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Graphical Abstract: 

 

     
 

Highlights: 

 

• The wear performance of GFRP box profiles under varying conditions was investigated. 

• GFRP profiles showed increased wear at high temperatures, good performance in cold. 

• Horizontal fiber direction in GFRP resulted in greater mass and volume loss. 

• Concrete wear decreased with higher compressive strength and increased age. 

• Monte Carlo Simulation was used to predict potential wear result ranges. 

 

Abstract: Continuous exposure to external factors leads to loss of physical and mechanical properties in building materials 

due to wear effects. There is little information available on the wear performance of glass fiber reinforced polymer (GFRP) 

composite profiles, whose usage areas are increasing, under various conditions. In this study, the aim is to determine the wear 

performance of GFRP box profiles under different conditions. To evaluate the wear performance of GFRP profiles under 
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various conditions, their performance was compared with the wear performance of concrete under different strengths and 

conditions. The effects of fiber direction, temperature, and cold conditions on the wear performance of GFRP box profiles 

were investigated. The effects of compressive strength, age of concrete, humidity status, temperature, and cold conditions on 

the wear performance of concrete were experimentally determined and compared. The wear results of GFRP profiles tested 

in the Böhme wear test machine and the wear results of concrete in three strength classes were evaluated and compared under 

different conditions. In addition, the test numbers were increased using the Monte Carlo Simulation method to evaluate the 

possible result range. The wear losses of GFRP profiles increase with increasing temperature while they perform well under 

cold conditions. It was observed that GFRP box profiles in the horizontal fiber direction exhibited greater mass and volume 

loss. Concrete showed a decrease in mass loss as compressive strength increased. Similarly, the wear loss in concrete de-

creased as the age of the concrete increased, with the greatest mass and volume loss occurring in 3-day-old concrete. 
 

Keywords: Wear, FRP profile, concrete, Böhme test, Monte Carlo simulation. 
 

 

      
 

1. Introduction  

 

Structures are subject to various effects of nature over many years, and if not regularly maintained and repaired, they 

become unusable and lose their functions over time. Among the most commonly used building materials, concrete is prone to 

deformation due to external factors such as wind, water, as well as temperature, and acidic corrosion (Nochaiya, Suriwong, 

and Julphunthong 2022). These effects generate forces through friction and impact on the concrete surface, leading to surface 

wear. Surface wear is one of the most common forms of deterioration in concrete structures and has been a long-standing 

concern for durable concrete infrastructure elements (Mansouri et al. 2020; Wang et al. 2021). Concrete wear resistance is 

especially important for concrete surfaces exposed to moving objects and relative motion (Sharbaf, Najimi, and Ghafoori 

2022). The wear resistance of concrete is related to the strength of the cement paste, aggregate properties, and the bond 

between the aggregate and cement (Kiliç et al. 2008; Y.-W. Liu, Cho, and Hsu 2012; Ramesh Kumar and Sharma 2014; 

Sadegzadeh, Page, and Kettle 1987). Many applications, such as improving surface treatments, improving coarse aggregate 

properties, and adding fibers or auxiliary components to concrete increase concrete wear resistance (Atiş 2002; He, Chen, and 

Cai 2019; Y. W. Liu 2007; Omoding, Cunningham, and Lane-Serff 2021a, 2021b; Silva et al. 2019; Zarrabi, Moghim, and 

Eftekhar 2021). 

 

In recent years, different types of fiber-reinforced polymer (FRP) composites have been used as main building elements 

or strengthening materials in construction and infrastructure due to their lightness, high strength, high stiffness-to-weight 

ratio, and corrosion resistance properties (Aliasghar-Mamaghani and Khaloo 2018; Bakis et al. 2003; Choi et al. 2022; Chris-

tian and Billington 2011; Dweib et al. 2004; Jiang, Kolstein, and Bijlaard 2013; Keller 2001; Najafabadi et al. 2018; Teng et 

al. 2002, 2003; Shahrbijari et al. 2024). FRP composite materials have advantages in terms of strength, durability, life cycle 

cost, environmental impact performance, and exceptional mechanical properties (Hollaway 2010). Among the different fibers 

used in FRPs, glass fiber-reinforced polymers (GFRPs) are preferred because they are more economical and offer lower life 

cycle costs (Lee, Hong, and Park 2018; Nystrom et al. 2003; Aydin and Sarıbıyık 2010). FRP materials can be produced in 

various shapes, such as reinforcement bars, tendons, grids, and sheets, and are used for different purposes in the construction 

industry (CAN/CSA-S806-02 2009). GFRP profiles can be used as load-bearing structural elements, enabling the construction 

List of abbreviations: 

FRP - fiber reinforced polymer 

GFRP - glass fiber reinforced polymer 

SD - standard deviation 

V - vertical 

H - horizontal. 

Tg  - glass transition temperature 
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of multi-story buildings, and GFRP box profiles have been used as the structural system in two-story buildings constructed in 

Türkiye (Aydin 2016). Additionally, a greenhouse has been built as part of a national project using GFRP profiles (Sarıbıyık 

et al. 2007). Numerous studies on FRP composites have shown that these materials can be used in place of traditional materials 

in some applications (Figure 1) (Singh et al. 2022; Aydin et al. 2018).   

 

 

 
Figure 1. Structures built with GFRP profiles. 

GFRP composite materials are as notable for their weaknesses as much as for their advantages. In particular, their perfor-

mance being negatively affected under high temperatures, as well as their brittleness (Aydın F, et al 2024; Arslan Ş.and Aydın 

F. 2023) are significant factors that can limit the use of these materials. When exposed to high temperatures, GFRP materials 

can experience losses in mechanical properties, and their structural integrity may be compromised. For this reason, the thermal 

resistance of GFRP materials has become a significant research topic in many applications. GFRP bars were kept at 60 ℃ 

and -37 ℃ for 160 days and the losses in tensile strength were examined by Aydın and Arslan. The tensile strength of the bar 

exposed to 60 ℃ decreased by 5%, while the tensile strength of the reinforcement at -37 ℃ increased by 1% (Aydın F., 

andArslan Ş., 2021).  

 

The compressive strength of GFRP profiles exposed to high temperatures was investigated by Khaneghahi et al. and 

observed that when the temperature exceeded 90 °C, which is near the glass transition temperature of the matrix, compressive 

strength was reduced by half (Khaneghahi, M. H.,et al 2020). Researches on the mechanical effects of high temperatures on 

FRP in the literature were reviewed by Bazli and Abolfazli and it was determined that, in general, exposure to high tempera-

tures close to and above the resin glass transition temperature (Tg) has negative effects on the mechanical properties of FRP 

materials (Bazli, M., and Abolfazli, M. 2020). A study examining the compressive strength of GFRP bar at elevated temper-

atures found that GFRP bar retained most of its compressive strength when exposed to temperatures up to 60 ℃, but decreased 

significantly thereafter (AlAjarmeh, O Et al 2022).  

 

In research where the tensile performance of GFRP composites at high and low temperatures was experimentally evalu-

ated, it was reported that there was no significant effect on the tensile strength in the low temperature environment from room 

temperature to -20 °C, but a decrease in strength occurred as the temperature increased from 25 °C to 80 °C (Kumarasamy, 

S. et al 2018). The tensile performance of GFRP sheets at high temperatures was investigated by Jarrah et al. It was observed 

that, at temperatures between 25 and 150 °C, a decrease in tensile strength occurred due to softening of the epoxy adhesive at 

temperatures around Tg (Jarrah, M. et al 2018). Tensile properties of GFRP laminates were investigated after exposure to high 

temperatures. It was observed that profiles exposed to 70 °C for 20 minutes lost between 2% and 26% of their tensile strength 

(Ashrafi, H.,et al 2020). In studies where GFRP composites were exposed to high temperatures, it was determined that GFRP 

reinforcement retained 96.3% of its tensile strength at 100 °C (Özkal, F. M., et al 2018) and GFRP laminate retained 90% 

(Hawileh, R. A. et al 2015). 

 

In a few studies investigating the wear performance of FRP materials, wear tests have been categorized and presented. 

Abrasive wear on FRP has been studied in two groups: two-body wear (Suresha et al. 2010; Suresha and Kumar 2009) and 

three-body wear (Agarwal, Patnaik, and Sharma 2014; Chand, Naik, and Neogi 2000; Suresha et al. 2008). There are also 

studies on erosion-induced wear (Harsha and Jha 2008; Tewari et al. 2003). While wear performance studies on GFRP mate-

rials (Chandru, B.G., and Shivashankar 2012; Das et al. 2019; Jumahat, Kasolang, and Bahari 2015; Lasri, Nouari, and Man-

sori 2011; Pihtili 2009; Srivastava 2006; Srivastava and Wahne 2007) have generally used different test methods and material 

types, few comparisons have been made with concrete using the same test setup. 
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Srivastava et al. (Srivastava and Wahne 2007) prepared randomly oriented short E-glass fiber reinforced epoxy resin 

composites filled with mica and tricalcium phosphate (TCP) particles using a hand lay-up method. The wear and friction 

behavior of these composites, sliding against AISI-1045 steel on a disk with a pin configuration, was evaluated using a TR-

20LE wear and friction test machine. It was found that the filler particles significantly improved the mechanical properties 

and wear resistance of the E-glass fibers and increased the bonding strength between the filler particles and the epoxy resin. 

In another study, Lasri, Nouari, and Mansori (2011) performed progressive failure analyses to evaluate the wear resistance of 

FRP components used in aviation to analyze shear damage. When composite materials are processed at high speeds, the 

surface quality of the finished product can be improved by adjusting the processing parameters. Due to the complex nature of 

this process, the effect of cutting parameters on surface damage and, consequently, on the wear resistance of the processed 

component becomes significant. The analyses indicated that matrix cracking and interfacial sliding occurred first in the FRP 

material, followed by fiber wear. Damage progression in the matrix and interfacial regions was parallel to the fiber axis, 

suggesting that damage progression was strongly influenced by the fiber orientation of the FRP composite. 

 

Pihtili (2009), investigated the effects of resin content on the wear of woven roving glass fiber-reinforced epoxy 

resin and glass fiber-reinforced polyester resin composite materials. Wear results were measured as mass loss. The study 

found that glass fiber-reinforced epoxy resin composites generally showed higher strength and lower wear than glass fiber-

reinforced polyester resin composite materials. Another study investigating the wear properties of nano-silica-filled epoxy 

polymers and FRP composites (Jumahat, Kasolang, and Bahari 2015) used woven fiberglass as the reinforcement material. 

Fibers were mixed with epoxy resin modified with nano-silica in proportions of 5%, 13%, and 25% by weight. The results 

showed that increasing the amount of nano-silica reduced accumulated mass loss and significantly improved the wear re-

sistance of the FRP composites. 

 

In this study, glass fiber-reinforced polymer matrix composites produced by the hand lay-up method were tested for 

their mechanical properties and three-body dry sliding behavior by maintaining samples at 140 °C for six hours. The dry 

sliding test results indicated that the wear rate and specific wear rate of the GFRP composite sample were 0.11674 mm³/m 

and 5.95×10⁻³ mm³/Nm, respectively. Das et al. (2019) also examined the mechanical properties and three-body dry sliding 

behavior of glass fiber-reinforced polymer matrix composites produced by the hand lay-up method under similar conditions, 

obtaining the same wear rate and specific wear rate results. 

 

In addition to previous studies, this research compared the wear performance of different types of concrete with GFRP 

profiles, considering the potential of GFRP box profiles as an alternative to traditional structural materials in some applica-

tions. Samples were tested at -50 °C and +50 °C to represent low and high air temperatures, respectively, for GFRP box 

profiles. The fiber orientation was varied to determine the effect on wear direction. For concrete, experiments were conducted 

with variables such as moisture, temperature, and age of the concrete. Mass and volume losses due to wear were evaluated 

using the Böhme wear test under various conditions. Furthermore, the relationship between simulation and experimental re-

sults was analyzed by replicating experimental outcomes using Monte Carlo simulations and conducting probability calcula-

tions. 

 

2. Materials and methods  

 

2.1. Material 

 

The wear performances of GFRP box profiles and concrete specimens in 3 different strength classes were investigated 

under various conditions in experimental studies (Figure 2). The dimensions of all specimens were produced as 71 x 71 x 71 

mm according to TS 2824 EN 1338 (2005) (TS2824 2005). 
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Figure 2. a) GFRP profiles, b) concrete samples, c) samples conditioned at low temperatures, d) samples conditioned at high tempera-

tures. 

The GFRP box profiles are hollow and produced using E-type glass fiber and polyester resin with a thickness of 4 mm. 

The properties of the fiber and resin are provided in Table 1. The fiber ratios of GFRP profiles were obtained experimentally. 

The masses of the profiles, kept in the oven until the matrix material evaporated, were measured after removal. The amount 

of matrix material was calculated by subtracting the mass after entering the oven from the mass before entering the oven. The 

remaining mass after oven treatment represents the mass of the fibers. The box profile consists of two layers, with felt fibers 

constituting a small amount on both the inside and outside of the profile. Longitudinal fibers are situated between these two 

felt fiber layers (Figure 3). As a result of the experiment, the felt fiber ratio of the GFRP profiles was determined to be 9%, 

while the longitudinal fiber ratio was found to be 42% (Table 2). 

 

Samples measuring 4 x 250 x 2500 mm, obtained from the surface of GFRP box profiles, were subjected to tensile testing. 

Strain was measured using an extensometer, and the tensile strength was determined to be 374.44 MPa (Figures 4-5). The 

average compressive strength of the box profiles (71 x 71 x 71 mm) was determined to be 146 MPa. 

 

 

 
Figure 3. The felt (F) and longitudinal (L) glass fiber layers in the GFRP box profile. 
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Table 1. Glass fiber and resin properties. 

Glass fiber: FWR6 Polyester resin: liquid CE 67 HV4 

Glass type E Tensile strength Min 50 N/mm2 

Connector type Silane Flexural strength Min 85 N/mm2 

Fiber diameter: 17 Hardness Min. 45 barcol 

Split tex  2400 Appearance Clear 

Roving tex  2400 Viscosity 1000±150 Cps 

Roving tex (g/1000m)  300½410½600½900½1200½ 2400 Acid number 26.0-34.0 mgKOH/g 

CE binding code (06) Additive Min %65 

Fiber diameter (m)  4 ½ 16 ½15 ½18 ½ 15 ½ 17 
Gelation time  

(25 ℃) 

4±1 minute 

 

Resin compatibility Polyester / vinyl ester / epoxy Exothermic peak (25 

℃) 

190 ±15 ℃ 

Humidity content  max. %0.15 Stability  3 months 

 

 

Table 2. GFRP box profile properties. 

Modulus of 

elasticity 

Tensile 

strength 

Poisson 

ratio 
Unit weight 

Specific 

gravity 

Longitudinal fi-

ber rate 

Felt fiber  

ratio 

Glass transition 

temperature 

29000  

N/mm2 

374,44  

N/mm2 
0.33 1.75 g/cm3 1.80 42 % 9 % 115 ℃ 

 

 
Figure 4. a) Tensile, and b) compressive test sample.  
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Figure 5. Tensile test sample and tensile stress – strain graph of GFRP. 

 

Concrete specimens were produced in three strength classes to determine the effects of concrete strength on wear perfor-

mance. Material mix ratios and 28-day average cube compressive strengths for each strength class are given in Table 3.  

 
Table 3. Concrete material mixing ratios (kg/m3). 

Material (kg) Type I  Type II  Type III  

Cement 326 417 535.7 

Water 225 225 225 

Plasticizer additive 0 4.17 10.7 

1 No. aggregate 1071 1025 965.2 

0-4 No. aggregate 775.5 742.3 698.5 

Total 2397.5 2413.5 2435.2 

Compressive strength (MPa) 23.3  33.0 40.4 

 

2.2. Method 

 

The wear performances of GFRP box profiles under various environmental conditions and concrete specimens of different 

strengths were compared. Mass and volume losses were measured after wear tests, and comparisons were made between the 

specimens. Wear tests were conducted using the Böhme wear tester (Figure 6) for each specimen type, with five replicates 

for accuracy. 

 

 
Figure 6. GFRP box profile and concrete wear tests. 
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Wear tests were conducted by planning scenarios to simulate various environmental conditions that GFRP materials and 

concrete might be exposed to. To assess the effect of fiber orientation on wear in GFRP profiles, experiments were conducted 

with samples positioned both vertically and parallel to the wear direction at room temperature (Figure 7). Additionally, wear 

tests were performed at +50 °C to represent high temperatures and -50 °C to simulate cold weather conditions. 

 

 
Figure 7. Experiment direction (H: horizontal, P: vertical). 

 

To compare the wear performance of GFRP profiles, which are considered as new generation materials, with the most 

widely used construction material, concrete specimens with different strengths were tested for wear performance. For this 

purpose, the effects of 3, 7, and 28-day concrete ages, hot-cold environment conditions, and moisture content in the concrete 

were experimentally investigated, in addition to the strengths of concrete samples in three strength classes. 

 

In addition to the experiments investigating the effects of concrete age, moist, hot, and frozen concrete samples were 

prepared after 28 days of curing, and the specified conditions were provided. In the investigation of the cold effect, the samples 

were kept at -50 °C and subjected to wear tests. In the temperature effect, the samples were kept in an oven and their temper-

atures were maintained during the wear test using a hot air gun. In the Böhme wear test, the samples were placed on a hori-

zontal rotating abrasion disc with a diameter of 750 mm, rotating at a speed of 30 rpm and under a load of 294 N. In each test, 

20 g of corundum abrasive powder was sprinkled on the rubbing strip, and the samples were subjected to a total of 22x16=352 

revolutions of wear. 

 

3. Experimental results  

 

The results of the wear tests have been analyzed under two categories: mass loss and volume loss. 

 

3.1. Mass loss 

 

The average mass loss values obtained from the wear tests of GFRP box profiles parallel and vertical to the fiber axis are 

presented in Table 4 and their corresponding graphs are shown in Figure 8-9.  In Figure 8 and 9, the error bars represent the 

standard deviation of the mass loss values. These standard deviations were calculated based on repeated tests under each 

condition to account for the variability in the measurements. 

 

 

Table 4. Mass loss rates of GFRP box profiles. 

Direction 
Non-conditioned 

(%) 

Standard  

deviation (%) 

-50 ℃  

(%) 

Standard 

 deviation (%) 

+50 ℃  

(%) 

Standard  

deviation (%) 

Vertical 1.63 0.37 1.00 0.35 2.88 0.18 

Horizontal 3.80 0.55 1.19 0.42 5.05 0.22 
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Figure 8. Mass losses of GFRP box profiles under different conditions. 

 

 
Figure 9. The effect of fiber orientation on wear resistance in GFRP box profiles. 

 

It is well-known that the integrity of fibers and matrix decreases in FRP materials with increasing temperatures, leading 

to significant strength losses. In the wear tests, mass losses increased with temperature compared to room temperature. In the 

GFRP samples, those exposed to lower temperatures showed better wear performance, contrary to the effects observed at 

higher temperatures. In tests conducted vertical to the fibers without conditioning, mass losses at +50 °C increased by 77% 

compared to room temperature GFRP samples. Conversely, mass losses at -50 °C decreased by 39% compared to room tem-

perature samples. In these tests, cold samples exhibited approximately three times less wear than hot samples. In parallel fiber 

tests, mass losses increased by 33% at +50 °C and decreased by 69% at -50 °C compared to reference GFRP samples at room 

temperature. Hot samples exhibited approximately 4.2 times more wear than cold samples. 

 

In the wear tests, mass losses in GFRP profiles occurred primarily due to the wear of the resin matrix in the surface region. 

In tests vertical to the fibers, fewer mass losses were observed compared to tests parallel to the fibers. In these tests, the 

sandpaper dust rubbing against the GFRP material surface helped prevent the glass fibers from breaking away from the resin 

matrix. However, in parallel fiber tests, the wear axis and fibers were aligned in the same direction, reducing the protective 

effect of glass fibers against wear of the resin matrix. Furthermore, the differences in mass losses between vertical and hori-

zontal fiber tests were limited in cold conditions. Mass losses in parallel fibers were 133% and 75% higher than in vertical 
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fibers for reference samples (room temperature) and hot samples (+50 °C), respectively, whereas this difference was only 

19% for samples kept in cold conditions (-50 °C). 

 

The wear performances of GFRP profiles, which are next-generation construction materials, were evaluated by comparing 

them with the wear data of traditional concrete samples under various conditions. Cubic concrete samples with different 

strength classes were subjected to wear tests under varying environmental conditions, and the resulting mass losses are pre-

sented in Table 5. The comparison of the graphs is shown in Figures 10 and 11. 

 

Table 5. The mass loss rates of concrete types. 

Concrete 

type 

Concrete age 

(non-conditioned) 

 (%) 

 

Humidity 

(%) 

  

 

-50 ℃ 

(%) 

  

 

+50 ℃ 

(%) 

  

 3 days SD 7 days SD 
28 

days 
SD 

Loss   

(%) 

SD 

(%) 

Loss   

(%) 

SD 

(%) 

Loss   

(%) 

SD 

(%) 

I 1.61 0.14 1.30 0.15 1.04 0.38 1.11 0.18 1.1 0.26 1.01 0.10 

II 1.13 0.17 0.89 0.31 0.69 0.10 0.81 0.06 0.69 0.22 0.78 0.03 

III 0.91 0.31 0.81 0.24 0.36 0.16 0.54 0.09 0.38 0.13 0.60 0.07 

SD: Standard deviation 

 

Figure 10. The effect of different conditions on the mass loss rate in concrete. 
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Figure 11. Mass loss rates in different types of concrete. 

 

The average compressive strengths of concrete for Types I, II, and III are 23.3, 33.0, and 40.4 MPa, respectively. When 

examining the effects of compressive strength on the wear performance of concrete, it is observed that mass losses decrease 

as expected with increasing strength under all conditions. Mass losses decrease at every age of concrete as compressive 

strength increases. In 3-day-old concrete, mass losses of high-strength concrete (Type III) are 22% less than those of medium-

strength concrete (Type II) and 77% less than those of low-strength concrete (Type I). The mass loss rates at 7 days are 10% 

and 60% less, respectively. At 28 days, these differences are 92% and 188%, respectively. In 28-day-old concrete, increasing 

strength results in mass losses of high-strength concrete being 22% less than those of medium-strength concrete (Type II) and 

77% less than those of low-strength concrete (Type I). 

 

When considering the effect of concrete age on wear, it was determined that the mass loss rates of 7-day and 3-day concrete 

samples for Type I concretes are 25% and 55% higher, respectively, than those of 28-day concrete samples. For Type II 

concretes, the mass loss rates of 7-day and 3-day concrete samples are 29% and 64% higher, respectively, than those of 28-

day concrete samples. For Type III concretes, which have the highest strength, the mass loss rates of 7-day and 3-day concrete 

samples are 125% and 153% higher, respectively, than those of 28-day concrete samples. As concrete strength increases, the 

difference in mass loss rates due to concrete age also increases. The mass loss rates of 3-day concrete samples are 24%, 27%, 

and 12% higher than those of 7-day concrete samples for Types I, II, and III, respectively. 

 

When examining the effects of sample temperatures on wear in concrete, it was found that in humid, hot samples (+50 

°C), and frozen samples (-50 °C), compressive strength is highest in the strongest concretes, and the least amount of mass loss 

occurs, as expected. In the highest strength group (Type III), compared to normal condition concrete, moist concrete had a 

50% higher mass loss rate, hot concrete had a 67% higher mass loss rate, and frozen samples had a 5% higher mass loss rate. 

For Type II concretes, the mass loss rates in moist, hot, and frozen samples were 17%, 13%, and 0%, respectively, compared 

to reference concrete. For low-strength Type I concretes, the mass loss rates in moist and hot samples were 7% and 3% higher, 

respectively, compared to reference concrete, while the mass loss rate in frozen samples decreased by 4%. As with GFRP 

profiles, cold samples showed the best performance against wear in concrete. 

 

As concrete strength increases, surface hardness increases, and wear rates decrease. As moisture content increases, surface 

hardness decreases, and wear rates increase. Moist concrete becomes saturated with water, increasing its weight, though mass 

loss rates remain relatively low. It is well-known that the curing process of early-age concrete increases its strength. A 3-day-

old concrete has completed 40% of its strength, a 7-day-old concrete has completed 65-70%, and a 28-day-old concrete has 

completed 95-99% of its strength. Therefore, an increase in wear resistance is expected to be observed in all three types of 

concrete as the curing time increases. 
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3.2. Volume loss 

 

The volume losses observed in GFRP box profiles because of wear tests are given in Table 6 and comparison graphs are 

shown in Figure 12. It should be noted that the GFRP box profiles were hollow inside. 

 

Table 6. Volume loss rates of GFRP box profiles according to the direction of wear. 

Direction 
Vertical 

(%) 

Standard deviation 

(%) 

Horizontal 

(%) 

Standard deviation 

(%) 

Non-conditioned 0.97 0.46 1.05 0.38 

 

 
Figure 12. Comparison of volume loss rates in GFRP box profiles based on wear direction. 

 

In the case of wear, similar volumetric losses were observed in GFRP box profiles for wear parallel to and vertical to the 

fiber axis. The volumetric loss rates due to wear parallel and vertical to the fiber axis were approximately 1%. It was observed 

that the volumetric loss rates in GFRP box profiles were lower than the mass loss rates. Volumetric losses in concrete samples 

due to wear are given in Table 7 and shown in Figures 13-14. 

 

Table 7. Volume loss rates according to concrete types and environmental conditions. 

Concrete 

type 

Concrete age 

(non-conditioned) 

 (%) 

 

Humidity 

(%) 

  

 

-50 ℃  

(%) 

  

 

+50 ℃ 

(%) 

  

 3 days SD 7 days SD 
28 

days 
SD 

Loss 

(%) 

SD 

(%) 

Loss 

(%) 

SD 

(%) 

Loss 

(%) 

SD 

(%) 

I 1.81 0.81 1.5 0.38 1.25 0.38 1.32 0.37 1.3 0.65 1.39 0.76 

II 1.33 0.18 1.15 0.18 0.92 0.20 1 1.05 0.95 0.20 1.02 0.33 

III 1.01 0.25 0.72 0.09 0.48 0.15 0.6 0.14 0.45 0.24 0.6 0.28 
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Figure 13. Volume loss rates under different environmental conditions. 

 

 
Figure 14. Volume loss rates of concrete types. 

 

The volume losses in concrete samples are below 2% under all conditions. Volume losses decrease with the age and 

strength of the concrete. The volume losses in Type III and 3-day-old concrete samples are 32% and 79% less than in Type 

II concrete, respectively. This trend is observed to be 36% and 108% less in 7-day-old concrete samples. In 28-day-old con-

crete samples, the volume loss rates are 92% and 160% less with decreasing strength. The volume losses of high-strength 

Type III concrete samples at 28 days are 50% less than those in Type II concrete and 110% less than those in Type I concrete. 

 

When evaluating the effect of concrete age on wear, it is determined that the volume loss rates of 7-day and 3-day-old 

concrete samples are 20% and 45% higher, respectively, than the volume loss rates of 28-day-old concrete samples in Type I 

concrete. In Type II concrete, the volume loss rates of 7-day and 3-day-old concrete samples are 25% and 45% higher, re-

spectively, than those of 28-day-old concrete samples. In Type III concrete, these rates are 50% and 110% higher, respectively. 

The volume loss rates are 20%, 15%, and 40% higher for 3-day-old concrete samples compared to 7-day-old samples in Types 

I, II, and III, respectively. 
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When examining the effects of sample temperature and humidity on wear in concrete, it is determined that there is a 25% 

volume loss in humid and hot concrete compared to concrete under normal conditions, while there is 6% less volume loss in 

samples kept in cold conditions for Type III concrete. In Type II concrete, the volume loss rates of humid, hot, and cold 

samples are 9%, 11%, and 3% higher, respectively, compared to reference concrete. In Type I concrete, the volume loss rates 

of humid, hot, and cold samples are 6%, 11%, and 4% higher, respectively, compared to reference concrete. 

 

4.  Comparison of GFRP profiles and concrete wear 

 

In this section of the study, the wear performance of GFRP profiles and concrete specimens under different environmental 

conditions was compared. It is known that as the concrete strength increases, the surface hardness also increases, and therefore, 

the wear performance also improves. The conditioned samples were compared, and the mass loss is presented in Figure 15 

and the volumetric loss ratios in Figure 16 for all conditioned samples within the scope of this study. 

 

 
Figure 15. Mass losses of unconditioned samples. 

 

 
Figure 16. Volumetric losses of unconditioned samples. 

 

0

1

2

3

4

L
o

ss
 (

%
)

0

1

2

3

4

L
o

ss
 (

%
)

https://doi.org/10.7764/RDLC.23.3.652
http://www.revistadelaconstruccion.uc.cl/


Revista de la Construcción 2024, 23(3) 652-673 
666 of 673 

 

 
 

 
 

Revista de la Construcción 2024, 23(3) 652-673; https://doi.org/10.7764/RDLC.23.3.652                                                  www.revistadelaconstruccion.uc.cl  
                                                                                                                                                                                                                           Pontificia Universidad Católica de Chile  

 

The highest mass loss rate was observed in GFRP box profiles, while the volumetric loss rate was observed in the concrete 

specimens with incomplete strength. Due to the hollow structure of the GFRP box profiles, the total sample weight is low. In 

concrete specimens, the total sample weight is high, so the mass wear loss rates are relatively low in percentage terms. In 

GFRP profiles, the resin layer on the outermost layer is worn (Figure 17). Thus, the wear of the matrix material does not cause 

much variation in the volumetric wear rates, but it affects the mass wear loss rates more. 

 

   
Figure 17. a) GFRP and concrete, b) specimen after wear test. 

 

In the comparison of conditioned specimens in cold environments, the results of concrete specimens of three strength 

classes at 28 days and GFRP profiles under cold conditions were compared. The results showed that GFRP profiles exhibited 

the lowest wear resistance when wear occurred parallel to the fiber axis, while the best result was achieved by the Class III 

concrete specimens (Figure 18). 

 

 
Figure 18. Mass losses of -50 o C conditioned samples. 

 

Since the matrix material of GFRP profiles is polymer, they have a low melting temperature. As the temperature increases, 

the binding matrix in the polymers begins to soften, and the glass transition temperature varies depending on the matrix 

material in the GFRP profiles. Generally, this value varies between 80-130 °C, and as it approaches this value, strength losses 

increase. The mass losses of GFRP samples conditioned at +50 °C are given in Figure 19. A 5% wear loss was observed 

parallel to the fibers and approximately 2.9% wear loss was observed vertical to the fibers in GFRP profiles, and it was 

determined that fibers reduce wear. Type I concrete, which is the lowest strength class, showed a 1% wear loss. 
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Figure 19. Mass losses of +50 o C conditioned samples. 

 

5.  Effects of wear on tensile and compressive strength  

 

Losses in tensile and compressive strength occur not only due to wear but also due to environmental conditions. In this 

research, +50°C, -50°C, and humid conditions were considered. When considering the effect of ambient conditions for con-

crete, it is assumed that there is no change in compressive and tensile strength at +50 ℃. (BS EN 1992-1-2).  At low temper-

atures, it has reported that strength increases as the temperature decreases (Xie, J., and Yan, J. B. 2018; Lee, G. C., Shih, T. 

S., and Chang, K. C. 1988). In a study conducted by Chen et al., it was observed that in the moisture level in concrete greatly 

influences its compressive strength, but has a much smaller impact on its tensile strength (Chen, X., Huang, W., and Zhour, 

J. 2012). Zhang et al. compared three concrete classes (C15, C20 and C30) with different moisture saturation. It was found 

that at 100% water saturation rate, there was a 27% loss of compressive strength for C15 and 21% for C20 and C30 concrete. 

(Zhang, G., et al. 2020). In the Böhme test, it was determined that the very slight mass and volume losses on the surfaces of 

the concretes did not affect the compressive and tensile strength significantly for this study. 

 

The structure of GFRP box profiles is very different from concrete. The strength of fibrous composite materials is calcu-

lated theoretically by the following Eq 1. σk, σm , σl are the stresses of the composite, matrix and fiber, respectively; 𝑉𝑚 and 

𝑉𝑙   represent the volume fraction of the matrix and fiber. 

 

𝜎𝑘 =  𝜎𝑚𝑥𝑉𝑚 + 𝜎𝑙𝑥𝑉𝑙               (1)  

 

Damage to materials occurs not only due to wear but also due to the environmental conditions. It was determined by Aydin 

that the strength losses of the same type of GFRP material used in this study, when examined in relation to temperature, were 

5.7% at +50 °C and 14.24% at -50 °C for tensile strength, and 18.24% at +50 °C and 3.4% at -50 °C for compressive strength 

(Aydin 2016). In the Böhme test, it was observed that the fibers in the GFRP box were not damaged as a result of wear, while 

the matrix material on the outer surface was worn. Assuming that a section was taken from the worn area, the tensile strength 

of the GFRP composite, theoretically affected by both environmental conditions and wear, is provided in Table 8 

 

Table 8. Tensile strength of GFRP profiles exposed to different conditions and subjected to Böhme tests. 

Before wear test  Non-conditioned -50 ℃ conditioned +50 ℃ conditioned 

 

 374.44 MPa 

Vertical 370.12 MPa 318.6 MPa 350.48 MPa 

Horizontal 364.41 MPa 318.1 MPa 348.50 MPa 

 

Since wear occurs on only one surface of the GFRP box profiles and on the outer coating of that surface and since sepa-

ration of the fibers is not observed, no damage will occur in the compressive strength due to the Böhme test. However, when 
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the damage caused by environmental conditions are taken into account, the compressive strengths, which are 146 MPa under 

normal conditions, become 141.07 and 119.36 MPa for -50 ℃ and +50 ℃, respectively. 

 

6. Monte Carlo simulation results  

 

Monte Carlo simulation is a statistical method that uses random numbers to run an experiment multiple time. In this study, 

using the data obtained from experimental results, the probability of the results that can be obtained by increasing the number 

of experiments using the Monte Carlo method was evaluated. The probability results of the unconditioned samples and sam-

ples conditioned at +50 °C and -50 °C are given in Figures 20-22, when the number of experiments is increased to 1000. In 

unconditioned samples, there is more variation in GFRP profile elements. In wear tests applied on the vertical surface, the 

probability of mass loss is between 0.48% - 2.83% and in the horizontal direction, it is between 2.09% - 5.6%, while this 

range is between 0% - 2.28% for Type I, 0% - 2.63% for Type II, and 0% - 0.89% for Type III. Under hot conditions, the 

horizontal GFRP profiles have a mass loss ranging from 4.26% - 5.97% and the vertical profiles have a mass loss ranging 

from 2.25% - 3.62%, while the mass loss for Type I, II, and III are respectively in the range of 0.65% - 1.44%, 0% - 1.73%, 

and 0.34% - 0.89%. Under cold weather conditions, the vertical GFRP samples have a mass loss between 0% - 2.26% and the 

horizontal samples have a mass loss between 0% - 2.72%, with the mass losses varying between 0% - 2.71% for Type I, 

0.54% - 0.83% for Type II, and 0% - 0.84% for Type III. 

 

 
Figure 20. Monte Carlo simulation for unconditioned samples. 
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Figure 21. Monte Carlo simulation for conditioned at +50 ℃ samples. 

 

 
Figure 22. Monte Carlo simulation for conditioned at -50 ℃ samples. 

 

7. Conclusion and recommendation 

 

The results and recommendations obtained from wear tests performed on GFRP box profiles and concrete specimens 

under different environmental conditions are summarized below: 

 

1. In GFRP profiles, mass losses increase by 77% in vertical tests to the fiber direction and by 33% in parallel tests at 

+50 °C. This rate decreases by 39% in vertical tests to the fiber direction and by 69% in parallel tests at -50 °C. Cold 

specimens wear approximately 3 times more in vertical tests to the fibers and 4.2 times more in parallel tests than 

hot specimens. Cold GFRP specimens show high performance against wear. 

2. Volumetric loss rates are about 1% in both directions of the fibers. The volumetric loss rates in GFRP profiles are 

less than the mass loss rates. 

3. Wear losses decrease as concrete strength increases. Mass losses of high-strength concretes are 22-77% less than 

medium-strength and low-strength concretes for 3, 7, and 28-day concretes, respectively. 
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4. Wear losses decrease with increasing concrete age according to concrete strength. Mass loss rates of 7-day and 3-

day concretes are respectively 25-55%, 29-64%, and 125-153% higher than 28-day concretes for Type I, II, and III 

concretes. 

5. Compared to normal conditions, humid specimens cause 50% more mass loss in high-strength concretes, hot speci-

mens cause 67% more, and specimens kept in cold conditions cause 5% more. For Type II and Type I concretes, this 

situation is 17-13-0% and 7-3-4%, respectively. 

6. Volumetric losses occurred in concrete specimens under all conditions and were less than 2%. Volumetric losses due 

to wear are like mass losses, depending on concrete age, specimen temperatures, and humidity. In humid concrete, 

wear increases, and specimens kept in cold weather conditions show the best wear performance. 

7. Monte Carlo simulation method was used to evaluate possible probabilities by increasing the number of specimens. 

In unconditioned specimens, the maximum wear probabilities for mass loss are determined to be 2.83% in the vertical 

direction and 5.6% in the horizontal direction for GFRP profiles and 2.28%, 2.63%, and 0.89% for Type I, II, and 

III, respectively. In hot environments, the mass loss rate is estimated to be 5.97% and 3.62% in the vertical and 

horizontal GFRP profiles, respectively, and 1.44%, 1.73%, and 0.89% for Type I, II, and III concrete. Under cold 

conditions, maximum mass losses of 2.26% and 2.72% are expected in the vertical and horizontal GFRP profiles, 

respectively, and the possible maximum mass loss rates for Type I, II, and III concretes are 2.71%, 0.83%, and 

0.84%, respectively. 

8. GFRP profiles that lose matrix material on the surface due to wear damage the material integrity of the fibers. In 

addition, in applications where wear is highly likely, the design of structural elements with FRP profiles should be 

careful about the fiber directions. 

9. Future studies may include extending the experimental conditions to extreme temperatures, chemical exposure or 

UV radiation and comparing the wear performance of GFRP profiles with alternative composite or hybrid materials. 
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