




























































































































































































































































102 
 
 

  

Fig. 4-8 Time-dependent shear stress within the adhesive layer of the double-lap joint: (a) Shear 
stress distribution along the whole interface, (b) shear stress at the very left edge of the adhesive 

layer, (c) shear stress at the very right edge of the adhesive layer. 

The peel stress along the inner interface at different time is shown in Fig. 4-9(a). It can be 

seen that the peel stress in the middle region of the interface is close to zero; however, significant 

peel stress concentrations occur at the two ends of the interface. Figures 4-9(b) and 4-9(c) show 

the close-ups of peel stresses close to the left and right ends of the interface, respectively. It can be 
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seen that the peel stress concentration near the ends is even higher than that of the shear stress, 

suggesting that peel stress should be considered in the analysis of the double-lap joints. It is 

interesting to note that the peel stress at the left end of the interface is positive (tensile); while at 

the right end, it is negative (compression). Since the interface is more vulnerable under tension, it 

can be expected that debonding is more likely to initiate at the left end, rather than at the right one. 

Stress relaxation induced by the viscoelastic behavior of the adhesive layer is clearly revealed in 

this figure by the reduction of the maximum peel stress with time.  

The peel stress along the outer interface is presented in Fig. 4-10. It is very interesting to 

see that although the peel stress is positive near the left end, it reduces sharply from a high value at 

a small distance from the left end to negative at the left end, as shown in Fig. 4-10(b). Near the 

right end of the interface, peel stress exhibits an opposite trend. As shown in Fig. 4-10(c), the peel 

stress appears to be negative near the end, but sharply changes to positive approaching the end. 

This suggests that along the outer interface, debonding is more likely to initiate from the right end, 

rather the left end. Compared Figs. 4-9 and 4-10, it can be seen that the peel stresses along two 

interfaces have different signs at the edges of the interface. Capturing this difference is very 

important to predict the possible debonding location. Unfortunately, this cannot be done by 

existing solutions since both peel stresses are assumed the same in these solutions.  

Both Figs. 4-9 and 4-10 show that peel stress also relaxs with time as the shear stress. 

However, it can be seen that the relaxation rate is much slower. In addition, the maximum peel 

stress at the end of the interface seems not reducing very much with time. This suggests that 

although viscoelasticity of the adhesive layer can reduce the shear stress concentration within the 

adhesive layer, it has very little effect on peel stress concentration. 
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Fig. 4-9 Time-dependent peel stress along the inner surface of the double-lap joint: (a) Peel stress 
distribution along the whole inner interface, (b) peel stress at the very left edge of the interface, (c) 

peel stress at the very right edge of the interface. 
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Fig. 4-10Time-dependent normal stress distribution of the double-lap joint along the interface 
between outer adherend and adhesive layer: (a) Total normal stress distribution, (b) normal stress 

at the very left edge of the interface, (c) normal stress at the very right edge of the interface. 

4.4. Conclusions 

This study presents a novel analytical model to analyze the stress redistributions in double-

lap single-lap joints due to the viscoelastic behavior of the adhesive. In this model, the adherends 

are modeled as elastic Timoshenko’s beams; while the adhesive layer is modeled as a three-
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parameter viscoelastic foundation. A viscoelastic rheological model, the SLS model is used to 

model the viscoelastic behavior of the adhesive layer. Closed-form solutions of stresses within the 

adhesive layer and the resultant forces in adherends are obtained in Laplace transformed shape. An 

efficient numerical method, Zakian’s algorithm, is used to conduct inverse Laplace transform. To 

verify the present analytical solutions, the analytical solution is compared with finite element 

analysis using a subroutine UMAT. Excellent agreements with the FEA have been achieved by the 

present model on interface shear and peel stresses, suggesting that the present model can produce 

sufficient accuracy on stress distribution in the viscoelastic double-lap joints. Both the FEA and 

the present model show that the viscoelasticity of the adhesive can reduce the stress concentrations 

within the joint. However, the maximum peel stress is almost not affected.   
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CHAPTER 5 

SUBCRITICAL DEBONDING OF FRP-TO-CONCRETE BONDED INTERFACE 
UNDER SYNERGISTIC EFFECT OF LOAD, MOISTURE, AND TEMPERATURE 

Abstract 

External bonding of fiber reinforced polymers (FRPs) has played an important role in 

rehabilitation and retrofitting of aged reinforced concrete structures in the last two decades. 

However, the long-term durability of the FRP-to-concrete bonded interface is still an unresolved 

issue, which hampers the widespread use of these techniques. An environment-assisted 

subcritical debonding testing (EASD) program using a static wedge specimen is carried out in 

this study to evaluate the long-term durability of the FRP-to-concrete interface subjected to the 

synergistic effect of mechanical load, moisture, and temperature. Unlike commonly used critical 

debonding-based testing methods, EASD allows for interaction among mechanical load and 

environmental conditions (moisture and temperature), providing more insight into the 

degradation mechanisms of the interface between the concrete and the strengthening material. A 

commercially available coupling agent, -GPS was used to treat the concrete surface to improve 

the durability of the interface. This is because the coupling agent can introduce covalent bonds 

between the epoxy and concrete, which is much stronger than the hydrogen bonds formed 

between the epoxy and the concrete without coupling agents. Testing results shows that the 

moisture and temperature have significant effects on the subcritical debonding of the interface. A 

failure mode change from cohesive failure in the concrete in the air to the adhesive failure along 

the epoxy-concrete interface in aqueous condition was observed in the subcritical debonding of
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the FRP-to-concrete interface. EASD testing data confirms that the durability of the epoxy-

concrete interface can be significantly enhanced by coupling agent treatment. 

5.1. Introduction 

External bonding carbon fiber reinforced polymers (CFRPs) to concrete structures using 

structural adhesives has emerged as an effective and popular method for 

retrofitting/rehabilitating the civil infrastructures due to many outstanding properties of CFRPs, 

such as high corrosion resistance, high strength-to-weight ratio, and ease of handling. A FRP-to-

concrete adhesively bonded interface consisting of the FRP, the structural adhesive, and the 

adjoining concrete layer is formed in this technique. Debonding of this interface is one of the 

most common failure modes of the CFRP external bonding technique. A large body testing 

results are available in the literature on the short-term behavior of this interface [1]. The long-

term durability of this FRP-to-concrete interface is mainly examined through experimental 

studies [2,3,4,5,6,7,8,9]. In these studies, various specimens were used to evaluate the strengths 

of the interface before and after environmental conditions [8,10,11,12]. Grace and Grace (2005) 

identified that moisture could do the most damage to the FRP-to-concrete interface. This 

observation was corroborated by Au and Büyüköztürk (2006) and Ouyang & Wan (2008), in 

which substantial loss of the fracture toughness of the interface induced by moisture was 

observed. More importantly, the debonding locus was found to switch from within the concrete 

cover in its dry state to a path along the adhesive-concrete interface in its wet state [8,13]. This 

change of failure mode suggests that the interphase of the FRP-to-concrete interface, the region 

adjacent to the adhesive/concrete interface becomes the weakest link under the attack of moisture 

over an extended period of time. Therefore, improvement on the moisture resistance of this 

interface can lead to better durability of the FRP-to-concrete joint under moisture attack. 
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5.1.1. Environment-assisted subcritical debonding of the FRP-to-concrete interface 

An inherent problem of these existing durability studies of the FRP-to-concrete interface 

is that only the loads occurred at the time of catastrophic failure are measured. Debonding of this 

interface, as shown in a recent study [14], is a slow process of crack growing assisted by reactive 

environmental species at an energy release rate G, which is only a fraction of the critical crack 

energy release rate Gc. This slow crack growth is a long-term process of synergistic action of 

environments such as moisture and temperature and mechanical loads. The catastrophic interface 

debonding (critical crack) is only the ending point of this process. The slow crack growth in 

adhesive joints in aggressive environments is referred to as environment-assisted subcritical 

debonding (EASD) [15,16]. 

EASD of the FRP-to-concrete bonded interface under static loading is triggered by 

specific environmental conditions that encourage time-dependent crack growth processes. For 

example, water molecules can permeate the adhesive or concrete and preferentially migrate to 

the interfacial region. These water molecules can reduce the bonding strength of the adhesive-

concrete interface through a displacement mechanism [17]. With the presence of water, the 

synergistic interaction of strained adhesive bonds and water molecules shown in Fig. 5-1 can 

cause debonding to grow slowly along the interface between the epoxy and concrete even though 

the driving mechanical force is below the critical value. 

EASD behavior is often described by the relationship of debond (or crack) growth rate, 

da/dt, versus the driving energy release rate at the crack tip, G. An illustration of this curve is 

shown in Fig. 5-2. This curve generally consists of three regions, each representing a specific 

debond growth mechanism. Starting from the far right side in Region III shown in Fig. 5-2 where 

the curve is nearly vertical, debonding growth rate increases very fast as G approaches to the 
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critical value Gc. Once G reaches Gc, debonding protrudes in a critical manner. In this region, the 

debonding growth rate is so fast that the environmental species have no sufficient time to travel 

to the crack tip. As a result, no interaction between environmental species and mechanical 

loading is allowed in this stage. Large volume of existing experimental studies on the strength 

and durability of the FRP-to-concrete interface are limited to this stage. Reducing the mechanical 

loading can reduce the debonding growth rate accordingly, and the debonding enters Region II in 

Fig. 5-2. In this region, debonding growth rate is slow enough so that the environmental species 

can reach the debonding tip to trigger the interaction between the environmental species and the 

strained adhesive bonds. This interaction will be lost if the debonding growth rate exceeds the 

transport speed of the environment species. Therefore, the debonding growth rate in this region is 

controlled by the transport of the environmental species, and cannot be increased through 

increasing mechanical loading. Reducing the mechanical loading further so that the debonding 

growth rate is lower than that of the transport of the environmental species, the debonding 

process enters Region I. Since the transport speed of the environment species is higher than that 

of debonding growth rate, environment species are always present at the debonding tip. 

Therefore, the interaction between the environmental species and adhesive bonds is allowed in 

this region. The debonding growth rate in the region is dependent on both the reaction rate of the 

environmental species and the applied mechanical load, G.   
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important implications for interface reliability, resulting in continued growth of interfacial 

defects even at very low loads. This behavior is also shown in Fig. 5-2.   

Critical debonding testing is used in existing studies to evaluate the strength and 

durability of FRP-to-concrete interface in aggressive environments through accelerating aging. 

The major drawback of this method is that the real mechanism of deterioration may be masked 

since the interaction between the environmental species and mechanical loads can be lost in the 

critical debonding-based testing. Little information of the degradation mechanism of the 

interface under environmental species attack can be obtained from the testing. It has also been 

shown that critical debonding-based testing can lead to a different failure mode from that of real 

applications. As demonstrated in many studies (e.g., [18,19,20]), interface debonding may shift 

from adhesive failure at slow growth rate under service loads to cohesive failure at high growth 

rate under critical failure.  

Compared with the existing critical-debonding based approach, EASD testing enjoys a 

few advantages in characterizing the long-term durability of the FRP-to-concrete interface. i) 

Interaction with environmental species is allowed in EASD due to slow debonding growth rate, 

making it possible to measure important parameters of the reaction kinetics at the crack tip and to 

deepen our understanding of the degradation mechanism of the interface. ii) EASD closely 

simulates the failure occurring in real-life applications under the synergistic action of mechanical 

and environmental loadings. iii) The transport of the environmental species is separated from the 

reaction at the crack tip in EASD. Therefore, degradation rate of the interface induced by the 

environmental species can be accurately quantified. Testing results are specimen-independent.  

4) EASD takes shorter time because the time-consuming process of conditioning specimens is 

unnecessary. Since the durability of the interface is generally more important than the ultimate 
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bond strength in harsh and changing environments, EASD provides a far more useful indicator of 

interface quality than the ultimate bond strength or fracture toughness.   

In our previous studies [14,21], EASD of the CFRP-to-concrete interface was carried out 

using wedge-driven testing in an ambient environment, tap water, deicing salt, alkaline solutions, 

and at different temperatures. Testing results suggest that water, alkaline, and deicing salt 

solutions can substantially reduce the energy release rate at the crack tip needed to drive the 

subcritical debonding growth along the epoxy-concrete interface. Under the same mechanical 

driving energy, water, deicing salt and alkaline solutions can accelerate the subcritical debonding 

growth along the epoxy-concrete interface by many times. Elevated temperature can significantly 

accelerate the debonding growth rate. The major debonding mode of the environment-assisted 

subcritical debonding in aqueous conditions is mainly adhesive along the epoxy-concrete 

interface, which is different from the cohesive failure within the concrete observed in the critical 

debonding-based studies. This change of failure mode is caused by two possible reasons: low 

loading rate in the test and interaction with environmental species. 

Existing EASD testing of FRP-to-concrete interface is limited to aqueous conditions, 

which is different from the environment the structure is exposed under service condition. Under 

service condition, the FRP-to-concrete interface is usually exposed to open air at different 

humidity levels and temperatures. It is unclear whether the FRP-to-concrete interface deteriorates 

in air in the similar way as in water. The subcritical debonding behavior of the FRP-to-concrete 

interface in air subjected to synergistic effects of moisture and temperature may provide answer 

to this question. 



115 
 

5.1.2. Enhance durability of the FRP-to-concrete interface using silane coupling agent 

Most studies on the durability of the FRP-to-concrete joints are limited to the evaluation 

of the mechanical properties of the bond. Acknowledging that significant reduction of bond 

strength can be lost due to the existence of environmental species (say, 60% strength reduction 

has been observed due to existence of water [22]), it is of great importance for real application to 

enhance the resistance of the FRP-to-concrete bonded interface to the attack of environmental 

species. Considering that the epoxy-concrete interface is the weakest link of the FRP-to-concrete 

joint during environmental attack, enhancing the water-resistance of the interface is the most 

effective method to improve the durability of the FRP-to-concrete bonded interface.   

The need for bonding technique to improve the long-term durability of the interface 

between the organic polymers and inorganic surfaces, particularly metals, goes back to 1940 

when it was observed that glass-resin composites lost most of their strength after exposure for a 

long time to moisture. It was understood that the bond between dissimilar materials (polymers 

and minerals) cannot be water-resistant unless a third intermediate material called coupling agent 

applied within the interface [23]. Organofunctional silane coupling agents are commonly used as 

mediator to bind organic materials to inorganic materials [24]. Significant enhancement of 

durability can be reached by using silane agents for adhesive joints with metal adherends 

[25,26,27,28,29,30,31,32]. Ye et al. (1998) applied a silane primer to enhance the strength of the 

FRP-to-concrete bonded interface [33]. They found that applying silane primers improved the 

bonding strength of the FRP-to-concrete interface with poorly treated concrete surfaces. When 

the adhesive is applied to well-treated concrete surfaces, however, the enhancing effect of the 

silane coupling agent on the bond strength diminishes. This is because the bond strength between 

the adhesive and well-treated concrete surface is higher than the neighboring concrete. As a 
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result, the measured strength of the FRP-to-concrete interface is actually the strength of the 

substrate concrete, not the interface [33]. In such a case, traditional critical-cracking based 

method cannot be used to estimate the contribution of the coupling agent on the strength of the 

FRP-to-concrete joint. No studies have focused on the role of silane primer in durability of the 

FRP-to-concrete interface.   

Once silane is used as primer to treat the surface of concrete substrate, there are two 

possible mechanisms which will enhance the durability of the FRP-to-concrete interface 

significantly. 1) Covalent chemical bonds Si-O-Si between the concrete (of which the major 

component is silicate bond Si-O-Si) and epoxy can be formed as shown by the in Fig. 5-3 [33]. 

These covalent bonds are much stronger than the hydrogen bonds between epoxy and concrete 

when epoxy primer is used. 2) A hydrophobic organosilicate layer at the surface of concrete can 

be formed which can effectively reduce the ingress and subsequent hydrolysis.   

As shown in Fig. 5-3, a possible mechanism for the environmental-assisted subcritical 

debonding of the epoxy-concrete interface when silane coupling agent is used can be written as 

Eq. (1) 

 SiOHOHSiOSi H 22 


.                                                                 (1) 

The hydrolysis reaction at the crack tip along the interface of the interface in Fig. 5-3 is 

significantly different from what happens to untreated interface as shown in Fig. 5-1. It means 

that crack growth for FRP-to-concrete bond when silane coupling agent is used should be 

different from those untreated concrete surface. 
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laboratory for an additional two weeks. The mean 28-day compressive strength of the block 

measured using 100 x 200 mm cylinder was 44.5 MPa. The CFRP sheets used in the specimens 

is commercially available with dimensions of 1.4 x 50.8 x 140 mm. The dimensions and 

mechanical properties of the CFRP sheets are shown in Tab. 1 according to the manufacturer. 

The recommended structural adhesive for the available carbon FRP sheets is Tyfo TC. This 

adhesive consists of two parts A and B which are resin and hardener, respectively. The 

geometries and mechanical properties of the adhesive layer are given in Tab. 2. The bonding 

sides of the concretes were sandblasted for about 5 minutes to provide appropriate rough surfaces 

for bonding. After sandblasting, the bonding surfaces were first cleaned by high pressure air and 

then wiped with a wet cloth. The bonding sides of CFRP sheets were already sanded by 

manufacturer. All contaminants were cleaned from the sheet with acetone using soft cloth.  

All mechanical properties related to the CFRP and epoxy adhesive used in this research 

are shown in Table 5-1 and Table 5-2.  

Table 5-1 Mechanical properties of CFRP. 

Laminate 
Width 

Laminate 
Thickness 

Cross 
Sectional 
Area 

Tensile 
Strength 

Tensile 
Modulus of 
Elasticity 

Ultimate 
Strain 

50.8 mm 1.397 mm 71.10 mm2 2413 MPa 131,000 MPa 0.0187 % 
 

Table 5-2 Mechanical properties of Epoxy. 

Compressive 
Strength 

Epoxy 
layer 
Width 

Epoxy 
layer 
Thickness 

Cross 
Sectional 
Area 

Tensile 
Strength 

Tensile 
Modulus 

Flexural 
Modulus 

Flexural 
Strength 

28.2 MPa 50.8 mm 1.397 mm 71.0 mm2 22.7 MPa 
1,200 
MPa 

1.23 GPa 45.8 MPa 

 

To ensure a uniform thickness of the adhesive layer, four spacers with thickness of 1.5 

mm were placed at each corner of the concrete bonding surfaces. A 3 mm pre-crack was made by 
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covering the pre-cracked area of the concrete specimen with Teflon tape. Components A and B 

of the adhesive were mixed gently following the manufacturer’s instruction for about 5 minutes 

until they fully dissolved into each other. A thin layer of epoxy was brushed onto the bonding 

surface of the CFRP sheet. Then the CFRP sheet was carefully placed on the bonding surface of 

the concrete block on which the epoxy was applied already. A pressure was applied to the CFRP 

sheet to ensure good bonding between the epoxy and the CFRP sheet and squeeze out excessive 

epoxy. After cleaning the excessive epoxy so that bond-line can be clearly seen, a uniform 

pressure was applied over the specimen for two weeks to allow for sufficient curing time for the 

adhesive and ensure the maximum bonding strength. After curing both lateral sides of the 

specimens were grinded to prevent possible adhesive bridging between the epoxy and the 

concrete, and to provide clear images for crack length measurement using digital camera. A foil 

strain gauge was temporarily positioned at designated area and fixed by a small piece of adhesive 

tape.  

For all EASD tests, initial effective crack length a was chosen between 25 and 35 mm 

based on experimental results gained from multiple preliminary tests. The specimens were 

connected to a data acquisition system (DAQ) and then calibrated following the instructions 

provided by the strain gauge manufacturer and the data-logging software (NI LabVIEW 

SignalExpress by National Instruments).  

5.2.2. Application of the silane coupling agent 

A commercially available silane primer based on - glycidoxypropyltrimethoxysilane ( -

GPS) was used in this study to enhance the durability between the adhesive and the concrete. 

Similar procedures were used in existing studies for preparation and applying the primer on 

inorganic substrates with some differences in the concentration of silane solution, pre-hydrolysis 
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time and curing time of the treated specimens. Ye et al (1998) showed that applying 1% aqueous 

solution of silane coupling agent on concrete surfaces can enhance of the bonding strength 

between the adhesive and concrete. A study on  of adhesively bonded aluminum alloy joints 

shows that treating the alloy by silane coupling agent with a concentration of 1% at pH 5 and 

hydrolyzed for 1 h prior to application can most effectively enhance the durability of the 

interface [28]. Therefore, 1% silane solution (aqueous) was prepared. After hydrolyzing for 1 

hour in room temperature, the silane solution was continuously brushed onto the bonding surface 

of the concrete block for a period of 10 minutes. The treated concrete blocks were then 

immediately dried in a preheated oven at 93 °C for 1 hour. Then the dried were removed from 

the oven and cool down to ambient temperature in the laboratory. The treated concrete blocks 

were then used to manufacture the CFRP-to-concrete bonded interface specimens in the similar 

way described before.  

5.2.3. Experiment setup 

The testing system consists of a stainless steel fixture for the specimen, a digital camera, 

and a data acquisition system to monitor the strain from the strain gauge, as shown in Fig. 5-5. A 

steel wedge fabricated according to ASTM standard D3762-98 was inserted into the pre-crack 

and then driven into the interface between the adhesive and the concrete substrate at a proper 

position to reach an equal effective initial crack length a for all the specimens. Thereafter, the 

specimens were restrained in the steel frame. The induced slow crack propagation along the 

interface was monitored by a digital microscope camera and a strain gauge, as shown in Fig. 5-5. 

In our previous studies [14,21], crack length was directly read from the microscope images at the 

crack tip. However, bridging effect of the adhesive makes this measurement very difficult, and 

sometimes unreliable. Therefore, a strain gauge is used to measure the strain of the CFRP sheet, 
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ܽ ൌ ටଷ∆௔బ
ఌ

య
.                                                                             (4) 

Equation (4) provides an indirect way to determine the crack length using one strain 

gauge.  

To calibrate this in-direct crack length measuring method, subcritical debonding growth 

of a specimen without treated with silane soaked in water at 23.9°C were measured by using both 

the strain gauge and a digital microscope camera as shown in Fig. 5-5. In water, the subcritical 

crack growth length is much longer than in air, making it easier to read crack length using the 

digital microscope. The crack lengths increasing with time determined by these two methods 

were compared in Fig. 5-6. It can be seen that excellent agreement can be reached by these two 

methods, at the early stage of the testing when the debonding grows relatively fast. At the later 

stage when crack grows slower, the indirect measurement method using a strain gauge gives a 

longer crack length than the direct measurement based on digital camera. This may be caused by 

creep of the specimen. Since most meaningful data on subcritical debonding are provided by the 

early stage, the indirect measurement based on strain gauge is satisfactory in this study. The 

creep will have more profound effect on the threshold value of the subcritical debonding. Study 

is undergoing to separate the effect of creep on the deformation of the CFRP beam from the 

crack length.   

Armed with measured crack length a, the strain energy release rate at the crack tip can be 

calculated as [14] 

ܩ ൌ ଽ஽∆మ

ଶ௕௔ర
 ,                                                                                (5) 

where, b is with of the specimen.  
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Fig. 5-6 Comparison of crack length determined by the indirect method using a strain gauge and 
the direct method using a digital microscope for a specimen without silane treatment tested in 

water at 23.9°C. 

5.2.4. Testing plan 

All EASD tests were conducted in a walk-in environmental chamber in which both 

temperature and humidity can be controlled.  Three different temperature levels (23.9⁰C, 32.2⁰C 

and 43.3⁰C) were used in the testing to evaluate the temperature effect on the subcritical 

debonding of the interface. For temperatures of 23.9⁰C and 32.2⁰C, three different relative 

humidity levels (50%, 70% and 95%) were used to evaluate the influence of the humidity on the 

crack growth. At 23.9⁰C, EASD was also conducted in tap water. At the extreme high 

temperature level (43.3⁰C), only two different relative humidity levels, 50% and 65% were used 

because higher humidity levels cannot be reached at this temperature by the walk-in 

environmental chamber.   
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5.3. Testing results and discussions 

5.3.1. EASD testing of the CFRP-to-concrete bonded interface at 23.9°C 

Fig. 5-7-Fig. 5-8 show results of EASD testing at 23.9°C for specimens without/with 

silane coupling agent treatment. Crack growth lengths shown in these figures were calculated by 

Eq. (4) and confirmed by the measurements obtained by the digital microscope.  

Fig. 5-7 compares the crack grows with time in tap water and three different relative 

humidity levels. One can easily find that the interface debonding grows much faster and longer 

in tap water than in air at three different relative humidity levels, as shown in Fig. 5-7(a). This 

suggests that tap water has much more detrimental effect on the bond between the epoxy and the 

concrete than air with high humidity. Fig. 5-7(b) shows the effect of the relative humidity on the 

debonding growth of the specimens without/with silane coupling agent. Two distinct features can 

be identified from this figure. Firstly, the interface debonding grows faster at higher relative 

humidity. This is within our expectation since more water molecules are available to attack the 

interface bond during EASD testing at high relative humidity. Secondly, silane coupling agent 

can effectively reduce the growth rate of the subcritical debonding in the specimens due to the 

possible covalent bonds formed between the epoxy and the concrete generated due to the silane.  

All testing curves in Fig. 5-7 show that the debonding rate is higher in the beginning, but 

decreases substantially with time and levels out to a very slow growth rate at the end of the 

testing. This is because that the energy release rate at the tip of the crack reduces with the crack 

length as shown in Eq.(5). Since the crack length increases with time, the energy release rate at 

the crack tip reduces with time. Once the energy release rate is lower than a threshold for the 

subcritical debonding to grow, interface debonding stops, as can be seen in Fig. 5-7.  
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Fig. 5-7 Crack grows with time at 23.9°C: (a) in tap water and in air with different relative 
humidity levels, (b) Close-up of crack growing at different relative humidity levels. 

Crack growth rate verse energy release rate at the crack tip curves are presented in Fig. 5-

8. From this figure, we can see clearly that interface debonding grows at energy release rate 

much lower than the critical energy release rate of this interface, which was determined as 2.5 
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N/mm in our previous study [14], confirming that subcritical debonding indeed exists. From 

these curves, one can easily identify the Region I of the subcritical debonding as indicated in Fig. 

5-8a and the threshold energy release rate Gth for each case. For the case in tap water, Region II 

can be identified too. Both Fig. 5-7a and Fig. 5-8(a) suggest that subcritical debonding of the 

FRP-to-concrete bonded interface in tap water is significantly different from in air. A very lower 

threshold value of energy release rate is needed for the subcritical debonding of the interface to 

initiate and propagate in tap water than in air regardless relative humidity levels. Similarly, the 

energy release rate needed to drive the debonding in region I is much lower than that in air. The 

debonding growth rate increases with energy release rate at a faster rate in air than in tap water, 

implying that debonding mechanisms in air may be different from that in tap water. Fig. 5-8(b) 

compares the effect of humidity levels and silane coupling agent on the subcritical debonding of 

the interface. Higher relative humidity level can increase the crack growth rate and reduce the 

threshold value of the energy release rate needed to trigger the subcritical debonding. The effect 

of silane treatment is also revealed by this figure: the debonding growth rate is reduced by the 

application of silane, confirming that silane can effective enhance the resistance of the interface 

from the attack of moisture.  
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5.3.2. EASD testing of the CFRP-to-concrete bonded interface at 32.2°C (90°F) 

Results EASD of specimens tested at 32.2°C at three different relative humidity levels are 

shown in Fig. 5-9-Fig. 5-10. Fig. 5-9 shows the crack length versus time for specimens with and 

without applying silane. Compared with Fig. 5-7(b), it can be seen that the crack lengths are 

significantly larger at this temperature than that at lower temperature (23.9°C). At higher relative 

humidity level, crack growth is generally faster at the beginning and the crack length is longer at the 

end of the testing. Clearly, relative humidity can largely influence the subcritical debonding and 

subsequently affect the durability of the adhesive to the concrete interface. In comparison with 

debonding of the specimens untreated with silane, the debonding length of the specimens treated 

with silane is shorter as expected. Fig. 5-10 shows the crack growth rate varying with the energy 

release rate at the crack tip at 32.2°C. Two distinct regions (I and II) are much more distinguishable 

and the threshold value of the energy release rate (Gth) can be clearly recognized in all cases. The 

effects of the relative humidity and silane coupling agent on the subcritical debonding at this 

temperature is similar to that at 23.9°C. Compared with Fig. 5-8(b), it can be seen that raising the 

temperature to 32.2°C significantly reduces the energy release rate needed to drive the subcritical 

debonding, as indicated by the reduced threshold value of the energy release rate at the same 

humidity level.    
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Fig. 5-9 Crack grows with time at different relative humidity levels at 32.2°C. 

 

Fig. 5-10 Subcritical debonding of the FRP-to-concrete joints at 32.2°C. 
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5.3.3. EASD of FRP-to- concrete interface at 43.3°C (110°F)  

EASD testing of the FRP-to-concrete interface at high temperature 43.3°C (110°F) are 

shown in Fig. 5-11-Fig. 5-12. Only two different relative humidity levels at 50% and 65% were 

used in the testing due to the limitation of the environmental chamber. At this temperature, 

debonding growth shows a different feature compared with previous two cases. As shown in Fig. 5-

11a, the debonding grows much faster at the beginning of the testing and slows down quickly. As a 

result, the maximum crack growth rate in this case is higher than that at 23.9°C and 32.2°C, as 

shown in Fig. 5-11. However, further examining the very beginning of the debonding growth, one 

can find that the debonding growth is rather slow with the first one hour and then suddenly 

accelerated, as shown in Fig. 5-11(b). This phenomenon was not observed at lower testing 

temperature because the testing temperature could be very close to the Tg of the adhesive. 

Significant creep deformation and stress redistribution could happen within the specimen at this 

high temperature. As a result, the debonding growth with time shows a different trend from those at 

lower temperatures. The effect of this high temperature is also reflected in the crack growth rate 

versus energy release rate curve, as shown in Fig. 5-12. In this figure, an unexpected region in 

which crack growth rate reduces with energy release rate appears. More study will be carried out to 

understand the mechanism of this region.   



132 
 

 

 

Fig. 5-11 Crack length with time at 43.3°C: (a) Long-term results, (b) at the beginning of the test. 
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Fig. 5-12 Subcritical debonding of FRP-to-concrete joint at 43.3°C. 

5.3.4. Fitting the EASD testing results 

To describe the synergistic effect of mechanical loads, moisture, and temperature on the 

subcritical debonding of the FRP-to-concrete interface, the experimental data were fitted to an 

empirical expression modified from Paris Law 
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where m, n, n1 and n2 are empirical regression coefficients and are determined by fitting the Eq. 

(6) in to experimental data. Equation (6) has been successfully used to fit the time-dependent 

debonding of adhesive joints with metal adherend [34,35]. The fitted curves for all tests 

conducted at 23.9°C and 32.2°C are shown in Fig. 5-8 and Fig. 5-10. No fitting was tried for data 

obtained at 43.3°C because of the observed softening behavior in the region II. For each test, Gth 

is unique and can be determined based on the obtained subcritical data. Gc which is the 
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maximum energy release rate at critical debonding is thoroughly dependent on mechanical forces 

and was determined in our previous study as 2.59 N/mm [14].  

Overall, Eq. (6) provides excellent fitting for all the testing data, as shown in Fig. 5-8 and 

Fig. 5-10. Table 5-3 presents all the fitting parameters in Eq. (6) for each test shown in Fig. 5-8 

and Fig. 5-10. It can be seen that generally, the threshold Gth reduces with relative humidity 

levels and temperatures. The effect of silane coupling agent on the subcritical debonding of the 

interface is also reflected by Gth value. As shown in Table 5-3, all specimens treated by silane 

exhibit a higher Gth. Significant difference on regression parameters can be found between the 

subcritical debonding in air and in tap water. In tap water, Gth is much lower and n is 

significantly higher than those in air. This may suggest that different failure mechanisms or 

mode has been triggered in subcritical debonding in tap water than in air regardless the relative 

humidity levels.  

Table 5-3 Data fitting parameters based on Eq. (6). 

Testing Gth (N/mm) m (x10-2) n (x10-2) n1 (x10-2) n2 (x10-2) 
T=23.9°C, RH=50% (without silane) 0.315 2.37 10.81 2.41 17.02 

T=23.9°C, RH=70% (without silane) 0.316 3.35 10.70 3.39 16.06 
T=23.9°C, RH=95% (without silane) 0.286 1.42 10.97 1.46 17.98 
T=23.9°C, Water (without silane) 0.062 2.24 13.33 1.01 20.17 
T=23.9°C, RH=50% (with silane) 0.320 1.30 10.94 1.32 18.11 
T=23.9°C, RH=70% (with silane) 0.315 2.12 10.84 2.16 17.20 
T=23.9°C, RH=95% (with silane) 0.310 2.09 10.85 2.13 17.24 
T=23.9°C, Water (with silane) 0.082 2.20 11.73 0.61 20.24 
T=32.2°C, RH=50% (without silane) 0.251 1.43 10.89 1.45 17.68 
T=32.2°C, RH=70% (without silane) 0.224 2.43 10.88 2.44 17.61 
T=32.2°C, RH=95% (without silane) 0.169 2.49 10.88 2.50 17.59 
T=32.2°C, RH=50% (with silane) 0.270 1.29 10.92 1.34 18.18 
T=32.2°C, RH=70% (with silane) 0.249 1.25 10.97 1.30 18.26 
T=32.2°C, RH=95% (with silane) 0.212 1.35 11.07 1.38 18.25 
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Fig. 5-13 Fitting curves of subcritical debonding under synergistic effect of mechanical loads, 
moisture, and temperature. 

Figure 5-13 summarizes all the fitting curves of the subcritical debonding of the FRP-to-

concrete interface tested in this study. The synergistic effects of the mechanical loads, moisture and 

temperature can be seen clearly from this figure. The effect of the silane coupling agent on the 

subcritical debonding of the interface can be observed too. A straightforward fracture-mechanics-

based method for service-life prediction may be developed on the basis of subcritical-debonding 

test results as outlined in our previous study [14]. 

5.3.5. Discussions 

5.3.5.1. Failure mode of EASD 

Our previous study [14] showed that failure mode of the subcritical debonding of the 

FRP-to-concrete interface is cohesive in ambient environment and adhesive in aqueous 

condition. It is unclear whether high temperature and high humidity level can lead to different 
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failure mode of the interface. To answer this question, the failure modes of EASD tests 

conducted in this study were examined by splitting the FRP strips from the tested specimens. The 

debonded epoxy sides of four representative specimen surfaces are shown in Fig. 5-14. Three 

regions can be identified from these fractured epoxy side from right to left, which are initial 

crack zone, subcritical debonding zone, and the splitting zone. The first region is the initial crack 

surfaces induced by inserting the wedge to its designed position before the testing. This region is 

covered by concrete for all specimens, suggesting that debonding in this region is a cohesive 

failure within the concrete caused by inserting the steel wedge into the specimen to create a 

desired initial debonding length. This is in agreement with the existing critical debonding-based 

studies. The subcritical debonding zone is induced by the slow crack growth during the EASD 

testing. No distinguishable difference can be found in this zone from the initial crack zone for all 

the specimens tested in air. This suggests that subcritical debonding of the FRP-to-concrete 

interface in air is cohesive and failure locus is within concrete regardless the relative humidity 

and temperature. The splitting zone is induced by fast splitting the FRP strip from the tested 

specimens. This zone is covered by concrete for all three specimens tested in air. The cohesive 

failure mode in this zone is clearly induced by the fast splitting of the FRP from the specimen 

which is a critical debonding process. For the specimen tested in tap water, it can be seen clearly 

that a failure mode change occurred at the beginning of the subcritical debonding. The failure 

locus shifted from within the concrete to the interface between the epoxy and the concrete since 

very little concrete is attached to the epoxy, as shown in Fig. 5-14(d). A transitional zone can be 

observed between the initial crack zone and the subcritical debonding zone in which the concrete 

attached to epoxy diminishes with the growth of the subcritical debonding. In the splitting zone, 
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observed in water than in air. Failure mode also shifts from cohesive failure in concrete in air to 

adhesive along the interface between the epoxy and concrete in tap water.  

In addition, this study also shows that hydrophobicity induced by the silane and swelling of 

the epoxy can play roles in the durability of the FRP-to-concrete interface. These two factors are 

related to the surface chemistry and the anomalous diffusion of moisture in epoxy, respectively. 

Unfortunately, all existing studies fail to account for these important factors. In order to fully 

understand the deterioration mechanism and develop a mechanism-based life-prediction model for 

the FRP-to-concrete bonded interface, these two factors must be considered. Much more severe 

deterioration and different failure mode of the FRP-to-concrete bonded interface in aqueous 

conditions than in air regardless of the relative humidity levels may suggest that our current 

durability testing on the FRP-to-concrete interface based soaking the specimens in water could 

exaggerate the deterioration of the interface in service condition which is in air.    
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CHAPTER 6 

CRITICAL DEBONDING OF FRP-TO-CONCRETE INTERFACE 

Abstract 

Fiber reinforced polymer (FRP) composites have emerged as one the foremost structural 

materials in retrofit/rehabilitation of concrete structural members in the last decades. A large 

number of studies have widely focused on the short-term behavior of the FRP-retrofitted 

structures. However, wide-application of these materials in civil infrastructures is still facing 

major obstacles due to issues such as long-term durability and failure mechanism in presence of 

aggressive environments. Few investigation conducted on the FRP-to-concrete joints determined 

that the epoxy-concrete interface is the most critical region in the bond, particularly when 

moisture effect is involved. A couple of normal tri-layer FRP-to-concrete specimens are 

conditioned in water for different periods of time. In addition, silane coupling bonding agent, 

which is known for its ability to from strong covalent bonds between organic and inorganic 

materials, is applied on some of the specimens. These covalent bonds can substitute regular 

hydrogen links between the epoxy adhesive and the concrete substrate, and therefore, improve 

the bond. Some dry or wet specimens are debonded in either wedge driving or pulling tests to 

examine their mode-I and mode-II fracture toughness, respectively. Moisture contents along the 

interface are numerically determined using a finite element method and Fick’s law of diffusion in 

which diffusion coefficients are experimentally obtained. Then, the fracture energy values are 

plotted against the corresponding moisture. Overall results ascertain that using silane coupling 
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agent, and drying specimens, to some part regain the strength for the bond; nevertheless, it is not 

capable of recovering all the strength. Failure mechanisms of debonded specimens indicate that 

the interface debonding of the untreated specimens is adhesive. In contrary, the debonding 

surface changes to the cohesive failure by using silane, or drying specimens before the test. 

6.1. Introduction 

Civil infrastructures are in urgent need of repair and strengthening throughout the world. 

Changes in the design codes, deterioration, structural defects, seismic conditions, all can be 

responsible for premature failure or ineffectiveness of structural elements. ASCE 2013 Report 

Card for America’s Infrastructure estimates the U.S. would need to spend $3.6 trillion on aging 

infrastructures by 2020 [1]. Fiber reinforced polymer (FRP) composites have developed as one 

of the most fast growing structural materials in different engineering fields from, aerospace and 

automotive industries to civil engineering and infrastructural applications in the last decades. 

One of the revolutionary applications of FRP in civil engineering, particularly in civil 

infrastructures, is strengthening and rehabilitation of aging and damaged concrete structures [2]–

[6].  

Although in recent studies the short-term behavior of the FRP-to-concrete bond in 

retrofitted infrastructures has been investigated thoroughly, very little attention has been paid to 

long-term characteristics of the FRP-retrofitted concrete elements, particularly when aggressive 

environmental threats such as moisture and water invasion are involved [7]–[9] . A large number 

of short-term experimental tests under controlled and dry laboratory conditions showed that the 

most common failure mode in the FRP-to-concrete bonded joints occurs through the concrete in 

vicinity of the epoxy-concrete interface (cohesive failure) [10]. Many researchers focused 

experimentally on the long-term behavior of the FRP-to-concrete interface [11]–[18]. 
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Experimental studies on the interface between the epoxy and concrete in FRP strengthened 

structures concluded that exposure to moisture for a long time is the foremost factor that can 

degrade the interface [7], [14], [15],[19], [20]. It has also been found out that the debonding 

locus shifts from the concrete cover to the epoxy- concrete interface.  

 This shift of debonding mode of the FRP-to-concrete bonded joint from cohesive to 

adhesive after conditioning in water was found contrary to the crack kink criterion theory 

proposed by He and Hutchinson [21], Au and Büyüköztürk [14], and Lau and Büyüköztürk [22]. 

According to He and Hutchinson [21], the debonding crack along the epoxy-concrete interface 

should kink to the concrete cover. They hypothesized that this contradiction can be resulted from 

two possible reasons: the plasticization, by formation of a layer of epoxy penetrated inside the 

cover concrete, or the weakening adhesive force between the epoxy and concrete [14]. No 

experimental evidence was suggested to examine these hypotheses. Later, Büyüköztürk et al. 

proposed a molecular dynamics (MD) approach to give a better understanding in this matter [23]. 

It was shown that water molecules can attack secondary bonds between adhesive and substrate 

by hydrolysis, and reduce the energy barrier (i.e. the required energy to separate silica-epoxy 

system) by approximately 15%. Although the MD model was successful to simulate the 

debonding mechanism, existing experimental results show much severe degradation in facture 

energy than MD simulation. Tuakta and Büyüköztürk showed that continuous moisture condition 

of specimens can significantly reduce both the mode-I and mode-II fracture toughness after early 

weeks [24]. They also examined the effect of drying the water conditioned specimen on the 

fracture toughness of the FRP-to-concrete specimens by exposing the specimens to a number of 

wet-dry cycles. Their testing results show that drying the specimen can improve the fracture 
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toughness of the interface. The original bond strength of the interface, however, cannot be fully 

recovered  

6.2. Research scopes and organization 

Although a number of different environmental conditions can affect the bond strength 

and fracture toughness of an epoxy-to-concrete bond, this study focuses on the effect of water 

invasion only.  To this end, the fracture toughness of FRP-to-concrete bonded joints before and 

after conditioning in water will be determined by two methods. In the first method, mode-I and 

mode-II fracture toughness of the FRP (CFRP)-to-concrete interface are determined by a wedge 

driving test and a pulling test, respectively. The testing specimens and loading wedge are the 

same as those previously used by authors for the environment-assisted subcritical debonding 

(EASD) of the FRP-to-concrete bond [25]. The water diffusivity in materials used in the 

specimens such as concrete block, cured epoxy layer and CFRP plates are experimentally 

determined.  

Organofunctional silane coupling agents (SiH4) for many years have been proved to be 

useful to enhance the bond between an organic material such as epoxy and inorganic materials 

such as metal, particularly bond between epoxy and aluminum [26]–[33]. Also, some promising 

results by adding silane bonding agent between concrete and epoxy have been reported [25], 

[34]. In this study the role of silane bonding agent in improving the fracture toughness of the 

bond will also be investigated.  

6.3. Materials and testing 

The same specimen used  in our previous study on the subcritical debonding of the 

epoxy-concrete interface is adopted for the wedge driving test (Fig. 6-1) [25]. The specimen 

consists of a layer of CFRP pre-cured plate, a layer of epoxy adhesive and a concrete block. A 
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where Leff is the effective length of the bond  (can be determined by measuring the length of the 

debonded adhesive), P is applied pulling force and s in the slip of the debonded CFRP-adhesive 

section. In this equation, sc stands for the maximum slip at the time of debonding.  

 

Fig. 6-5 Calculation of the mode-II fracture energy release rate from the pulling test.  

6.3.1.4. Moisture diffusion simulation 

A conditioned specimen in water is exposed to water molecule invasion from all sides 

(Fig. 6-6). Then moisture transfers all the way through the specimens to the inner parts and 

eventually reaches entire epoxy-concrete interface. The governing equation of moisture diffusion 

can be expressed considering by Fick’s second law and Darcy’s law [39] 
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ݐ߲
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where H(x, z, t) is the relative humidity in the specimen,  Di
w(i = 1, 2, 3) are moisture diffusivity 

(diffusion coefficient) of CFRP, epoxy, and concrete, respectively and t denotes the diffusion 

time. x and z are the axes of the coordinate system originated at the interface shown in Fig. 6-6. 

Moisture continuity conditions along the CFRP-epoxy and epoxy-concrete interfaces require 
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where t is the time and s is the thickness for the material exposed to the same environment on 

both sides. Moisture diffusivities will be obtained by fitting experimental data to the expression 

of Eq. (7). 

6.3.1.5. Testing plan 

Before conducting tests on conditioned specimens, some control specimens, which were 

maintained at ambient condition after manufacturing, were tested. All conditioned CFRP-to-

concrete specimens were submerged in tanks filled with tap water maintained at temperature of 

23.89°C (75⁰F). Three different periods of conditioning (one, three and six months) were chosen 

for both untreated specimens and specimens treated with silane (before applying epoxy and 

CFRP palate) to evaluate the effect of water ingress duration on the crack growth length for 

wedge driving test and on the fracture energy. In addition to the wet specimens tested after 

removing from the water tank, some of the specimens were dried at room temperature (23°C) for 

two days and then tested in the same way as wet specimens in order to study the reversal effect 

of the fracture toughness.  

Absorption test specimens were first dried in an oven at 45°C until no change in the mass 

is observed. After registering the dried-weight and assuming the initial moisture content Mi =0, 

all specimens were conditioned in a water tank at room temperature (23°C). At different times, 

specimens were weighed using a digital lab scale after removing the surface moisture with a 

moistened cloth to obtain moisture content. After that, they were returned to the tank for further 

conditioning. This procedure was repeated until no evident change of mass was discovered.  
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6.4. Testing results and discussion 

6.4.1. Wedge driving and pulling tests 

Results of degradation of the CFRP-to-concrete induced by conditioning in water tank are 

shown in Fig. 6-8. After 1 month conditioning in water, mode-I fracture toughness of the 

interface has been reduced to only 35% of the control specimen for the specimen without surface 

treatment with silane coupling agent. This fracture toughness can be further reduced to 22% after 

conditioning in water for two months. After that, no significant reduction of the fracture 

toughness can be observed for extended water conditioning, suggesting that most deterioration 

caused by water can be done within two months conditioning. Similarly, significant reduction in 

the fracture toughness can be observed for the specimens treated with silane coupling agent too 

after conditioning in water for one month. Their residual fracture toughness, which is 51% of 

that of the control specimen, is much higher than the specimens without silane treatment, 

confirming that silane coupling agent can improve the durability of the interface due to strong 

covalent bonds formed between the epoxy and the concrete surface. If specimens were dried in 

laboratory for two days before testing, a slight increase in fracture toughness can be observed for 

all specimens in comparison with those tested without drying. This suggests that some of the lost 

interface strength is reversible, which is in agreement with the observation of Tuakta and 

Büyüköztürk [24]. The According to [24], this reversible portion of the fracture toughness is due 

to the plasticization of the adhesive induced by moisture. Similar gain of fracture toughness can 

be observed for the specimens treated with silane after drying in the laboratory for two days. 
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Fig. 6-8 Effect of water conditioning, duration and being wet or dry at the time of test, on mode-I 
fracture toughness of untreated or treated specimens with silane coupling agent. 

Fig. 6-9 compares the mode-II fracture toughnesses of the specimens conditioned in 

water for extended time and the control specimens. Similar to the case of mode-I loading, 

conditioning in water can significantly degrade the CFRP-to-concrete interface. However, the 

residual mode-II fracture toughness, which is 41% of the control specimen, appears slightly 

higher than that of the mode-I. This may be because that mechanical interlock plays a larger role 

in the mode-II fracture toughness than mode-I fracture toughness. Unlike in the case of mode-I 

loading shown in Fig. 6-8, one month water conditioning is sufficient to deteriorate the mode-II 

fracture toughness to its minimum. No significant reduction of mode-II fracture toughness can be 

observed after one month conditioning in water. Once again, treating surface with silane 
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Fig. 6-13 and Fig. 6-14 show the relative humidity contour of a specimen submerged in 

water from one month to six months in transverse and longitudinal sections, respectively. It can 

be seen that along the epoxy-concrete interface, the relative humidity is not uniform, which 

clearly is due to the geometry of the specimen. Diffusion path, which is the distance from the 

outside of the specimen to a specific location inside the specimen, is the main contributor to the 

uneven distribution of moisture content within the interface. As a result, the closer a region along 

the interface to the external water source is the higher interface relative humidity (IRH) it has. Fig. 

6-15 illustrates the IRH for a specimen from one month to six months conditioning in water in 

both the transverse and the longitudinal directions.  

It can be seen that the moisture content in a large portion of the interface is still below 

20% by the first month. This non-uniform distribution of the moisture content along the interface 

makes it difficult to interpret the degradation testing data obtained in Fig. 6-8 and Fig. 6-9. This 

difficulty also exists in all existing studies on the deterioration of the epoxy-concrete interface 

attacked by water. In this study, the residual strength of the interface is expressed as an average 

of moisture contents along the interface.  

By taking average of all moisture contents obtained through the interface between the 

concrete and the epoxy layer at each time, we are able to correlate the IRH with the fracture 

toughness obtained  from the wedge driving test (mode-I) and the pulling test (mode-II). The 

results are presented in Fig. 6-16. An exponential expression can be used to describe behavior of 

the interface residual fracture toughness in either mode-I or mode-II with respect to the moisture 

content 
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Fig. 6-15 Interface relative humidity along the epoxy-concrete interface: (a) Transverse section, 
(b) Longitudinal section. 
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Table 6-4 Parameters of the relationship between the fracture energy and the IRH. 

Parameters 
Mode-I Fracture Mode-II fracture 

Wet-
untreated 

Wet-
treated  

Dry-
untreated 

Dry-
treated 

untreated treated  

α 1.10 1.11 1.08 1.10 2.71 2.64 
Β 2.21 1.65 1.09 0.86 1.28 0.78 

 

6.5. Conclusions 

In this study, the critical debonding of FRP-to-concrete interface was investigated using 

two fracture mechanics methods. The wedge driving test (for the mode-I fracture), and the 

pulling test (for the mode-II) were carried out to measure the fracture toughness of a number of 

the FRP-to-concrete interface specimens conditioned in water. It was found that within the first 

month of the conditioning, the specimens lose more than half of their both mode-I and mode-II 

fracture toughness. Even though, the mode-II fracture toughness is stronger than that of the 

mode-I since mechanical interlock plays more important role in mode-II fracture. The strength 

reduction of the interface seems to reach its maximum after three-month conditioning in water. 

No further reduction of the fracture toughness of the interface for any longer conditioning time in 

water more than 3 months was observed. It was shown that using silane coupling agent can 

improve the residual fracture toughness of the interface subjected to water attack. A study on the 

mode-I failure mode showed that while the interface debonding for specimens conditioned in 

water is adhesive, applying silane coupling argent changes this adhesive failure to the cohesive 

one (i.e. within the concrete substrate). Also it was observed that drying specimens shifts the 

mode to the mixed failure (i.e. cohesive/adhesive failure). An exponential expression was used to 

fitting the experimental relationship between the residual fracture toughness and the interface 

relative humidity. 
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CHAPTER 7 

DIRECT MEASUREMENT OF TRACTION-SEPARATION LAW OF 
CONCRETE/EPOXY INTERFACES SUBJECTED TO MOISTURE ATTACK UNDER 

MODE-I LOADING 

Abstract 

Cohesive zone model (CZM) has been commonly used to simulate the failure process of 

the fiber reinforced polymers (FRPs)-to-concrete bonded joints, which plays a critical role in the 

success of external bonding of FRPs to reinforced concretes for strengthening/retrofitting. In the 

CZM method, a proper traction-separation law based on the physical behaviors of the material 

must be provided. However, no method is available to measure the traction-separation law of the 

concrete/epoxy interface under mode-I loading. To address this gap, this study proposes a novel 

testing method to directly measure the traction-separation law of the concrete/epoxy interface. 

This method uses a wedge splitting test specimen which requires not only simple testing set-ups, 

but also produces stable crack propagation in the specimen. By adopting a rigid body moment 

assumption, the traction in the concrete/epoxy interface is expressed as a function of the applied 

load and the crack opening displacement. As a result, this method can directly calculate the 

relationship between the traction and the separation of the concrete/epoxy interface through 

simply recording the crack opening displacement and the applied load during the test. The 

success of the new method has been confirmed through experimental study. Testing results show 

the traction-separation law of the concrete/epoxy concrete under mode-I loading can be 

approximated by a tri-linear law. The new method is also used to evaluate the long-term 
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durability of concrete/epoxy interface subjected to moisture attack. It has been found that the 

conditioning the interface specimens in water can significantly reduce the tensile strength and 

fracture toughness of the interface. The effectiveness of applying silane coupling agent to 

enhance the durability of the concrete/epoxy interface has also been confirmed by this new 

testing method.  

7.1. Introduction 

There is a world-wide need to rehabilitate and improve civil infrastructures. To this end, 

new construction materials and methods are being intensely investigated to alleviate current 

problems and provide better and more reliable future services. ASCE 2013 Report Card for 

America’s Infrastructure estimates the U.S. would need to spend $3.6 trillion on aging 

infrastructures by 2020 [1]. This national need presents a unique opportunity for research, 

implementation and development of advanced materials such as fiber reinforced polymers 

(FRPs) that can provide longer service-life and lower life-cycle costs than conventional materials 

alone. One of the most popular applications of FRPs in civil engineering, particularly in civil 

infrastructures, is external bonding of FRP plates or sheets for strengthening and rehabilitation of 

aging and damaged concrete structures [2].  

The interface between the FRP and conventional materials plays a critical role in this 

strengthening method by providing effective stress transfer from the existing structures to 

externally bonded FRP plates or sheets and keeping integrity and durability of the composite 

performance of FRP strengthened concrete structures. The sudden loss of bond due to 

delamination of the FRP from the substrate concrete can lead to premature failure of the 

structure. A sound understanding of FRP-to-concrete bond behavior is needed for safe and 

economic design of externally bonded FRP systems. It has been demonstrated that the relative 
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deformation between FRP and concrete and the debonding of the bond mainly happens within a 

thin layer of adhesive and the adjacent concrete in FRP-to-concrete bond, which is referred to as 

“concrete/epoxy interface” in this study [3]. In order to determine the ultimate load transfer 

capacity and effective bond length of FRP external bonding, the integrity and durability of this 

interface must be obtained.  

Due to the existence of stress singularity, fracture mechanics was chosen by many 

researchers as a suitable approach to characterize the behavior of the concrete/epoxy interface. 

Extensive studies have been carried out by using linear elastic fracture mechanics (LEFM) model 

[4,5] and nonlinear fracture mechanics models [6–17] to study the concrete/epoxy interface. The 

latter fracture model is also known as cohesive zone model (CZM) [10] in which a nonlinear 

traction-separation constitutive law of the interface is used. The nonlinear traction-separation law 

of the interface is also referred to as bond slip-stress law. This may be due to the fact that all the 

cohesive zone model developed so far for the FRP-to-concrete bonds are only limited to mode-II 

loading [8–11,13,18].  

CZM pioneered by Dugdale [19] and Barenblatt [20], is gaining more and more 

attentions and popularities nowadays in modeling fracture process with large-scale fracture 

process zone. In CZM, the locally damaged materials forming a narrow band of localized 

deformation may be modeled by nonlinear springs which represent the major physical variables. 

Compared with the single-parameter fracture approach of LEFM, which ignores the microscopic 

details and discloses little what happens within the damage zone, the CZM takes the behavior of 

fracture processing zone into consideration and provides a way to examine the “inner problem” 

of understanding, characterizing and modeling the failure processes that actually lead to energy 

dissipation. What is more, the CZM unifies the crack initiation and growth into one model and 
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can be easily formulated and implemented in numerical simulation, such as the “interface 

element” method in finite element code [21].   

The very first step of CZM procedures is to determine the traction-separation law within 

the cohesive zone. Usually, a hypothesized and idealized function is assumed for the traction-

separation law of a cohesive zone, and the cohesive zone parameters are then determined by 

fitting the presumed cohesive zone model to a set of experiment data. In this sense, they may 

only be called “cohesive zone model” rather than “cohesive law or constitutive equation” [22]. 

To realize the benefit of CZM in modeling and design of FRP-strengthened structures, it is 

necessary to experimentally characterize the cohesive zone of the FRP-to-concrete interface.  

The traction-separation law of the concrete/epoxy under mode-II loading has been 

studied extensively. Typically, a single lap-shear test is used in the literature [6,18] to study this 

law. In this test, strain gauges are instrumented on the outer surface of FRP strip so that the strain 

distribution of the FRP can be measured. The shear stress distribution along the concrete/epoxy 

interface is then calculated by the measured strain gradient of the FRP plate multiplied by the 

Young’s modulus and thickness of the FRP [18]. This method can provide a relatively 

approximate measurement of the traction-separation law of the interface under mode-II loading 

due to the severe strain concentration near the crack tip. This method was improved by Dai et al. 

[23]. By assuming that a unique relationship exists between the FRP strain ε and slip δ. Dai et al. 

found that the bond slip-stress law of the interface can be directly obtained as the pulling force in 

the FRP plate multiplied by the derivative of the strain in the FRP plate with respect to the slip at 

the crack tip. This method avoids the difficulty and error in measuring the strain gradient in the 

FRP plate. The soundness of Dai et al.’s method was confirmed in theory by Wang [13], which 

demonstrated that Dai et al. method is essentially a special case of a more general method, the J-
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integral method [24,25]. According to J-integral method, the bond stress can be calculated as the 

derivative of J-integral (which is equal to the energy release rate at the crack tip) with respect to 

the separation of the interface at the crack tip. However, as pointed out by Achintha and 

Burgoyne [26], “these tests do not provide meaningful fracture parameters that can be used in the 

analysis because the tests provide an estimate of Mode-II fracture energy whereas a Mode-I 

fracture triggers debonding.” 

A few methods to determine the fracture toughness of the concrete/epoxy interface under 

mode-I loading are available, including modified double cantilever beam method [4,5] and 

modified three-point bend test method [27]. None of these methods can produce the traction-

separation law of the concrete/epoxy interface under mode-I loading. To address this gap in the 

literature, this study presents a simple method to directly measure the traction-separation law of 

the concrete/epoxy interface under mode-I loading using a wedge splitting test (WST).  

The long-term behaviors of the concrete/epoxy interface subjected to aggressive 

environments threats such as moisture and water invasion have become the focus of recent 

studies [5,28–30]. Experimental studies shows that exposure to moisture for a long time is the 

foremost factor that can degrade the interface. Substantial loss of the fracture toughness of the 

interface induced by moisture was observed. More importantly, Au and Büyüköztürk [5] found 

that the debonding locus shifts from within the concrete cover in its dry state to along the 

adhesive-concrete interface in its wet state. This change of failure mode was confirmed by 

Ouyang and Wan [31].  

In this study, the proposed new testing method will be used to evaluate the effect of water 

invasion on the concrete/epoxy interface. To this end, the traction-separation laws of the 

concrete/epoxy interface before and after conditioning in water will be determined by WST. 
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Organofunctional silane coupling agents (SiH4) for many years have been proved to be useful to 

enhance the bond between an organic material such as epoxy and inorganic materials such as 

metal, particularly bond between epoxy and aluminum [32–35]. Also, some promising results by 

adding silane bonding agent between concrete and epoxy have been reported [36,37]. In this 

study the role of silane bonding agent in improving the fracture toughness of the bond will also 

be investigated by the proposed method.  

7.2. Materials and testing 

7.2.1. Wedge splitting test 

The wedge splitting test (WST) technique was proposed by Linsbauer and Tschegg [38]. 

Later Brühwiler and Wittmann used it to create stable crack propagation in concrete specimens 

[39]. This technique has become popular recently and been used in many studies [40–42]. WST 

is chosen in this study because of its advantages over other popular fracture testing methods. 

Firstly, the testing set up for WST is very simple. Secondly, the specimen is easy to fabricate and 

therefore, even can be done on-site or drilled from the structure. Lastly and most importantly, the 

crack propagation in this specimen is stable, which eliminates the difficult task to control the 

crack growth in the other existing methods such as three-point bending test [27]. 

 The WST specimen consists of three parts: two identical concrete blocks, and a thin 

layer of cured epoxy bonding these two concrete blocks together, as shown in Fig. 7-1. The 

concrete blocks have a size of 25.4 mm in thickness and 70mm in height and 75 mm in length. A 

rectangular piece with size of 15 mm × 24.2 mm is cut from one corner of the block, as shown in 

Fig. 7-1. The concrete blocks were made of ordinary Portland cement (OPC) and fine sands, cast 

and cured according to ASTM C33/C33M [43] and ASTM C192/C192M [44]. According to 

ASTM C39 [45] the 28-day compressive strength of concrete was measured as 28 MPa using 

100 x 200 mm cylinder samples. The bonding side of each concrete block was sandblasted to 
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cantilever length of the wedge splitting specimen. Brühwiler and Wittmann [39] showed that 

stable fracture can be performed on all materials, except the “completely brittle one”.  

7.2.2. Crack opening displacement (COD) measurement using DIC 

A robust full-field measurement method, Digital Imagine Correlation (DIC) method is 

used to directly measure the crack opening of the specimen. DIC is a full-field deformation 

measurement technique that extracts the full-field displacement data by comparing a pair of 

digital images of a specimen surface before and after deformation. In this method, image of the 

body could be represented by a discrete function: value between 0 and 255 of its grey levels. In 

order to correlate the intensity distribution of the deformed image to the un-deformed image, the 

images are divided into small subsets called pattern (see the initial pattern ABCD in Fig. 7-3). 

The displacement field is assumed homogeneous inside each pattern. A discrete function f(x,y) is 

used to represent the initial image of the body before deformation, which is transformed in 

another discrete function f*(x*,y*) after deformation, as shown in Fig. 7-3. Then the cross 

correlation coefficient can be calculated as 

ܥ ൌ 1 െ
∑ሾ௙ሺ௫,௬ሻ∙௙∗ሺ௫∗,௬∗ሻሿ

ൣ∑ൣ௙మሺ௫,௬ሻ∙௙∗మሺ௫∗,௬∗ሻ൧൧
భ మ⁄ .                                                           (2) 

By minimizing the correlation function over a subset image region, in-plane displacements, u 

and v, and the displacement gradients, du/dx, du/dy, dv/dx, and dv/dy are determined, which are 

in turn used for further analysis. 

With DIC, the whole displacement field of the specimen can be obtained, from which the 

difference in horizontal displacement of any arbitrary point can be calculated. If two points are 

chosen on the crack surface, then the difference in their horizontal displacements gives the 

separation (COD) at these two points.  
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movement of the left and right concrete blocks of the specimen can be approximated as rotating 

about the symmetric axis like rigid bodies during testing, as shown in Fig. 7-4. In such a case, we 

can assume that crack opening w(y) at position y (Fig. 7-4) can be expressed by a linear function 

as 

ሻݕሺݓ ൌ ఋ

௛
 (3)                                                                            ,ݕ

where  is the COD at the mouth of the crack, and h is the crack length. Dastjerdi et al. [46] have 

confirmed through theoretical analysis that such a rigid body assumption of the specimen is 

reasonable for short and stiff beam, which is the case of the WST specimen used here.  

Since each half of the specimen can rotate about the vertical symmetric axis as a rigid 

body, its free-body diagram can be presented as shown in Fig. 7-4. In this figure, the peel stress 

within the interface is presented by (w(y)), which is a function of the separation of w(y) of the 

interface. The equilibrium condition of the wedge in the vertical direction shown in Fig. 7-2(b) 

gives 

ߟ ேܲ cos Θ ൅ ேܲ 	sinΦ ൌ ௉ೡ
ଶ

,                   (4) 

where ߟ is the friction constant between the roller and the wedge, PN is the reaction force from 

the roller to the wedge. Considering the equilibrium condition of the roller shown in Fig. 7-2(b) 

in the horizontal direction, we can obtain the splitting force PSP applied by the wedge to the 

specimen as 

௦ܲ௣ ൌ ேܲ cosΦ െ ߟ ேܲ sinΦ.                                 (5) 

Therefore, 

௦ܲ௣ ൌ
ଵିఎ ୲ୟ୬஍

ଶሺఎା୲ୟ୬஍ሻ ௩ܲ,                 (6) 

where η ( = 0.2) is the friction constant between the roller and the steel wedge; ϕ is a the angle of 

the steel wedge shown in Fig. 7-2(b).  
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Considering the moment equilibrium of the specimen about the right bottom corner of the 

half-specimen shown in Fig. 7-4, we have 

ݐ ׬ ݕ݀ݕሺyሻሻݓሺߪ
௛
଴ ൌ ௦ܲ௣݀ଶ ൅

ଵ

ଶ ௩ܲ݀ଵ ൅
ଵ

ଶ
݉݃݁,                                                 (7) 

where d1 and d2 are the lever arms of force Pv and Psp as shown in Fig. 7-4, respectively; mg is 

the self-weight of the concrete block; and e is the distance of the center of gravity of the half 

specimen to the symmetric axis, as shown Fig. 7-4. 

Considering Eq. (3), Eq. (7) can be rewritten as  

׬ ݓ݀ݓሻݓሺߪ
ఋ
଴ ൌ ଵ

௧
ቀఋ
௛
ቁ
ଶ
ቀ ௦ܲ௣݀ଶ ൅

ଵ

ଶ ௩ܲ݀ଵ ൅
ଵ

ଶ
	݉݃݁	ቁ.                                              (8) 

Taking derivatives on both sides of Eq. (8) with respect to  yields  

ሻߜሺߪ ൌ ଶ

௛మ௧
ቀ ௦ܲ௣݀ଶ ൅

ଵ

ଶ ௩ܲ݀ଵ ൅
ଵ

ଶ
݉݃݁	ቁ ൅ ఋ

௛మ௧
ቀ݀ଶ

ௗ௉ೞ೛
ௗఋ

൅ ௗభ
ଶ

ௗ௉ೡ
ௗఋ
ቁ.                                (9) 

Equation (9) directly gives the relationship between the separation  and the traction 

(stress)  of the epoxy-concrete interface. It requires neither a pre-assumed shape for the 

traction-separation curve, nor any complicated inverse analysis. By measuring the COD and the 

applied load, the traction-separation law for epoxy-concrete interface under mode-I can be 

directly calculated using Eq. (9). The total fracture energy of the epoxy-concrete interface under 

mode-I loading can then be calculated from the traction- separation law as 

ூܩ ൌ ׬ .ߜሻ݀ߜሺߪ
ఋ
଴                                                                     (10) 
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concrete/epoxy interface under mode-I loading can be obtained using Eq. (9). A typical result of 

such traction-separation law is shown in Fig. 7-6 for a specimen conditioned in water for eight 

weeks. It can be seen that the traction within the interface appears to increase with the separation 

initially. After reaching its maximum, the traction starts to drop with the separation, as shown in 

Fig. 7-6. This traction-separation law can be approximated by a tri-linear traction-separation law 

shown in Figs. 7-6 and 7-7. This law consists of three segments: an linearly increasing segment 

before the traction reaches its maximum representing a linear behavior of the bond before 

debonding initiation, a rapid declining segment after the traction reaches its maximum 

representing a softening processing due to damage developing quickly in the concrete/epoxy 

interface, and a slow softening segment after the rapid one representing the residual strength of 

the interface induced by the mechanical interlock of the debonded interface.  

 

Fig. 7-5 Splitting load versus COD measured at the crack mouth (δ) for a specimen conditioned 
in water for 16 weeks. 
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ሻߜሺߪ ൌ ௜ܤ െ ߜ௜ܣ ൌ ൝
ߜଵܣ

ଶܤ െ ߜଶܣ
ଷܤ െ ߜଷܣ

ൌ ݐ݂ ∗ ݃ሺߜሻ,                                     (11) 

where ft is the maximum tensile strength (traction) applied perpendicular to the interface; Ai and 

Bi are coefficients of three lines used in this method. g(δ) is the softening function of the 

interface and can be written as 

݃ሺߜሻ ൌ ൝
ܽଵߜ

ܾଶ െ ܽଶߜ
ܾଷ െ ܽଷߜ

.                                                                           (12) 

 

Fig. 7-6 Measured traction- separation law of the epoxy-concrete interface under mode-I for a 
specimen conditioned in water for 8 weeks. 

The softening function and the coefficients used in its definition are shown in Fig. 7-7. 

The parameters used in this tri-linear law were obtained through fitting the measured traction-

separation law and presented Table 7-1. All parameters are scaled in term of ft. The resulted tri-

linear traction-separation laws normalized by ft are also shown in Fig. 7-8. As shown in Table 7-

1 and Fig. 7-8, the control specimen exhibits much higher maximum tensile traction than the 

conditioned specimens, confirming that water ingress through the concrete/epoxy interface can 
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greatly reduce the strength of the interface. Silane coupling agent can improve the bond quality 

by forming a covalent bond of Si-O-Si between the epoxy and the concrete [36].  

 

Fig. 7-7 Tri-linear traction-separation model for the concrete/epoxy interface under mode-I 
loading. 

 

Table 7-1Tri-linear traction-separation law parameters. 

4 week in water 8 week in water 16 week in water 
Parameters Control 

untreated 
treated  
with 
silane 

untreated treated  
with 
silane 

untreated 
treated  
with 
silane   

  

ft (Mpa) 7.71 1.99 2.69 1.88 3.05 1.85 2.96 
a1 233.76 60.27 125.70 51.11 65.41 56.82 39.04 
a2 17.25 9.18 24.71 6.31 14.45 14.25 12.31 
b2 1.07 1.15 1.62 1.12 1.22 1.25 1.32 
a3 0.32 0.76 0.69 0.29 0.25 0.51 0.44 
b3 0.22 0.35 0.44 0.23 0.23 0.27 0.27 
w1(mm) 0.004 0.017 0.011 0.020 0.015 0.018 0.026 
w2(mm) 0.050 0.095 0.049 0.148 0.070 0.071 0.088 
w3(mm) 0.684 0.464 0.633 0.787 0.923 0.534 0.620 

 

g(δ) 

 δ w2w1 w3

b2 

b3 
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As shown in Table 7-1 and Fig. 7-8(b), the ft of the specimen treated by silane is up to 

35% to 50% higher than that of the specimens without silane treatment after conditioned in water 

with the same duration. A comparison at the beginning segment of the traction-separation law 

shows that conditioning in water can significantly reduce the initial stiffness of the bond, making 

it remarkably softer in comparison with the control specimens, as shown in Fig. 7-8(c). This is 

exacerbated when longer conditioning duration is used. Silane coupling agent treatment can 

slightly improve the stiffness of the interface after short-term conditioning in water, as shown in 

Fig. 7-8(b).  

Using Eq. Fig. 7-10, the mode-I fracture toughness for each group can be obtained and 

presented in Fig. 7-9. After conditioning in water for 4 weeks, the mode-I fracture toughness of 

all untreated specimens have been decreased remarkably compared to the control ones. It can be 

observed that no significant reduction in fracture toughness can be observed for 8 and 16 weeks 

conditioning, suggesting that four weeks conditioning is sufficient to introduce maximum 

deterioration to the interface by water. Figure 7-9 shows that silane coupling agent cannot 

prevent loss of the fracture toughness of the concrete/epoxy interface after conditioning in water. 

Nevertheless, silane does improve the durability of the interface as indicated by higher residual 

fracture toughness of the interface after conditioning in water achieved by the specimens treated 

with silane.  
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Fig. 7-8 Tri-linear traction-separation laws measured for concrete/epoxy interface after 
conditioning in water: (a) effect of conditioning in water on the traction-separation law, (b) effect 
of silane on the traction-separation law of the interface after conditioning in water, (c) effect of 

water conditioning on the stiffness of the concrete/epoxy interface . 
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coupling agent is effective to improve the long-term durability of the concrete/epoxy interface 

subjected to moisture attack. 
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CHAPTER 8 

INTRINSIC DEBONDING OF FRP-TO-CONCRETE INTERFACE 

Abstract 

Fiber reinforced polymers (FRPs) have been used to retrofit/rehabilitate old and aging 

concrete structures through external bonding for decades. The FRP-to-concrete interface plays a 

critical role in the effectiveness of this external bonding technique. This integrity of this interface 

in harsh environments is still an issue of major concern. This study proposes a new method to 

evaluate the long-term durability of the FRP-to-concrete interface in the presence of water. To 

this end, fracture specimens were first conditioned and then tested by wedge driving method to 

determine the residual fracture toughness of the interface. Unlike any existing studies in which 

the whole specimen is submerged in water for conditioning, the specimen is conditioned in this 

study by submerging only half of the specimen in water. In this way, the moisture distribution 

across the epoxy-concrete interface is more uniform than that in the case of full submerging. In 

this way, the effect of non-uniform distribution of moisture across the epoxy-concrete interface 

can be minimized. A relationship between the residual fracture toughness and the interface 

relative humidity was established based testing data, which can be used to predict the 

deterioration of the interface induced by water. This relationship is different from the one 

obtained through full submerging, confirming that existing testing method is extrinsic and 

specimen dependent. The effectiveness of silane on enhancing the long-term durability of the 

interface has also been confirmed in this study.  
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8.1. Introduction  

For many years fiber reinforced polymer (FRP) composites have been considered as one 

of the most promising modern materials for construction. Both the advantages and disadvantages 

of FRP composites have been studied thoroughly and compared to the conventional construction 

materials such as steel, reinforced concrete, wood, etc. [1]–[4]. One popular application of these 

materials is retrofitting/rehabilitation reinforced concrete structures through external bonding.  

This technique has the minimal impact on the surrounding environment and is far easier and 

faster to be implemented compared to other enhancement techniques. The interface between the 

FRP and concrete plays a critical role in this technique through providing effective stress transfer 

from the existing structures to externally bonded FRP plates or sheets and keeping integrity and 

durability of the composite performance of the FRP–concrete structures. Debonding along the 

FRP-to–concrete interface can lead to premature failure of structures. Here, FRP–to-concrete 

interface refers to a thin layer of adhesive and the adjacent concrete within which the relative 

deformation between FRP and concrete mainly happens as revealed by experiment study [5].  

Although extensive studies have been conducted on the short-term behavior and catastrophic 

failure of the FRP-to-concrete interface, much less attention has been paid to the long-term 

performance of this interface in presence of aggressive environments [6]–[8]. Experimental 

studies have shown that the most dangerous environmental threat to the FRP-to-concrete 

interface is moisture, specifically water ingress through the interface [6], [9]–[13]. It has also 

been experimentally proved that the water attack can also shift the failure locus of this interface 

from the concrete substrate (cohesive failure) to the epoxy-concrete interface (adhesive failure). 

In these experimental studies, testing specimens were first conditioned through fully immersing 

the specimens in water. The deterioration induced to the interface by water is then evaluated 
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through measuring the residual strength or fracture toughness of the interface. The major 

problem of this method is that testing results are specimen-dependent because the ingress of 

water within the FRP-to-concrete interface depends on geometries and material properties of the 

specimen. Experimental observations and numerical simulation suggest that the relative humidity 

across the interface in the width direction is not uniform in the specimens fully immersed in 

water because water diffusion from outside boundaries into the interface is mainly determined by 

its path. The longer the path, the lower relative humidity is at that location, and vice versa. It 

takes longer time for water to arrive at the interior zone of the epoxy-concrete interface than the 

exterior zone close the boundary. As a result, relative humidity is higher in the exterior zone and 

lower in the interior zone for the same conditioning duration. This non-uniform distribution of 

the relative humidity across the interface makes it difficult to correlate the residual fracture 

toughness to the interface relative humidity. In current practice, average relative humidity across 

the interface is noted as the interface relative humidity (IRH). The major problem of using the 

average value to represent the moisture status of the whole interface in the width direction is 

obvious; the difference in real relative humidity distribution is ignored. We can obtain same 

average relative humidity across the epoxy-concrete interface by using different specimens and 

conditioning period. The real moisture distribution across the interface in these specimens, 

however, can be very different. As a result, relationships between the residual strength of the 

epoxy-concrete interface and the relative humidity established based on this average value in 

existing are dependent on the specimens because the real moisture distribution in those 

specimens are different. Clearly, these relationship based on the average relative humidity cannot 

represent the intrinsic effect of the moisture on the strength of the interface.  
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To overcome this issue in the existing studies, a new method is proposed to condition the 

specimen so that more even distribution of the relative humidity across the interface can be 

reached.   

8.2. Specimen design 

To overcome the problem in existing studies, a new conditioning method is proposed to 

create a relatively uniform distribution of moisture across the epoxy-concrete interface. This is 

done by partially submerging the specimen in water, rather than the whole one as used in 

existing studies. The working principle of this new conditioning method can be illustrated by 

simulating the water diffusion in the test specimen consisting of a 50.8 Χ 50.8 Χ 50.8 mm3 (2 Χ 

2 Χ 2 in3) concrete block specimen, a layer of epoxy, and a carbon fiber reinforced polymer 

(CFRP) using finite element analysis (FEA) method in ABAQUS/CAE, (Fig. 8-1(a)). Same 

diffusivity coefficients as we experimentally obtained and used in our previous study are used 

here [13]. Different conditionings are considered in the simulation from submerging the whole 

specimen in water (100% in water) to only half of the concrete block in the depth direction from 

the bottom in water (50% in water). Relative humidity distributions across the epoxy-concrete 

interface in width direction corresponding to different conditioning method is then calculated and 

shown in Fig. 8-2. It can be seen that by submerging the whole specimen in water after one 

week, relative humidity across the interface reduces very fast from 100% at the side surface of 

the specimen to nearly zero at a distance about 15 mm from the surface (Fig. 8-2(a)). This non-

uniform distribution can be alleviated by submerging only part of the concrete block of the 

specimen in water. As shown in Fig. 8-2(a), more uniform distribution of the relative humidity 

across the interface can be achieved by submerging less concrete block in water. An 

approximately uniform distribution of moisture distribution across the interface can be achieved 
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Fig. 8-3 shows the relative humidity across the epoxy-concrete interface for this 

specimen with half of concrete block submerged in water. It can be observed that after 16 weeks 

conditioning, relative humidity across the interface is improved from 23% to 60% by reducing 

the thickness of the concrete block by half.  

Numerical simulations (Fig. 8-2 and Fig. 8-3) suggest that although it is not possible to 

create a uniform moisture distribution across the epoxy-concrete interface, we can minimize the 

non-uniformity of this distribution through partially submerging the concrete block of the 

specimen in water. Fig. 8-3 shows that by submerging half of the concrete block of this specimen 

with thickness of 25.4 mm can reach a relatively uniform distribution of relative humidity across 

the interface without needing extended conditioning time. This specimen and the conditioning 

method are therefore selected in this study to establish the relationship between the residual 

strength of the interface and the relative humidity of the interface. Since the variation of the 

relative humidity across the interface is much smaller than in the existing studies, the average 

relative humidity is more accurate to represent the real moisture distribution across the interface, 

we refer the obtained fracture toughness at different relative humidity using this specimen as 

intrinsic value of the interface. Accordingly, fracture toughness obtained through submerging the 

whole specimen in water as extrinsic one.  

 



203 
 

 

 

Fig. 8-2  Interface relative humidity along the epoxy-concrete interface exposed to different 
water levels: (a) after 1 week, (b) after 16 weeks. 
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Fig. 8-3 Interface relative humidity along the epoxy-concrete interface of the specimen with 25.4 
mm thickness concrete block and exposed to 50% water level. 

8.3. Materials and testing method 

The modified specimen used to measure the fracture toughness using  wedge driving method 

is illustrated in Fig. 8-4, which consists a CFRP- procured plate, a layer of two-part epoxy,  and a 

concrete block cured for 28 days and dried for two weeks at room temperature (23°C) following 

ASTM C33/C33M and ASTM C192,C192M [14], [15]. The width of the specimen is 50.8 mm 

(2 inch) in all layers. The mean 28-day compressive strength for the concrete specimens using 

100 Χ 200 mm cylinders is about 30.9 MPa. A pre-crack using some Teflon tape is considered 

with length of 12.7 mm (1/2 inch) to ensure the crack propagation within the interface along the 

epoxy and concrete substrate. The top half-thickness of the concrete block in the specimen, 12.7 

mm (1/2 inch), is covered with a thick layer of a commercial concrete sealer to guarantee no 

water ingress above the predefined 50% submerging level of this test. The regions adjacent to the 
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Table 8-1 Mechanical properties of CFRP. 

Laminate 
Width 

Laminate 
Thickness 

Cross 
Sectional 
Area 

Tensile 
Strength 

Tensile 
Modulus of 
Elasticity 

Ultimate 
Strain 

50.8 mm 1.397 mm 71.10 mm2 2413 MPa 131,000 MPa 0.0187 % 
 

Table 8-2 Mechanical properties of the epoxy.  

Compressive 
Strength 

Epoxy 
layer 
Width 

Epoxy 
layer 
Thickness 

Cross 
Sectional 
Area 

Tensile 
Strength 

Tensile 
Modulus 

Flexural 
Modulus 

Flexural 
Strength 

28.2 MPa 
50.8 
mm 

6.30 mm 320 mm2 22.7 MPa 1,200 MPa 1.23 GPa 45.8 MPa 

 

A similar home-made fixture used in our previous tests is used here. A high-resolution 

camera is used to measure the crack length. The wedge is driven into the pre-crack by a 

hydraulic Testing Material System (MTS810) which can be controlled by a computer. All 

specimens are first conditioned in a water tank with half of their concrete block in water. It is a 

difficult task to maintain the water level in tank to exactly half of the height of the concrete block 

because of water evaporation and difference in size of the specimens. A flat, but shallow tank in 

which the level of water can be controlled by two minimum and maximum lines is used to 

condition the specimen. The minimum water line is used to ensure at least 50% of the concrete 

block is submerged in water. The maximal water line is used to control the highest water level of 

the water tank. By filling water in the tank to this line, water tank will have some extra water to 

compensate the loss of water due to evaporation. Once water level drops close to the minimum 

water line, new water shall be added to raise the water level close to the maximum line.  In this 

way, water will never drop below the 50% line. To eliminate extra diffusion of water into the 

specimen when water level is above 50% line, the top half the concrete block is sealed with a 

thick layer of a commercial concrete sealer. The tank and specimens are kept in an 
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A steel wedge designed and manufactured according to ASTM D3762-03 [17] (Δ=3.175 

mm) is fixed to the upper grip of a MTS machine and gently driven into the pre-crack of the 

specimen close to tip of the pre-crack. Then the wedge is driven at a rate of 2.54 mm/minute 

(0.00167 inch/second) introduce the initiation and propagation of the interface crack along the 

interface. During the test, the applied load and the wedge vertical displacement are recorded 

using a computer. A picture is captured by the digital camera every 10 seconds from the crack tip 

to the contact point of the wedge. The captured picture is then used to determine the crack length 

a. The energy release rate at the crack tip of the interface can be obtained using Eq.(1) 

௜௡௧ܩ ൌ
ଶ∆ܦ9

2ܾܽସ
	, (1) 

where ܦ is the bending stiffness of the CFRP-epoxy composite beam and ܾ is the thickness of 

the bond, respectively. 

Specimens were conditioned for four, eight and sixteen weeks. Two different sets of 

specimens were chosen for each conditioning period: untreated and treated with silane coupling 

agent. Silane coupling agents (SiH4) are organic materials that can be used to improve the bond 

strength between an organic substrate such as epoxy and any inorganic substrate such as 

Aluminum [18]–[25]. Function of a cementitious material such as Portland cement concrete has 

been studied in last years and it has been shown that silane can improve the bond between 

concrete and epoxy [16], [26]. For the treated specimens, a 1% silane solution was brushed over 

the concrete surface before applying the CFRP plate and epoxy layer. 

8.4. Testing results and discussion 

8.4.1. Wedge driving test 

Fig. 8-7 shows fracture toughness of CFRP-to-concrete specimens with half of the 

concrete block conditioned in water. The fracture toughnesses of the interface for both the 
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untreated and treated specimens reduce with the conditioning duration. Nevertheless, the silane 

treated specimen maintains higher fracture toughness for the same conditioning duration, 

suggesting that silane coupling agent can significantly improve the durability of the interface. 

For example, silane treatment improves the fracture toughness of the interface by 105% and 80% 

after 8 and 16 weeks conditioning in water, respectively. Compared with the specimen 

conditioned by full submerging in [13], the residual fracture toughness in this test are much 

higher for the same duration of conditioning because of different relative humidities within the 

interface are induced by different conditioning methods.  

Residual strengths of the interface due to the intrinsic debonding are much lower in 

comparison to the re1ults obtained from the fully-submerged specimens that suggest that due to 

less water diffusion and, subsequently, less IRH, intrinsic specimens experience far more 

moderate deterioration in a same time. As it was shown and discussed, for reaching the relative 

humidity above 90% for intrinsic test, for a period of one year conditioning is inevitable. As a 

result, in this study, residual strength at lower relative humidities are measured, and then, by 

finding a regression equation for each treated and untreated specimens, we can make a 

comparison to the fully-submerged results.  
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Fig. 8-7 Effect of water conditioning duration on intrinsic debonding fracture release rate for 
untreated or treated specimens with silane coupling agent. 

Failure mechanisms of the specimens conditioned by submerging half concrete block in 

water are demonstrated in Fig. 8-8. After being conditioned for four weeks, a mixed debonding 

failure (cohesive and adhesive) can be identified on the epoxy side of the debonded interface as 

revealed by small amount of concrete particles scattered on the epoxy surface. As comparison, 

the control specimen without conditioning in water exhibits a cohesive failure mode since a layer 

of concrete is attached to the epoxy side. More concrete residue can be found on the epoxy side 

of the specimen treated by silane after four week conditioning, suggests that more cohesive 

debonding is occurred in this specimen. This is not unexpected since silane coupling agent can 

enhance the resistance of the bonds between the epoxy and concrete to water attack. As a result, 
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Fig. 8-12 Interface relative humidity along the epoxy-concrete interface for an intrinsic test: (a) 
Transverse section, (b) Longitudinal section 1. 
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Table 8-3 Parameters of the relationship between the fracture energy and the IRH. 

Parameters 

Intrinsic mode-I 
Fracture 

Extrinsic mode-I 
Fracture [13] 

untreated treated  untreated treated  

α 1.10 1.11 1.10 1.11 

β 3.43 1.04 2.21 1.65 
 

Fig. 8-14 compares the relationships between the fracture toughness and the IRH obtained 

by full-submerging (extrinsic) and half-submerging (intrinsic) the specimens in water. As 

expected, two different relationships are obtained due to the difference in conditioning the 

specimen, confirming that the test results are specimen-dependent. At lower relative humidities 

(Fig. 8-14(b)), the intrinsic fracture toughness of the untreated specimens is lower than the 

extrinsic one for the same relative humidity. When relative humidity is high enough, this 

difference in intrinsic and extrinsic fracture toughness for the untreated specimen is small, as 

shown in Fig. 8-14(c). This phenomenon may be caused by the non-uniform moisture 

distribution in the specimens used to obtain the extrinsic fracture toughness. At lower relative 

humidity, relative humidity across the most area of the epoxy-concrete interface is still lower 

than the average value because of very high relative humidity in the area adjacent to the surface, 

while the relative humidity in most area across the interface in the intrinsic sample is close to the 

average value. This suggests although the same relative humidity is used to express the relative 

humidity in intrinsic and extrinsic results, the real relative humidity in intrinsic one is higher than 

that in extrinsic one at low relative humidity. As a result, fracture toughness of the extrinsic 

specimen provides a high value. After longer conditioning, relative humidities increase 

significantly and become more uniformly in both the intrinsic and extrinsic tests, leading to 

smaller difference in measured fracture toughness.      
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Fig. 8-14 Comparison between the intrinsic and extrinsic debonding fracture energy release rate 
versus IRH along the epoxy-concrete interface: (a) at lower IRH, (b) at higher IRH. 

In case of specimens treated with silane coupling agent, intrinsic fracture toughness is 

higher than the extrinsic one at both low and high relative humidities clearly because of silane.  
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also creates a thin hydrophobic concrete layer adjacent to the interface due to the penetration of 

the silane. As a result, water will have more difficulty to diffuse into the interface in intrinsic 

testing. While in extrinsic testing, water can still diffuse into the interface through the interface 

which usually has a much high diffusion coefficient than concrete. Therefore, the calculated 

relative humidity which does not account for the effect of silane application and faster water 

diffusion along the interface is lower than the real relative humidity in the extrinsic test and 

higher than that in the intrinsic test. In another word, the real relative humidity in an intrinsic 

sample is lower than an extrinsic one even though their simulated relative humidity is the same. 

As a result, the fracture toughness of the intrinsic test shows a high value than the extrinsic one.   

8.5. Conclusions 

This study proposes a new method to determine the residual fracture toughness of the 

FRP-to-concrete interface subjected to water attack. Unlike in the commonly used method in 

which the specimen is conditioned by submerging the whole specimen in water, the new method 

conditions the specimen through submerging half of the specimen in water. This advantage of 

new conditioning method is that more uniform moisture distribution across the interface can be 

achieved. While in existing studies in which the whole specimen in submerged in water, the 

moisture distribution is nonuniform. The relatively uniform distribution of the moisture across 

the interface makes it possible to establish a relationship between the residual fracture toughness 

and the interface relative humidity based testing data, which can be used to predict the 

deterioration of the interface induced by water. This relationship is different from the one 

obtained through full submerging, confirming that existing testing method is extrinsic and 

specimen dependent. The residual fracture toughness of the interface treated by silane coupling 
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agent is significantly higher than the one of the interface without silane treatment, confirming the 

effectiveness of silane on enhancing the long-term durability of the interface. 
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CHAPTER 9 

SUMMARY, CONCLUSIONS AND FUTURE WORKS 

9.1. Summary  

A comprehensive program using both the analytical and experimental approach has been 

carried out in this study to examine the integrity and long-term durability of the  FRP-to-concrete 

interface in presence of aggressive environments, which is critical to the success of FRP-

strengthened concrete structures.   

In analytical studies, three-parameter elastic/viscoelastic foundation models have been 

established for adhesively bonded joints. The superior features of the new analytical works 

include: 1) satisfying all boundary conditions, 2) predicting different peeling stresses along two 

interfaces between the adhesive and adherends, and 3) capturing stress redistribution in 

adhesively bonded joints. These analytical models have been verified by their excellent 

agreement with finite element analysis and experimental observations.    

In experimental studies, a few new testing methods have been proposed and carried out, 

including: 1) novel environment-assisted subcritical debonding test to examine the synergistic 

effect of the mechanical loads and environmental conditions on the deterioration of the FRP-to-

concrete interface using a wedge driving test; 2) wedge driving (the mode-I fracture) and pulling 

(the mode-II fracture) tests to evaluate the residual fracture toughnesses of the FRP-to-concrete 

interface after conditioning in water; 3) a novel wedge split test to directly determine the 

traction-separation law of the interface affected by conditioning in water, in addition to the 
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residual fracture toughness of the interface. A new technique to condition the FRP-to-concrete 

specimen has also been proposed which can introduce more evenly distributed moisture across 

the epoxy- concrete interface in the FRP-to-concrete specimens. By using this new conditioning 

method, the effect of the moisture content on the residual fracture toughness of the interface can 

be determined more reliably. Potential of using silane coupling agent to enhance the durability of 

the interface has also been evaluated.   

The detailed findings of this dissertation study can be summarized as follows: 

1. A three parameter elastic foundation model has been developed for double-lap joints. Based 

on this model, the following findings are obtained: 

a) Shear stress distribution within the adhesive layer reaches excellent agreement with the 

existing experimental data and numerical analysis, and satisfies zero-shear boundary 

condition at the free edges. 

b) Thinner adhesive layers lead to higher shear stress concentrations close to the ends, and 

vice versa. 

c) Peel stresses along two adhesive-adherend interfaces of the joint are different. 

d) The proposed model can successfully predict the location of the debonding initiation for 

double-lap joints, as verified by experimental observations. 

2. A novel three-parameter viscoelastic foundation model has been established to predict the 

stress redistributions induced by the viscoelastic behavior of the adhesive in adhesively 

bonded joints. This model possesses the following features: 

a) It achieves excellent agreements with the FEA.  

b) It satisfies zero-shear boundary condition. 
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c) It successfully captures the shear and peel stress relaxations induced by the 

viscoelastic behavior of the adhesive layer. 

3. Environment-assisted subcritical debonding test has been carried out to study the long-term 

durability of the FRP-to-concrete interface in aggressive environments. The following 

conclusions are obtained: 

a) The environment-assisted subcritical debonding test can capture the synergistic 

effects of mechanical loads and environmental conditions such as water, moisture and 

temperature on deterioration of the FRP-to-concrete interface.   

b) Applying silane coupling agent can improve the bond quality and slow the subcritical 

debonding. The hydrophobicity induced by silane and the swelling of the epoxy also 

can play important roles in the durability of the FRP-to-concrete interface.  

c) By fitting the relationship between the crack growth rate and the energy release rate 

to the empirical expression modified from Paris Law, the service-life of the interface 

can be predicted. 

d) Subcritical debondings in water and in air are significantly different. The debonding 

length and the crack growth rate are much larger in water than in air.  

e) While failure mode of specimens debonded in air is cohesive (within the concrete), 

the failure mode of specimens tested in water shifts to the adhesive failure. 

4. Critical debonding of the FRP-to-concrete interface specimens conditioned in water was 

studied through wedge driving and pulling tests. Also the intrinsic debonding of the FRP-to-

concrete interfaces subjected to water attack was studied through an innovative specimen 

design. This new design can create a relatively uniform distribution of the moisture content 

across the interface, making it possible to establish an intrinsic relationship between the 
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residual fracture toughness and the relative humidity of the interface based on testing data. 

The findings from this study are summarized as: 

a) Specimens lose most of the mode-I and mode –II fracture toughness after being 

conditioned in water for one month. 

b) Because the mechanical interlock plays more important role in fracture toughness of 

the interface under mode-II loading, the residual mode-II fracture toughness after 

conditioning in water is much higher than the one under mode-I loading. 

c) After being conditioned in water for three months, no significant further reduction in 

residual fracture toughness of the interface can be observed. 

d) Silane coupling agent is effective in improving the durability of the FRP-to-concrete 

interface subjected to attack of moisture. The relationships between the residual 

fracture toughness and the interface relative humidity can be approximated by 

exponential expressions.  

e) The relationship between the residual fracture toughness and the relative humidity of 

the interface can be used to predict the deterioration of the interface induced by water. 

This intrinsic relationship is different from the one obtained using the existing 

method, in which the whole specimen is submerged in water. This difference suggests 

that the existing method is extrinsic and the testing results are specimen-dependent. 

5. A novel wedge splitting test was carried to directly determine the traction-separation law of 

epoxy-concrete interface under mode-I loading. The traction-separation law of the epoxy-

concrete interface has been successfully measured by this novel wedge splitting specimen. 

This law can be approximated by a tri-linear expression. The resulted traction-separation 
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laws show that conditioning the specimens in water significantly reduces the interface tensile 

strength compared to the control specimens (not conditioned). 

9.2. Conclusions 

This Ph.D. dissertation has developed both the analytical and the experimental tools to study the 

FRP-to-concrete interface, which is a key element in a new technology to repair/retrofit aged 

civil structures, external bonding of FRP to conventional construction materials such as 

reinforced concretes and steels.  By using the three-parameter elastic and viscoelastic foundation 

models proposed in this study, engineers can correctly predict which interface will debond first 

in adhesively bonded joints. By knowing the failure location, effective measures can be taken to 

prevent the debonding initiation. It is important to differentiate the short-term interfacial stresses 

from the long-term stress distributions. The relationship between the crack growth rate and the 

energy release rate established through environment-assisted subcritical debonding testing 

provides a robust tool to predict the long-term durability of the FRP-to-concrete interfaces. 

Testing results have revealed that significant difference exists between the energy required to 

initiate debonding along the FRP-to-concrete interface in water and in air. Debonding of the 

interface in water can be started by a much smaller force and is faster compared to the one in air. 

Visual observations of the debonded FRP-to-concrete interface have confirmed this difference. 

Failure mode of specimens in air has been found to be cohesive and debonding locus is within 

the concrete regardless of the temperature and the relative humidity level; while it is adhesive 

when the specimen is conditioned in water. This difference may imply that existing studies on 

the long-term durability of the FRP-to-concrete interface overestimate the detrimental effect of 

moisture on the interface since all these testing results were obtained by submerging the whole 

specimen in water. In real application, the interface will not be fully submerged in water except 
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used in underwater environment. Therefore, its failure mode and debonding growth rate should 

be closer to the subcritical debonding in air rather than in water.   

In order to enhance long-term durability of the interface, applying silane coupling agent to the 

surface of the concrete substrate can increase the residual fracture toughness of the epoxy-

concrete interface in presence of water.   

9.3. Public impacts 

It is of great significance to develop new technologies to enhance the resilience and sustainability 

of aged and deteriorated civil infrastructures system. External bonding FRP to concrete has 

emerged as an exemplary new technology to enhance the performance and durability of existing 

structures. This new technique requires of using novel organic materials together with traditional 

construction materials such as concretes and steels which are inorganic. The combination of two 

different materials creates a new problem for structural and material engineers, the integrity and 

durability of this inorganic-organic interface. Many analytical and experimental methods have 

been developed to study the short and long-term performances of traditional in-organic materials 

and new organic materials such as FRP composites. However, the tools to either analyze or test 

the interface between the organic-organic are very limited.  

In this dissertation a new research has been carried out to address this urgent research need by 

providing both analytical and experimental tools to study the FRP-to-concrete interfaces. This 

study not only sheds new lights on the long-term behavior and design of FRP-strengthened 

concrete structures, but also lays out the framework to analyze and test the organic-inorganic bi-

material interface, on which our current knowledge is very limited.  

9.4. Future works 

A few problems exist in the present studies which need to be addressed in the future study, 
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1) The role of the swelling of epoxy: Very significant swelling of epoxy under certain 

environments has been observed in this study. However, their role in the debonding of the 

interface, which has never been addressed in existing studies, is not fully examined in this study. 

Future study should be carried out to gain fundamental understanding on the swelling of the 

adhesive on the durability of the FRP-to-concrete interface.  

2) The role of epoxy creep: Similar to the swelling of the epoxy, the creep deformation of the 

adhesive layer is not excluded from the environment-assisted subcritical debonding test results. 

As a result, the estimated opening force applied by the wedge is higher than the real one. 

Consequently, the calculated energy release rate could be overestimated. In the future study, 

creep deformation of the adhesive layer should be excluded from the measured deformation of 

the cantilever beam so more accurate value of the energy release rate can be calculated. 

3) Existence of critical moisture content: Studies on metal based adhesively bonded joints 

show that critical moisture content exists. Below this moisture content, the strength reduction of 

the interface is insignificant. However, when moisture along the interface surpasses this value, 

drastic reduction of the strength of interface can be observed. Some studies relate this sudden 

loss of the strength of the interface above the critical moisture content to the sudden change of 

the behavior of the epoxy when the moisture is above the critical value. Environment assisted 

subcritical debonding test results also shows the distinct difference between the slow debonding 

in water and in air with high humidity. The critical debonding test data also indicate that there 

exists a critical moisture content, above which no significant further reduction in strength can be 

observed. In addition, absorption test of the epoxy shows that the epoxy used in this study 

exhibits non-Fickian’s behavior if the moisture content exceeding certain value, suggesting that 

epoxy may experience significant behavior change too. All these observations may imply such 
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