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Abstract 

Using fibre reinforced polymer (FRP) composites together with seawater and sea sand concrete 

(SWSSC) in coastal areas will overcome the environmental issues of using ordinary concrete and 

corrosion problems of conventional steel reinforcements. The present research investigates the 

mechanical properties of different SWSSC filled FRP tubes after exposure to seawater. Glass, 

carbon, and basalt filament wound FRP tubes were filled with SWSSC and exposed to seawater 

for different exposure durations at different temperatures. A total number of 567 Hoop tension and 

compression tests were carried out after conditioning to investigate the mechanical properties 

degradation of the tubes. In addition, scanning electron microscopy (SEM) and micro computed 

tomography (micro-CT) analyses were conducted on representative samples to study the 

degradation mechanisms and damage progression. Finally, the long-term mechanical performance 

of SWSSC filled tubes under seawater was predicted based on Arrhenius theory and using the 

experimental data. According to the test data, generally, the samples with multiple fibres direction 

showed better durability compared to the tubes with fibres oriented in hoop directions. Moreover, 

carbon tubes experienced the smallest degradation while glass and basalt tubes showed almost the 

same range of degradation.  
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1. Introduction 

Production of conventional concrete demands use of huge amounts of river sand and fresh water, 

which can cause environmental and ecological problems, as well as the sand and water shortages 

created by the massive demand. To address these issues, seawater and sea sand concrete (SWSSC) 

could be an attractive alternative to conventional concretes, especially in coastal areas [1]. In 

SWSSC, fresh water and river sand are replaced with their sea-based equivalents [2, 3]. By using 

geo-polymers in SWSSC, namely slag and fly ash, the alkali silica reaction (ASR) and its 

accompanied probable cracking, common in traditional concretes, is highly reduced [4, 5]. 

Furthermore, previous research has shown that the mechanical properties of SWSSC are almost 

identical to those of the conventional concretes [6, 7]. SWSSC can be used as one of the main 

materials in structural supports, however, the corrosion resistance of  traditional steel 

reinforcements will be unacceptably poor due to the high chloride content in seawater [8, 9]. To 

address the corrosion concern, particularly in the aggressive environments like marine settings, 

researchers have suggested using fibre-reinforced polymer (FRP) composites as corrosion-

resistant materials instead of traditional steel [10-14]. FRP composites offer several other 

outstanding characteristics, such as high strength/stiffness-to-weight ratio, ease of fabrication and 

handling, and nonmagnetic properties [15-18].  Carbon, glass, aramid, and basalt are different 

types of fibres used in FRP composites. Among these four types, basalt FRP (BFRP) composites 

have attracted attention recently due to their unique characteristics, such as the abundance of raw 



materials available to produce BFRP, its environmental friendliness, and its relatively low cost 

when compared to carbon FRP (CFRP) [19, 20].  

In spite of the advantages of FRP as concrete reinforcements in marine environments, they are 

reported [15, 21] to be vulnerable when exposed to alkali environments (particularly concrete 

environments). Therefore, it is deemed necessary to investigate the durability of FRPs when used 

as reinforcement for reinforced-concrete (RC) structures [22, 23]. The degradation mechanisms of 

FRP composites under aggressive environments, such as alkaline, acidic, and seawater settings, 

include the deterioration of the resin matrix [24], fibre damage [25], and the weakening of the 

fibre/resin interface [26]. Types of damage caused by resin matrix degradation include swelling, 

delamination, plasticization, cracking, and alkaline hydrolysis (in polyester and vinyl ester); such 

damages may occur due to moisture absorption and chemical diffusion [27-30]. Glass/basalt-fibre 

damage is caused when metallic cations leach out of the fibre surface and when the Si-O-Si bond 

is broken by hydroxyl ions (etching) [31]. However, the degradation rate of basalt fibre is higher 

due to the chemical reaction between aluminium, iron and magnesium contents of basalt with alkali 

and chloride in concrete environments [32]. It is generally accepted that carbon fibres are generally 

resistant to chemical environments [33]. Finally, the deterioration of the fibre/resin interface is 

caused by matrix osmotic cracking, delamination, and interfacial debonding [34]; the interface 

deterioration is the main reason why the mechanical properties of FRP composites degrade in 

aggressive environments [35]. 

Many studies have investigated the durability and long-term performance of FRP composites 

under different environmental conditions, such as harsh daily conditions, alkaline, acidic, and 

seawater contexts [15, 25, 36-44]. Most of these studies have examined the durability of FRP 

composites in alkaline environments created by traditional concrete (ordinary, Portland cement-



based concrete) [15, 21]. There are a very limited number of studies available on the durability of 

FRP composites in SWSSC environments [8, 45-47].  

The concrete-filled FRP tube (CFFT) is one among many construction applications of FRP 

composites used in corrosive environments (e.g., coastal areas such as bridge piers, drilling 

platforms, and high-rise buildings) to overcome the corrosion problems related to concrete-filled 

steel tubes (CFSTs) [48, 49]. Recently, many researchers have been attracted to the idea of using 

SWSSC with FRP composites tubes because the two are compatible materials that are both suitable 

for marine environments; this idea was first presented by Teng [50]. 

The studies conducted on CFFTs, and particularly the SWSSC-filled tubes, primarily focused on 

their short-term mechanical properties [15, 51-53]. However, to the best knowledge of the authors, 

their durability under environmental conditions has gathered very limited attentions [46, 54, 55]. 

Among these studies, those on the durability of CFFT compressive strength could not provide 

sufficient knowledge in terms of the FRP tube individual components (i.e. in the level of macro, 

including the mechanical properties of the tubes and micro, including the degradation 

mechanisms). Robert and Fam [54] investigated the long-term performance of CFFTs subjected to 

a salt solution and showed that filament-wound glass FRP (GFRP) tubes lost 11% and 21% of their 

hoop strength after exposure for 365 days to the solution at 23 °C and 50 °C, respectively. More 

recently, Bazli et al. [46] studied the tensile and compression strengths and modulus degradation 

of pultruded GFRP tubes after exposure to SWSSC and seawater environments. Based on the 

accelerated test results and long-term prediction models, tensile strength reduction factor between 

0.65 to 0.88 (with respect to tube thickness) and compressive strength reduction factor about 0.3 

were proposed by the authors for SWSSC pultruded GFRP tubes expose to seawater.  



Despite these studies, the literature would suggest that there are still several factors, such as the 

fabrication process, fibres types, and fibres orientation that may have effect on the durability of 

CFFTs under seawater, which have not been studied yet. To address the existing research gap, this 

study focuses on the degradation of the mechanical properties of different filament wound FRP 

tubes (GFRP, CFRP, and BFRP), specifically, tubes with two different fibre orientations that are 

filled with SWSSC (inner side environment) and subjected to seawater (outer side environment).  

2. Experimental Program 

This study is a part of a comprehensive research project that examines the performance and 

durability of FRP composites as an alternative material for conventional steel reinforcement 

subjected to corrosive environments, including SWSSC and seawater. In the present study, the 

durability of FRP filament wound tubes exposed to SWSSC as the inner condition and seawater 

as the outer condition was studied. With this regard, a comprehensive experimental study was 

carried out by conducting a total number of 567 mechanical tests. GFRP, CFRP, and BFRP tubes 

with two different fibres orientation were constructed, and then filled with SWSSC and exposed 

to seawater. The tubes were exposed for 1, 3, and 6 months at the ambient (23 ºC), 40 ºC, and 60 

ºC. After conditioning, mechanical tests, including split-disk tensile and compression tests, were 

carried out to investigate the degradation of FRP tubes in both hoop and longitudinal directions. 

Furthermore, SEM and micro computed tomography (micro-CT) analyses were conducted on 

some selected specimens at different times to investigate the degradation mechanisms. Finally, the 

long-term performance of FRP tubes’ mechanical properties under the environmental condition 

was predicted using accelerated experimental results based on the Arrhenius law.  

2.1. Materials 



2.1.1. FRP tubes 

In this study, filament wound FRP tubes were used to construct the CFFTs. The tubes were made 

of epoxy resin and continuous fibres (glass, carbon, and basalt) oriented in two patterns: (1) 20% 

in 15°, 40% in 40°, and 40% in 75° to provide the appropriate strength and stiffness in both the 

longitudinal and hoop directions; (2) 100% in 89° to investigate the effect of fibre orientation. The 

fibre and resin were mixed with the volumetric percentages ratio of 60% to 40%, respectively, for 

CFRP and GFRP, and 70% to 30%, respectively, for BFRP tubes. The average mechanical 

properties of FRP coupon tests are used as “reference” in this paper.  

2.1.2. Seawater sea sand concrete (SWSSC) 

There are several studies in the literature that the real condition of concrete environment has been 

simulated by alkaline solution (dissolving chemical compositions in distilled water), which 

contains the same chemical compositions of the targeted concrete type. However, due to faster 

movement of OH- ions in a solution compared to a fresh/hardened concrete, the degradation level 

of FRPs in simulated concrete solution may be higher than that of the real concrete environment 

[56]. Therefore, both real SWSSC and simulated solution were used to investigate the effect of 

using solution instead of real concrete.  

Alkaline activated, slag based, seawater and sea sand concrete (SWSSC) was used to fill the FRP 

tubes. The concrete mixture is: slag (360 kg/m3), seawater (190 kg/m3), sea sand (830 kg/m3), 

coarse aggregate with maximum size of 14 mm (1130 kg/m3), sodium meta-silicate (38.4 kg/m3) 

and hydrated lime slurry (14.4 kg/m3). A total of three batches of concrete were casted for 

specimens and the 28-day strengths were 37.3 MPa, 35.5 MPa, and 39.8 MPa for GFRP, CFRP 

and BFRP specimens, respectively. The seawater and sea sand used to cast the concrete were 

collected from Brighton beach in Melbourne, Australia.  



Simulated normal SWSSC environment was prepared similar to previous studies [8, 46] by 

dissolving 35 g/l sodium chloride (NaCl), 19.6 g/l potassium hydroxide (KOH), 2.4 g/l sodium 

hydroxide (NaOH), and 2 g/l calcium hydroxide (Ca(OH)2) in distilled water. The average 

measured pH of the SWSSC solution was about 13.4. It should be noted that the pH of the slag 

based SWSSC may be slightly lower than the cement-based SWSSC due to the high content of the 

slag. However, in order to compare the results [8, 32, 46, 47] with the previous studies, the same 

compositions were used to simulate SWSSC in the present study. 

2.2. Specimens 

In order to study the durability of filament wound FRP tubes filled with SWSSC under seawater, 

a total of 567 samples were tested under compression and split-disk tests. Two sets of samples 

were prepared: (1) samples filled with SWSSC and (2) samples filled with simulated SWSSC 

solution.  

2.2.1 Specimens constructed with SWSSC 

SWSSC-filled double-skin FRP tubes, which consisted of two concentric FRP tubes that 

sandwiched the concrete between the tubes. As a result, the inner surface of the outer tube and the 

outer surface of the inner tube experienced the SWSSC environment, i.e., same as the one 

experienced by a FRP tube fully filled with SWSSC. Therefore, the results inner tubes in double-

skin specimens can be applied to fully filled specimens. The influence of corrosive environments 

combinations (inner seawater and outer concrete vs. inner concrete and outer seawater) can also 

be examined by comparing the performance of inner and outer tubes. Fig.1 shows the structure of 

the of the double skin SWSSC FRP tube. The dimensions of the double-skin tubes are summarised 

in Table 1, where Di is outer diameter of inner tube, ti is inner tube thickness, Do is outer diameter 

of outer tube and to is outer tube thickness. 



The specimens were classified into two groups: conditioned and unconditioned (reference) 

samples. With respect to conditioned samples, the 250 mm high SWSSC-filled double-skin FRP 

tubes were first prepared and cured at ambient temperature for 28 days. Then, the long FRP tubes 

were cut to be ready for conditioning. The concrete-filled GFRP and BFRP tubes were cut into 20 

mm wide disks by diamond saws. The width for CFRP disks was 8 mm due to the limited capacity 

of test apparatus.  

2.2.2 Specimens constructed with simulated SWSSC solution 

With respect to this set of samples, long FRP tubes that were cut into 250 mm, were fully filled 

with simulated SWSSC solution as the inner side condition. For this purpose, firstly, the FRP tube 

was sealed in one end with petri dish using epoxy resin. Then, SWSSC solution was poured inside 

the tube and the other end was sealed as well. After conditioning, for compressive tests, all types 

of tubes were cut into 50 mm. However, in order to conduct split-disk tensile tests, similar to 

double-skin samples, BFRP and GFRP tubes were cut into 20 mm wide disks and 8 mm for CFRP. 

The dimensions of the tubes used for fully filled samples are the same as inner tubes mentioned in 

Table 1. 

2.3. Environmental conditions 

2.3.1 Specimens constructed with SWSSC 

The degradation was conducted by fully immersing the samples into 3.5% NaCl solution (i.e. 

artificial seawater) in a beaker. For comparison purpose, some samples were also immersed in 

distilled water. The beakers containing specimens and solutions were placed in water tanks with 

temperature control and plastic films were fixed on the top of the beakers to avoid the evaporation 

of water. Samples were conditioned at three temperatures, including ambient temperature (23 °C), 



40 °C and 60 °C for three immersion durations: 30, 90 and 180 days. The maximum aging 

temperature (i.e. 60 °C) was selected based on ACI 440.3R and CSA S806 standard 

recommendations [57]. 60 °C is much lower than the resin glass transition temperature, and it is 

believed that the degradation mechanisms are the same for the three temperatures. 

After each period, three specimens were removed from the test vessels (beakers) and the sandwich 

concrete was removed for the split-disk tests.  

2.3.2 Specimens constructed with simulated SWSSC solution 

The 250 mm tubes, which were filled with SWSSC solutions were immersed in artificial seawater 

and exposed at the temperatures for durations as those for the double-skin samples. It is worth 

mentioning that the pH of the seawater solution was monitoring continuously to ensure no solution 

leakage occurred from inside the tubes into the seawater. Fig. 2 shows the details of the specimens 

prepared for each condition. 

Table 2 summaries the type of specimens, conditioning details and the type of mechanical tests 

for each condition. It should be mentioned that three identical tests were conducted for each 

condition and the average result are used for discussions and conclusions. In total, 522 conditioned 

samples and 45 unconditioned samples were tested in this study.  

2.4. Mechanical tests 

2.4.1. Split-disk tests 

After reaching each time target, split-disk test was then conducted on three wide disks of 

conditioned specimens from each of the FRP tubes (20 mm disks of GFRP and BFRP and 8 mm 

disks of CFRP) to obtain the mechanical properties in hoop direction. Unconditioned FRP rings 

with the same width of that conditioned specimens were also tested to get the reference properties. 



The split-disk tests were conducted according to ASTM D2290 standard [58] at a loading rate of 

1 mm/min. In order to minimize the local bending effect near the split region, the diameter of the 

half disks used were almost the same (slightly smaller) as the inner diameter of the tubes. Two 

strain gauges were attached in the hoop directions at a considerable distance from the middle gaps. 

The reason of attaching strain gauges far from the gap was to minimise the influence of the local 

bending on tensile strain values. To minimise the friction between the FRP disks and the steel half-

disk, a high pressure grease was used. Fig. 3 (a) shows the test set-up, specimen configuration, 

and position of strain gauges. 

2.4.2. Compression tests 

After reaching each time target, three 50 mm wide disks of unconditioned specimens and three 50 

mm wide disks of fully filled conditioned tubes, from each of the FRP tubes in Table 2, were 

tested in compression. Shimadzu 300 kN testing machine with a loading rate of 0.5 mm/min was 

used to conduct compression tests. It should be noted that, because of small thickness and relatively 

low axial strength of BFRP and GFRP tubes to prevent the effect of surface unevenness and local 

failure at the tube ends, 7mm thickness rubber plates were used at both ends of these tubes for 

compressive tests. To obtain the compressive elastic modulus a strain gauge was attached at mid-

height of each sample in the applied load direction. Fig. 3 (b) shows the compressive test set-up. 

2.5. Analysis of microstructural degradation 

The detrimental effects of alkaline ions (in terms of SWSSC) and seawater on the fibres, resin 

matrix, and fibre/resin interface of the filament wound FRP tubes were studied using high-

resolution JOEL7001 scanning electron microscopy (SEM) and Zeiss Xradia 520 Versa X-ray 

micro computed tomography (micro-CT). Energy-dispersive X-ray spectroscopy (EDS) was also 

used for chemical characterisation of FRP samples after exposure. The tubes were analyzed using 



observation and image processing through their depth (from the edges toward their centers). The 

samples were cut from the exposed specimens at different periods and were ground and polished. 

Liquid nitrogen fracturing method was also used in preparation for the microstructural 

examination.   

3. Results and Discussion 

In this section, the physical and microstructural changes as well as failure modes and mechanical 

test results are presented and discussed in detail.  

3.1. Visual observations 

Fig. 4 shows the samples before and after exposure to environmental conditions. As shown in Fig. 

4, with the increase of aging time and temperatures, the colour of GFRP turns from light green to 

blue-green and slightly brown, CFRP turns from shining black to deep black and BFRP changes 

from black to slightly brown due to the presence of iron in BFRP. After exposure to seawater and 

sea sand concrete, it is found that the matrix of G/C/B-FRPs is partly damaged and the fibres are 

revealed is some cases. The degradation level of each type will be discussed in detail later on 

microstructural examination section.   

 

3.2. Microstructural analyses  

3.2.1 SEM  

In order to study the degradation mechanisms in terms of fibres, resin, and fibre/resin interface, 

some samples were examined under SEM. It is worth mentioning that Guo et al. [32]  studied the 

degradation of the same FRP tubes used in the present study during exposure to SWSSC using 

SEM analyses. Therefore, some of the images used in this section are related to that study. Both 



inner and outer surfaces of the samples exposed to SWSSC and seawater, cross-sections near the 

sample edges, and fracture surface were examined under SEM to comprehensively understand the 

damage mechanisms in different conditions.  

As is seen in Fig. 5, the cross-section of GFRP and CFRP samples exposed to 60 °C saltwater and 

real SWSSC for 180 days showed no significant damages in terms of resin cracking. However, 

cracks (i.e., white lines in Fig. 5) are found in both sides (sides in contact with both SWSSC and 

saltwater) of conditioned BFRP samples. The cracks pass around the fibers indicating the 

interphase between matrix and fibres is degraded by the aggressive environments. With respect to 

samples exposed to 60 °C saltwater and simulated SWSSC solution for 180 days, it is observed 

that SWSSC simulated solution can degrade both the resin matrix and also the fibers in GFRP and 

BFRP samples (Fig. 6 (b) and (c)). However, similar to real SWSSC condition, no significant 

damage was observed in CFRP samples (Fig. 6 (a)). Therefore, based on the evaluations of the 

cross-sectional microstructures, BFRP shows the poorest durability performance, while the CFRP 

shows the best durability. 

To evaluate the microstructure of fibres before and after aging, the fracture surface of FRP samples 

were further examined, in which a thin strip of FRP was fractured after exposure to liquid nitrogen. 

The fracture surfaces of aged FRP samples, from both set of specimens, which were exposed to 60 

°C SWSSC /simulated SWSSC solution and saltwater for 180 days, were carefully examined. As 

is seen in Fig. 7, no obvious damages were found on fibers related to samples exposed to real 

SWSSC. However, Guo et al. [32]  observed obvious fiber damages, such as pitting and cracking 

in GFRP and BFRP (Fig. 8) tubes after 6 months of conditioning at 60 °C. Similar damages were 

observed by Bazli et al. [46] in pultruded GFRP composites when exposed to simulated SWSSC 

for the same duration and at the same temperature. The reactions between the alkali-ions and 



silicate in glass/basalt fibers, causing network destruction and its gradual dissolution, are suggested 

to be the main reason of the corrosion shell formation on fibers in alkali environment [59, 60]. The 

expansion of corrosion shells leads a local stress in the matrix and consequently fibre/resin 

interface debonding and exfoliation from fibres. The chemical reaction resulting the formation of 

corrosion shell is shown in Eq.1. Eq. 2 also shows the silicate network subsequent destruction and 

gradual dissolution [60-62].  

≡ 𝑆𝑖 − 𝑂𝑅 + (𝐻+ + 𝑂𝐻−) →≡ 𝑆𝑖 − 𝑂𝐻 + 𝑅𝑂𝐻                                             (1) 

≡ 𝑆𝑖 − 𝑂 − 𝑆𝑖 ≡ +(𝑅+ + 𝑂𝐻−) →≡ 𝑆𝑖 − 𝑂𝐻 + 𝑅𝑂 − 𝑆𝑖                                       (2) 

The corrosion shells formed become thicker by the time of exposure and moves through the fibre 

core. These reactions and movements will result insoluble compounds (i.e. calcium, iron, titanium, 

magnesium and zirconium) to be remained [61]. The expansion of corrosion shells leads a local 

stress in the matrix and consequently fibre/resin interface debonding and exfoliation from fibres. 

Different mechanical properties between the fibre and the corrosion shell will facilitate the 

exfoliation process of BFRP and GFRP fibres. Regarding the fibres pitting (i.e. localized attack), 

reduction of the fibre local diameter will decrease the load bearing capacity of the BFRP and GFRP 

fibres [32]. 

 However, as is seen in (Fig. 8(b) and (c)), these degradations are significantly more in BFRP 

samples compared to GFRP samples. The possible reason could be the difference in aluminium, 

iron and magnesium contents which react with the chloride ions existing in seawater and simulated 

SWSSC.  

Regarding the aluminium, the following reactions occur when fibres are subjected to simulated 

concrete/SWSSC: 



Firstly, in an alkaline environment, the aluminium oxide dissolves according to the following 

reaction [63]:  

𝐴𝑙2𝑂3 + 2𝑂𝐻−(𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑) → 2𝐴𝑙𝑂2
−(𝑎𝑞𝑢𝑒𝑜𝑢𝑠) + 𝐻2𝑂                                       (3) 

Next, aluminium ions will react with the chloride ions exist in SWSSC according to Eq.4 [64]. 

The formed soluble oxychloride complexes are then leached into the simulated SWSSC solution.  

 

𝐴𝑙+3 + 2𝐶𝑙− + 2𝑂𝐻− → 𝐴𝑙(𝑂𝐻)2𝐶𝑙2
−                                                         (4) 

With similar set of reactions, the magnesium also dissolves in the SWSSC solution [63]. 

Regarding the iron existing in basalt fibres, the following reactions occur when basalt fibres are 

subjected to simulated SWSSC: Firstly, as a result of ferric iron hydrolysis in an aqueous 

environment, ferric hydroxide forms [65]: 

𝐹𝑒+3 + 3𝑂𝐻− → 𝐹𝑒(𝑂𝐻3)(𝑎𝑞)                                                                    (5) 

It is worth mentioning that this hydrolysis will occur with higher rate in alkaline solution [66].  

Next, the following set of reactions occur in the presence of chloride ions [67]: 

𝐹𝑒+3
(𝑎𝑞) + 𝐶𝑙−

(𝑎𝑞) ↔ 𝐹𝑒(𝐻2𝑂)𝐶𝑙+2
(𝑎𝑞)

                                                        (6) 

𝐹𝑒(𝐻2𝑂)𝐶𝑙+2
(𝑎𝑞)

↔ 𝐹𝑒𝐶𝑙+2
(𝑎𝑞)                                                                (7) 

𝐹𝑒𝐶𝑙+2
(𝑎𝑞) + 𝐶𝑙−

(𝑎𝑞)  ↔ 𝐹𝑒𝐶𝑙2
+

(𝑎𝑞)
                                                            (8) 

𝐹𝑒𝐶𝑙2
+

(𝑎𝑞)
+ 𝐶𝑙−

(𝑎𝑞)  ↔ 𝐹𝑒𝐶𝑙3(𝑎𝑞)
                                                             (9) 

The considerable amount of iron oxide in basalt fibres leads to a higher solution uptake of BFRP 

and thus higher degradation levels. This was explained in [66] by showing the relation between 

the osmotic coefficient in an NaCl solution and the molal concentration of 𝐹𝑒𝐶𝑙2. 



Therefore, the difference in aluminium, magnesium and iron contents (refer to [32] for the amount 

of each component) which react with the chloride ions existing in seawater and simulated SWSSC 

are the main reasons for the different degradation levels of GFRP and BFRP samples. 

Regarding the CFRP samples, as expected, no significant damage was observed in carbon fibers 

and fiber/resin interface (Fig. 8(a)). This confirms the fact that carbon fibres are resistance to 

environmental condition regardless of the exposure solution and conditioning time and 

temperature.  

Based on the results of double skin samples, after exposure at 60 °C to saltwater for 180 days, 

degradation of the interphase was only found in BFRP and no degradation of fibers was observed 

for all FRP types. However, clear strength loss is found for all FRPs (will be discussed in Section 

3.4), which are 46%, 15% and 42% for hoop strengths of GFRP, CFRP and BFRP, respectively. 

Therefore, the microstructure change of aged FRP becomes observable only when serious 

degradation occurs (e.g., in simulated SWSSC environment). Therefore, it may not be reliable to 

evaluate the strength reduction of FRPs only by checking its microstructure through SEM. 

The chemical composition of the matrix was also analysed by Energy-dispersive X-ray 

spectroscopy (EDS). Since the same type of epoxy was adopted as the matrix in GFRP, CFRP and 

BFRP, only GFRP samples, including unconditioned and aged samples after 180 days of exposure 

at 40 °C or 60 °C to saltwater, were examined in the present study. The chemical composition (in 

percentage) is summarised in Table 3, which is an average result after analysing several points 

located near the sample edges. As shown in Table 3, the chemical composition of epoxy does not 

change significantly after aging. This shows the chemical stability of epoxy resin. This finding is 

in agreement with the existing understanding that the epoxy is not affected by hydrolysis due to 

its lack of ester group in molecular structures [33]. Table 3 also indicates that the Chloride (Cl-) 



concentration in aged samples is slightly higher than the concentration in unconditioned samples, 

which is probably caused by the ingress of Cl- from saltwater to matrix. 

3.2.2 Micro CT  

As discussed earlier and observed in the SEM images of FRP tubes filled with simulated SWSSC 

and subjected to seawater solutions, significant damages in terms of fibre, resin and interface 

occurred after a certain period of conditioning. The amount of voids percentage in FRPs as a result 

of resin cracking and leaching could be used as an index to evaluate the degradation level of such 

materials under harsh environmental conditions. In order to achieve this, three conditioned samples 

and their references were imaged using the micro-CT at 3.38-micron pixel size. Subsequently, 

these images were analysed and compared to establish the relative degradations incurred. XRM 

Reconstructor software was used for 3D reconstructions using the 2D projections of the scanned 

samples. In order to map the degradation level through the thickness of the samples, from each 

sample, four sub volumes with dimensions of 1.47 mm×1.47 mm×2.94 mm were selected. The 

height of each sub volume is the same from the centre of the scanned sample. The width of each 

sub volume is considered from the edge to the centre of the tube thickness. For each sub volume 

the average percentage of fibres, resin, and voids in different segments were obtained using image 

analyses. Avizo commercial software and MATLAB codes were used with this regards. Fig. 9 

shows the 3D scanned image of reference and one conditioned sample from each tube type. As is 

seen, significant damage in BFRP sample was observed, while GFRP and CFRP showed less 

degradations. These observations were already confirmed by the SEM images. By comparing the 

side of the samples that was exposed to SWSSC solution with the side exposed to seawater, it is 

clearly seen that the degradation is higher in former compared to the latter.   

Fig. 10 shows the image processing out-put of a segment in one sub volume of reference and 

conditioned sample. In order to obtain the percentage of the components, colour images related to 



each sub volume, were generated using Avizo software. The colour image are used as input to a 

MATLAB in-house produced code that enables calculation of the percentage of fibres, resin and 

voids. A colour image, which is also known as an RGB image is an image in which each pixel is 

identified by three values: one each for the red, green, and blue components of the pixel scalar. 

Each RGB colour image, is divided into its three colour planes (red, green and blue).  

The interval number of quantization in gray scale image processing is represented by gray levels. 

8-bit storage is the most commonly used storage method. In an 8-bit gray scale image, there are 

256 gray levels, and each pixel can have an intensity ranging from 0 to 255, with 0 being black 

and 255 being white [68].   

Similarly, in the present study, the resulting monochromatic image is scaled in the range 0-255. 

After scaling, each material corresponds to a specific section of the gray-level values histogram in 

one of the colour planes, therefore it can be identified and isolated. In order to do so, binarization 

via thresholding is performed. Thresholds are selected so that the generated binary images identify 

the pixel corresponding to the fibres, resin, and voids. Thresholds are selected so that the generated 

binary images identify the pixel corresponding to the fibres, resin, and voids. The results related 

to different sub volumes of each sample are summarised in Table 4. It is observed that amount of 

voids in CFRP samples did not change considerably after 6 months of exposure at 60 °C (average 

increment about 2.6 (%) compared to the voids percentage of reference sample), while both GFRP 

and BFRP tubes showed about 32 (%) and 22 (%) voids increment, respectively compared to their 

corresponding reference sample. The void morphology of the samples could be used to explain the 

reason for these observations. As is seen in Table 4, in conditioned GFRP sample, the percentage 

of the fibres remained almost the same, while the resin percentage decreased about 2%. This shows 

that the resin leaching (interface cracking) and microcracks are the main reasons of the void 

increment. However, in conditioned BFRP sample, the percentage of the fibres decreased about 



3%, while the resin percentage remained almost the same in comparison to the reference sample. 

This shows that the significant cracking (see Fig. 9), interface degradation and fibres damages 

were the main reasons of void increment in BFRP sample.  These observations also confirm the 

fact that the CFRP tubes are less vulnerable to harsh environments compared to GFRP and BFRP 

tubes.   

3.3. Failure modes  

Fig. 11 shows the typical failure modes observed in compression and hoop tensile tests. As is seen, 

no significant changes were observed in compressive reference and conditioned samples: tubes 

with 89 fibres were failed along the tube height and through the resin/fibre interface fracture, while 

samples with multiple fibres direction failed due to the local buckling in multiple directions. Also, 

the failure mode of both tensile reference and conditioned tubes with multiple fibres was the same 

and it was fibres fracture. However, as is seen in Fig. 11(d), the failure mode of tensile tubes with 

89° fibres changed from fibres fracture in reference samples to the combination of fibres fracture 

and delamination in conditioned sample. It is worth mentioning that the longer the time and the 

higher the temperature of the conditioning, the greater is the delaminated layers. The reason for 

this failure mode change is the significant interface degradation due to the solution penetration 

through the sample thickness.  

3.4. Mechanical test results  

3.4.1 Split-disk tensile   

Split-disk test was conducted on FRP rings to obtain the strength and Young’s modulus in hoop 

direction. The nomenclature of double skin specimens is: FRP type (“G” for GFRP, “C” for CFRP 

and “B” for BFRP) - Temperature (“T23”, “T40” and “T60” for 23, 40 or 60 °C), duration (“D1”, 

“D3” and “D6” for 30, 90 and 180 days) - solution type (“S” for saltwater and “D” for distilled 

water) - ring type (“I” for inner ring and “O” for outer ring); “Ref” refers to reference specimens 



without aging. The labelling rule of fully filled specimens is: FRP type – fibres orientation (“M” 

and “89” for multiple and hoop directions)- Temperature – duration.  

3.4.1.1 Double-skin samples 

The experimental results of double-skin samples are summarized in Table 5. Fig. 12 shows the 

typical stress-strain curves of double-skin samples (inner tubes). As expected, after aging, both 

strength and Young’s modulus, which is determined according to ASTM D2290 [69], decrease to 

some degrees depending on the aging time and aging temperatures. The degradation of Young’s 

modulus is much slower than the strength degradation. It is observed that the degradation process 

of FRP tends to slow down with the increase of aging time. No obvious difference is observed in 

terms of the hoop strength retention of inner rings and outers rings. Therefore, the environment 

combinations do not affect the durability behaviour of FRP and the same design theory can be 

applied to both outer tubes and inner tubes of SWSSC-filled double-skin tubular columns in a 

marine environment. Based on the strength retention data of GFRP, distilled water is slightly more 

aggressive than saltwater. As suggested by Guo et al. [24], sodium chloride (NaCl) in SWSSC or 

seawater does not worsen the durability issue of FRP and it even has some beneficial effects.   

Regarding the effect of fibres type, it was seen that CFRP has significantly superior durability 

performance than GFRP or BFRP, which is in agreement with past studies [70]. BFRP behaves 

similar to GFRP at 60 °C, but more strength loss is observed for BFRP at 23 and 40 °C indicating 

BFRP performs worst among the three FRP types. After 180 days of exposure at room temperature 

(i.e., 23 °C), the average strength reduction of GFRP, CFRP and BFRP are 9.7%, 5.1% and 25.6% 

respectively. The experimental data of [54], in which the GFRP rings were exposed to ordinary 

concrete (inner) and 3.5% NaCl solution (outer) simultaneously, show less strength reduction than 

the corresponding GFRP specimens in the present study. Since NaCl does not affect the durability 



significantly and the solution alkalinity caused by concrete are almost similar, the less strength 

loss is mainly attributed by the manufacture quality and laminate structure of GFRP tubes. 

Young’s modulus is derived from stress-strain curve and the error may be introduced due to the 

non-uniform curvature of rings and bending effect. Therefore, the Young’s modulus data show 

much greater scattering than the strength data and the variation trend is not very clear. In order to 

overcome the aforementioned shortcomings, the stiffness (K) of FRP ring is also reported in Fig. 

13, which shows less scattering. The stiffness is defined as the slope of a linear stress-displacement 

curve, in which the displacement is recorded by the test machine. Generally speaking, the Young’s 

modulus and stiffness decrease after aging but the extents of reduction are significantly less than 

that of strength. The maximum stiffness reductions are 10%, 3% and 9% for GFRP, CFRP and 

BFRP, respectively. Two reasons may attribute to the unnoticeable change of Young’s modulus 

and stiffness: (a) the modulus mainly depends on the modulus of fiber and the influence of matrix 

degradation is not obvious due to its much lower modulus but the strength of FRP depends on 

fibers, matrix and their interphase; and (b) the damages on FRP are local and they mainly affect 

the strength as the weakest cross-section determines the strength whilst the modulus depends on 

the overall performance of a specimen. It is necessary to mention that in some cases (e.g., GFRP 

outer ring after 30-day aging) a slight stiffness increase is observed and this is probably caused by 

the post-curing of resin. It should be noted that the elastic modulus changes of fully filled samples 

were also unnoticeable in both hoop and compression tests, and thus the results of the modulus 

changes are not presented for these conditions.   

3.4.1.2 Fully-filled samples 

The experimental results of fully-filled samples are summarized in Table 6. Similar to double-skin 

tubes, the degradation process of tubes exposed to simulated SWSSC tends to slow down with the 



increase of aging time and also CFRP showed the best performance while the BFRP showed the 

poorest in terms of hoop strength retention. However, higher strength reductions of samples 

exposed to simulated SWSSC compared to the corresponding double-skin samples (Fig. 14) 

confirms the fact that due to the higher and faster OH- ions movement in a simulated concrete 

solution in comparison to real concrete environment [56], simulated SWSSC solution is more 

aggressive than real SWSSC. Therefore, it can be concluded that using the simulated concrete 

solution instead of real concrete in accelerated environmental tests will overestimate the 

degradation in hoop tensile strength of FRPs. 

By comparing the results of tubes with multiple directions with the ones with 89° directions, one 

can conclude that the performance of tubes with multiple fibres was better. The possible reason 

for this observation could be the significant interface degradation between the fibres and resin 

which results in weakening of the resin capability to transfer the applied load to the fibres. 

Therefore, it should be noted that although FRP tubes with more fibres oriented in hoop directions 

show better confinement strength, they may be significantly vulnerable to the harsh environments 

if adequate amount of fibres is not available in other directions as well. In other words, when 

fibre/resin interface damage occurs at one direction of FRP tubes with multiple direction, loads 

can still be carried by fibres oriented in other directions. However, when fibre/resin interface 

debonding occurs at FRP tubes with fibres all oriented in hoop direction, damage propagates fast 

in the direction of the fibres and leads to the tube failure.   

Generally, the hoop tensile strength reduction of FRP tubes will significantly reduce the hoop 

strength of concrete filled FRP tubes. In other words, degradations of FRP tubes in hoop direction 

leads to a decrease in confinement strength of concrete filled FRP tubes. With this regard, [71] 

reported 35% and 54% hoop strength (i.e. FRP rupture strength in compressive tests) reductions 

of SWSSC filled GFRP and BFRP tubes, respectively after exposure to 3.5% NaCl solution at 40 



°C for 6 months. Moreover, the strength reduction of SWSSC filled CFRP tubes were found 

insignificant. By comparing the results of the present study with the results reported in [71], one 

can conclude that the hoop strength reduction of columns was faster than that in FRP tubes. This 

confirms that the strength degradation of concrete filled FRP columns is mainly related to the 

deterioration of FRP tubes. 

3.4.2 Compression  

Compression test was conducted on 50 mm FRP rings to obtain the mechanical properties in 

longitudinal direction. The experimental results are summarised in Table 7. As is seen, similar to 

split-disk tests, CFRP tubes showed the best compressive performance amongst all types of tubes, 

while significantly higher reductions were observed in BFRP and GFRP tubes. Moreover, the 

compressive strength reductions of tubes with 89° fibres were more than that of tubes with multiple 

fibres. The failure modes observed in Fig. 11 could be used to explain this observation. It is well 

known that the fibre/resin interface damages are the main reason of FRP mechanical properties 

under environmental conditioning. Therefore, the adverse effect of resin/fibre interface 

degradation on the compressive properties of tubes with resin/fibre interface fracture (i.e. tubes 

with 89° fibres) is higher than that of tubes with local buckling failure (i.e., tubes with multiple 

direction fibres). 

By comparing the mechanical test results, it can be concluded that FRP tubes with fibres oriented 

in different directions have better durability than that of tubes with fibres oriented just in hoop 

direction. Similar to the hoop tensile results, in tubes with fibres all oriented in hoop direction, an 

early fibre/resin interface damage will lead to the fibre/resin debonding progression in the hoop 

direction, which consequently results to the early tube failure. In contrast, the tubes with multiple 

fibres, will still carry loads in various directions even if damages occur in one direction.  Therefore, 

one can conclude that, although more fibres oriented in hoop direction will increase the 



confinement strength of concrete filled FRP tubes, the low axial strength and fibre/resin debonding 

along the hoop direction after environmental conditioning will lead to an early tube rupture and 

consequently the failure of the concrete filled FRP tube. 

4. Long-term Prediction of Mechanical Properties 

In order to predict the long-term performance of SWSSC filled FRP tubes under seawater, 

Arrhenius model [72-74] was used. Based on the behaviour of composites in accelerated aging 

tests, researchers proposed the following models to predict the mechanical strength retention:  

𝑌 = 𝑎 log (𝑡) + 𝑏      (10) 

𝑌 = 100exp (−
𝑡

𝜏
)      (11) 

𝑌 = (100 − 𝑌∞)exp (−
𝑡

𝜏
)+𝑌∞     (12) 

where Y (%) represents the retention of the composite mechanical properties; Y∞ (%) is the 

retention of the mechanical properties after infinite exposure time; t is the exposure time; a and b 

are the regression constants; τ is fitted parameter. Eq. 10, has some limitations. For instance, it is 

only a test data phenomenological representation and does not consider the degradation 

mechanism of the materials. However, the degradation mechanism of Eq. 11 and Eq. 12 is 

assumed to be fibre/matrix interface debonding. Although, the failure mode of some samples 

changed after conditioning, in the present study, the degradation mechanisms of all samples are 

assumed to be the resin/fibre interface degradation, and thus the results of all samples were used 

for log-term predicting models.  

Eq. 11 was used in this study since the retention values of the mechanical properties after 6 months 

of conditioning did not converge (i.e. Y∞). The targets used for the prediction models were 

selected according to the previous research [46, 47] and related to four locations in Canada. Briefly, 



the following steps were performed to predict the long-term mechanical performance of different 

SWSSC-filled FRP tubes under seawater condition: (1) fitting Eq. 11 to the mechanical test results 

in order to obtain τ (regression fitting parameter) for each temperature in a particular tube type; 

(2) constructing Arrhenius plots for each tube type in order to obtain 
𝐸𝑎

𝑅
 (the slope of Arrhenius 

plots) for each tube, where 𝐸𝑎 and R are the activation energy and the universal gas constant, 

respectively. With this regard, ln(t) versus 1000/T (1/K) is drawn, were t is the time in days for a 

sample to reach a certain retention value at the corresponding exposure temperature and T is the 

exposure temperature. It should be noted that ln(t) values are obtained using Eq. 11 with τ value 

found in previous step. It is known that the different degradation rate and mechanisms will result 

different 
𝐸𝑎

𝑅
 values [75]. There are several factors, such as materials type, cross-section 

configuration, fabrication type, conditioning duration and temperatures that may affect the 
𝐸𝑎

𝑅
  

value of different sample; (3) finding the time shift factor (TSF) using the following Eq.: 

𝑇𝑆𝐹 = exp [
𝐸𝑎

𝑅
(

1

𝑇0
−

1

𝑇1
)]      (13) 

where the lower temperature, T0 is the target temperature (in this study mean annual temperature 

of one of the locations in Canada) and the higher temperature, T1, is the exposure temperature in 

this study; (4) finally, constructing master curves by fitting Eq. 11 to the transformed results. To 

obtain the transformed results, the exposure time at each temperature is multiplied by the 

corresponding TSF calculated in previous step. Master curves constructed for each tube condition 

for both split-disk and compression mechanical properties are shown in Fig. 15 and 16, 

respectively. For more details regarding the long-term prediction procedure the readers may refer 

to [46, 47]. Based on the constructed curves, reduction factors could be recommended for each 

tube type. However, it is worth mentioning that according to the previous studies [46, 47], the 



retention values of the FRP composites may converge after a certain time of exposure. Therefore, 

the prediction values beyond the range of regression data could be extremely overestimating in 

some conditions. Hence, the short-term reduction factor, based on the range of data for the target 

locations are proposed in Table 8. As is seen, a significantly high reductions factors are proposed 

for tubes with 89° fibres for a relatively short period, while longer periods with smaller reduction 

factors (especially for CFRP tubes) are proposed for tubes with multiple fibres. Therefore, using 

tubes with multiple fibres direction under aggressive environments are recommended rather than 

tubes with 89° fibres. Similar to the BFRP and GFRP tubes used in the present study, relatively 

high reduction factors were reported be researchers for BFRP and GFRP tubes and reinforcing 

bars when exposed to concrete environment. By using Eq. 12, Bazli el. [46] proposed tensile 

reduction factor of 0.4 and 0.65, respectively, for GFRP pultruded tubes exposed to simulated 

SWSSC (both inner and outer condition of the tube) and simulated SWSSC (inner condition) and 

seawater (outer condition). Wang et al. [47] reported a reduction factor of 0.67, using Eq. 12, for 

the life-span (i.e. Y∞ = 0.67) of BFRP bars when exposed to high performance SWSSC. They also 

reported a reduction factor of 0.7 after 10.6-19.6 years of conditioning by using Eq. 11. In another 

study by Davalos et al. [76] the long-term retention (Y∞) of GFRP bars in concrete environment 

was reported as 45% for GFRP bars. The results of the present study and those reported in the 

literature, confirm the fact the BFRP and GFRP composites are vulnerable to alkaline environment, 

and thus special considerations need to be taken into account when using them together with 

concrete. 

In order to compare the tensile and compressive strength retentions of each FRP tube after 

conditioning, the proposed reduction factors related to a similar duration time for both compression 

and tension curves were compared in Table 9. For this purpose, firstly, between the compression 

and tension prediction master curves, the one which has the shorter period range is selected. As a 



reference point, the upper bound of the Waterloo Creek Bridge location was used. Then the 

reduction factor of the other curve, corresponding to the same duration of the previous curve was 

obtained. As is seen in Table 9, the compressive performance of all tubes except GFRP tubes with 

multiple fibres was better than hoop tensile performance. This observation reveals that the hoop 

tensile strength of FRP tubes, especially tubes with all fibres oriented in hoop direction, are more 

vulnerable to the SWSSC environmental conditions than that of compressive strength. It is 

important to note that, in previous study conducted by Bazli et al, it was shown that the 

compressive strength of pultruded FRP tubes are more vulnerable to SWSSC environment that 

longitudinal tensile strength [46].  

5- Conclusion  

As part of the research program of using seawater and sea sand concrete with FRP composites for 

construction applications, this study addresses the durability of different SWSSC-filled filament 

wound FRP tubes under seawater. Both mechanical performance and microstructural 

characteristics were investigated using compression tests, split-disk tests, SEM analyses and 

micro-CT analyses. Based on the test results and microstructural analyses, the following 

conclusions could be drawn: 

Considerable hoop strength reductions were observed for FRP tubes after aging.  Regarding 

strength degradation, CFRP performs much better than GFRP, whereas GFRP shows superior 

durability performance than BFRP. The stiffness and Young’s modulus of FRP in hoop direction 

do not degrade obviously and the maximum stiffness reduction after exposing to 60 °C seawater 

for 180 days is less than 10%. 

Simulated SWSSC environment is a relatively harsher condition than real SWSSC environment, 

and thus the durability results under simulated concrete environment is more conservative. For 



instance, the hoop tensile strength reductions of BFRP tubes after exposing to 60 °C seawater for 

180 days are 52% and 40 % for simulated and real SWSSC conditions, respectively.  

Regarding the samples exposed to real SWSSC condition and seawater, no obvious microstructure 

changes in fibres or fiber/matrix interphase of CFRP and GFRP tubes occurs, while for BFRP 

tubes, the interface are degraded in some levels. However, significant interface degradation and 

also fibres damages occur in BFRP and GFRP tubes after exposure to simulated SWSSC and 

seawater environments. CFRP tubes remains intact also in this environment.     

FRP tubes with multiple fibre directions show better durability performance in both compressive 

and hoop strength retention compared to the tubes with fibres oriented in hoop directions. For 

instance, the hoop tensile strength reduction of BFRP tubes with multiple fibres after exposing to 

60 °C seawater for 180 days is 52%, while the corresponding value is 40 % for BFRP with 89 ° 

fibres. 

Based on the micro-CT analyses, the percentage of voids in CFRP tubes does not change 

considerably after 6 months conditioning at 60 °C, while both GFRP and BFRP tubes show about 

32 (%) and 22 (%) voids increment, respectively. Therefore, the amount of voids could be 

considered as an important factor in mechanical properties reduction of FRPs under harsh 

environments. 

Based on the long-term prediction results, using FRP tubes with all fibres oriented in 89o is not 

recommended as their mechanical properties may significantly reduce (e.g. hoop tensile strength 

reduction factor of 0.27 after only 1.3 years’ exposure to the condition) in long-term, while tubes, 

specially CFRP tubes, with fibres oriented in multiple directions could retain adequate strengths 

during their life-time performance.     
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Fig.1 Configuration of the double skin SWSSC FRP tube: (a) before conditioning, and (b) after conditioning 

 

 

 

 

 

 

 

 

 

 



 

Fig.2 Experiments procedure: (a) double skin tubes, and (b) fully filled tubes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig.3 Mechanical test set-ups: (a) Disk-split tension test; and (b) Compression test 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig.4 Appearance changes of the FRP tubes after 6 months of conditioning  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 5 Cross-sectional images of double skin FRP tubes after exposing to 60 °C saltwater for 180 days; (a) CFRP; 

(b) GFRP; and (c) BFRP 



 

Fig. 6 Cross-sectional images of FRP after exposing to 60 °C simulated SWSSC and saltwater for 180 days; (a) 

CFRP; (b) GFRP; and (c) BFRP [32] 



 

Fig. 7 Fracture surface of double skin FRP tubes after exposing to 60 °C saltwater for 180 days: (a) CFRP; (b) 

GFRP; and (c) BFRP  

 

 

 

 

 

 

 

 

 



 

Fig. 8 Fracture surface of FRP tubes after exposing to 60 °C simulated SWSSC and saltwater for 180 days: (a) 

CFRP; (b) GFRP; and (c) BFRP [32]  

 

 

 

 

 

 

 

 

 



 

Fig. 9 3D images of scanned reference samples and samples exposed to 60 °C simulated SWSSC and seawater for 

6months 

  

 

 

 

 

 

 

 

 



 

Fig.10 Image processing procedure of one sub-volume of GFRP sample 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 11 Typical failure modes observed in reference and samples exposed to 60 °C simulated SWSSC and seawater 

for 6months (: (a) Compressive BFRP sample with multiple fibres; (b) (a) Compressive BFRP sample with 89° 

fibres; (c) Tensile GFRP sample with multiple fibres; and (d) Tensile BFRP sample with 89° fibres 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

(a)  

 

(b) 

  

(c) 

Fig. 12. Typical stress-strain curves: (a) GFRP inner ring; (b) BFRP inner ring; and (c) CFRP inner ring 

 

 



 

Fig. 13 Stiffness (K) and Young’s modulus (Eh) od double skin tubes: (a) CFRP inner; (b) CFRP outer; (c) GFRP 

inner; (d) GFRP outer; (e) BFRP inner; and (f) BFRP outer 



 

Fig. 14 Hoop tensile strength retention versus conditioning time of double skin and fully filled samples  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 15 Long-term prediction: master curves constructed for each tensile tube subjected to SWSSC and seawater 

environment 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 16 Long-term prediction: master curves constructed for each compressive tube subjected to SWSSC and 

seawater environment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

   Table 1 Dimensions of filament wound FRP tubes 

FRP type 
Inner tube  Outer tube 

Di (mm) ti (mm)  Do (mm) to (mm) 

CFRP 99.9 2.8  158.1 2.8 

GFRP 100.2 2.9  158.0 3.0 

BFRP 100.0 2.9  157.7 2.7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2 Specimens, conditioning, and test details  

Specimen type 
SWSSC 

type 
Environment Tube type 

Duration 

(days)  

Temperature 

(ºC)  

Fibres 

orientation 

Mechanical 

test 

Number of 

specimens 

double skin  
fresh 

concrete  
seawater C/G/B FRP 30, 90, 180  23, 40, 60 multiple 1 split-disk 162 

  
distilled 

water 
G/B FRP 30, 90, 180  60 multiple  split-disk 36 

fully filled  
simulated 

solution  
seawater C/G/B FRP 30, 90, 180  23, 40, 60 multiple, 89 º  

split-disk, 

compression 
324 

Total number 

of specimens 
- - - - - - - 522 

Note: 1: fibres in three different directions mentioned in section 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3 Chemical composition of matrix before and after aging (%) 

Specimen Number of locations selected for EDS C O Si Cl 

G-Ref 5 82.1±0.5 16.5±0.3 0.2±0.07 1.1±0.23 

G-T40D6-S-O 3 80.5±1.0 17.8±1.5 0.1±0.05 1.5±0.40 

G-T60D6-S-O 3 80.9±0.8 17.7±0.8 0.0±0.05 1.3±0.04 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 4 Image processing results of scanned samples 

Specimen 

C-Ref C-T60-D6 G-Ref G-T60-D6 B-Ref B-T60-D6 

Fibres 

(%) 

Resin 

(%) 

Voids 

(%) 

Fibres 

(%) 

Resin 

(%) 

Voids 

(%) 

Fibres 

(%) 

Resin 

(%) 

Voids 

(%) 

Fibres 

(%) 

Resin 

(%) 

Voids 

(%) 

Fibres 

(%) 

Resin 

(%) 

Voids 

(%) 

Fibres 

(%) 

Resin 

(%) 

Voids 

(%) 

Sub volume 1 58.71 33.87 7.42 58.72 34.08 7.20 62.48 29.41 8.12 65.57 26.10 10.78 72.49 20.20 8.33 72.28 17.04 10.68 

Sub volume 2 60.79 32.31 6.90 59.17 33.29 7.54 64.84 27.11 8.05 60.23 29.65 10.12 70.38 21.50 8.12 68.70 20.44 10.86 

Sub volume 3 63.63 29.81 6.56 59.71 33.70 6.59 64.53 27.44 8.03 62.30 27.74 9.96 70.90 20.47 8.63 70.43 20.40 9.17 

Sub volume 4 58.70 35.29 6.01 63.68 30.06 6.26 64.45 27.01 8.54 63.12 25.86 8.57 68.47 20.55 6.96 67.67 23.13 9.20 

Average 60.46 32.82 6.72 60.32 32.78 6.90 64.08 27.74 8.19 63.12 26.10 10.78 71.26 21.43 8.01 68.93 21.32 9.74 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 5 Experiment results of split-disk test of double-skin samples 

Specimen 

Strength 

Retention 

(%) 

CV 

(%) 

Elastic modulus 

retention (%) 

CV 

(%) 
Specimen 

Strength 

Retention 

(%) 

CV 

(%) 

Elastic modulus 
retention (%) 

CV 

(%) 

C-Ref-I 100.0 2.8 100.0 5.3 C-Ref-O 100.0 4.0 100.0 8.6 

C-T23D1-S-I 99.2 1.4 95.4 5.3 C-T23D1-S-O 100.6 1.7 97.2 16.7 

C-T23D3-S-I 98.5 2.5 102.4 7.6 C-T23D3-S-O 95.5 0.6 98.4 25.2 

C-T23D6-S-I 98.0 2.5 93.1 6.8 C-T23D6-S-O 91.8 1.7 86.0 12.3 

C-T40D1-S-I 98.9 0.7 98.7 6.3 C-T40D1-S-O 96.5 3.1 86.9 6.0 

C-T40D3-S-I 98.5 2.3 88.6 14.0 C-T40D3-S-O 91.4 - 99.6 6.7 

C-T40D6-S-I 94.3 5.6 87.9 6.6 C-T40D6-S-O 89.2 4.9 88.1 10.3 

C-T60D1-S-I 96.7 2.8 95.3 3.3 C-T60D1-S-O 93.3 3.2 86.8 17.3 

C-T60D3-S-I 85.6 0.8 100.4 9.9 C-T60D3-S-O 78.5 1.2 78.9 16.4 

C-T60D6-S-I 86.9 3.1 90.0 5.1 C-T60D6-S-O 82.7 0.6 80.1 10.4 

G-Ref-I 100.0 3.9 100.0 7.2 G-Ref-O 100.0 7.3 100.0 7.5 

G-T23D1-S-I 99.5 2.3 107.7 2.1 G-T23D1-S-O 98.1 1.1 108.4 3.4 

G-T23D3-S-I 91.2 3.3 96.4 8.9 G-T23D3-S-O 93.1 3.5 102.8 10.9 

G-T23D6-S-I 93.3 4.1 105.9 0.9 G-T23D6-S-O 87.4 2.0 108.4 4.3 

G-T40D1-S-I 93.2 4.5 100.5 17.0 G-T40D1-S-O 100.5 2.9 113.1 15.3 

G-T40D3-S-I 89.9 2.6 95.9 4.7 G-T40D3-S-O 88.7 1.7 93.9 6.0 

G-T40D6-S-I 73.6 9.7 91.4 10.3 G-T40D6-S-O 79.9 3.5 94.9 8.4 

G-T60D1-S-I 82.2 1.2 101.4 8.9 G-T60D1-S-O 86.2 1.7 100.5 5.6 

G-T60D3-S-I 69.4 3.0 89.2 9.6 G-T60D3-S-O 67.3 2.5 100.5 10.2 

G-T60D6-S-I 52.6 2.4 82.4 3.8 G-T60D6-S-O 55.5 6.1 93.9 2.5 

G-T60D1-D-I 81.9 2.6 111.3 20.2 G-T60D1-D-O 88.4 1.5 113.1 6.6 

G-T60D3-D-I 57.3 2.8 89.6 13.1 G-T60D3-D-O 58.0 2.5 94.9 10.3 

G-T60D6-D-I 52.7 0.2 106.8 12.2 G-T60D6-D-O 48.1 4.3 82.2 5.1 

B-Ref-I 100.0 2.6 100.0 1.3 B-Ref-O 100.0 1.3 100.0 4.5 

B-T23D1-S-I 99.5 1.7 100.0 5.5 B-T23D1-S-O 96.6 7.6 92.1 3.1 

B-T23D3-S-I 87.9 3.4 97.5 8.2 B-T23D3-S-O 85.6 1.3 85.1 14.1 

B-T23D6-S-I 75.8 2.0 87.8 16.3 B-T23D6-S-O 73.0 2.9 101.7 10.2 

B-T40D1-S-I 96.2 2.0 94.1 13.4 B-T40D1-S-O 85.5 6.6 97.5 8.5 

B-T40D3-S-I 71.5 2.4 92.0 21.0 B-T40D3-S-O 73.9 2.8 91.7 7.7 

B-T40D6-S-I 62.5 4.0 87.0 7.7 B-T40D6-S-O 60.5 2.0 92.1 6.3 

B-T60D1-S-I 85.3 3.7 94.5 7.1 B-T60D1-S-O 82.3 5.1 92.1 5.4 

B-T60D3-S-I 69.3 3.1 85.7 11.3 B-T60D3-S-O 67.5 7.2 88.0 6.1 

B-T60D6-S-I 60.3 3.5 80.7 4.7 B-T60D6-S-O 56.6 4.5 95.9 3.9 

B-T60D1-D-I 80.1 4.2 83.2 12.6 B-T60D1-D-O 78.0 4.7 101.2 9.4 

B-T60D3-D-I 63.6 1.2 81.9 6.2 B-T60D3-D-O 60.2 5.8 89.3 6.0 

B-T60D6-D-I 48.8 5.9 89.5 19.2 B-T60D6-D-O 51.2 5.2 97.1 5.1 

 

 

 



 

Table 6 Experiment results of split-disk test of fully-filled samples 

Specimen 
Strength 

Retention 

(%) 

CV (%) Specimen 
Strength 

Retention 

(%) 

CV (%) Specimen 
Strength 

Retention 

(%) 

CV (%) 

C-M-Ref 100.0 2.8 G-M-Ref 100.0 3.8 B-M-Ref 100.0 2.6 

C-M-T23D1 100.9 1.9 G-M-T23D1 100.2 4.2 B-M-T23D1 98.1 5.9 

C-M-T40D1 96.3 7.6 G-M-T40D1 91.0 4.0 B-M-T40D1 87.9 4.6 

C-M-T60D1 88.2 3.7 G-M-T60D1 78.7 6.0 B-M-T60D1 70.7 1.0 

C-M-T23D3 98.0 2.4 G-M-T23D3 91.6 3.8 B-M-T23D3 86.8 2.2 

C-M-T40D3 95.3 3.2 G-M-T40D3 87.7 5.7 B-M-T40D3 70.6 5.3 

C-M-T60D3 81.6 4.5 G-M-T60D3 67.9 6.6 B-M-T60D3 65.3 1.2 

C-M-T23D6 95.3 4.4 G-M-T23D6 85.9 1.3 B-M-T23D6 64.2 10.0 

C-M-T40D6 86.0 5.2 G-M-T40D6 71.7 10.4 B-M-T40D6 52.1 6.1 

C-M-T60D6 74.6 6.1 G-M-T60D6 53.4 8.8 B-M-T60D6 47.5 7.6 

C-89-Ref 100.0 1.4 G-89-Ref 100.0 0.7 B-89-Ref 100.0 0.9 

C-89-T23D1 92.0 10.1 G-89-T23D1 82.4 4.9 B-89-T23D1 77.0 3.9 

C-89-T40D1 84.3 6.5 G-89-T40D1 75.0 4.0 B-89-T40D1 68.9 5.0 

C-89-T60D1 79.3 3.6 G-89-T60D1 65.5 4.3 B-89-T60D1 66.0 7.4 

C-89-T23D3 83.3 1.0 G-89-T23D3 67.9 9.3 B-89-T23D3 69.0 2.1 

C-89-T40D3 84.9 7.6 G-89-T40D3 65.5 4.8 B-89-T40D3 64.3 2.8 

C-89-T60D3 78.4 5.1 G-89-T60D3 59.2 3.4 B-89-T60D3 61.6 5.5 

C-89-T23D6 72.4 7.3 G-89-T23D6 40.8 7.6 B-89-T23D6 54.4 4.6 

C-89-T40D6 52.7 6.3 G-89-T40D6 40.6 11.2 B-89-T40D6 44.3 6.8 

C-89-T60D6 48.3 2.9 G-89-T60D6 30.7 9.6 B-89-T60D6 25.1 15.8 

 

 

 

 

 

 

 

 



Table 7 Experiment results of compression test of fully-filled samples 

Specimen 

Strength 

Retention 

(%) 

CV (%) Specimen 

Strength 

Retention 

(%) 

CV (%) Specimen 

Strength 

Retention 

(%) 

CV (%) 

C-M-Ref 100.0 1.9 G-M-Ref 100.0 2.0 B-M-Ref 100.0 2.4 

C-M-T23D1 100.7 2.3 G-M-T23D1 97.6 2.8 B-M-T23D1 90.2 2.9 

C-M-T40D1 100.7 2.1 G-M-T40D1 87.8 5.6 B-M-T40D1 88.6 5.8 

C-M-T60D1 100.2 8.6 G-M-T60D1 85.1 3.8 B-M-T60D1 87.9 5.3 

C-M-T23D3 99.6 3.6 G-M-T23D3 92.8 1.6 B-M-T23D3 89.3 3.5 

C-M-T40D3 98.2 4.7 G-M-T40D3 87.3 9.2 B-M-T40D3 89.3 10.0 

C-M-T60D3 93.2 1.9 G-M-T60D3 83.9 6.3 B-M-T60D3 87.1 1.5 

C-M-T23D6 99.1 3.1 G-M-T23D6 73.5 5.3 B-M-T23D6 77.6 7.3 

C-M-T40D6 94.1 2.1 G-M-T40D6 68.0 10.1 B-M-T40D6 74.5 3.8 

C-M-T60D6 87.7 3.0 G-M-T60D6 59.1 6.9 B-M-T60D6 63.6 4.0 

C-89-Ref 100.0 3.0 G-89-Ref 100.0 2.0 B-89-Ref 100.0 5.0 

C-89-T23D1 95.7 10.2 G-89-T23D1 90.4 6.0 B-89-T23D1 93.2 6.7 

C-89-T40D1 98.6 1.0 G-89-T40D1 81.3 5.6 B-89-T40D1 88.1 9.0 

C-89-T60D1 97.8 4.2 G-89-T60D1 74.2 9.7 B-89-T60D1 76.0 8.6 

C-89-T23D3 96.0 10.7 G-89-T23D3 81.4 4.3 B-89-T23D3 86.8 5.1 

C-89-T40D3 95.7 1.5 G-89-T40D3 69.3 11.8 B-89-T40D3 78.2 3.2 

C-89-T60D3 93.4 2.2 G-89-T60D3 72.2 12.9 B-89-T60D3 65.2 5.7 

C-89-T23D6 74.2 11.8 G-89-T23D6 70.9 7.9 B-89-T23D6 79.5 14.9 

C-89-T40D6 69.6 8.5 G-89-T40D6 66.9 8.6 B-89-T40D6 77.8 11.7 

C-89-T60D6 62.0 13.6 G-89-T60D6 51.2 9.9 B-89-T60D6 55.3 5.0 

 

 

 

 

 

 

 

 

 



Table 8 Short-term reduction factors for different tubes 

Specimen 
Fibres 

orientation  

Mechanical properties 

Hoop tensile strength  

(real SWSSC) 

Hoop tensile strength  

(simulated SWSSC) 
Compressive strength 

Short-term period 

range (years) 

Reduction  

factor 

Short-term period 

range (years) 

Reduction  

factor 

Short-term period range 

(years) 

Reduction 

factor 

CFRP multiple 8.2 - 12.3  0.84 7.74 - 11  0.72 5.4 - 7.6  0.88 

89° - - 1.37 - 1.6  0.48 0.9 - 1.0 0.69 

GFRP multiple 8.0 - 11.9  0.5 3.9 - 5.3  0.51 1.2 - 1.3  0.6 

89° - - 0.75 - 0.8  0.31 1.2 - 1.3  0.51 

BFRP multiple 1.4 - 1.6  0.54 1.26 - 1.4  0.43 1 - 1.15 0.66 

89° - - 1.3 - 1.5  0.27 2.0-2.40 0.53 
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Table 9 Comparison the compressive and hoop tensile strengths short-term reduction factors in Waterloo Creek Bridge (9.9 °C) 

FRP tube type Fibre orientation Duration (days) Tension RF Compression RF 

BFRP  multiple 367 0.51 0.66 

89 ° 482 0.27 0.66 

GFRP multiple 438 0.81 0.60 

89 ° 273 0.32 0.65 

CFRP multiple 1975 0.79 0.87 

89 ° 352 0.59 0.66 

 

 

 


