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Abstract 

This paper presents an investigation on the durability of different glass fibre reinforced polymer (GFRP) 

composites when subjected to harsh outdoor conditions, including freeze/thaw cycles, ultraviolet (UV) radiation 

and moisture, as well as when used with seawater sea-sand concrete (SWSSC) for construction applications. To 

achieve this, the effects of a number of parameters, including the environment of exposure, exposure time, 

profile cross-section configuration and fibres orientation, on the mechanical properties of different GFRP 

composites were studied. To investigate the degradation of the mechanical properties, three-point bending, 

compression and tension tests were conducted on both reference and conditioned samples. Moreover, scanning 

electron microscopy (SEM) analyses were performed to examine the contribution of microstructural 

deterioration to the damage mechanisms of the conditioned composites. Finally, the test results were used to 

develop empirical regression models to predict the level of retention of mechanical properties of different 

composites under different environmental conditions. The findings showed the maximum flexural, compressive 

and tensile strength reductions to be 35%, 48% and 37%, respectively, with regards to the pultruded profiles 

exposed for 3000 h to freeze/thaw cycles followed by 90 days of SWSSC immersion, while the flexural strength 

reductions recorded for the vacuum infused samples subjected to 2000 h of freeze/thaw cycles followed by 90 

days of SWSSC immersion were 28%, 72% and 56% for the unidirectional, woven and chopped-strand mat 

laminates, respectively. 
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1. Introduction 

Mechanical properties of composite materials in both theoretical [1, 2], and experimental [3] perspectives is a 

challenging research. The advantages of using  fibre-reinforced polymer (FRP) composites have led to their  

wider use  in various construction [4, 5], and automotive and aerospace applications [6, 7]. Among these 

advantages are corrosion resistance, high strength and a high stiffness-to-weight ratio [8-10]. However, in their 

varying applications, FRP composites are likely to be subjected to various environmental conditions during their 

storage, transportation and particularly long-term service life [11-14]. For instance, moisture [15-17], thermal 

cycles [18, 19], UV radiation [20, 21], elevated temperature [22-24], as well as alkali and acidic environments 

[25, 26] are just some of the harsh environmental conditions in which FRP composites are implemented. 

Therefore, numerous prior studies have investigated the short- and long-term durability of different FRP 

composites under various environmental conditions [25, 27-29].  

Based on the findings of these studies, it is generally believed that the degradations of the mechanical properties 

of FRP composites under most conditions, including seawater, thermal cycles and UV radiation, are not 

dramatic [15, 18, 30]; however, considerable reductions (except in carbon fibre reinforced polymer (CFRP)) in 

the mechanical properties of FRP composites have been reported when they are used in concrete (i.e. an alkaline 

environment) [31-33]. Glass- and basalt fibres damages are caused by metallic cations leaching out of the fibre’s 

surface and breaking Si-O-Si bond by hydroxyl ions [34, 35]. With respect to carbon fibres, it is generally 

accepted that such fibres are almost resistant to harsh environments [36]. In the present study, GFRP composites, 

as one of the common FRPs, are used. 

Generally, the damage mechanisms of a FRP composite  concerns the fibres [37], the resin [38], and the 

fibre/resin interface [39]. Additionally, the environmental conditions can be divided into two categories. First, 

conditions such as UV radiation, elevated temperatures (i.e., at temperatures lower than the resin’s glass 

transition temperature) and thermal cycles (e.g. freeze/thaw cycles). These  parameters cause microcracks and 

resin/matrix debonding that are limited to  the surface of the composites (rather than penetrating deep into the 

matrix) [18], Second, conditions such as moisture that cause damage, including matrix cracking, hydrolysis, 

plasticisation and swelling, as well as fibre/resin debonding, are capable of propagating into the inner layers of 

the composites [40, 41]. In the latter case, the level of damage and its progression are strongly dependent on the 

type of fibre and resin, type of solution as well as on the time and temperature of the conditioning. Based on the 

application and the area of usage, FRP composites may be subjected to either the first or the second category of 

condition, or their combination. 
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With regard to the applications of FRP composites in the field of civil engineering, due to their superior 

structural characteristics, they are mainly used as reinforcements for concrete members [42] as well as for 

external bonding/wrapping purposes for the rehabilitation and strengthening of existing structures, non-

structural members and secondary members [43, 44]. Further, in terms of their area of usage, as FRP composites 

are highly resistant to corrosion, and hence, an alternative to traditional steel reinforcement, they are mainly 

used in corrosive conditions, for example, marine environments [45, 46]. Based on this characteristic, recently, 

the use of FRP composites with seawater and sea sand concrete (SWSSC) in marine environments has been 

proposed by Teng [47, 48].  

The application of geo-polymer-based SWSSC as a replacement for ordinary Portland cement (OPC)-based 

concrete not only serves to overcome resource shortages (i.e., freshwater and river sand) but also significantly 

reduces the raised environmental impacts (e.g., carbon dioxide (CO2) emissions) associated with the production 

of cement used in ordinary Portland cement (OPC) concrete [49-51]. Moreover, when geo-polymers such as 

slag and fly ash are used in the production of SWSSC, its short- as well as long-term characteristics are 

comparable to those of OPC-based concrete, while there is an additional benefit, i.e., the adverse effects of the 

alkali–silica reaction (ASR) can be significantly reduced [52, 53]. However, as mentioned above, FRP 

composites are vulnerable to alkaline environments and, thus, their durability when used with SWSSC still 

needs to be carefully addressed [54]. With this regard, GFRP pultruded profiles which could be used together 

with concrete in many applications, such as concrete filled FRP tubes [55], bridge decks [56], and laminates for 

retrofitting RC structures [57] may experience mechanical strength reductions when used with concrete. 

Therefore, their durability performance when used with SWSSC as a new hybrid structure needs to be addressed. 

The durability of FRP composites in alkaline environments has been thoroughly studied, with a focus on normal 

and high-performance OPC-based concrete environments, and long-term prediction models have been proposed 

to assess the mechanical properties [25, 58-61]. Yet, only a very few studies have focused on the durability of 

different FRP composites in an SWSSC environment [5, 62-67].  Moreover, these studies on the durability of 

FRP composites in SWSSC have mainly focused on FRP bars [5, 65, 66, 68] and tubes [62, 67, 69, 70] (i.e., 

FRP-composite-reinforced beams and concrete-filled FRP tubes). However, the mechanical properties 

durability of other types of FRP composite configurations (e.g., FRP-composite-pultruded profiles and different 

FRP laminates) for different applications under such harsh conditions also need to be addressed. The effects of 

several factors associated with the material levels, such as the FRP fabrication method, cross-section 

configuration and fibre length and orientation, on the durability of FRP composites in harsh environments are 

not yet well understood.     
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Recently, Jafari et al. [19] studied the mechanical properties of different pultruded GFRP sections pre-exposed 

to freeze/thaw cycles. They reported the maximum flexural, compressive and tensile strength reductions to be 

17%, 26% and 14%, respectively, after the cycles for 3000 h. Bazli et al. [20] used the same pultruded profiles 

and reported reductions in maximum flexural, compressive and tensile strength of 27%, 23%, and 14%, 

respectively, after 3000 h of UV exposure and water vapour condensation cycles. The effect of SWSSC and its 

combination with UV radiation and water vapour condensation on the mechanical properties of the same profiles 

was also studied by Bazli et al. [71]. The flexural, compressive, and tensile strength of different profiles 

decreased by up to 30%, 33%, and 46%, respectively, after 90 days of pre-immersion in the SWSSC solution at 

ambient temperature. The corresponding reductions reached up to 52%, 47%, and 50% after exposure to 3000 

h UV and water vapour condensation followed by 90 days of immersion in SWSSC solution at ambient 

temperature.  

The latest study showed that the initial degradation resulting from UV exposure and moisture (e.g., in the case 

of storage and transportation before being used with concrete) causes greater reductions in an alkaline 

environment compared to the cases without any initial exposure. Therefore, the initial degradation of FRPs 

during fabrication, storage and transportation before being used with concrete in construction applications, and 

the combined effects of outdoor conditions and alkaline environment during the service life of the composite 

structure must be taken into account.  

Subzero temperatures may result in resin hardening and microcracks formation, whereas thermal cycles at low 

temperatures may cause resin/fibre debonding. This happens due to the different thermal expansion coefficients 

between the types of fibre and resin, which causes internal stress [72]. This initial degradation may accelerate 

the level of FRP damage when used with concrete, particularly SWSSC. Considering these facts and the 

abovementioned studies, the durability of pultruded profiles under the combination of freeze/thaw cycles and 

SWSSC environment was investigated in this study.  

Regarding the effect of fibres length and orientation, Bazli et al. [18] investigated the tensile properties of GFRP 

laminates with unidirectional, woven, and chopped strand mat fibres after exposure to UV and water vapour 

condensation and freeze/thaw cycles. They concluded that the laminates with unidirectional fibres perform the 

best, while the laminates with random fibres showed the weakest performance under harsh outdoor 

environmental conditions. However, the effects of fibre configuration under SWSSC conditions and under the 

combined effects of outdoor environmental characteristics have not been studied yet. Based on the previous 

studies, the SWSSC environment [70, 71] significantly affects the fibre/resin interface, and thus the effects of 

fibres length and orientations seems to be an important factor that must be considered under such environmental 

conditions. 
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This experimental study is conducted to fill the knowledge gaps in the performance of different GFRP 

composites when exposed to outdoor harsh environments and SWSSC. The experimental conditions were 

selected on the basis of earlier studies by some of the authors of this article. For comparison purposes, similar 

specimens and/or environmental conditions to previous studies were used in the present study. This study serves 

to fill some of the crucial knowledge gaps in the earlier studies. Accordingly, Table 1 represents the types of 

specimens, the environmental conditions and the mechanical tests employed in each study. The aim of this study 

was to investigate the durability of different pultruded GFRP profiles and vacuum-infused GFRP laminates with 

different fibre orientations under SWSSC environment and its combinations with harsh outdoor conditions. A 

series of three-point bending, compression, and tensile tests were conducted to study the mechanical properties 

while scanning electron microscopy (SEM) analyses were conducted to investigate the damage level and 

mechanisms after exposure to environmental conditions.   
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Table 1 Previous research conducted by the authors and the contribution of the present study to the program 

Study 

GFRP type  Environmental condition  Mechanical tests 

Pultruded 

profiles 1 

Vacuum 

infused  

 
UV+ moisture 

cycles 

Freeze/tha

w cycles 
SWSSC 

SWSSC + 

seawater 

SWSSC + UV 

and moisture 

SWSSC + 

Freeze/thaw  

 
Three-point 

bending 
Tension Compression 

Ref [19]    
 

       
 

      

Ref [20]    
 

       
 

      

Ref [55]    
 

        
 

     

Ref [71]    
 

         
 

      

Present study    

 

       

 

      

Ref [18]     
 

            
 

      

Present study    
          

 
    

     Note: 1: The profiles used in Ref [55] were tubes, while in all other studies various sections similar to the present study have been used.  
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2. Experimental Program 

GFRP pultruded profiles with ten different cross-sections and vacuum-infused GFRP laminates with three 

different fibre configurations were used to study the effect of cross-section fibre configuration on mechanical 

properties of GFRP composites under harsh environments. As a distinct difference from the authors’ previous 

study on the performance of pultruded profiles under SWSSC [71], the samples in this study were exposed to 

freeze/thaw cycles followed by SWSSC immersion, and the results were compared with previous research. The 

vacuum-infused laminates were subjected to three different exposure conditions: (1) immersion in SWSSC, (2) 

UV and water vapour condensation cycles followed by immersing in SWSSC, and (3) freeze/thaw cycles 

followed by immersing in SWSSC. Pultruded profiles were subjected to three-point bending tests about both 

minor and major axes, compression, and tension, while vacuum-infused laminates were tested in three-point 

bending. To study the microstructural properties, the damage mechanisms and degradation level of both 

pultruded and vacuum-infused specimens were analyzed using SEM.  

2.1 Materials  

Pultruded profiles with nine different cross-sections, including two types of each I-shaped, channel, circular 

tube, rectangular hollow tube (box), and laminate were used. All profiles included an inner section of continuous 

E-glass roving and vinylester resin, an outer layer of strand mat, and a very thin surface veil as the outermost 

layer. Vacuum-infused laminates with epoxy resin and three different E-glass fibres configurations were 

employed, including continuous unidirectional, continuous unidirectional and perpendicular (0° and 90°) 

woven, and 25 ± 5 mm long chopped strands (i.e., randomly distributed fibres) were also used in this study. For 

comparison, the pultruded sections were the same as those used  in [19, 20, 71] and vacuum infused laminates 

were similar to those in [18, 22]. Cross-sections of pultruded profiles are shown in Figure 1. Table 2 and Table 

3 also lists the material properties of pultruded profiles and vacuum infused laminates, respectively.  
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Figure 1 Pultruded GFRP profiles cross-sections used in this study (dimensions in mm) 

 

Table 2 Pultrusion process and pultruded profiles characteristics 

Properties Values 

Fillers (wt % of the resin) Nano Clay (2 wt %) – Carbonate Calcium (12 wt %) 

Fibre content by volume (%) 60 

Pultrusion average speed  0.25 m/min 

Pultrusion temperature (˚C) 130 (entrance) – 170 (exit) 

Average tensile strength (MPa) 400  

Tensile elongation at rapture (%) 2.5  

Average flexural strength about the major axis (MPa) 460  

Average axial compression strength (MPa) 550  

Density (g/cm3) 2  

Water absorptivity rate (%) 0.2 - 0.6  

Thermal expansion coefficient (10 -6 / ˚C) 4.5  

Glass Transition Temperature, Tg (˚C) 100 - 105  
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Table 3 Vacuum infused laminates characteristics 

Fibres type 
Thickness 

(mm) 

Layers 

number 

Fibre 

content (%)  

Ultimate tensile 

strength (MPa) 

Glass transition 

temperature, Tg 

(˚C) 

Thermal expansion 

coefficient (10 -6 / ˚C) 

Unidirectional 5 16 71.2 800 80 0.3-0.6 

Woven 5 17 64.6 290 80 0.3-0.6 

Random 5 7 33.1 202 80 0.3-0.6 

 

2.2. Environmental conditioning 

In this study, pultruded profiles were exposed for different durations of freeze/thaw cycles followed by exposure 

to simulated SWSSC solution at the ambient temperature.  Regarding the vacuum infused laminates, in addition 

to the test conditions for the pultruded profiles, samples were also exposed to two other conditions: (1) only 

simulated SWSSC solution at ambient temperature and (2) cycles of UV and water vapour condensation 

followed by exposure to simulated SWSSC solution at ambient temperature. According to [62], SWSSC real 

environment was simulated by dissolving the constituent chemicals  in distilled water. Chemicals used were 

sodium chloride (35 g/l), potassium hydroxide (19.6 g/l), sodium hydroxide (2.4 g/l), and calcium hydroxide (2 

g/l). It should be noted that ASTM D1141-98 [73] recommendation is used to prepare artificial seawater for 

simulated SWSSC solution. 

In order to simulate the harsh out-door conditions, current standards/codes recommendations were used. The 

cycling scheme of UV and moisture was used based on ASTM G154 standard [74] to simulate hot coastal 

regions. A cycle including 8 hours exposure to UV-A at 60 °C followed by 4 hours water vapour condensation 

(100% RH) at 50 °C, was selected for this study to simulate the harsh environment. Lamps with the wavelength 

of 340 nm and irradiation intensity of 0.85 W/m2 were used. Further details regarding the UV and moisture 

cycle used can be found in [20]. 

In many standards/codes, such as ASTM D6944-15 [75] and EN 1504-2 [76], a life span of 25 years with 50 

thermal cycles has been considered for non-structural materials. Therefore, 120 cycles (i.e. 3000 h period of 

conditioning in the present study) may be a reasonable estimate for 50 years life-span of structural GFRP profiles 

in very cold regions.  Each freeze/thaw cycle included 12 h at −20 °C followed by 4 h at 20 °C, 4 h at −20 °C 

and again 4 h of 20 °C.  The temperature variations in the freeze/thaw cycle (i.e., −20 to 20 °C) were simulate 
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to those in a typical cold coastal regions, as suggested in [77].  Further details regarding the freeze/thaw cycles 

used can be found in [18]. 

Laboratory cycles used in the present study is shown in Figure 2. The harsh outdoor environmental conditions 

were simulated by laboratory cycles similar to those in [18, 20]. A total number of 156 conditioned samples 

were tested and compared with the reference samples. The number of each sample type and the corresponding 

mechanical test and environmental conditions are summarized in Table 4.  

 

Table 4 Environmental conditions, samples type, and number of identical tests used in this study 

Environmental condition I1 I2 U1 U2 B1 B2 C1 C2 L UL WL RL Total Number 

Control 6 6 6 6 3 3 3 3 6 3 3 3 51 

30 days SWSSC  - - - - - - - - - 3 3 3 9 

90 days SWSSC  - - - - - - - - - 3 3 3 9 

1000 h freeze/thaw cycles + 30 days SWSSC  - - - - 3 3 - 3 - 3 3 3 18 

3000 h freeze/thaw cycles + 30 days SWSSC  - - - - 3 3 - 3 - 3 3 3 18 

1000 h freeze/thaw cycles + 90 days SWSSC  6 6 6 6 3 3 3 3 6 3 3 3 51 

3000 h freeze/thaw cycles + 90 days SWSSC  6 6 6 6 3 3 3 3 6 3 3 3 51 

Total number 18 18 18 18 15 15 9 15 18 21 21 21 207 

 

 

Figure 2 One cycle regime for each out-door condition 
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2.3. Mechanical tests  

Three-point bending, compression, and tensile tests were carried out using a 150 kN Santam universal testing 

machine.  

Pultruded flexural profiles were cut into the lengths of 230 mm and tested about both major and minor axes 

under three-point bending with a 200 mm constant span. The reason for selecting this test configuration was to 

investigate both shear failure (major axis) and bending failure (minor axis). Vacuum infused laminates were 

also cut and tested in the same test configuration (i.e., 230 mm length and 200 mm span) of pultruded samples. 

The loading rate used for all bending tests was 1.1 mm/min. Pultruded compressive profiles were cut in heights 

of 100 mm and tested in compression with a loading rate of 1.1 mm/min. The height was selected to prevent the 

lobal buckling of the profiles. Dog-bone shaped pultruded tensile laminates (see Figure 1) were tested in tension 

with a loading rate of 1.2 mm/min. Details of the test set-ups can be found in [20]. 

In this study, for each condition, three identical tests were carried out, and the average result was used for 

discussion. 

2.4. Scanning electron microscope (SEM) analysis  

SEM examinations were performed on selected reference and conditioned pultruded and vacuum infused 

samples to investigate the level and mechanisms of degradations. For comparison, samples were extracted from 

the same location of reference and conditioned specimens. In order to prepare samples for SEM analyses, after 

cleaning any dirt and dust off the surface, a thin layer of conductive gold metal was coated on each sample to 

prevent charging and thermal damage that can cause a blurry image.  

3. Results and discussion 

In this section, appearance changes, microstructural properties and mechanical test results of conditioned 

samples will be presented, discussed and compared with the corresponding reference samples.    

3.1. Visual inspection of GFRP composites after conditioning 

Figure 3 compares the surface appearance changes of pultruded profiles exposed to freeze/thaw cycles [19] and 

those exposed to freeze/thaw cycles followed by immersion in SWSSC,  with the reference profiles. The 

appearance changes of vacuum infused laminates after exposure to freeze/thaw cycles, UV and water vapour 

cycles, freeze/thaw cycles followed by immersion in SWSSC, and UV and water vapour cycles followed by 
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immersion in SWSSC are also revealed in Figure 4. As is seen in Figure 3, no considerable change in terms of 

the surface colour and gloss was observed in pultruded GFRP samples exposed to only freeze/thaw cycles. 

However, the surface of pultruded GFRP exposed to freeze/thaw cycles followed by immersion in SWSSC 

changed from shiny yellow to pale and almost white. This shows leaching and disappearing of the protective 

surface layer due to the SWSSC solution.   

Regarding the vacuum infused laminates, because no protective layer was used during the fabrication process, 

the surface colour changes of such samples were not as severe as the pultruded ones. However, as is seen in 

Figure 4, the surface of the samples exposed to the combined outdoor cycles and SWSSC solution is darker than 

those exposed to only harsh outdoor cycles.  

 

 

Figure 3 Surface changes of pultruded profiles after conditioning 
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Figure 4 Surface changes of vacuum infused laminates after conditioning: (a) Random fibres laminates exposed to Freeze/thaw 

and SWSSC, (b) woven fibres laminates exposed to Freeze/thaw and SWSSC, (c) unidirectional fibres laminates exposed to 

Freeze/thaw and SWSSC, (d) Random fibres laminates exposed to UV-moisture and SWSSC, (e) woven fibres laminates exposed 

to UV-moisture and SWSSC, and (f) unidirectional fibres laminates exposed to UV-moisture and SWSSC 

 

3.2. Microstructural analyses  

In order to investigate the microstructural properties of the conditioned GFRP composites in terms of the 

damage mechanisms and degradation level, some pultruded and vacuum infused samples were observed under 

SEM. The analyzed pultruded samples were taken from the centre of the I-shaped profiles. Figure 5 shows the 

SEM images of reference and pultruded samples exposed to freeze/thaw cycles [19], SWSSC solution [71], and 

freeze/thaw cycles followed by SWSSC solution. As is seen in Figure 5(b), some micro-cracks and micro-holes 

in the surface resin matrix are the main damages due to the freeze/thaw cycles. Resin hardening and internal 

stress increase due to the different thermal expansion coefficient of glass fibres compared to the resin are the 

main reasons for the development of such defects [72]. Because the adverse effects of SWSSC solution on the 

surface of the pultruded samples were significantly high, the SEM images of the samples exposed to only 

SWSSC (Figure 5(c)) and the combined freeze/thaw cycles and SWSSC (Figure 5(d)) are not distinguishable.). 

Samples exposed to both the conditions suffered significant resin cracking, resin leaching and fibre/resin 

debonding. Moreover, fibre damages, including crushing and peeling, were also observed.  

Resin damages due to the solution uptake are leaching, swelling, short-term plasticization and long-term 

hydrolysis, as a result of an attack on the matrix ester groups [78], while the formation of corrosion shells on 

the fibres are the main reason of fibres and interface degradations in alkaline solutions. Corrosion shells are 
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formed as a result of chemical reactions between the silicate in fibres and alkali-ions [62, 79, 80]. These 

reactions lead to silicate network destruction and dissolution. The growth of corrosion shells consequently 

results in the fibre/resin debonding: the more the corrosion shell expansion, the greater the possibility of 

interface debonding [62].  
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Figure 5 SEM images of pultruded profiles: (a) reference, (b) samples exposed to only freeze/thaw cycles, (c) samples exposed to 

only SWSSC solution, and (d) samples exposed to freeze/thaw cycles followed by SWSSC solution 
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Figure 6 and Figure 7 show the SEM images of reference and vacuum infused samples laminates exposed to 

freeze/thaw cycles [18], UV and water vapour cycles [18], and freeze/thaw or UV and moisture cycles followed 

by SWSSC solution.  

Similar to pultruded samples, micro cracks and micro-holes were the main damages of vacuum infused samples 

under freeze/thaw cycles (Figure 6(b)). However, cracks and holes are more pronounced in samples under UV 

and moisture cycles compared to freeze/thaw cycles (compare Figure 7(b) to Figure 6(b)). Moreover, some 

fibre/matrix debonding was also observed in UV and moisture conditions (Figure 7(b)). This difference shows 

that the outdoor condition of UV and moisture cycles is a harsher than the freeze/thaw cycles to GFRP 

composites. Regarding the samples exposed to conditions including SWSSC, it is seen that the surface resin 

layer is significantly damaged (as wide cracks and huge holes developed), and consequently fibres are exposed, 

and in some cases, deboned from the surrounding resin (Figure 6(c) and Figure 7(c)).  
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Figure 6 SEM images of vacuum infused laminates: (a) reference, (b) samples exposed to only freeze/thaw cycles, (c) samples 

exposed to freeze/thaw cycles followed by SWSSC solution 
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Figure 7 SEM images of vacuum infused laminates: (a) reference, (b) samples exposed to only UV and moisture cycles, (c) 

samples exposed to UV and moisture cycles followed by SWSSC solution 
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3.3. Mechanical test results 

3.3.1. Failure Modes 

Table 5 lists the typical dominant failure modes observed in reference and conditioned flexural pultruded 

profiles. It is important to clarify that freeze/thaw cycles did not affect the failure modes observed (i.e., the same 

failure modes were observed in samples exposed to SWSSC solution [71]  with or without prior  exposure to 

freeze/thaw cycles. Therefore, in Table 5, all samples were divided into two groups: reference and conditioned. 

Figure 8 shows the typical failure modes observed in three-point bending, compression, and tension tests of 

pultruded profiles.  

 

Table 5 Failure modes observed in pultruded profiles under bending 

Bending 

axis 
Specimen 

Tensile 

fibres 

fracture  

Compressive 

fibres 

buckling 

Interlaminar shear 

cracks 
Web  Resin crippling  

web/flange 

junction 

Web 

and/or 

flange 

Vertical 

cracking 
Crushing 

Under the 

loading nose 

At 

supports  

Major  
I-reference            

U-reference           

I-conditioned              

U-conditioned            
Minor 

I-reference             

U-reference             

I-conditioned               

U-conditioned            
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Figure 8 Typical failure modes observed in pultruded I-shaped sections: (a) about minor axis and (b) about major axis 
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As seen in Table 5, regarding the flexural samples, the difference observed between the reference and 

conditioned sections when tested about their major axis was the interlaminar shear crack locations. Significant 

degradation at the resin-fibre interface due to the SWSSC environment was the main reason that interlaminar 

shear cracks occurred at different locations at the web and flange of conditioned samples, rather than only at 

web-flange junction in the reference samples. However, when the profiles were tested about their minor axis, 

the failure mode of channel sections changed from combination of flexural failure and web-flange junction 

separation in reference samples to only web-flange junction separation in conditioned samples while no change 

was observed in the I-shaped samples. This reveals that, in contrast to the I-shaped sections, the resin/fibre 

interface degradation was adequate to change the failure mode of channel sections. 

As the elephant foot buckling was the dominant failure mode of the compressive reference sample, interface 

degradation due to conditioning caused the elephant foot buckling to occur earlier than any other failure mode, 

and thus, conditioned samples also failed due to the same type of buckling. For tensile samples, as seen in Figure 

8, fibre fracture was the dominant failure mode for the reference samples, while delamination between the 

laminate layers was the dominant failure mode for the conditioned samples. Resin matrix degradation, and 

consequently, the resin-fibre interface degradation, led to this failure mode change. 

Detailed discussions regarding the pultruded profile failure modes under harsh environments can be found in 

[71]. 

Figure 9 shows the typical failure modes observed in reference and conditioned vacuum infused laminates. As 

is seen in Figure 9(b), the failure mode of conditioned woven laminates changed from flexural failure (i.e., 

tensile fibre fracture, compressive fibre buckling and resin crippling) in the reference samples to laminate layer 

delamination in the conditioned samples. However, the failure modes of unidirectional and chopped strand 

laminates did not change after conditioning (Figure 9(a) and (c)). This shows that the interface strength between 

the layers of woven laminates was significantly decreased due to the fibre-resin interface degradation, which 

resulted in the delamination failure mode to occur earlier than the fibre fracture.  
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Figure 9 Typical failure modes observed in reference and conditioned vacuum infused laminates: (a) unidirectional, (b) woven, 

and (c) chopped stand 

 

3.3.2. Three-point bending  

Bending test results of pultruded profiles and vacuum infused laminates are presented in Table 6 and Table 7, 

respectively. The identification system used includes two terms: the first term represents the sample type, and 

the second term represents the axis of the bending test (i.e., S and W represent the principal strong and weak 

axis, respectively). The results of pultruded profiles subjected to only the SWSSC solution reported in [71]  are 

also presented in Table 6 for comparison purposes. In addition, the flexural strength retention versus the 

environmental condition of pultruded and vacuum infused samples are presented in Figure 10 and Figure 11, 

respectively.  
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Table 6 Three-point bending test results of pultruded profiles 

Specimen Conditioning type Maximum load (N) CV (%) 

I1-S Control 6292 0.8 

 90 days SWSSC [71] 5012 3.7 

 1000 h freeze/thaw + 90 days SWSSC 4782 5.1 

  3000 h freeze/thaw + 90 days SWSSC 5248 4.4 

I1-W Control 3203 1.0 

 90 days SWSSC [71] 2565 2.9 

 1000 h freeze/thaw + 90 days SWSSC 2498 4.6 

  3000 h freeze/thaw + 90 days SWSSC 2477 3.1 

I2-S Control 10793 2.2 

 90 days SWSSC [71] 7578 3.6 

 1000 h freeze/thaw + 90 days SWSSC 6891 5.6 

  3000 h freeze/thaw + 90 days SWSSC 7373 4.2 

I2-W Control 6577 1.3 

 90 days SWSSC [71] 4853 5.2 

 1000 h freeze/thaw + 90 days SWSSC 4880 3.1 

  3000 h freeze/thaw + 90 days SWSSC 4565 3.9 

U1-S Control 4320 2.3 

 90 days SWSSC [71] 3727 3.1 

 1000 h freeze/thaw + 90 days SWSSC 3621 4.4 

  3000 h freeze/thaw + 90 days SWSSC 3654 4.1 

U1-W Control 7250 0.9 

 90 days SWSSC [71] 5131 6.5 

 1000 h freeze/thaw + 90 days SWSSC 5012 5.2 

  3000 h freeze/thaw + 90 days SWSSC 4758 4.2 

U2-S Control 7659 1.9 

 90 days SWSSC [71] 7161 4.4 

 1000 h freeze/thaw + 90 days SWSSC 6746 6.1 

  3000 h freeze/thaw + 90 days SWSSC 6610 5.2 

U2-W Control 11002 1.1 

 90 days SWSSC [71] 8658 2.7 

 1000 h freeze/thaw + 90 days SWSSC 7578 3.2 

  3000 h freeze/thaw + 90 days SWSSC 7823 5.6 
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Table 7 Three-point bending test results of vacuum infused laminates 

Specimen Condition type Ultimate load (N) CV (%) 

Unidirectional laminates Control 3377 1.1 

 30 days SWSSC 3017 3.2 

 90 days SWSSC 2435 2.5 

 1000 h freeze/thaw + 30 days SWSSC 3004 4.1 

 2000 h freeze/thaw + 30 days SWSSC 2967 3.2 

 1000 h freeze/thaw + 90 days SWSSC 2477 2.8 

 2000 h freeze/thaw + 90 days SWSSC 2452 2.3 

 1000 h UV and moisture + 30 days SWSSC 2354 4.2 

 2000 h UV and moisture + 30 days SWSSC 2305 3.4 

 1000 h UV and moisture + 90 days SWSSC 2133 1.9 

 2000 h UV and moisture + 90 days SWSSC 2087 2.8 

Woven laminates Control 1504 1.8 

 30 days SWSSC 465 3.2 

 90 days SWSSC 431 3.8 

 1000 h freeze/thaw + 30 days SWSSC 471 2.8 

 2000 h freeze/thaw + 30 days SWSSC 466 4.6 

 1000 h freeze/thaw + 90 days SWSSC 402 5.1 

 2000 h freeze/thaw + 90 days SWSSC 429 2.1 

 1000 h UV and moisture + 30 days SWSSC 417 1.9 

 2000 h UV and moisture + 30 days SWSSC 366 3.7 

 1000 h UV and moisture + 90 days SWSSC 321 2.5 

 2000 h UV and moisture + 90 days SWSSC 295 4.3 

Chopped strand mat laminates Control 1381 2.1 

 30 days SWSSC 775 1.8 

 90 days SWSSC 705 2.9 

 1000 h freeze/thaw + 30 days SWSSC 788 3.2 

 2000 h freeze/thaw + 30 days SWSSC 783 3.8 

 1000 h freeze/thaw + 90 days SWSSC 662 4.1 

 2000 h freeze/thaw + 90 days SWSSC 613 3.3 

 1000 h UV and moisture + 30 days SWSSC 701 4.2 

 2000 h UV and moisture + 30 days SWSSC 655 4.9 

 1000 h UV and moisture + 90 days SWSSC 515 3.1 

 2000 h UV and moisture + 90 days SWSSC 417 5.2 
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Figure 10 Flexural strength retention versus the conditioning of pultruded profiles: (a) tested about the major axis, and (b) 

tested about the minor axis 

 

 

Figure 11 Flexural strength retention versus the conditioning of vacuum infused laminates: (a) SWSSC immersion and 

freeze/thaw cycles, and (b) SWSSC immersion and UV cycles 

 

Regarding the pultruded profiles, in contrast to the initial adverse effect of UV radiation and water vapour 

condensation cycles reported in [71], the effect of freeze-thaw cycles before exposure to SWSSC is not 

significant (the maximum flexural strength difference between the samples exposed to only SWSSC and 

samples pre-exposed to freeze-thaw cycles before exposure to SWSSC is about 8%, while this difference is 

about 22% between the samples subjected to UV and moisture cycles [71]). This shows that the initial 



26 
 

degradation of GFRP composites due to the pre-exposure to the freeze-thaw cycles is not significant in 

comparison to that due to exposure to UV and moisture cycles (see Figure 5 (b)). In fact, the final flexural 

strength of samples exposed to the combined freeze-thaw cycles and SWSSC solution were nearly the same as 

the samples exposed to only SWSSC solution. These observations also confirm that GFRP composites’ 

resistance to the freeze-thaw cycles, and exposure of the profiles to such condition before or during their use 

with concrete in construction applications is not a serious concern.       

A trend similar to those reported in [20, 71] for the effect of profile cross-section configuration and bending 

axis was observed in the present study. For detailed discussion the readers may refer to [71].  

From Figure 11, it is obvious that the laminates with unidirectional fibres show the best flexural performance 

among all vacuum infused samples under all the environmental conditions investigated in this study. However, 

surprisingly, the woven laminates performed weaker than the chopped strand mat laminates. Failure modes 

observed in each type of laminate can explain the trend in flexural strength results. As was mentioned earlier, 

the dominant failure mode of conditioned woven laminates during bending tests was the delamination between 

the layers in the tensile zone. Therefore, the fibre-resin interface degradation significantly affects the flexural 

strength of conditioned woven laminates. In other words, the interface strength degradation between the layers 

of woven laminates was severe enough to change the failure mode from fibre fracture (in the reference samples) 

to delamination (in the conditioned samples).  

 However, as the dominant failure mode of unidirectional and chopped strand laminates (i.e., fibre fracture at 

tension zone and resin failure and fibres buckling at compression zone) did not change after the conditioning, 

the flexural strength degradation of these laminates was less than that of the woven laminates. This indicates 

that the number of layers used during the hand-made fabrication process of GFRP laminates and the interface 

strength of each individual layer are important factors in the flexural behaviour of such laminates under harsh 

environments, especially environments including solutions that can affect the interface significantly.   

3.3.3. Compression   

The compression test results of pultruded profiles are presented in Table 8. Also, the compressive strength 

retention versus the environmental condition of pultruded samples are presented in Figure 12. Similar to the 

bending test results, it was generally observed that the initial freeze/thaw cycles have very little effects on 

degradation of a profile’s compressive strength after exposure to SWSSC solutions (the maximum compressive 

strength difference between the samples exposed to only SWSSC and those pre-exposed to freeze/thaw cycles 

followed by SWSSC is about 8 %). Regarding the effect of profiles cross-section, the trend was similar to those 

reported in the previous studies. Readers may refer to [20, 71] for the details. 
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Table 8 Compression test results of pultruded profiles 

Specimen Conditioning type Maximum load (N) CV (%) 

B-1 Control 43195 2.8 

 30 days of SWSSC [71] 30668 5.3 

 1000 h freeze/thaw + 30 days SWSSC 31324 4.3 

 3000 h freeze/thaw + 30 days SWSSC 30124 6.2 

 90 days SWSSC [71] 25053 5.1 

 1000 h freeze/thaw + 90 days SWSSC 25285 5.5 

  3000 h freeze/thaw + 90 days SWSSC 24986 4.7 

B-2 Control 65233 1.2 

 30 days of SWSSC [71] 43053 7.3 

 1000 h freeze/thaw + 30 days SWSSC 42145 5.3 

 3000 h freeze/thaw + 30 days SWSSC 41465 4.3 

 90 days SWSSC [71] 35225 3.6 

 1000 h freeze/thaw + 90 days SWSSC 37125 6.2 

  3000 h freeze/thaw + 90 days SWSSC 36349 5.1 

C-1 Control 60321 2.1 

  90 days SWSSC [71] 36192 6.8 

 1000 h freeze/thaw + 90 days SWSSC 34267 5.5 

  3000 h freeze/thaw + 90 days SWSSC 31490 6.1 

C-2 Control 92655 2.3 

 30 days of SWSSC [71] 69491 9.5 

 1000 h freeze/thaw + 30 days SWSSC 65756 7.2 

 3000 h freeze/thaw + 30 days SWSSC 66125 6.3 

 90 days SWSSC [71] 61152 6.4 

 1000 h freeze/thaw + 90 days SWSSC 60321 5.3 

  3000 h freeze/thaw + 90 days SWSSC 58239 7.1 

 

Figure 12 Compressive strength retention versus the conditioning of pultruded profiles 
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3.3.4. Tension  

Tension test results of pultruded laminates are presented in Table 9 and the tensile properties retention versus 

the environmental condition curves are shown in Figure 13 Tensile properties retention versus the conditioning of 

pultruded laminates: (a) strength retention, and (b) elastic modulus retention. The maximum tensile strength 

difference between the samples exposed to only SWSSC and those pre-exposed to freeze/thaw cycles followed 

by SWSSC is about 5 %, while no significant difference in elastic modulus was observed between the samples 

exposed to the two conditions, again confirming resistance of the pultruded profiles to any degradation due to 

any prior exposure to the freeze/thaw cycles. Moreover, as expected, the tensile strength degradation of thinner 

laminates was greater (e.g., 37 % reduction in 2 mm thick laminates compared to 31 % reduction in 5 mm 

laminates when exposed to 3000 h of freeze/thaw cycles followed by 90 days of SWSSC immersion). It was 

also observed that the elastic modulus reductions under harsh environments were significantly smaller than the 

corresponding strengths values. The fact that fibres, the main component responsible for elastic modulus of 

composites materials, are less affected by the environment compared to the resin, can explain this observation. 

Detailed discussions regarding the effect of laminate thickness on the tensile properties of pultruded profiles 

under harsh environments can be found in [20, 71]. 

 

Table 9 Tensile properties of pultruded laminates 

Laminate thickness Conditioning type 
Maximum 

Load (N) 
CV (%) 

Elastic modulus 

(GPa) 
CV (%) 

2 mm Control 28345 1.12 35.0 1.7 

 90 days SWSSC [71] 19055 3.5 29.7 1.4 

 1000 h freeze/thaw +90 days of SWSSC 18933 4.1 28.2 2.6 

  3000 h freeze/thaw + 90 days of SWSSC 17976 5.2 29.3 3.7 

5 mm Control 40906 0.89 45.0 2.1 

 90 days SWSSC [71] 30231 2.3 36.1 1.8 

 1000 h of freeze/thaw + 90 days SWSSC 28350 5.1 39.9 4.4 

  3000 h of freeze/thaw + 90 days SWSSC 28100 4.2 37.1 3.6 
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Figure 13 Tensile properties retention versus the conditioning of pultruded laminates: (a) strength retention, and (b) elastic 

modulus retention 

 

4. Comparison with previous work 

As suggested by Table 1, similar specimens were tested under different environments in previous research. The 

maximum mechanical strength reductions under different conditions are compared in Table 10. As is seen, 

between the harsh outdoor conditions and SWSSC, generally, 90 days immersion in SWSSC is more damaging 

to GFRP composites compared to 3000 h of cycles of UV and moisture and further 3000 h of cycles of 

freeze/thaw cycles. In addition, in most cases samples exposed to freeze/thaw cycles exhibit less declines 

compared to samples exposed to UV and moisture cycles. However, in channel sections tested about the major 

axis and B1 sections, the reductions were slightly higher in freeze/thaw cycles compared to UV and moisture. 

This could be explained by the failure modes of such samples, in which the failure occurs before the samples 

reach their ultimate capacity (i.e., out of plane failure in channel sections and elephant foot buckling of 

compressive samples). The results of samples exposed to only SWSSC and samples exposed to SWSSC after 

prior exposure to out-door environments show that initial exposure to UV and moisture will affect the final 

degradation of the GFRP profiles. However, freeze/thaw cycles are largely ineffective in causing any serious 

damage. Comparing the samples exposed to freeze/thaw cycles followed by SWSSC immersion with samples 

exposed to UV and moisture cycles followed by SWSSC immersing, one can conclude that the latter is more 

aggressive environment. This confirms that the initial degradation of samples exposed to UV and moisture was 
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higher than that due to freeze/thaw cycles. Accordingly, the final ultimate reductions of samples exposed to UV 

and moisture were higher.     

 

Table 10 Comparison between the previous studies and the present study on the maximum mechanical strength reductions of 

pultruded GFRP profiles subjected to different conditions 

Profile UV + moisture 

cycles [20] 

Freeze/thaw 

cycles [19] 

SWSSC [55, 71] SWSSC + UV and 

moisture [71] 

SWSSC + 

Freeze/thaw   

I1      

Three-point bending (major axis) 21% 17% 21% 34% 17% 

Three-point bending (minor axis) 9% 8% 20% 33% 23% 

I2      

Three-point bending (major axis) 34% 17% 30% 52% 32% 

Three-point bending (minor axis) 21% 2% 26% 34% 31% 

U1      

Three-point bending (major axis) 12% 14% 14% 23% 16% 

Three-point bending (minor axis) 18% 19% 29% 41% 35% 

U2      

Three-point bending (major axis) 13% 16% 7% 14% 14% 

Three-point bending (minor axis) 17% 9% 22% 32% 29% 

B1      

Compression 22% 26% 42% 44% 42% 

B2      

Compression 23% 14% 46% 50% 44% 

C1      

Compression 21% - 40% 43% 48% 

C2      

Compression 11% - 34% 37% 37% 

8 mm tubes      

Compression - - 59% - - 

L1      

Tension 28% 14% 33% 47% 37% 

L2      

Tension 26% 9% 26% 42% 31% 

Note: All SWSSC conditions are 90 days immersing in ambient temperature and out-door cycles duration is 3000h. 

 

The maximum mechanical strength reductions of vacuum infused laminates under different conditions are also 

compared in Table 11. As is seen, laminates exposed to elevated temperature above laminate matrix’s glass 
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transition temperature, Tg, showed higher reductions compared to harsh out-door environments (i.e. UV-

moisture and freeze/thaw cycles). Moreover, the UV and water vapor cycles at an elevated temperature (i.e. 60 

ºC) caused significantly higher reductions compared to freeze/thaw cycles. These show that the mechanical 

properties of polymers are significantly susceptible to degradation at elevated temperatures near and above Tg, 

while they are almost resistant to freezing temperatures. Regarding the laminates exposed to conditions 

including SWSSC solution, one can conclude that vacuum infused laminates are significantly vulnerable to such 

environments. In addition, initial exposure to UV and moisture cycles leads to higher final degradation (i.e. 

higher reductions in laminates exposed to UV and moisture cycles followed by SWSSC immersing compared 

to only SWSSC immersion), while initial exposure to freeze/thaw cycles seems to cause insignificant damage.   

 

Table 11 Comparison between the previous studies and the present study on the maximum mechanical strength reductions of 

vacuum infused laminate exposed to different environmental conditions 

Profile 
UV+ moisture 

cycles [18] 1 

Freeze/thaw 

cycles [18] 1 

Elevated temperature 
2 [22, 81] 

SWSSC  
SWSSC + UV 

and moisture  

SWSSC + 

Freeze/thaw   

UL       

Tensile 8% No reduction 20% - - - 

Three-point bending - - 17% 28% 28% 38% 

WL       

Tensile 29% 6% 29% - - - 

Three-point bending - - 27% 71% 80% 72% 

RL       

Tensile 36% 7% 47% - - - 

Three-point bending - - 33% 49% 70% 56% 

Note: 1: The duration of all out-door condition cycles was 2000 h; 2: the condition is 120 min exposure to 120 ºC.  

 

5. Proposed models 

In this section, using the experimental results, regression models are proposed to obtain the mechanical 

properties of GFRP composites under harsh environmental conditions. With this regard, the following steps 

were performed: (1) A two-way Analysis of Variance (ANOVA) was conducted on different variables of the 

study; (2) Based on the ANOVA results, the effective parameters that showed considerable contributions on the 

final strength retention of GFRP composites were identified; (3) Several regression models (i.e. linear Bayesian 

regression) were tried to predict the strength retention of the samples using the selected parameters; (4) finally, 

according to the regression statistical parameters (e.g. regression coefficient correlations, homoscedasticity, 
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non-collinearity, and error normality), the best predicting model was proposed. Bazli et al. [71] proposed the 

following model to predict the mechanical properties of GFRP pultruded profiles exposed to UV radiation and 

water vapour condensation as the outdoor condition followed by SWSSC solution immersing (i.e., immersing 

in ambient temperature similar to the present study): 

𝑅 (%) = 𝐴 (
𝑇1+𝑇2

1.5

𝑇2
1.1 ) + 𝐵(𝑡2) + 𝐶 (

1

𝑝
) + 𝐷√𝐼𝑥 + 𝐸     (10.1) 

where 𝑇1and 𝑇2 are the UV and moisture cycles time and immersing time in SWSSC (h) solution, respectively 

and 𝑡, 𝑝, and 𝐼𝑥  are the sample thickness (mm), cross-section perimeter (mm), and moment of inertia (mm4) 

about the x-axis (major axis), respectively. A to E are the regression parameters according to the experimental 

data. The same equation is used for this study. As the initial exposure to out-door conditions has changed to 

freeze/thaw cycles in this study, the regression coefficients will change accordingly. Table 12 summarizes the 

regression constants and parameters of Eq.1 for different mechanical tests. Figure 14 shows the comparison 

between the experimental test results and prediction values using Eq.1. It is worth mentioning that the proposed 

model is valid for pultruded profiles with the cross-section configuration, time and temperature of conditioning 

within the range of the present study. 

 

Table 12 Regression constants and parameters of Eq.10.1 

Test Type A B C D E R factor 
Mean of standard 

deviation  

Pultruded profiles  

Three-point bending (major axis) -1.435 3.530 -31525.3 -0.638 454.6 0.96 3.343 

Three-point bending (minor axis) -7.161 0.271 1279.6 0 216.1 0.87 2.836 

Compression  -1.564 0.185 326.4 0 87.4 0.92 1.397 

Tension -6.649 0.231 0 0 210.2 0.96 0.353 

Vacuum Infused laminates  

UL -2.217 0 0 0 121.1 0.99 0.939 

WL -0.426 0 0 0 37.3 0.92 0.828 

RL -1.227 0 0 0 74.5 0.93 2.318 
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Figure 14 Comparison of strength retention between experimental and predicted values using Eq. (1): (a) three-point bending 

about major axis, (b) three-point bending about major axis, (c) tension, (d) compression, (e) three-point bending of 

unidirectional vacuum infused laminates, (f) three-point bending of woven vacuum infused laminates, and (g) three-point 

bending of chopped strand vacuum infused laminates 

 

6. Conclusions 

As part of the research project about using SWSSC with FRP composites in coastal areas, this study addresses 

the durability of pultruded GFRP composites subjected to freeze/thaw cycles followed by SWSSC solution and 

vacuum infused GFRP laminates subjected to SWSSC solution and its combination with freeze/thaw or UV and 

water vapour cycles. Mechanical tests, including three-point bending, compression, and tension, were used to 

investigate the mechanical properties of GFRP composites after conditioning.  In addition, the microstructural 

properties of conditioned samples were investigated using SEM analyses. The following conclusions can be 

reported based on the observations and test results:  

 SWSSC environment significantly affects the mechanical properties of different GFRP composites; 

the adverse effect is higher for pultruded profiles with interlaminar shear failure compared to fibres 

fracture (e.g. 30 % and 26 % reductions, respectively in bending strengths about major and minor axis 

of I2 samples after 90 days immersing in SWSSC).   
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 Degradation of flexural strength of vacuum infused woven laminates under the conditions including 

SWSSC solution is significantly higher than that of unidirectional and chopped strand mat laminates 

(e.g. maximum reductions of 80% in WL compared to 70% in RL and 38 % in UL after 2000 h 

exposure to UV and moisture followed by 90 days immersing in SWSSC); however, chopped strand 

mat laminates exhibit the weakest performance under the condition of only outdoor cycles. 

 Initial exposure to freeze/thaw cycles does not have a significant effect on the final degradation of 

samples exposed to SWSSC solutions. In other words, the samples exposed to SWSSC solution have 

almost the same mechanical properties reduction in comparison to the samples exposed to freeze/thaw 

cycles followed by the SWSSC solution. 

 In contrast, to freeze/thaw cycles, vacuum infused laminates exposed to UV and water vapour 

condensation cycles followed by SWSSC immersing show lower flexural strength in comparison to 

the samples exposed to only SWSSC solution. 

 Microstructural analyses of samples exposed to outdoor conditions mainly show microcracks and 

micro-holes on the surface, the density of which is higher in the case of UV and moisture exposure. 

Therefore, if samples are exposed to SWSSC solution, the initial degradation due to the outdoor 

condition may lead to earlier solution penetration through the initial cracks, and thus faster damage 

progression, which the effect is less significant in freeze/thaw exposure. 

 Microstructural analyses of samples exposed to conditions, including the SWSSC solution, show 

significant damages in terms of surface resin cracking and leaching, interface debonding, and fibres 

crushing.  

 Pultruded profiles showed maximum reductions of 35 %, 48 %, and 37 % in flexural, compressive, 

and tensile strength, respectively, after exposure to 3000 h of freeze/thaw cycles followed by 90 days 

immersing in SWSSC solution. 

 The mechanical performance of pultruded profiles with a lower ratio of perimeter to thickness (p/t) 

under harsh environments is better than that of profiles with a higher ratio. 

 Vacuum infused laminates with unidirectional, woven, and chopped strand fibres showed maximum 

flexural reductions of 28 %, 72 %, and 56 %, respectively, after exposure to 3000 h of freeze/thaw 

cycles followed by 90 days immersing in SWSSC solution. The corresponding values after exposure 

to 3000 h of UV and water vapour cycles followed by 90 days immersing in SWSSC solution were 

38 %, 80 %, and 70 %, respectively. 
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