickian process [28, 46, 47]. This suggests that there is no 

obvious polymer relaxation [46] and defects (e.g. avoids and debongding between fibre and 

resin) [48] inside GFRP and CFRP exposed to N-SWSSC solution at 25 oC in 84 days. While 

all the curves of BFRP, GFRP and CFRP bars in the rest conditions basically possess three 

stages: linearly increasing at the first stage, slightly dropping at the second stage, and 

dramaticly increasing at the third stage. Furthermore, the first stage also conforms to the typical 

Fickian diffusion process and the higher the exposure temperature is, the higher the diffusion 

rate is. The second stage should be mainly attributed to the resin degradation (e.g. the 

hydrolysis of resin and dissolution of small molecular monomer) of the FRP surface during 

exposure to the harsh N-SWSSC solution, and the loss rate of resin could counteract and even 

exceed the moisture diffusion rate [49, 50]. Consequently, the third stage started as the 

sufficient defects (avoids and debongding between fibre and resin) allow more moisture 

permitted into the matrix, and the moisture diffusion contents dramatically increased due to the 

significant capillarity [48]. Fig 8(a)-8(c) also shows the moisture absorption rate of BFRP bars 

is higher than that of CFRP and GFRP in N-SWSSC solution, which proves that the durability 
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of BFRP is the weakest. This result is consistent with the short beam shear test results for 

conditioned FRP specimens. 

For the specimen in the HP-SWSSC solution, four weight gain percent curves, i.e. BFRP, 

GFRP and CFRP at 25 oC and CFRP at 40oC, conform to the typical Fickian process, and the 

rest curves for BFRP, GFRP and CFRP basically follows the three stages diffusion process as 

mentioned above with an obvious time lag phenomena. Furthermore, Fig 8(d)-8(f) also shows 

that after 84 days of exposure, the final weight gain percent of FRP bars in HP-SWSSC solution 

is much less than that of FRP bars in N-SWSSC solution at the same temperature, this again 

proves that N-SWSSC solution is more aggressive than HP-SWSSC solution. 

Table 7 summaries the moisture desorption test results for BFRP, GFRP and CFRP dried at 60 

oC oven. As shown, the final weight change percent of FRP specimens after drying in all the 

conditions are below zero, which means the mass loss of FRP bars during the exposure period. 

For the specimens following the typical Fickian diffusion process as mentioned above, the 

weight loss percent is less than 0.10%, which means very little degradation, while for the rest 

specimens, especially in N-SWSSC solution at 55 oC, the weight loss of BFRP, GFRP and 

CFRP is as high as 12.68%, 0.40% and 4.37%, respectively. As shown in Table 7, the higher 

the weight gain percent after 84 days of exposure is, the higher the weight loss after drying is. 

This suggests the consistency between the moisture absorption and desorption test results. 

 

3.3 Degradation mechanism 

3.3.1 SEM images 

The fracture morphologies of BFRP, GFRP and CFRP bars after the short beam shear test are 

investigated by SEM, as shown in Fig. 9, and the SEM images are chosen from the horizontal 

crack section as marked by the red circle. It is clear that for three kinds of reference specimens, 

a lot of residual resin bulk covers on the fibre surface, which suggests that the strong bonding 
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behaviour between the fibre and epoxy resin. However, for the conditioned BFRP, GFRP and 

CFRP exposed to SWSSC solutions at 55 oC for 84 days, the resin left on three kinds of fibres 

surface become less to different extent. This shows that the decreased bonding strength between 

fibre and resin, which can explain why the interlaminar shear behaviour of all FRP bars 

decreases after exposure to N-SWSSC and HP-SWSSC solutions. Especially, for NBT55D84, 

there are almost no resin residues, while for the NGT55D84, there are still a lot of resin residues, 

and the residues on NCT55D84 sits in between. In addition, the contents of resin residues of 

HPBT55, HPGT55 and HPCT55 are much more than those of NBT55, NGT55 and NCT55, 

respectively. These results again prove that the durability of GFRP better than that of BFRP 

and CFRP, and the N-SWSSC solution causes more degradation than HP-SWSSC solution 

does. 

As an example, Fig 10 shows the effect of exposure temperatures on the fracture morphologies 

of BFRP bars specimens. It is clear that the higher the exposure temperature is, the weaker the 

bonding behaviour between basalt fibre and resin. These SEM results are also consistent with 

short beam shear test results.  

3.3.2 FTIR results 

Fig. 11 presents a comparison of typical spectra for FRPs and that for the residues collected 

after exposure of FRP specimens to the simulated sea water sea sand concrete solutions for 84 

days at 55 oC. For the reference FRP specimens, the assignments of the characteristic 

absorption bands are given in Table 8. 

Three groups of FTIR bands are observed for the reference FRP bars. At wavenumbers higher 

than 3000 cm-1, the O-H stretching band is detected. The relative intensity of O-H stretching 

band at 3400 cm-1 for the FRP before and after exposure is indicative of the water absorption 

during the wet-dry cycles [51, 52]. The second group of the bands which are located at 2930 

and ~2890 cm-1 is attributed to the stretching vibration of C-H group of epoxy [51, 52]. Below 
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the wavenumber of 2000 cm-1, the third group of bands are detected. The band at 1732 is due 

to the stretching vibration of C=O in a non-conjugate ester [34]. The presence of bands at 1612 

and 1509 cm-1 are assigned for C=C stretching in alkenes and aromatics respectively [52-54]. 

The two bands at ~1244 and ~1041 cm-1 are related to asymmetric and symmetric stretching 

vibration of C-O-Φ [34, 51]. The assignment of C-O aromatic ring stretching is observed at 

1182 cm-1 [55]. The band at ~827 cm-1 is attributed to C-H bending in benzene ring  [52]. 

In the spectrum for the residues, the new bands at ~838 and ~1229 cm-1 correspond to the 

changes to the vibration of characteristics of the ether groups as a result of C-O-C forming a 

hydrogen bond with water molecules on theses C-O-C groups [52]. The band at ~1122 cm-1 is 

attributed to the changes in the vibrational C-OH band during hydration leading to hydrogen 

bond formation (C-O-H----OH2) [52]. The other bands for the residues are same as those for 

the unexposed FRPs, e.g. stretching vibration of C-H (2930 and ~2890 cm-1), stretching of C=C 

of alkene and aromatic nucleus at 1612 and ~1511 cm-1 and the symmetric stretching vibration 

of C-O-Φ at ~1052 cm-1. The existence of these bands in the collected residues confirms the 

leaching of FRP matrix into the simulated SWSSC solutions during exposure. 

 

3.4 Prediction of long-term shear behaviour of FRP bars 

In this part, the long-term prediction of BFRP, GFRP and CFRP bars in N-SWSSC solution 

were calculated from the short beam shear test data with Arrhenius degradation theory, while 

the long-term prediction of FRP bars in HP-SWSSC solution was not conducted herein due to 

the insufficient tested data to develop a prediction. 

3.4.1 Arrhenius Relationship 

The degrade rate can be expressed in the Arrhenius relationship by the following equation [12, 

15, 56]:  

)/exp( RTEAk a−=                                                                     (5) 
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where k = degradation rate (1/time); A = constant of the material and degradation process; Ea 

= activation energy; R = universal gas constant; and T = Kelvin temperature. The basic 

assumption of this model is that the single dominant degradation mechanism of the material 

does not change with time and temperature during the exposure, whereas the rate of degradation 

is accelerated with the increase in temperature. Eq. (5) can be transformed into: 

)/exp( RTE
Ak

a

11
=                                                                  (6) 

A
TR

E

k

a ln−=






 11
ln                                                                   (7) 

Eq. (6) shows that the degradation rate k can be expressed as the inverse of the time needed 

for a material property to reach a given value. Eq. (7) shows the logarithm of time needed for 

a material property to reach a given value is a linear function of 1/T with the slope of Ea/R 

value. 

3.4.2 Prediction Procedure 

Firstly, the following degradation model was used to define the relationship between the 

apparent horizontal shear strength retention of FRP bars (i.e. BFRP, GFRP and CFRP) and 

exposure time for the accelerated test [15]: 

)/(exp tY −=100                                                                  (8) 

where Y = tensile strength retention (%); t = exposure time; and τ = fitted parameter. 

On the basis of Eq. (8), the fitted curves are shown in Fig. 12 and corresponding τ values and 

correlation coefficients (R2) are listed in Table 9.  

Secondly, with the regression coefficient τ listed in Table 9 the time (t) needed for the apparent 

horizontal shear strength retention to reach 60, 70, 80, and 90% at 25, 40, and 55°C were 

calculated from Eq. (8). Next, Eq. (7) was fitted to those values (ln(1/k) = lnt and 1/T), and the 

straight lines were exactly parallel, the fitted results are shown in Fig. 13 and Table 10. 

Thirdly, based on Eq. (5), the time-shift factor (TSF) for the tensile strength to reach the same 
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value (represented by c) at temperatures T1 and T0 can be obtained from the previous Arrhenius 

plots. The TSF can be expressed as: 
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In this study, five serviced structures in Canada were chosen to predict the long-term shear 

behavior of BFRP, GFRP and CFRP bars. According to Eq. (9), the TSF with reference 

temperatures T0 equal to the annual mean temperature of each chosen city are calculated and 

listed in Table 11. 

Once the TSF values for 25, 40 and 55°C were obtained, the master curves for apparent 

horizontal shear strength retention versus exposure time at five different temperatures (i.e. 

five serviced structures in Canada) were obtained from transforming Fig. 12 into Fig. 14 by 

multiplying exposure times at 25, 40 and 55 °C with corresponding TSF values (Note: only 

the detailed prediction results at 9.9 and 3.9 oC are shown as an example in Fig. 14). All the 

fitted results for the master curves of FRP bars in N-SWSSC solution are summarized in 

Table 12. 

3.4.3 Prediction results 

According to ACI 440.1R-06 [57], the environmental reduction factor CE for GFRP and CFRP 

bars in concrete exposed to earth and weather is 70% and 90%, respectively, while the CE for 

BFRP bars is not given. Therefore, in this study, the time to reach 70% apparent horizontal 

shear strength retention of BFRP, GFRP and CFRP bars in five different serviced structures in 

Canada are predicted, and the calculated results are summarized in Table 13. As shown in Table 

13, when the apparent horizontal shear strength of FRP bars reaches to 70% in N-SWSSC 

solution at five different predicted temperatures (i.e. 3.9 to 9.9 oC), it will take 2.7 to 5.7 years, 

7.0 to 13.6 years and 3.8 to 7.5 years for BFRP, GFRP and CFRP, respectively. These 

calculations show that GFRP bars are more durable in N-SWSSC solution, which is consistent 

with the tested short-term test results.  
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Table 14 also summaries the comparison between long-term prediction results and field results 

of FRP bars. Mufti et al. reported that there are no changes in the microstructures of GFRP bars 

after 5~8 years’ service [58], therefore, the horizontal shear strength retentions of GFRP bars 

in five bridges were considered to keep 100% level after 5~8 years in this study.  

3.4.4 Limitation and future research 

The limitation of this study is that the FRP bars were directly placed in the simulated solutions 

instead of embedded in the concrete. Therefore, it is clear that the long-term prediction results 

are too conservative compared with the field test results. The same conclusion was also reached 

in the long-term tensile behaviour prediction of FRP bars in SWSSC solutions [15]. This could 

be attributed to the following aspects: (1) the humidity of the concrete in service condition is 

obvious lower than that of simulated solution [59], (2) the temperature inside the concrete may 

be much less than the environmental temperature, and is not constant as adopted in the 

prediction model. Further studies are needed to develop a more realistic long-term prediction 

model for FRP bars in concrete, considering the real temperature and humility of FRP bars in 

concrete structures. 

 

4. CONCLUSIONS 

(1) An additional steel cap can effectively increase the tested interlaminar shear strength of 

BFRP, GFRP and CFRP bars by avoiding the local failures of FRP bars during the short beam 

shear test. 

(2) The short beam shear test results for reference FRP bar specimens showed that epoxy-based 

BFRP has the largest interlaminar shear strength, while epoxy-based GFRP has the weakest 

interlaminar shear strength. 

(3) The accelerated short-term shear results showed that the durability of epoxy-based GFRP 

bars is the best and the durability of epoxy-based BFRP bars is the weakest in both N-SWSSC 
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and HP-SWSSC solutions. In addition, N-SWSSC solution is more aggressive than HP-

SWSSC solution for epoxy-based BFRP, GFRP and CFRP bars. These findings were also 

supported by the SEM and FTIR results. 

(4) The water uptake and desorption results showed that the degradation of epoxy-based BFRP, 

GFRP and CFRP bars in SWSSC solutions, especially in N-SWSSC solution at 55 oC condition, 

is mainly from the hydrolysis of resin, which was also evidenced by the FTIR results.  

(5) The long-term performances for interlaminar shear strength of BFRP, GFRP and CFRP in 

N-SWSSC solution were predicted using Arrhenius theory, and the prediction result is more 

conservative than the field data. 

(6) There is a need to develop a more realistic degradation model for FRP bars in SWSSC by 

considering the real temperature ranges, humility ranges and pre-loading stress. 
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Figure 1. Tested FRP bars: (a) photographs and (b) schematic diagram. 
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Figure 2. Chemical structures of the epoxy system used to producing BFRP, GFRP and CFRP 

bars:    (a) epoxy; (b) hardener and (c) cured epoxy resin.                    



 

 
Figure 3. Comparison of two short beam shear test methods: (a) test set-up; (b) details of test and (c) typical failure models after test. 
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Figure 4. Comparison of test curves using two testing methods (e.g. span to diameter ratio is 6): 

(a) BFRP; (b) GFRP and (c) CFRP.



 
Figure 5. Comparison of apparent horizontal shear strengths of FRP bars at the different span to 

diameter ratios using two test methods. 
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Figure 6. Photographs of conditioned FRP bars after 84 days of exposure to SWSSC solutions: (a) 

BFRP; (b) GFRP bars (c) CFRP bars.
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Figure 7. Effect of conditioning in SWSSC solutions on the apparent horizontal shear strength 

retention of FRP bars: (a) BFRP; (b) GFRP and (c) CFRP.
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Figure 8. Effect of conditioning in SWSSC solutions on moisture absorption results of FRP bars: (a) BFRP; (b) GFRP and 

(c) CFRP in N-SWSSC solution, (d) BFRP; (e) GFRP and (f) CFRP in HP-SWSSC solution. 
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Figure 8. (Continued)
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(b) 

Figure 9. SEM images of reference and conditioned FRP bars specimens after short beam shear 

test: (a) BFRP; (b) GFRP and (c) CFRP. 
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Figure 9. (Continued) 
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(b) 

Figure 10. SEM images of BFRP bars specimens under different exposure conditions to SWSSC 

solutions after short beam shear test: (a) N-SWSSC solution and (b) HP-SWSSC solution 



 

Figure 11. FTIR spectra for FRPs and that for the residues collected after exposure to the 

simulated SWSSC solutions  
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(b) 

 

(c) 

Figure 12. Fitted curves of FRP bars in N-SWSSC solution: (a) BFRP; (b) GFRP and (c) CFRP. 
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(c) 

Figure 13. Arrhenius plots of apparent horizontal shear strength retention of FRP bars in N-

SWSSC solution: (a) BFRP; (b) GFRP and (c) CFRP. 
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(b) 

 

(c) 

Figure 14. Predictions for FRP bars at given temperatures (9.9 and 3.9oC): (a) BFRP; (b) GFRP 

and (c) CFRP 



Table 1 Production parameters of FRP bars 

  Reinforced fiber  Resin matrix  

Type 

Nominal 

diameter 

(mm) 

Brand 
Diameter 

(μm) 

Tensile 

strength 

(MPa) 

Tensile 

modulus 

(GPa) 

Density 

(g/cm3) 

 

Epoxy Hardener 
Tg 

(oC) 

Vf 

(%) 

BFRP 6 1200 Tex 13 3800-4840 93.1-110 2.65 
 Bisphenol-A 

E-51 
MeHHPAa ~130 ~65 

GFRP 6 
E-glass 

9600 Tex 
28 2200 76 2.54 

 Bisphenol-A 

E-51 
MeHHPA 140 ~62.8 

CFRP 6 
Toray  

T700-12K 
7 4900 230 1.80 

 Bisphenol-A 

E-51 
MeHHPA 140 ~66.8 

Note: a: MeHHPA represents Methylhexahydrophthalic Anhydride. 

 



Table 2 Compositions of simulated SWSSC pore solutions 

 Quantities (gram per litre)  

Type NaOH KOH Ca(OH)2 NaCl pH 

N-SWSSC solution 2.4 19.6 2 35 13.4 

HP-SWSSC solution 0.6 1.4 0.037 35 12.7 

 

  



Table 3 Comparisons of apparent horizontal shear strength of reference specimens under the different span 

to diameter radios   

   Apparent horizontal shear strength (MPa) 

Type Method Peak type s/da=4 s/d=5 s/d=6 Average 

BFRP Without steel cap N/A 46.4±2.1 44.6±1.9 42.8±3.1 44.6±2.8 

 With steel cap First peak 56.8±2.4 52.5±2.1 50.5±0.9 53.2±3.2 

  Second peak 46.6±3.7 42.9±3.9 40.9±1.9 43.5±3.9 

GFRP Without steel cap N/A 41.2±1.9 38.9±1.5 37.0±1.8 38.7±2.4 

 With steel cap First peak 53.5±1.4 50.1±2.5 47.2±1.7 50.3±3.2 

  Second peak 45.0±2.9 40.5±5.1 39.7±1.9 40.6±3.5 

CFRP Without steel cap N/A 45.1±3.0 41.6±0.7 39.6±0.5 42.2±2.9 

 With steel cap First peak 55.3±1.6 51.4±4.5 48.0±4.4 51.8±4.6 

  Second peak 47.1±1.5 40.5±1.4 37.7±3.6 42.1±4.7 

Note: a: “s/d” represents span to diameter radio. 

N/A: not available. 



Table 4 Experimental apparent horizontal shear strength of reference and conditioned BFRP specimens 

 Apparent horizontal shear strength 

Specimen label Mean (MPa) Retention (%) CVa (%) 

BR 44.6 100 6.3 

NBT25D21 43.1 96.6 1.9 

NBT25D42 41.1 92.2 2.0 

NBT25D63 39.7 89.0 7.8 

NBT25D84 38.8 87.0 2.3 

NBT40D21 39.9 89.5 4.1 

NBT40D42 34.2 76.7 7.5 

NBT40D63 15.7 35.2 9.6 

NBT40D84 6.8 15.2 6.3 

NBT55D21 24.4 54.7 8.2 

NBT55D42 8.4 18.8 11.0 

NBT55D63 0.25 0.6 0.6 

NBT55D84 0.08 0.2 0.01 

HPBT25D21 41.6 93.3 3.1 

HPBT25D42 43.1 96.6 6.8 

HPBT25D63 41.4 92.8 2.5 

HPBT25D84 41.5 93.0 1.1 

HPBT40D21 41.0 91.9 3.3 

HPBT40D42 41.8 93.7 1.9 

HPBT40D63 38.9 87.2 4.2 

HPBT40D84 38.9 87.2 3.2 

HPBT55D21 39.8 89.2 1.4 

HPBT55D42 36.5 81.8 4.7 

HPBT55D63 27.0 60.5 10.2 

HPBT55D84 22.1 49.6 3.9 

Note: a: Coefficient of variation. 

  



Table 5 Experimental apparent horizontal shear strength of reference and conditioned GFRP specimens 

 Apparent horizontal shear strength 

Specimen label Mean (MPa) Retention (%) CVa (%) 

GR 38.7 100 6.2 

NGT25D21 38.1 98.4 3.0 

NGT25D42 38.7 100 1.3 

NGT25D63 36.8 95.1 1.9 

NGT25D84 36.5 94.3 2.9 

NGT40D21 34.2 88.4 9.7 

NGT40D42 32.0 82.7 9.2 

NGT40D63 31.7 81.9 15.1 

NGT40D84 29.3 75.7 12.0 

NGT55D21 31.5 81.4 10.2 

NGT55D42 28.2 72.9 17.4 

NGT55D63 22.6 58.4 6.0 

NGT55D84 16.3 42.1 6.0 

HPGT25D21 38.0 98.2 3.6 

HPGT25D42 35.3 91.2 5.1 

HPGT25D63 36.3 93.8 13.1 

HPGT25D84 36.2 93.5 7.1 

HPGT40D21 33.2 85.8 9.9 

HPGT40D42 33.0 85.3 10.1 

HPGT40D63 34.0 87.9 9.4 

HPGT40D84 32.1 82.9 8.2 

HPGT55D21 33.7 87.1 13.5 

HPGT55D42 32.2 83.2 7.8 

HPGT55D63 33.2 85.8 9.8 

HPGT55D84 31.1 80.4 10.4 

Note: a: Coefficient of variation. 

  



Table 6 Experimental apparent horizontal shear strength of reference and conditioned CFRP specimens 

 Apparent horizontal shear strength 

Specimen label Mean (MPa) Retention (%) CVa (%) 

CR 42.2 100 6.9 

NCT25D21 40.6 96.2 3.2 

NCT25D42 39.4 93.4 12.9 

NCT25D63 39.4 93.4 5.5 

NCT25D84 39.3 93.1 6.7 

NCT40D21 36.6 86.7 7.7 

NCT40D42 35.0 82.9 5.0 

NCT40D63 32.1 76.1 11.1 

NCT40D84 14.4 34.1 5.0 

NCT55D21 35.4 83.9 14.3 

NCT55D42 27.0 64.0 5.9 

NCT55D63 18.1 42.9 16.4 

NCT55D84 1.3 3.1 2.5 

HPCT25D21 40.2 95.3 8.6 

HPCT25D42 40.8 96.7 4.9 

HPCT25D63 38.3 90.8 11.0 

HPCT25D84 39.7 94.1 13.0 

HPCT40D21 38.2 90.5 6.2 

HPCT40D42 35.0 82.9 15.1 

HPCT40D63 33.8 80.1 5.0 

HPCT40D84 35.7 84.6 8.6 

HPCT55D21 34.8 82.5 6.6 

HPCT55D42 33.5 79.4 6.3 

HPCT55D63 34.5 81.8 13.6 

HPCT55D84 25.8 61.1 7.4 

Note: a: Coefficient of variation. 

  



Table 7 Moisture absorption and desorption test results of FRP bars in SWSSC solutions 

 Weight gain/change percent (%) 

Specimen label After exposure for 84 days After drying at 60oC 

NBT25 0.27 (0.11) -0.14 (0.04) 

NBT40 3.30 (1.45) -1.36 (0.45) 

NBT55 15.82 (0.93) -12.68 (2.21) 

NGT25 0.14 (0.02) -0.08 (0.04) 

NGT40 0.34 (0.05) -0.22 (0.03) 

NGT55 2.03 (0.41) -0.40 (0.33) 

NCT25 0.24 (0.01) -0.10 (0.01) 

NCT40 0.27 (0.07) -0.50 (0.04) 

NCT55 4.29 (1.13) -4.37 (0.40) 

HPBT25 0.10 (0.01) -0.08 (0.02) 

HPBT40 0.46 (0.06) -0.28 (0.04) 

HPBT55 0.97 (0.28) -1.73 (0.39) 

HPGT25 0.17 (0.03) -0.05 (0.03) 

HPGT40 0.11 (0.02) -0.16 (0.05) 

HPGT55 0.03 (0.09) -0.56 (0.14) 

HPCT25 0.24 (0.04) -0.02 (0.03) 

HPCT40 0.43 (0.05) -0.06 (0.05) 

HPCT55 0.92 (0.08) -0.20 (0.06) 

Note: the values in the parentheses represent the standard deviation.



Table 8 Assignments of the characteristic absorption bands observed in the FTIR spectra for the reference FRP specimens. 

Absorption bands (cm-1) Assignment  Reference 

3400  O-H stretching band [51,52] 

2930 and ~2890 Stretching vibration of C-H group [51,52] 

1732  
Stretching vibration of C=O in a non-conjugate 

ester 

[34] 

1612 C=C stretching band (alkene) [52,53,54] 

~1509 C=C (aromatic nucleus) [52,53,54] 

~1244 Asymmetric stretching vibration C-O-Φ [34,51] 

1182 C-O aromatic ring stretching  [55] 

~1041 Symmetric stretching vibration C-O-Φ [34,51] 

~827 Out of plane bending of C-H (benzene) [52] 

 



Table 9 Coefficients of the regression equations in Eq. (8) for FRP bars 

Type 
Temperature 

(oC) 
τ R2 

BFRP 25 569.3 0.99 

 40 74.9 0.82 

 55 26.8 0.97 

GFRP 25 1579.7 0.72 

 40 279.7 0.89 

 55 110.2 0.98 

CFRP 25 938.0 0.71 

 40 133.7 0.74 

 55 64.7 0.85 

 

  



Table 10 Coefficients of regression equation in Eq. (7) for Arrhenius plots 

  FRP bars in N-SWSSC solution 

Type 

Apparent horizontal 

shear strength retention 

(%) 

Ea / R R2 

BFRP 60 10011 0.95 

 70 10011 0.95 

 80 10011 0.95 

 90 10011 0.95 

GFRP 60 8719 0.96 

 70 8719 0.96 

 80 8719 0.96 

 90 8719 0.96 

CFRP 60 8778 0.90 

 70 8778 0.90 

 80 8778 0.90 

 90 8778 0.90 

 

  



Table 11 Time-shift factor for FRP bars in N-SWSSC solution 

  Time-shift factor (TSF) 

Type 
Temperature 

(oC) 

Hall’s Harbor 

Wharf 

(7.6oCa) 

Joffre 

Bridge 

(4.1oC) 

Chatham 

Bridge 

(4.6 oC) 

Crowchild 

Trail Bridge 

(3.9oC) 

Waterloo 

Creek Bridge 

(9.9oC) 

BFRP 25 8.0 12.6 11.8 12.9 6.0 

 40 40.0 62.8 58.8 64.4 30.0 

 55 172.5 270.6 253.6 277.8 129.1 

GFRP 25 6.1 9.1 8.6 9.3 4.8 

 40 24.9 36.8 34.8 37.6 19.3 

 55 88.8 131.4 124.1 134.4 69.0 

CFRP 25 6.2 9.2 8.7 9.4 4.8 

 40 25.4 37.7 35.6 38.6 19.7 

 55 91.5 135.8 128.3 138.9 71.0 

Note: a: annual mean temperature from the World Climate & Temperature online database by 12 August 2016. 

(http://www.climatemps.com/) 



Table 12 Coefficients of the regression equations for the master curves of FRP bars in N-SWSSC solution 

Type Structure 

Mean annual 

temperature 

(oC) 

τ R2 

BFRP Hall’s Harbor Wharf 7.6a 3630 0.92 

 Joffre Bridge 4.1 5693 0.92 

 Chatham Bridge 4.6 5335 0.92 

 Crowchild Trail Bridge 3.9 5843 0.92 

 Waterloo Creek Bridge 9.9 2717 0.92 

GFRP Hall’s Harbor Wharf 7.6 9212 0.95 

 Joffre Bridge 4.1 13633 0.95 

 Chatham Bridge 4.6 12883 0.95 

 Crowchild Trail Bridge 3.9 13946 0.95 

 Waterloo Creek Bridge 9.9 7157 0.95 

CFRP Hall’s Harbor Wharf 7.6 5069 0.80 

 Joffre Bridge 4.1 7522 0.80 

 Chatham Bridge 4.6 7106 0.80 

 Crowchild Trail Bridge 3.9 7697 0.80 

 Waterloo Creek Bridge 9.9 3932 0.80 

Note: a: annual mean temperature from the World Climate & Temperature online database by 12 August 2016. 

(http://www.climatemps.com/) 
 

  



Table 13 Long-term predication results of FRP bars at different mean annual temperatures 

  
Time in years to reach 70% apparent horizontal shear 

strength retention of FRP bars 

Structure 

Mean annual 

temperature  

(oC) 

BFRP in N-

SWSSC solution 

GFRP in N-

SWSSC solution 

CFRP in N-

SWSSC solution 

Hall’s Harbor Wharf 7.6a 3.5 9.0 5.0 

Joffre Bridge 4.1 5.6 13.3 7.4 

Chatham Bridge 4.6 5.2 12.6 6.9 

Crowchild Trail Bridge 3.9 5.7 13.6 7.5 

Waterloo Creek Bridge 9.9 2.7 7.0 3.8 

Note: a: annual mean temperature from the World Climate & Temperature online database by 12 August 2016. 

(http://www.climatemps.com/) 

  



Table 14 Comparison between long-term prediction results and field results of FRP bars 

 

  

Calculated apparent horizontal shear strength 

retention of FRP bars after the given serviced 

years (%) 

 

Structure 

Serviced 

years by 

2007 

Mean annual 

temperature 

(oC) 

BFRP in N-

SWSSC 

solution 

GFRP in N-

SWSSC 

solution 

CFRP in N-

SWSSC 

solution 

Retention of 

field GFRP (%) 

(Mufti et al. 

2007) 

Hall’s Harbor Wharf 5 7.6a 60.5 82.0 69.8 100 

Joffre Bridge 7 4.1 63.8 82.9 71.2 100 

Chatham Bridge 8 4.6 57.8 79.7 66.3 100 

Crowchild Trail Bridge 8 3.9a 60.7 81.1 68.4 100 

Waterloo Creek Bridge 6 9.9 44.7 73.6 57.3 100 

Note: a: annual mean temperature from the World Climate & Temperature online database by 12 August 2016. 

(http://www.climatemps.com/) 


