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Abstract— Carbon fiber reinforced polymers (CFRP) 

composites are being extensively used in the civil engineering 

industry in recent years because of their superior 

characteristics. CFRP composites comprise carbon fibers that 

are resistive to corrosion and epoxy resin matrix which is highly 

vulnerable to moisture and corrosive ions. Therefore, the 

durability of these composites in harsh environment conditions 

especially in the alkaline environment still needs to be studied. 

Wastewater treatment plant tanks, sewage networks and 

marine structures using this technology to strengthen structures 

is a great challenge as alkaline ions present in these 

environments possess a serious threat to the CFRP system. In 

this study, a comprehensive accelerated program was conducted 

to assess the tensile capacity deterioration of CFRP composite 

subjected to an alkaline solution with a pH value of 12.6. 

Microstructure analysis was carried out using Scanning 

Electron Microscope (SEM) to identify in-depth material 

disintegration.  A maximum tensile capacity reduction of 11.5% 

was identified and SEM images revealed damage in the resin 

matrix because of moisture and alkaline ion intrusion. 
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I. INTRODUCTION  

Retrofitting and rehabilitating infrastructures we inherited 
from previous centuries is the main concern nowadays. Some 
key civil engineering structures like bridges, constructed in the 
early 20th century are structurally deficient to withstand the 
increasing service loads because of the rapid socio-economic 
developments.  An out-of-date or structurally antiquated 
engineering structure requires regular maintenance thus 
causing increased cost to save it for future generations. 
Improvements in civil engineering technics and technological 
advancements have made rehabilitation and retrofitting cost-
effective and with the growing demand fiber-reinforced 
polymers (FRP) have caught the attention of civil engineers 
[1]. 

FRP composites were introduced into the civil engineering 
industry in the late 20th century since then FRP composites 
became the primary option for repairing and strengthening 
structural elements [2]. Compared to steel plate bonding and 
enlarging the section technique used earlier to strengthen the 
structural elements, FRP composites do not increase the 
weight of the system significantly, however, can carry equal 
or more load than previous techniques [3]. The most 
commonly used technique to strengthen structural elements is 
externally bonding FRP in the form of strip or fabric, which 

can be completed in a short period of time and does not affect 
the normal operation of the structure [4]. 

FRP composites exhibit superior characteristics such as 
high strength and stiffness to weight ratio; however, it is 
vulnerable to various environmental conditions as FRP 
composites are commonly used in external strengthening. 
Varying temperature, moisture, freeze and thaw cycles, UV 
radiation, alkaline, and acidic environment can deteriorate the 
integrity of FRP to substrate interface and destruct the load-
carrying capacity of the system [5]. However, the durability of 
the FRP strengthened system depends on the exposure type 
and condition as it can chemically and mechanically alter the 
characteristics of the whole system [6]. Therefore, studying 
about every single exposure type can contribute to the 
advancement in FRP strengthening. 

Firmo et al [7] reported that when temperature increase 
reaches glass transition temperature (Tg) of the polymer 
matrix, strength and modulus of elasticity reduce, and also it 
accelerates the dispersal of water molecules or corrosive 
chemicals into the FRP system, eventually, this will lead to 
microcracks in the system. On the other hand, Cromwell et al 
[8] conducted tests by exposing CFRP fabric and CFRP strips 
to dry heat of 600C and found out that the elastic modulus and 
tensile strength of CFRP strips increased by 5% and 6%, and 
for CFRP fabric it was 19% and 18% respectively. Karbhari 
and Gosh [9]  immersed CFRP fabric samples in 230C, 380C, 
and 600C water baths and noticed that tensile properties and 
flexural properties degrade when exposed to water, and the 
degradation rate increases with temperature increase. Many 
research studies indicated that freeze and thaw cycles result in 
devastating outcomes in the integrity of the FRP strengthened 
system thus leading to premature debonding [10]–[12]. 
However, pultruded GFRP composites exhibit impressive 
resistance to freeze and thaw cycles as Shao and Kouadio [13] 
observed negligible change in the tensile properties of such a 
system. The chemical bond between the molecules could be 
disrupted by UV radiation as it oxidizes the surface of the FRP 
composite [14]. Surface gloss starts to change and the 
temperature of the matrix system increases when UV radiation 
hit the surface of FRP. The depth of the surface vulnerable to 
such exposure is limited to 10 µm. However, the temperature 
increase can soften the resin matrix beneath 10 µm and can 
cause irreversible material level degradation [15]. 

FRP composites are relatively new to the civil engineering 
industry, therefore, fewer research studies were conducted on 
alkaline exposure when compared to moisture, temperature 
variation, and freeze and thaw cycles. However, concrete is an 



alkaline material (pore solution pH of concrete is around 13). 
Therefore, whenever FRP composites are used to strengthen 
reinforced concrete (RC) elements there is a high probability 
of alkaline exposure to the system [16]. FRP composites are 
widely used in wastewater treatment plants where the pH level 
of the wastewater can reach up to 9. Therefore, there is a need 
to study the mechanical property deterioration and 
microstructure level investigation of FRP composite when 
subjected to an alkaline environment. 

This study investigates the tensile property and 
microstructure analysis of Carbon fiber reinforced polymer 
(CFRP) composite exposed to an alkaline environment, as 
CFRP is the most commonly used fiber type for retrofitting 
and strengthening RC elements. CFRP samples were 
immersed in an alkaline solution then periodically tensile 
strength was tested, and later microscopical level degradation 
was analysed using Scanning Electron Microscope (SEM). 
This research study can help to understand the tensile strength 
reduction and fiber rupture mechanism of CFRP composite 
with varying alkaline exposure periods. 

II. EXPERIMENTAL PROGRAM 

A. Overview 

In this experiment deterioration of CFRP composite 
exposed to an alkaline environment was studied. Therefore, 
CFRP strips were immersed in an alkaline solution for up to 
6 months and strips were periodically taken out and tensile 
strength was tested using a Universal Testing Machine 
(UTM). Microscopical level fiber and resin matrix 
deterioration under an alkaline environment were analysed 
using SEM images. 

B. Material and specimen preparation 

The Unidirectional carbon fiber (0° fiber orientation) and 
two-part epoxy adhesive were used for the preparation of 
CFRP samples. The material specifications provided by the 
manufacturer are listed in TABLE I and TABLE II. 

CFRP specimens were prepared according to the wet lay-
up method as it is the commonly used method by many 
researchers [8], [9], [12]. Part A and Part B of epoxy were 
mixed in a 1:2 weight ratio as mentioned by the manufacturer 
until uniform colour was achieved. CFRP fabric was laid on 
top of a plastic sheet then it was impregnated with epoxy 
resin. After that, a scrapper was used to push out all the 
excess epoxy resin from the sheet. Impregnated CFRP sheets 
were then cured under ambient condition for 1 week and 
finally it was cut into strips with a dimension of 15mm x 250 
mm according to the ASTM D3039/D3039M [17]. The 

effective thickness of CFRP strips was 0.3mm. Strips were 
then immersed in alkaline solutions for up to 6 months and 
periodically taken out for a tensile strength test. Aluminium 
tabs were attached at the end of the strips to prevent stress 
concentration during gripping. However, these tabs were 
attached after the alkaline environment exposure as 
aluminium may react with the chemical components present 
in the alkaline solution. Fig. 1 (a) and (b) show the CFRP 
tensile test specimen and test setup. 

C. Environmental Conditioning 

Periodic soaking and spraying are the two main methods 
to simulate accelerated exposure in the laboratory [18]. 
According to the study conducted by Xie et al [19], the 
periodic soaking method provides more reliable results than 
the spraying method, therefore, it was adopted in this study for 
accelerated aging. The alkaline solution was prepared 
according to the ASTM D7705/D7705M guidelines in order 
to simulate the alkaline exposure [20]. Details of the chemical 
substances used in the preparation of the solution are provided 
in TABLE III. Same mix proportions were used in several 
previous research studies to assess the durability 
characteristics of CFRP, epoxy, and CFRP/concrete 
composites [21]–[23]. The primary reason for using Ca(OH)2 

in the preparation of the solution is to simulate the alkaline 
concrete environment as the concrete pore solution is in the 
range of pH 13 [16]. The pH range of 12.0 to 13.0 was 
commonly used in alkaline exposure-related research studies 
however pH can be increased (high alkalinity) by adding KOH 
or NaOH into the solutions. But the presence of these 
corrosive cations in high concentrations does not represent 
actual practical conditions. 

The initial pH value of the alkaline solution used in this 
study was 12.6, which is within the recommended range of 

Material Property Value 

Elastic Modulus 240GPa 

Tensile strength 4000MPa 

Ultimate tensile elongation 2% 

Nett effective thickness 0.166mm 

Material Property Value 

Tensile strength  45MPa 

Flexural strength 60MPa 

Compressive Modulus 1.67GPa 

Glass Transition Temperature 65°C 

Ca(OH)2 NaOH KOH 

118.5 g 0.9 g 4.2 g 

(a)                                                             (b) 
Fig. 1. (a) Tensile test specimen (b) Tensile test setup 

TABLE II. MATERIAL PROPERTIES OF TWO-PART EPOXY 
ADHESIVE                 

TABLE I. MATERIAL PROPERTIES OF CARBON FIBER FABRIC 

 

TABLE III. WEIGHT OF CHEMICAL SUBSTANCES MIXED IN 1 
LITER OF TAP WATER 



12 to 13 by ASTM guidelines [20]. In order to simulate 
accelerated aging CFRP strips were subjected to 6 days cycle;  
strips were continuously soaked in alkaline solution for 5 
days and air-dried at room temperature for 1 day. Strips were 
exposed to an alkaline environment for 15, 30, 45, 60, 120, 
and 180 days under ambient temperature (28 ± 2 °C), and the 
control specimens were kept under laboratory conditions at 
the same temperature. The alkaline solution was stored inside 
an airtight plastic container during the exposure period to 
prevent interaction with atmospheric CO2 as it can react with 
the alkaline solution. The pH value of the solution was 
checked in 7-day intervals using a portable pH meter having 
a measuring range of 0 to 14. 

D. Testing Procedure 

Five CFRP strips were tested in each exposure period and 
testing was carried out according to the ASTM D3039 
guidelines [17]. The Tensile test was carried out using a 
UTM, loading was applied at a rate of 1mm/min until failure. 
After the tensile tests, CFRP strip samples were observed 
using an electron microscope under the magnificent of 
1000X, 2000X, and 5000X. In SEM analysis both the cross-
sectional view and the surface of laminates were examined to 
identify the damage to the resin matrix and the carbon fibers. 
In order to compare degradation due to an alkaline 
environment, specimens subjected to 60 days of exposure and 
control specimens were scanned under SEM. 

III. RESULTS AND DISCUSSION 

A. Tensile tests 

CFRP strips immersed in alkaline solution exhibited 
hydrolysis close to the edges after short-term exposure, 
degradation in the epoxy matrix and widespread plasticization 
were observed after prolonged exposure. Mild colour change 
from clear to white was observed within a short period of time, 
however, with time intensity of colour change increased 
which indicates that intrusion of water molecules and 
corrosive cations increased with the exposure period. The 
integrity of the resin matrix is crucial in preserving the 
mechanical characteristics CFRP system, however, the 
intrusion of foreign molecules can weaken the matrix and 
degrade the mechanical characteristics. Elastic behaviour was 
observed in all specimens during the tensile test while the 
average failure load decreased with immersion time. The 
results are listed in TABLE IV. The tensile strength was 
calculated based on the equivalent fiber area as per the 
guidelines of ACI 440.3R-04 [24]. The tensile strength of the 
CFRP strips was calculated according to equation 1, where Pu 
is the maximum tensile load, b is the specimen width and t is 
the specimen thickness.  
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The average tensile strength of the control specimens was 
much lower than the manufacturer-provided value, however, 
similar values were obtained in previous research studies [25], 
[26]. The mechanical properties of CFRP composites are 
greatly influenced by the sample preparation technique, curing 
method, and strain rate at loading [27]–[29]. CFRP specimens 
prepared by vacuum-assisted resin infusion moluding 
(VARIM) exhibit higher tensile capacity than wet lay-up 
samples because of lesser air voids and improved uniformity 
[29]. However, the majority of the construction industry uses 

low-budget, wet lay-up techniques to combine resin and fabric 
components. The manufacturer did not specify the CFRP 
preparation method and strain rate at the loading. Therefore, 
differences in these procedures may result in a considerable 
difference in the manufacturer’s and control specimen tensile 
strength data.  

Highly dispersed tensile strength values were obtained up 
to 45 days of exposure; however, scattering of tensile strength 
values became less in the later exposure period (from 60 days 
to 180 days), see Fig. 2. In the early exposure period irregular 
deterioration occurred in CFRP strips; however, the with the 
increase in exposure period the irregularity became less. A 
sharp tensile capacity reduction was observed during 15 days 
exposure period however the tensile capacity reduction rate 
decreased after that, reaching a maximum of 11.5% after 180 

Exposure 

time 

Average 

failure 

load  

(kN) 

Tensile strength  

(MPa) 

Strength 

reduction 

(%) 

Control 6.35 1411 - 

15 days 5.82 1293 8.3 

30 days 5.74 1276 9.6 

45 days 5.7 1267 10.2 

60 days 5.65 1256 11.0 

120 days 5.63 1251 11.3 

180 days 5.62 1249 11.5 

  (1) 
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Fig. 2. Tensile strength variation with various exposure periods 
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Fig. 3. Tensile strength retention after various exposure period 

TABLE IV.  TENSILE TEST RESULTS 



days as shown in Fig. 3. Initially the outer surface of the resin 
matrix was completely exposed to the alkaline environment 
thus resulted in a significant strength reduction however later 
the outer surface prevented further chemical reaction by acting 
as a buffer layer. Although corrosive ion intrusion through 
microcracks caused further degradation of resin matrix 
resulting in strength reduction, however, in a lower rate. 

ACI 440.2R-08 [30] suggested an environmental 
reduction factor of 0.85 for CFRP regardless of service 
condition (i.e., piers, unenclosed parking garages, wastewater 
treatment plants, and chemical plants), and exposure type (i.e., 
exterior exposure and aggressive environment). However, an 
aggressive alkaline environment condition considered in this 
study indicated an 11.5% tensile strength reduction in 180 
days. Therefore, a higher reduction factor of 0.88 can be used 
for the short-term exterior and aggressive alkaline exposure 
conditions. 

B. Microstructure analysis 

Small samples obtained from CFRP strips exposed to the 
alkaline solution were observed under Scanning Electron 
Microscope. Clear degradation in resin matrix was identified 
in both surface and cross-section images although no damage 
was observed in carbon fibers. Fig. 4 and Fig. 5 show the 
cross-section images of the control and 60 days exposed fiber-
resin interface respectively. The fibers in the control specimen 
were well bound by the resin matrix, while visible fiber 
debonding caused by resin degradation was observed after 60 
days of immersion. The resin had fragmented leaving voids 
between carbon fibers as shown in Fig. 5. Resin cracks were 
also visible at the end of the immersion period of 60 days.  

When observing the control specimen as seen in Fig. 6, it 
is clear that the resin matrix severely deteriorated after being 
exposed to alkaline solution as seen in Fig. 7. Transparent 
resin matrix in the unconditioned sample turned into 
translucent white in some areas of the conditioned sample as 
a result of hydrolysis. Fig. 8 (a) and (b) show the surface 
damage to the epoxy by alkaline ions. These SEM images 
show that microscopic wreckages of resin had fragmented 
from the surface. Separation from carbon fibers, cracks, and 
deterioration had taken place in the resin matrix close to the 
fibers. This eventually led to the failure in the composite 
system as the load transfer mechanism can be affected by this 
leading to stress concentration in the de-bonded region 
resulting in premature failure. Water penetration into the resin 

matrix had also resulted in swelling in the composite which 
was clearly seen under higher magnification. Therefore, it can 
be concluded that deterioration of CFRP composite exposed Fig. 4. SEM image of the cross section of CFRP strip before immersion 

Better 

interface  

bonding 

Fig. 5. SEM image of the cross-section of CFRP strip after immersion 
for 60days 

Debonding 

Resin Cracks 

Fig. 6. SEM image of the surface of CFRP strip before immersion 
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Fig. 7. SEM image of the surface of CFRP strip after 60 days immersion 
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to an alkaline environment occurs because of both water 
penetration and alkaline ion intrusion into the resin matrix.  

IV. CONCLUSION 

 This study focuses on the tensile strength deterioration of     
CFRP composite subjected to prolonged exposure in a highly 
alkaline environment. A material-level investigation was 
carried out using a Scanning Electron microscope. The main 
conclusions that can be drawn from the results are as follows:  

• Sharp reduction in tensile strength was observed at the 
beginning of the exposure period, with an 8.3% 
reduction in 15 days although later the reduction rate 
flattened to give the maximum reduction of 11.5% in 
180 days which indicates that initially the outer 
surface of the resin matrix reacts with the alkaline 
environment and disintegrate rapidly later the reaction 
decreases as the outer surface act as a buffer layer to 
prevent further disintegration. 

• Degree of deterioration was highly dispersed in the 
early stage (up to 45 days) of the alkaline exposure 
however the deterioration became stable in the later 
exposure periods (from 60 to 180 days). 

• Environmental reduction factor of 0.88 is 
recommended for short-term exterior and aggressive 
alkaline environment exposure conditions. 

• Colour change from transparent to translucent white 
was observed in CFRP strips increased with the 
prolonged exposure period which indicates hydrolysis 
increases with the exposure period. 

• Debondings and cracks in the resin matrix adjacent 
to the carbon fibers were identified in 60 days 
conditioned sample as it disrupts smooth load 
transfer in the CFRP system leading to stress 
concentration in fibers and premature failures. 

• Severe resin damage occurred in CFRP composite 
because of hydrolysis and alkaline ion intrusion as a 
result of alkaline solution immersion. Thus, it can be 
concluded that an alkaline environment causes a 
significant deterioration in CFRP composite after 
short-term exposure. 

ACKNOWLEDGMENT 

      The authors would like to express their sincere gratitude to 
Mr. D.M.N.L. Dissanayaka and all the staff in the structural 
testing laboratory and building materials laboratory of the 
Department of Civil Engineering, University of Moratuwa. 
The authors are also grateful to Mr. M.T.M.R. Jayaweera of 
the Department of Materials science and Engineering, 
University of Moratuwa. The Senate Research Council, 
University of Moratuwa is greatly appreciated for arranging 
the necessary financial support for the project. (Grant no: 
SRC/LT/2019/21). 

REFERENCES 

[1] L. C. Hollaway, “A review of the present and future utilisation of 
FRP composites in the civil infrastructure with reference to their 
important in-service properties,” Construction and Building 
Materials, vol. 24, no. 12, pp. 2419–2445, Dec. 2010, doi: 
10.1016/J.CONBUILDMAT.2010.04.062. 

[2] A. Zafar, F. Bertocco, J. Schjødt-Thomsen, and J. C. Rauhe, 
“Investigation of the long term effects of moisture on carbon fibre 
and epoxy matrix composites,” Composites Science and 

Technology, vol. 72, no. 6, pp. 656–666, Mar. 2012, doi: 
10.1016/J.COMPSCITECH.2012.01.010. 

[3] J. Custódio and S. Cabral-Fonseca, “Advanced fibre-reinforced 
polymer (FRP) composites for the rehabilitation of timber and 
concrete structures: assessing strength and durability,” Advanced 

Fibre-Reinforced Polymer (FRP) Composites for Structural 

Applications, pp. 814–882, Jan. 2013, doi: 
10.1533/9780857098641.4.814. 

[4] Lawrence C. Bank, “Structural Design with FRP Materials,” 
Composites for Construction - Structural Design with FRP 
Materials, vol. 1, pp. 359–383, 2006. 

[5] T. Q. Liu, X. Liu, and P. Feng, “A comprehensive review on 
mechanical properties of pultruded FRP composites subjected to 
long-term environmental effects,” Composites Part B: 

Engineering, vol. 191, p. 107958, Jun. 2020, doi: 
10.1016/J.COMPOSITESB.2020.107958. 

[6] S. Cabral-Fonseca, J. R. Correia, J. Custódio, H. M. Silva, A. M. 
Machado, and J. Sousa, “Durability of FRP - concrete bonded 
joints in structural rehabilitation: A review,” International Journal 
of Adhesion and Adhesives, vol. 83, pp. 153–167, Jun. 2018, doi: 
10.1016/J.IJADHADH.2018.02.014. 

[7] J. P. Firmo, J. R. Correia, D. Pitta, C. Tiago, and M. R. T. Arruda, 
“Experimental characterization of the bond between externally 
bonded reinforcement (EBR) CFRP strips and concrete at elevated 
temperatures,” Cement and Concrete Composites, vol. 60, pp. 44–
54, Jul. 2015, doi: 10.1016/J.CEMCONCOMP.2015.02.008. 

[8] J. R. Cromwell, K. A. Harries, and B. M. Shahrooz, 
“Environmental durability of externally bonded FRP materials 
intended for repair of concrete structures,” Construction and 

Building Materials, vol. 25, no. 5, pp. 2528–2539, May 2011, doi: 
10.1016/J.CONBUILDMAT.2010.11.096. 

[9] V. M. Karbhari and K. Ghosh, “Comparative durability evaluation 
of ambient temperature cured externally bonded CFRP and GFRP 
composite systems for repair of bridges,” Composites Part A: 

(a) 

(b) 
Fig. 8. (a) and (b) SEM image showing resin damage after immersion 
in the alkaline solution for 60 days 

Fragmented  

resin  

Debonded Fiber-

resin interface 



Applied Science and Manufacturing, vol. 40, no. 9, pp. 1353–1363, 
Sep. 2009, doi: 10.1016/J.COMPOSITESA.2009.01.011. 

[10] J. W. Shi, H. Zhu, G. Wu, and Z. S. Wu, “Tensile behavior of FRP 
and hybrid FRP sheets in freeze–thaw cycling environments,” 
Composites Part B: Engineering, vol. 60, pp. 239–247, Apr. 2014, 
doi: 10.1016/J.COMPOSITESB.2013.11.026. 

[11] P. Silva et al., “Effects of different environmental conditions on 
the mechanical characteristics of a structural epoxy,” Composites 
Part B: Engineering, vol. 88, pp. 55–63, Mar. 2016, doi: 
10.1016/J.COMPOSITESB.2015.10.036. 

[12] H. Li, G. Xian, Q. Lin, and H. Zhang, “Freeze–thaw resistance of 
unidirectional-fiber-reinforced epoxy composites,” Journal of 

Applied Polymer Science, vol. 123, no. 6, pp. 3781–3788, Mar. 
2012, doi: 10.1002/APP.34870. 

[13] Y. Shao and S. Kouadio, “Durability of Fiberglass Composite 
Sheet Piles in Water,” Journal of Composites for Construction, 
vol. 6, no. 4, pp. 280–287, Nov. 2002, doi: 10.1061/(ASCE)1090-
0268(2002)6:4(280). 

[14] J. W. Chin, T. Nguyen, and K. Aouadi, “Effects of Environmental 
Exposure on Fiber-Reinforced Plastic (FRP) Materials Used in 
Construction,” Composites Technology and Research, vol. 19, no. 
4, pp. 205–213, 1997, doi: 10.1520/CTR10120J. 

[15] L. C. Bank, T. R. Gentry, and A. Barkatt, “Accelerated Test 
Methods to Determine the Long-Term Behavior of FRP 
Composite Structures: Environmental Effects:,” 
http://dx.doi.org/10.1177/073168449501400602, vol. 14, no. 6, 
pp. 559–587, Aug. 2016, doi: 10.1177/073168449501400602. 

[16] M. C. Chen, K. Wang, and L. Xie, “Deterioration mechanism of 
cementitious materials under acid rain attack,” Engineering 

Failure Analysis, vol. 27, pp. 272–285, Jan. 2013, doi: 
10.1016/J.ENGFAILANAL.2012.08.007. 

[17] ASTM, “ASTM D3039/D3039M-17 - Standard Test Method for 
Tensile Properties of Polymer Matrix Composite Materials ,” 
ASTM International, vol. 15, pp. 1–13, Apr. 2017. 

[18] R. Sersale, G. Frigione, and L. Bonavita, “Acid Depositions and 
Concrete Attack: Main Influences,” Cement and Concrete 

Research, vol. 28, no. 1, pp. 19–24, Jan. 1998, doi: 
10.1016/S0008-8846(97)00193-2. 

[19] S. Xie, L. Qi, and D. Zhou, “Investigation of the effects of acid 
rain on the deterioration of cement concrete using accelerated tests 
established in laboratory,” Atmospheric Environment, vol. 38, no. 
27, pp. 4457–4466, Sep. 2004, doi: 
10.1016/J.ATMOSENV.2004.05.017. 

[20] ASTM, “ASTM D7705/D7705M-12 - Standard Test Method for 
Alkali Resistance of Fiber Reinforced Polymer (FRP) Matrix 
Composite Bars used in Concrete Construction,” ASTM 
International, pp. 1–5, Mar. 2012. 

[21] M. Mohammadi, M. Barghian, D. Mostofinejad, and A. Rafieyan, 
“Alkali and temperature long-term effect on the bond strength of 
fiber reinforced polymer-to-concrete interface:” 
https://doi.org/10.1177/0021998317740201, vol. 52, no. 15, pp. 
2103–2114, Nov. 2017, doi: 10.1177/0021998317740201. 

[22] P. Wu, L. Xu, J. Luo, X. Zhang, and W. Bian, “Influences of long-
term immersion of water and alkaline solution on the fatigue 
performances of unidirectional pultruded CFRP plate,” 
Construction and Building Materials, vol. 205, pp. 344–356, Apr. 
2019, doi: 10.1016/J.CONBUILDMAT.2019.01.227. 

[23] X. Zhang, Y. Wang, B. Wan, G. Cai, and Y. Qu, “Effect of 
specimen thicknesses on water absorption and flexural strength of 
CFRP laminates subjected to water or alkaline solution 
immersion,” Construction and Building Materials, vol. 208, pp. 
314–325, May 2019, doi: 
10.1016/J.CONBUILDMAT.2019.03.009. 

[24] “440.3R-04: Guide Test Methods for Fiber-Reinforced Polymers 
(FRPs) for Reinforcing or Strengthening Concrete Structures,” pp. 
1–40, Jun. 2004. 

[25] J. C. P. H. Gamage, R. Al-Mahaidi, B. Wong, and M. R. E. F. 
Ariyachandra, “Bond characteristics of CFRP-strengthened 
concrete members subjected to cyclic temperature and mechanical 
stress at low humidity,” Composite Structures, vol. 160, pp. 1051–
1059, Jan. 2017, doi: 10.1016/J.COMPSTRUCT.2016.10.131. 

[26] J. C. P. H. Gamage, R. Al-Mahaidi, and M. B. Wong, “Integrity of 
CFRP-concrete bond subjected to long-term cyclic temperature 
and mechanical stress,” Composite Structures, vol. 149, pp. 423–
433, Aug. 2016, doi: 10.1016/J.COMPSTRUCT.2016.04.040. 

[27] Y. Ou, D. Zhu, H. Zhang, Y. Yao, B. Mobasher, and L. Huang, 
“Mechanical properties and failure characteristics of CFRP under 

intermediate strain rates and varying temperatures,” Composites 

Part B: Engineering, vol. 95, pp. 123–136, Jun. 2016, doi: 
10.1016/J.COMPOSITESB.2016.03.085. 

[28] R. R. P. Kuppusamy, S. Rout, and K. Kumar, “Advanced 
manufacturing techniques for composite structures used in 
aerospace industries,” Modern Manufacturing Processes, pp. 3–
12, Jan. 2020, doi: 10.1016/B978-0-12-819496-6.00001-4. 

[29] R. A. Shenoi and A. R. Dodkins, “Design of Ships and Marine 
Structures Made from FRP Composite Materials,” Comprehensive 

Composite Materials, pp. 429–449, Jan. 2000, doi: 10.1016/B0-
08-042993-9/00117-0. 

[30] ACI Committee 440, “ACI 440.2R-08 Guide for the Design and 
Construction of Externally Bonded FRP Systems,” Guide for the 

Design and Construction of Externally Bonded FRP Systems for 
Strengthening Concrete Structures, p. 80, 2008. 

  


