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INTRODUCTION 
 

The prime focus on fibre reinforced polymer (FRP)-

concrete strengthening system has always been improving 

the bond performance between FRP and the concrete. 

Extensive research has been conducted in these areas and 

various design codes and guidelines have been published. 

Unfortunately, most of the studies were conducted on 

ideal conditions without considering the durability related 

issues. In reality, during a service life, structures may 

experience various hostile environments which could 

accelerate the bond deterioration process thus reducing the 

overall performance of the structures. One of such issues 

in marine environment could be the moisture which could 

adversely affect the resin properties and the interface 

resulting in the loss of bond strength. But the moisture 

related damage mechanism of the FRP composites is a 

complex phenomenon and the previous studies on the 

long-term durability of these materials in civil 

applications are limited. Therefore, understanding the 

mechanism of moisture degradation is essential to 

enhance the interfacial bond performance thus ensuring 

safe, economic and durable design of the structures. In 

current study, single lap shear bond test was conducted to 

compare the ultimate bond strength, failure modes, 

fracture energy, bond stress-slip curves with and without 

water immersion at different exposure periods. 

The moisture could gain access to the composite 

through various sources such as capillary action along the 

longitudinal fibre, water penetrating through the cracks 

and voids of the concrete, diffusion through the matrix etc 

(fib, 2001). Despite the high resistance of FRP materials 

to the environmental factors, some of the materials have 

been observed to deteriorate under prolonged exposure to 

moist environments. The most prominent effect of 

moisture could be seen in the resin matrix.  Epoxy resins 

are commonly used as resin matrices due to its higher 

resistance against corrosion, water and heat compared to 

other polymers (fib, 2007). In spite of these characteristics, 

detrimental effects of moisture have been reported. The 

effect of moisture in the resin matrix could be reversible 

or irreversible depending upon the chemical compositions 

of the specific resins. Usually, absorption of water is 

linked with resin deterioration but the amount of water 

absorbed by FRP depends on many factors such as the 

type of resin, fibre type, the ambient temperature, the 

applied stress, pre-existing cracks, etc. (ISIS Education 

Committee, 2006). The effects of the exposure to moisture 

on a cold-cured epoxy resin include plasticization of the 

matrix caused by interruption of weak (Van der Walls) 

bonding between polymer chains, which results in 

reduction in polymer’s strength, modulus and toughness, 

etc. In some cases, moisture-induced swelling of the 

polymer matrix can produce internal stresses which can 

cause irreversible damage through matrix cracking and 

fibre-matrix debonding. 

 

EXPERIMENTAL OUTLINES 
 

The experimental program consists of mechanical test 

of the materials and the single lap shear test of FRP-

concrete composite. The casting of tensile and shear 

specimens were done at the same time while preparing the 

bond specimens. Tensile and shear specimens were 

prepared in accordance with JIS K 7113 (1995) (Figure 1) 

and JIS K 6850 (1999) (Figure 2) respectively. 

 

 
Figure 1: Tensile specimen 

 

 
Figure 2: Shear specimen 

 

For the preparation of the bond specimens, 

150mm×150mm×300mm concrete specimens were casted 

and cured. The surface was prepared by concrete disk 

sander till the coarse aggregates were exposed on the 

surface. An air compressor was then used to remove the 

tiny dust particles from the surface. Thin uniform layer of 



primer was applied on the treated surface and allowed to 

cure for 24 hours in the room temperature before attaching 

carbon fiber sheet with impregnating epoxy matrix. The 

overall dimensions and the test setup are shown in Figure 

3 and Figure 4 respectively. Two different epoxy primers 

were used which are polythiol hardener epoxy resin 

named as Type-E and poly-amine hardener epoxy resin 

named as Type-F but in both cases same epoxy resin 

(Type-R) was used for FRP impregnation and adhesion.  

 

 
Figure 3: Bond specimen 

 
Figure 4: Test setup 

The parameters considered in the study are primer type, 

concrete strength, exposure condition, immersion duration 

and temperature. The detail parameters with the specimen 

numbers are shown in Table 1. 

 

RESULTS AND DISCUSSIONS 
 
Tensile strength of resins 

Figure 5 show the variation of tensile strength with the 

immersion duration at 20 °C. In most of the cases, the 

tensile strengths after water immersion were either 

unaffected or higher compared to non-immersion cases. 

The average increases in the tensile strength were found to 

be 13%, 19% and 12% respectively for Epoxy-E, Epoxy-F 

and Epoxy-R resins respectively until 9 months. Even the 

specimens conditioned at higher water temperature shows 

similar performance to the normal water exposure until 3 

months. The reason for increase in strength behaviour is 

due to toughening of the resin specimens due to water. 

Lau et al. (2009) also found out such trend of increase in 

tensile strength with increase in moisture absorption 

percentage at 23 °C when a commercial two-component 

concrete bonding epoxy was examined. 

 

 
Figure 5: Variation of tensile strength for 20 °C 

 

 

 

Table 1: Experimental parameters and specimen details 

Specimen 

Type 

 

Resin 

 

Concrete 

Strength 

(MPa) 

Exposure 

condition 

 

Time period 

(Months) 

Temperature 

(°C) 

Number 

of 

specimens 

Bond 

Epoxy E/Epoxy F 40 Non-immersion 0,1,2,3,4,6 20 12 

Water immersion 0,1,2,3,4,6,9 20 14 

Epoxy E/Epoxy F 90 Non-immersion 0,3,6 20 6 

Water immersion 3,6 20 4 

Epoxy E/Epoxy F 40 Water immersion 6 50 2 

Tensile/ 

Shear 

Epoxy E/Epoxy F/Epoxy R - Non-immersion 0,1,2,3,4,6 20 18 

Water immersion 0,1,2,3,4,6,9 20 21 

Epoxy E/Epoxy F/Epoxy R - Water immersion 1,3,6 50 9 
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Shear strength of resins 
Figure 6 shows the comparison of shear strength for 

three epoxies at different immersion period at 20 °C. All 

three epoxies showed greater resilience against water 

immersion for both the temperatures until 4 months But at 

the 6
th

 months there was a sudden drop of shear strength 

for all three cases. The decreases in shear strengths at 6
th

 

months of immersion were 9%, 23% and 25% 

respectively for Epoxy-E, Epoxy-F and Epoxy-R for 

normal water temperature. That reduction was even higher 

in higher water temperature with decrease of 18%, 38% 

and 35% respectively. The decrease in shear strength after 

water immersion is due to weakening of adhesion bond 

between resin and metal surface as a result of interaction 

with the water. 

 

 
Figure 6: Variation of shear strength for 20 °C 

 

Bond strength of resins 
Figure 7 shows the comparison of bond strength for 

Type-E with and without immersion at different period of 

time. There is decrease from 12% to 14% in bond strength 

after water immersion at 20 °C except couple of cases in 

which the bond strength was increased. In a research 

conducted by Lin Tu et al. (1996), similar increase in the 

bond strength was observed when the concrete-concrete 

bond specimens immersed in water for 135 days at 20 °C. 

Au et al. (2005) also observed increase in fracture 

toughness for one type of epoxy resins after immersion in 

water for 4 and 8 weeks for both 23°C and 50 °C. But the 

reason for this increase is still unknown. In overall the 

average decrease in the bond strength was found as 3% 

after the immersion which could be considered as 

insignificant change. Figure 8 shows the comparison of 

bond strength for Type-F with and without immersion at 

different period of time. Unlike Type-E decrease in bond 

strength was found in all cases. The decrease in bond 

strength was ranged between 1% to 10% after water 

immersion at 20°C when compared to its corresponding 

non-immersion case. In average the decrease was around 

5% after the immersion. This decrease in the bond 

strength could be due to the loss in adhesion between 

primer and concrete interface because of destruction of 

secondary bond (Hydrogen bond) as a result of water 

ingress.  

 

 
Figure 7: Comparison of bond strength for Type-E 

specimens 

 

 
Figure 8: Comparison of bond strength for Type-F 

specimens 

 
Failure modes 

The failed FRP sheets were examined after the failure 

of the specimens to understand the crack propagation 

along the bonded length. For non-immersion cases, the 

failure always occurred at the thin concrete layer for 

Type-E specimens without any signs of primer layer on 

the FRP sheet. Figure 9 shows the typical failure mode for 

non-immersion cases. But after immersion in water, 

primer layer started appearing on the failure surface even 

after a month suggesting change in the path of crack 

propagation. The failure mode changed from pure 

concrete shear failure (cohesion failure) to the mixed 

primer-concrete interfacial failure (adhesion failure), 

which is shown in Figure 10. Similarly such kind of 

changes could also be seen for Type-F specimens. Initially 

the typical non-immersion case shows the mixed failure 

mode (neither complete cohesion nor complete adhesion) 

with majority of FRP covered by concrete. After 

immersion in water the failure was still the mixed failure 

but the concrete debris left on the FRP sheet decreased 

gradually with the immersion time suggesting adverse 

effect of water. The failure mode changed from mixed 

primer-concrete interfacial failure in non-immersion case 

to almost complete primer-concrete separation in water 

immersion specimens.  
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Figure 9: Typical failure CFRP surfaces for non-

immersion cases 

 

Figure 10: Typical failure CFRP surfaces for immersion 

cases 

 

ANALYTICAL BOND STRESS-SLIP 
RELATIONSHIP 
 

The experimental results were used to propose a 

simple unified bond stress-slip relation which could 

address both non-immersion and immersion case. The 

relationship was formulated by ignoring the effect of 

immersion duration and resin type. The proposed model 

showed good agreement with the experimentally observed 

local bond stress-slip relations for normal strength bond 

specimens with and without water effect. The proposed 

models are shown in Figure 11. 

The final expression to determine the bond stress-slip 

relationship is given as follows: 

      
      

 [    (      )     (      )] 

    for non-immersion case 

        for immersion case 

 

 
Figure 11: Proposed bond stress-slip relation with and 

without water effect 

 

Conclusions 
 
 The positive effect of water on the tensile properties 

of the resins was not found in both normal and high 

temperature but this enhancement in strength 

decreased with immersion duration. 

 The shear strength of the resin started decreasing after 

4 months of water immersion. 

 Effect of water in reduction in bond strength was 

severe in high strength case with average decrease of 

20% and 21% respectively however for the normal 

strength the average decrease was 4% and 6% 

respectively. 

 The failure modes shifted to primer-concrete 

adhesion after water immersion. This change in 

failure mode is due to weakening of the adhesion 

bond between primer-concrete interface caused due to 

water. 

 The bond stress-slip models were proposed for non-

immersion and immersion cases. 
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