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A B S T R A C T   

The environmental exposure dramatically influences the performance of externally applied Fiber Reinforced 
Polymer (FRP) in the long run. Temperature and humidity are two common environmental factors that alter the 
bond behavior of the FRP application. This paper summarizes the observations of different researchers regarding 
the effect of temperature and humidity together (also known as the hygrothermal effect) and separately on the 
durability performance of the FRP-Concrete bond itself and its elements individually. Furthermore, a comparison 
of performance between FRP Laminate and sheet has been presented for hygrothermal environments. Moreover, 
different approaches by researchers to model the FRP-Concrete bond, followed by the efforts to incorporate 
hygrothermal effects in it, are discussed. Finally, some of the authors’ observations and directions for potential 
future work have been stated.   

1. Introduction 

Structures lose their original load-carrying capacity due to the 
degrading effect of continuous environmental exposures [1]. Therefore, 
those structures require rehabilitation to keep them functional. Several 
materials, including steel plate, ultra-high-performance concrete 
(UHPC), textile reinforced mortar (TRM), and fiber reinforced polymer 
(FRP), are available for rehabilitation of the existing structure. The 
application of UHPC in rehabilitation impedes due to a limited under-
standing of UPHC materials and the availability of accepted design codes 
[2]. Again, the corrosion tendency and heavy weight of steel plates 
cause inconvenience in strengthening existing structures [3]. The TRM 
performance as a strengthening material is also reported inferior 
compared to FRP [4]. On the other hand, FRP is widely used for 
strengthening because of its inherent properties such as non-corrosive 
[5,6], high tensile strength [7,8], stiffness, lightweight [9,10], ability 
to undergo large deformation without failure [11–13] and better flexi-
bility [14,15]. The bond characteristics in-between FRP and concrete 
surface is proved crucial to the effectiveness of FRP strengthening 

[16–19]. This characteristic itself depends on many factors, which 
include the type and strength of FRP [20], surface preparation, strength 
and thickness of the adhesive [21], the strength of the substrate [22–24], 
environmental exposures [25–30], etc. The various environmental ex-
posures include temperature, humidity, pollution, frosting, carbonation, 
chemical corrosion, seawater tidal action, etc. [31,32]. 

Several studies on FRP-Concrete bonds under various environmental 
exposures found detrimental effects on bond performance [33–39]. For 
example, Silva et al. [40] found that the bond strength was reduced by 
31% after going through Freeze-thaw cycles. Similarly, Mikami et al. 
[41] found the bond strength decreased by 92% under specific envi-
ronmental exposure. However, among all environmental exposures, the 
hygrothermal (combination of temperature and humidity) environment 
is reported to have the most crucial effect on the performance of the FRP- 
Concrete bond in the long run [42,43]. A comprehensive literature re-
view on the hygrothermal effect on FRP-Concrete is needed to uncover 
the overall detrimental effect of this exposure. In this paper, different 
aspects of hygrothermal effects on the FRP-Concrete bond are presented 
to address the need. 
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2. Hygrothermal effect on the individual FRP-Concrete elements 

Among the components of the FRP-Concrete bond, the FRP itself is 
reported to have good enduring against the hygrothermal effect [44]. 
However, the other two elements, adhesive and concrete substrate, have 
well-known effects due to hygrothermal exposure. The following sub- 
sections will discuss some of the effects revealed by different 
researchers. 

2.1. Adhesive 

Epoxy, a common adhesive in FRP-Concrete bond, is susceptible to 
Humidity/or water and temperature. Absorption of water into the 
epoxy, known as plasticization [45], is reported have responsible for the 
stiffness reduction of epoxy [46,47]. Water increases the free volume of 
epoxy [48,49], which increases the mobility of the polymer chain. As a 
result glass transition temperature (Tg) of epoxy reduces, resulting in a 
reduction of epoxy stiffness [50,51]. A similar decrease is observed due 
to the heat of increased temperature, especially when the temperature is 
more than Tg of epoxy [52]. Beyond Tg, epoxy turned into a rubbery 
state from a glassy state, hence losing its stiffness significantly. This 
physical change and corresponding stiffness reduction can also be 
explained by free volume theory [53]. The combining effect of the 
abovementioned two parameters, known as the hygrothermal effect in 
the literature, can cause severe alternation of the property of epoxy 
[54,55]. Chakraverty et al. [56] reported an 8% reduction in the Tg 
value of a typical glass fiber reinforced epoxy (GRE) under a specific 
hygrothermal environment. Equilibrium moisture absorption and 
diffusion coefficient are also greatly influenced by Hygrothermal con-
ditions [57–59]. There is another hygrothermal effect known as the post 
curing process, which causes an increase in the density of cross-linking 
of epoxy polymer and hence reduces the internal stress [60]. The term 
“post-curing” here is used to refer to the secondary process of conden-
sation of the cross-linking between polymer (epoxy) chains [60]. The 
“curing” also plays a vital role in forming the stiffness of epoxy resign at 
the early stage of epoxy application. Two weeks at room temperature is 
reported to have enough to complete 80–100% of curing [61]. Al-Lami 
et al. [62] investigated the epoxy performance in warm water (40◦C) for 
up to 1500 h. The tensile strength and ultimate strain of the investigated 
epoxy had shown an increasing trend followed by decreasing trend in 
the abovementioned exposure. The rising trend can be credited to the 
beneficial effect of the post-curing process of epoxy, and the decreasing 
trend can be attributed to the negative effect of hygrothermal exposure 
as it eventually overturns the positive effect of the post-curing process 
[62]. Kumar et al. [63] studied various factors, including relative hu-
midity and temperature of the environment, to study structural adhesive 
behavior. Their review suggests that the curing temperature and hu-
midity predominantly affect the adhesive behavior in the long run. The 
existing practice is to keep the adhesives in the accelerated environment 
that it is supposed to experience in its service life for a period specified 
by standard code (i.e., AASHTO, ICC) to assess its performance. The one 
that satisfies the standard code most is selected for field application 
[61]. Again, increasing the surface roughness can effectively improve 
the performance of adhesives in the hygrothermal environment by 
increasing the effective connective area of concrete and adhesive [64]. 

2.2. Concrete substrate 

Usually, the expected Fractures (mode I) occur within a few milli-
meters of the concrete surface [65–67]. The strength of the concrete 
substrate affects the debonding mechanism of the FRP-Concrete bond 
[68]. The strength of this concrete substrate is susceptible to tempera-
ture and humidity. Bazant et al. [69] found that concrete’s fracture 
energy (mode I) depends significantly on the temperature and has an 
inverse relationship with increasing temperature. They found this de-
pendency more prominent in concrete having near-saturated water 

content than in pre-dried concrete. Again, Kallel et al. [70] investigated 
the tensile strength of concrete for five different levels of degree of liquid 
water saturation (Sw) for both 30℃ and 90℃ temperatures. It has been 
reported that the tensile strength has decreased with temperatures be-
tween 30℃ and 90℃. In contrast, it has increased for Sw between 36% 
and 72%. Again, high-strength concrete has been reported to have more 
sensitivity compared to low-strength concrete at elevated temperatures 
[71]. In general, humidity alone is not detrimental to concrete as it helps 
continue the hydration process of concrete, improving the concrete 
substrate’s strength [62]. But it sometimes initiates corrosive action by 
ingressing corrosive agents (like chlorides, sulfate, etc.) into the con-
crete. Besides, freeze–thaw action results in a volume change of water, 
which sometimes causes deterioration of concrete surface cum concrete 
substrate strength [72]. 

3. Hygrothermal effect on the combined system of FRP-Concrete 
bond 

Five major test setups exist for studying the externally bonded FRP- 
Concrete bond [73]. A good number of researchers studied the hygro-
thermal effect on the combined system of FRP-Concrete bond using the 
setups mentioned above. Their research can be categorized into three 
types. The first type deals only with the effect of the temperature, 
whereas the second type deals with the effect of the humidity alone. But, 
the third type deals with both. A brief review of their works will be 
presented next. 

3.1. Temperature 

The FRP-Concrete bond strength decreases significantly above the 
applied adhesive’s glass transition temperature (Tg) and increases 
otherwise except for very low temperatures [74]. The high difference in 
the coefficient of expansion of bonding elements is believed to have 
mainly been responsible for the alternation of the behavior at low 
temperatures. The failure mode of bonding also changes from cohesive 
(into the concrete substrate) to decohesive (into the adhesive) with 
increasing temperature [52,75], see Fig. 1. The formation of microcracks 
in the FRP-Concrete bond is reported to have responsible for degrading 
bond strength at high temperatures [76]. Silva et al. [40] studied the 
effect of thermal cycles on specimens having gone through Freeze-thaw 
cycles for 1000 h. They found the bond strength has reduced by 31%. 
Again, Klamer and Hordijk [32] found an inverse relationship of bond 
strength with increasing temperature. They have also found the influ-
ence of temperature on the failure types of bonding. Kastro and Kim [77] 
found that the dry shear strength decreased less rapidly than the wet 
shear strength at high temperatures. Again, the usual practice of curing 
adhesive is at room temperature. According to Ferrier et al. [78], any 
change in the curing temperature (either increase or decrease) in the 
service life causes degradation in the bond strength. Table 1 shows the 
effects of temperature on different test methods for FRP and concrete 
specimens and other factors that affect test results. From Table 1, double 
shear [52,78] and direct tension [76] test experimental results show that 
minimum bond strength was found when the test specimen was at a 
higher temperature (for the direct tension test, the highest temperature 
reported was 240◦C & for the double shear test, 80◦C & 120◦C). Most of 
the test results in Table 1 show that the maximum bond strengths were 
reported near 20◦C, which is about room temperature [52,76,78]. 
However, in the double shear test method [52,78], there was no increase 
in strength below 20◦C (room temperature), not even below freezing 
temperature (reported temperatures of − 20◦C and − 40◦C). On the other 
hand, minimum values are always shown when the test specimen tem-
perature is higher. The findings of the subsequent tests [40,52,76] 
demonstrate that the method of the test and the layup procedure 
(whether wet or pultruded laminate) do not influence the bond strength. 
The sole factor that affects the strength’s increase and reduction is the 
temperature, which has already been mentioned above. 
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Also, in Table 1, it is evident that the concrete substrate failure mode 
is visible when the specimen temperature is less than the glass transition 
temperature. Both types of failure mechanisms were observed at tem-
peratures above the transition point: concrete substrate failure and ad-
hesive failure. In Table 1, the failure frequency of concrete substrate is 
comparatively higher than that of adhesive failure. Finally, two distinct 
temperature duration (1.5 and 3 h) effects are presented in this table. 
Three-hour-duration 240-degree centigrade specimens perform worse 
than room temperature conditions. In addition, there is no evidence of 
linear degradation in their test results (Fig. 2). 

3.2. Moisture/Humidity 

The effect of moisture is critical in the bond behavior of the FRP- 
Concrete interface [79]. As moisture contributes significantly to 
degrading the bond strength and fracture energy of FRP application 
[80–83]. Ouyang [34] portrayed the variation of interfacial fracture 
energy under a moist environment for two sets of samples (sets A & B) 
having two different concrete strengths (See Fig. 3). Alternation of ad-
hesive property (see 2.1) in a humid environment is believed to have 
been responsible for this degradation [84]. Approximately 63% reduc-
tion of fracture toughness was observed in a particular set of FRP- 

Fig. 1. Failure within the concrete substrate and the adhesive.  

Table 1 
The temperature effect on FRP-Concrete bond.  

Test 
Method 

Sample 
Type 

Bond Strength (MPa) or Ultimate Load (kN) Tg 

(oC) 
f ′

c(MPa) Adhesive 
Properties 

FRP 
Properties 

Maximum 
(Temp., 
FM) 

Minimum 
(Temp., FM) 

Temperature 
range  
(oC) 

Time 
Duration 

Ts 

(MPa) 
E 
(GPa) 

Ts 

(GPa) 
E 
(GPa) 

tp 

(mm) 

DS [52] wet layup 
process 

3.15 (40, C) 0.91 (80, A) − 40◦C to 80◦C – 76 – 20 3.2 0.825 97 – 

pultruded laminates 2.52 (20, C) 0.09 (120, 
A) 

− 20◦C to 120◦C 58 29.5 4.94 2.9 160 

DT  
[76] 

wet layup 
process 

2.5 (19, C) 2.54 (80, C) 19◦C to 240◦C  1.5 h 65 35.128d 48.03 2.58 4.154 210 0.19 
2.02 (160, 
C) 
1.77 (240, 
C) 
2.37 (80, C) 3 h 
1.95 (160, 
C) 
1.73 (240, 
C) 

3.85 (19, C) 3.09 (80, C) 1.5 h 5528d 

2.76 (160, 
C) 
2.57 (240, 
C) 
2.87 (80, C) 3 h 
2.58 (160, 
C) 
2.18 (240, 
C) 

DS [78] wet layup 
process 

29.7U(20, 
C) 

9.05U(80, A) − 40◦C to 80◦C – 76 34 ±
2.5 

20 3.2 0.825 97 0.05 

adhesive bonding 
technique 

25.2U(20, 
C) 

0.9U(120, A) − 20◦C to 120◦C 90 29.5 4.94 2.9 160 1.2 

Note: SS = Single shear type test; DS = Double shear type test; B = Bending type test; MM = Concept of a mixed-mode loading test; DT = Direct tension type test; U =
Ultimate Load Capacity (kN); FM = Failure Mode; C = Failure at concrete layer; A = Failure at Adhesive; Tg = Glass transition temperature; f ′

c=Concrete Strength; TS =

Tensile Strength.  
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Concrete bonds under predominantly water exposure for a duration of 8 
(eight) weeks [85]. This degradation has been reported to increase up to 
77% when moisture exposure is coupled with sustained load [86]. 
Again, Under a moist environment for 120 days, a 40% reduction of the 
flexural capacity of a particular FRP application is reported by Karbhari 
and Zhao [87]. The alternate wet-dry cycle is also reportedly responsible 
for decreasing the bond strength of the FRP-Concrete bond [88]. For 
specimens subjected to frequent wet/dry cycles, the bond failure occurs 
at the interface between the primer and concrete surface rather than in 
the concrete substrate [89]. Shrestha et al. [90] found that moisture 
effects depend on the types of FRP systems. For example, Bond strength 
decreases for wet-layup FRP, whereas it increases for prefabricated FRP 
under sustained moisture. This observation is also supported by the 
research done by Abanilla et al. [35]. Tamon et al. [91] commented that 
softer resin at the interface due to continuous moisture/or immersion is 
presumably responsible for bond strength increase in both FRP systems. 
However, the tendency of wet-layup FRP under moisture exposure to 
have failure in (resin-concrete) adhesion rather than in concrete sub-
strate makes its bond strength decreasing in prolonged moisture expo-
sure [92]. Again, bonding at the FRP-Concrete interface is a result of 

both chemical and mechanical adhesion [93]. Chemical adhesion is 
greatly affected by moisture, whereas mechanical adhesion depends on 
surface roughness. Therefore, FRP-Concrete bonding with lower surface 
roughness shows a significant decrease in bond strength under moisture 
exposure. On the contrary, the bonding with higher surface roughness 
shows an insignificant decrease in bond strength under moisture expo-
sure [92]. Besides, the extent of degradation due to moisture is greatly 
varied for material properties and specimen configuration [94]. Excess 
moisture is also responsible for degrading the fatigue performance of the 
bonded connection [63]. 

Local debonding of the FRP-Concrete interface can also be caused by 
vapor and osmotic pressure resulting from induced moisture [34]. As a 
result, the presence of water/ moisture at the concrete substrate level 
causes degradation of bonding between FRP and substrate [84]. Pan 
et al. [95] reported that the bond between concrete silica and adhesive 
significantly deteriorated under a humid environment, which in turn, 
was responsible for shifting the failure from the concrete substrate to the 
adhesive. Again, the merely moist concrete substrate is reported to be 
more detrimental in terms of bonding strength compared to a 
completely saturated concrete substrate [96]. There is very limited 

Fig. 2. Bond Strength (MPa) vs Temperature (◦C) in a direct tension test over various durations. [76]  

Fig. 3. Profile of interfacial fracture energy with respect to moisture exposure (immersion) duration [34].  
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study on the initial bond performance of FRP-to-concrete interfaces due 
to moisture presence. According to Myers and Ekenel [97], the 
maximum recommended values of the air relative humidity (RH), the 
concrete surface moisture content, and the air temperature are 82%, 
4.3%, and 30.5℃, respectively. In Table 2, the moisture effect on FRP, 
the Single Shear Test [95], Double Shear Test [94], Bending Test 
[40,89], and Mixed Mode Test [34] are shown. A bend test in salt fog 
conditions was performed on GFRP and CFRP [40]. The test lasted from 
0 to 10,000 h (417 days), and maximum capacity was discovered in 
CFRP at the initial condition but in GFRP after 5,000 h. Capacity in-
creases in salt fog conditions in GFRP due to temperature and curing 
effects. Another two types of test are performed on GFRP, full immersion 

in water and − 10℃ to 10℃ temperature cycles of similar duration as 
salt fog conditions. From those two considerations (full immersion and 
temperature cycle), the maximum capacity was found after a 1000 h 
test, and the capacity decreased by 21% and 31%, respectively, after 
10,000 h. The temperature cycles affect more severely in GFRP among 
the three tests. Failure behavior in salt fog tests in GFRP and CFRP 
showed adhesive failure and the remaining consideration showed con-
crete substrate failure mode. 

Another bending type test is described in Table 2, due to 48% relative 
humidity environmental conditions [89]. Due to the long duration 
required for curing purposes, the Carbon Strand Sheet (CSS) procedure 
is used in this test, and the wet layup process is not considered here. Two 

Table 2 
The moisture effect on FRP-Concrete bond.  

Test 
Method 

Sample 
Type 

Condition Bond Strength (MPa) or Ultimate Load 
(kN) 

Tg 

(oC) 
f ′

c(MPa) Adhesive 
Properties 

FRP Properties 

Maximum 
(Day, FM) 

Minimum 
(Day, FM) 

Test 
Duration 
(Day) 

Ts 

(MPa) 
E 
(GPa) 

Ts 

(GPa) 
E 
(GPa) 

tp 

(mm) 

B [40] GFRP, wet layup 
Process 
(Control specimen 
bond stress 3.71 
MPa) 

Salt fog 
(35◦C dry 16 h 
& 8 h fog) 

4.73 (208, 
A) 

4.09 (417, 
A) 

0, 42, 208 
& 417 

82 47 ±
2.4 

72.4 3.18 0.5 20.4 1.3 

Temperature cycles 
(-10◦C for 12 h; 10◦C 
for another 12 h) 

3.45 (42, 
C) 

3.14 (417, 
C) 

Immersion 4.92 (42, 
C) 

4.32 (417, 
C) 

CFRP 
(Control specimen 
load capacity 34.0U 

kN) 

Moisture Cycle 
(RH = 20% for 12 h 
and RH = 90% for 
another 12 h) 

34.9U 

(417, C) 
31.0U 

(250, C) 
0, 125, 
250 & 417 

71 32.7 ±
0.6 

54 3.034 3.937 241 0.176 

Salt fog 
(Same as GFRP) 

34.0U (0, 
A) 

29.2U 

(250, A) 
MM  

[34] 
Precured CFRP 
Laminate 

Specimen Prepared at 
Room temperature and 
RH = 30–40%. 
Water bath 
temperature = 23◦C 

3.10 (0, C) 1.74 (56, 
C) 

0, 21, 28, 
42 & 56 

NA 2828d 72.4 3.18 2.02 139 2 

Hand-layup 
unidirectional 
carbon fiber sheet 

Specimen Prepared at 
Room temperature and 
RH = 40–50%. 
Water bath 
temperature = 23◦C 

2.66 (0, C) 1.43 (56, 
C) 

0, 21, 28, 
42 & 56 

4328d – 72.5 3 

B [89] CFRP, 
Carbon Strand Sheet 
(CSS) 

Primer FP-WE7, 
Adhesive CN-100 
& RH = 48% 

27.7U (0, 
A) 

21.6U (56, 
F), 
21.4U (98, 
F), 
14.3U 

(168, A) 

0, 56, 98, 
168 

NA 33.7 NA 0.39 greater 
than3.4 

245 0.178 

Primer FP-WE7, 
Adhesive FE-Z 
& RH = 48% 

24.3U (0, 
C) 

22.6U (56, 
F), 
19.9U (98, 
F), 
20.2U 

(168, F) 

0, 56, 98, 
168 

60 NA 2.41 

Primer FP-NS, 
Adhesive FE-Z 
& RH = 48% 

19.5U (0, 
C) 

18.7U (56, 
F), 
19.9U (98, 
F), 
15.7U 

(168, F) 
DS [94] CFRP, wet layup Full Immersion & 

Temperature 23◦C 
2.88 (0, -) 2.01 (175, 

-) 
0, 56, 175 NA 31 44.3 2.95 2.319 198.84 – 

SS [95] CFRP, pultrusion 
process, Full 
Immersion 

1 mm adhesive layer 
& temperature 20◦C 

8.8 (0, C) 6.2 (56, A) 0, 14, 28, 
42, 56 

65.7 37.4 57.1 3.2 1.8 150.8 1.3 

0.2 mm adhesive layer 
& temperature 20◦C 

10.87 (0, 
C) 

6.23 (42, 
A) 

0, 14, 28, 
42 

1 mm adhesive layer 
& temperature 50◦C 

8.76 (0, C) 7.3 (14, A) 0, 14 

Note: SS = Single shear type test; DS = Double shear type test; B = Bending type test; MM = Concept of a mixed-mode loading test; DT = Direct tension type test; U =
Ultimate Load Capacity (kN); FM = Failure Mode; C = Failure at concrete layer; A = Failure at Adhesive; F = primer-to-concrete interface failure; Tg = Glass transition 
temperature; f ′

c=Concrete Strength; TS = Tensile Strength.  
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new primers, FP-WE7 and FP-NS, and two new epoxy putties, CN-100 
and FE-Z, were used. The CN-100 is less elastic than FE-z putty. In all 
conditions, maximum capacity was found in the initial state and, in most 
cases, minimum capacity was found after 24 weeks of aging. CSS spec-
imen tests three types of failure modes in this CFRP: observed concrete 
substrate, adhesive, and primer-to-concrete interface failure. 

Finally, a similar trend was found among the multi-mode [34], 
single-shear [95], and double-shear tests [94]. In all three conditions, 
the maximum capacity was stated in the initial situation, and the min-
imum one at the end (when the test duration was completed) of the test 
was found. The failure mode of the concrete substrate was mostly 
observed in multimode (all conditions) and single-shear tests (initially 
observed). But in the full immersion single-shear test, an adhesive fail-
ure mode was also observed at the end of the test. During a single-shear 
test in dry conditions, a thinner adhesive layer shows a higher load ca-
pacity than a thicker layer. When the specimen is completely submerged 
in water, the thickness of the adhesive layer doesn’t matter as much as it 
did when the specimen was completely dry. 

3.3. Hygrothermal 

Tamon et al. [93] found that the hygrothermal effect is less on the 
rougher concrete subsurface. They also found that the effect of moisture 
change is more compared to temperature change on FRP-Concrete 
bonding. The worst effects were found under both full immersion and 
freeze-thaw cycles. Again, on the contrary, Crastro and kim [77] found 
that for the freeze-thaw cycle ranging from − 5℃ to 20℃ along with 
very a humid environment resulted in increase in double shear lap 
strength. Datla et al. [98] found that the degrading effect due to the 
combination of low relative humidity (0%) and high temperature 
(100℃) on the FRP-Concrete bond is more severe than the combined 
effect of the high temperature (100℃) and the high relative humidity 
(100%). 

Zheng et al. [99] studied the fatigue performance of FRP-Concrete 
bond having specific hygrothermal pre-treatment (RH = 95%, T =
60℃). They found the fatigue life has decreased by approximately 23% 
at the maximum applied load (80% of the static load capacity). Reduc-
tion of the ductile behavior and the increase of the force-transferring 
region in the Carbon Fiber laminate (CFL), applied on the test speci-
mens, were also reported in their study. Qin et al. [100] also found a 
decrease of fatigue limit of the studied specimens under increasing 
temperature and moisture. They further studied the samples coupled 
with the hygrothermal environment and the sustained loading. Their 
coupled specimens fatigue limit was found 20% less than the uncoupled 
specimens. Kabir et al. [101] kept their specimens in the outdoor envi-
ronment of Sydney and found bond strength decreased by 15% after six 
months. After this period an increasing trend has been reported which 
reached an equilibrium state after one year of exposure to the outdoor 
environment. In another study, the interface fracture toughness of 
epoxy/concrete bond is reported to have reduced by about 50% under 
selective hygrothermal environment and mode conditions [102]. The 
strain energy release rate of the FRP to concrete bond subjected to a 
particular hygrothermal exposure (T-100℃ & RH- 95%) is reportedly 
less than the samples under normal laboratory exposure [103]. Mikami 
et al. [41] investigate the hygrothermal effect of FRP bonded concrete at 
room temperature and two different exposure temperatures (100℃ and 
180℃). Throughout the entire test, two relative humidity (0% and 
100%) conditions are applied constantly, except for the room temper-
ature (RH = 25%) condition. Their test results bond strength varied from 
6.27 MPa to 0.5 MPa for three different numbers (40, 100, 250) of cycle 
tests. From their test results, they declare that at room temperature, 
bond strength is higher than 6 MPa, which is adequate for most engi-
neering applications. They also noticed the combination of high tem-
perature (100℃ and 180℃) and low humidity (RH = 0%) is the most 
detrimental to bond strength because bond strength decreased by 92% 
(180℃, 0%) and 50.6% (100℃, 0%) compared to the initial condition. 

On the other hand, the presence of moisture (RH = 100%) and higher 
temperature exposure were beneficial to the bonding between concrete 
and FRP because bond strength decreased by 27.4% (180℃, 100%) and 
20.3% (100℃, 100%) compared to the initial condition, which 
decreased less than dry (RH = 0%) conditions and high temperatures 
(100℃ and 180℃). Finally, they assert that cross-linking of epoxy resin 
helps to increase initial strength. For this reason, 180℃ (0% and 100%) 
temperature shows an increasing manner up to 100 cycles, then de-
creases to 250 cycles. In another research group [43] research findings, a 
proportional relationship was observed at a 60℃ temperature with three 
different moisture contents, which are 60%, 75%, and 95%, and their 
bond strength decreases by 15.1%, 18.7%, and 28%, respectively, when 
compared to room temperature. Another proportional relationship 
discovered in their research is that a constant moisture content of 95% 
was applied in three different specimens at three different temperatures, 
5, 25, and 60℃ and their bond strength decreased by 16%, 24%, and 
28%, respectively, to their room temperature. They mention also that 
the bond strength would decrease by 24% in comparison to room con-
ditions if the specimen temperature was slightly increased from room 
temperature 23◦C to 25◦C and the moisture content increased from 65% 
to 95%. Both results indicate a significant impact of the moisture content 
on the strength of the bond. The abovementioned two research groups 
explored hygrothermal impacts on FRP using two distinct test methods: 
the double shear test [43] and the direct tension test [41], and their 
reported results are aggregated in Table 3. 

4. Performance of FRP laminates versus FRP fabrics under 
hygrothermal environment 

CFRP laminates are produced through a process called pultrusion, 
where FRP is continuously molded in a thermosetting resin matrix 
[104]. For CFRP fabric, the production process is somewhat similar to 
laminate which involves bonding fibrous materials with a suitable ma-
trix during molding [105]. But the resulting fabric is usually thinner 
than laminate. Though both the laminate and the fabric have been used 
for strengthening purposes, laminate is widely accepted for large 
structures for having high strength and fewer defects. However, several 
studies have been carried out to compare the performance of the FRP 
laminates and the FRP sheet (fabric) in a hygrothermal environment. 
Grace and Singh [106] studied the performance of both FRP laminate 
and sheets for different harsh exposures (for 10,000 h). It has been found 
that the bond strength has been reduced by 32% and 10% for FRP 
laminates and fabrics (sheets), respectively (RH = 100%, T= 40℃). 
Again Dolan et al. [107] studied the hygrothermal performance of 
strengthened beams using both FRP laminates and fabrics. They found 
even at moderate temperature (30℃) and submerged condition, the 
specimens strengthened by laminates, have shown a reduction of bond 
strength by 60% in beam testing. In contrast, there is almost no reduc-
tion in fabrics. Karbahri and Ghosh [108] studied laminates and fabrics 
through pull-out tests under hygrothermal exposure accompanied by 
salt immersion. They found the overall performance of the laminates is 
poorer than fabrics. But laminates are found to perform better than 
fabric for dried high temperature alone [109]. The thicker layer of ad-
hesive is more susceptible to the hygrothermal environment. The fact 
that the application of the laminate requires a thicker layer of adhesive 
compared to the FRP sheet might be the reason for its poorer bond 
performance compared to the FRP sheet [42]. 

5. Modeling of FRP-Concrete bond with and without 
hygrothermal effects 

Previous analytical models of FRP-Concrete bond primarily consider 
the gross bond area as the varying parameter [110,111]. The later 
models started to consider other aspects like the stiffness of FRP sheet 
[112], fracture mechanism of concrete [113–115], effective bond length 
[67,116–118], etc., hence giving better prediction on the FRP-Concrete 
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bond strength [67]. In this section, the performance of some proposed 
models is evaluated. In Table 4, the proposed models are presented 
chronologically to portray the changes over time. The earliest model 
[119] only considered concrete substrate tensile strength (fctm) for 
determining the delamination load (Pu). The shear stress in the bonded 
area is assumed triangular in this model. The model presented in [112] 
introduced the concept of effective bond length (Le). Later models 
[120–123] considered the effect of FRP strip width (bf ) and concrete 
prism width (bc) by a width effect correction factor (βω). However, the 
model in [124] considered the effective bond length (Le) independent of 
concrete substrate strength (fctm). The model in [125] considered the 
non-linearity of shear stress (τa). Again, the fracture energy (Gf ) concept 
is introduced in [113] and later used with other parameters in 
[126,127]. The model in [128] used both the fracture energy (Gf ) and 
the width correction factor (βω) to calculate the delamination load (Pu). 
The database presented in Lu et al.’s [129] work has been used to 
calculate the predicted delamination load (Pu) using the models 
mentioned above. The predicted values are compared with experimental 
values to evaluate the performance of the proposed models. 

Before picking any model for better prediction, it is necessary to 
establish a few criteria for determining whether or not any analytical 
model is eligible for consideration. Generally, the coefficient of deter-
mination (CoD) score should be close to 1, but a higher CoD value does 
not always suggest that the model is well-fitted. The 95% confidence 
interval (CI) band of a linear model is regarded to be sufficiently fit when 
it is closer to the dispersed data and has an appropriate CoD score, ac-
cording to Barrett et al. [130]. It is important to note that any model 
with a negative CoD score indicates that it is poorly fitted in the 
experimental linear relationship model. Fig. 4 (k) illustrates a shorter 
95% confidence interval band, but because the model CoD score is 
negative, it is not considered to be a statistical correlation by the sta-
tistical establishment. Three models in Fig. 4 (d, g, and j) have CoD 
scores of more than 0.6, and the 95% confidence intervals are more 
closely fitted. Therefore, these models can be considered to perform 
well. Fig. 4 (d) and (j) show better statistical correlation than Fig. 4 (g) as 
the latter only considers the effective bond length. In contrast, the for-
mers consider both the effective bond length (Le) and the width 
correction factor (βω) in evaluating delamination load (Pu). Again, Fig. 4 
(d) shows a better statistical correlation than Fig. 4 (j). The better per-
formance of the model in Fig. 4 (d) can be attributed to the better 
calibration of the experimental values in the model while developing the 
model [131]. 

Besides the analytical approach, the literature widely reports the 
numerical models of FRP-Concrete bond. The numerical model can be 

divided into three categories, namely, the direct modeling approach 
[132,133], the interface model approach [66], and the crack band 
approach [134,135]. The approaches are different regarding the pres-
ence of interfacial elements and variation of properties of concrete near 
the crack zone. The direct modeling approach considers the direct 
connection between concrete and FRP element. Hence there is no 
interfacial element (like adhesive) between the FRP-Concrete bond. In 
contrast, the interface model approach considers an interfacial element 
between the FRP-Concrete bond. The crack band approach is somewhat 
similar to the interface model approach, except it considers modified 
properties of concrete near the bonding interface than the concrete away 
from the interface. The graphical form of the discussed approaches with 
their salient characters is presented in Fig. 5. 

To summarize, the direct modeling approach is the best predictive 
approach but is less common due to the challenges associated with 
modeling using this approach. Again, the interface model approach is 
common due to its simplicity. Discrete and smeared models are 
commonly used to model concrete fracture in the above-mentioned 
numerical approaches. But, there are several studies where both crack 
band approaches have been used [136,137]. In those studies, the 
smeared crack model has been used for minor cracks, whereas the 
discrete crack model has been primarily used for major cracks. In gen-
eral, the smeared crack model is preferable over the discrete crack model 
because of its independence from predefining the crack locations. But 
the smeared crack model is sensitive to finite element meshing due to 
strain softening, and this drawback can be overcome by defining frac-
ture energy independent of element size [133,138,139]. The following 
paragraphs will represent some of the works of different researchers on 
modeling FRP bonding subjected to temperature and humidity together 
and individually. 

The modeling of the temperature and the humidity-induced FRP- 
Concrete bond is simply an extension of standard FRP-Concrete bond 
modeling, where the extended part accounts for the effect of tempera-
ture and humidity. This extended part usually involves developing a 
bond model considering the effect of the above-mentioned parameters. 
There are very few researchers who deal with this kind of model 
development. Yanchun [140] formulated a bond-slip relationship 
considering the freeze–thaw cycles. Again, Dai [141] developed a bond- 
slip model considering the elevated temperature. The two parameters 
used for evaluating this model are the interfacial brittleness index (B) 
and the interfacial fracture energy (Gf). Similarly, Arruda et al. [142] 
developed a numerical model of FRP-Concrete bond subjected to high 
temperature. In their model, some bi-linear bond–slip laws have been 
used to simulate the interface behavior at elevated temperatures. The 
bilinear bond-slip laws were initially developed based on the FRP- 

Table 3 
The hygrothermal effect on FRP-Concrete bond.  

Test 
Method 

f ′

c(MPa) Fiber Reinforced 
Polymer 

Tg 

(oC) 
Bond Strength (MPa) MC% Ttest 

(oC) 
Test time Eep 

(GPa) 
E 
(GPa) 

Ts 

(GPa) 
tp 

(mm) 
Minimum Maximum 

DT  
[41] 

38 230  3.45  0.5 82 5.7b,c1, 
3.1d1,c1,a, 4.5d1,c3,c, 
0.5d2,c3,a, 1.77d2,c3,c 

6.26b,c3, 
3.9d1,c3,a, 
5d1,c1,c, 
1.87d2,c2,a, 
4.55d2,c2,c 

0a, 25b, 100c 25b, 100d1, 
180d2 

80c1, 200c2, 
500c3,h  

3.18 

DS [43] 35.4 220  4.03  0.23 85 0.648 t3,r3, 0.684 t2,r3, 
0.732 t3,r2, 0.756 t1,r3, 
0.764 t3,r1 

0.9b 60r1, 65b, 75r2, 
95r3 

5 t1, 23b, 25 t2, 
60 t3 

14D  2.5 

Note: SS = Single shear type test; DS = Double shear type test; B = Bending type test; MM = Concept of a mixed-mode loading test; DT = Direct tension type test; MC =
Moisture Content; f ′

c= Concrete Strength;Ttest = Temperature at test condition; Ts = Test Condition; Ts = FRP Tensile Strength; tp = FRP thickness; Eep = Elastic 
Modulus of Epoxy; Ad = Adhesive; a = oven condition; b = room temperature/ Lab condition; c = immersion condition; d1 = condition 1; d2 = condition 2; c1 = 40 
cycle test; c2 = 100 cycle test; c3 = 250 cycle test; h = hours; D = days;W = weeks; M = months; Ga = Group-A uncoupling action of hot-wet environment; Gb = Group- 
B coupling action of hot-wet environment; Gc = Group-C coupling action of hot-wet environment; t1 = temperature condition-1; t2 = temperature condition-2; t3 =
temperature condition-3; r1 = relative humidity condition-1; r2 = relative humidity condition-2; r3 = relative humidity condition-3.  
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Concrete bond test results at various temperatures and further calibrated 
through inverse analysis. The final bilinear bond-slip laws are bilinear 
lines presenting two distinct zones of bond-slip behavior for each setup 
and temperature (See Fig. 6). 

Shrestha [90] developed a bond-slip behavior considering the 

moisture exposure effect. There, the moisture effect is considered by 
relating interfacial fracture energy (GI) and ductility index (B) with the 
duration of moisture exposure. This bond-slip behavior can be used for 
numerical modeling of FRP-Concrete bond subjected to moisture attack. 
Similarly, Tuakta [143] related the mechanical properties of the FRP 

Table 4 
Analytical models for predicting the strength of the connection between FRP and concrete.  

Sl. No. Ref. Year Equation Coefficient of Determination (CoD) 

(a) 
[119] 

1980 Pu = 0.5bf Lfctm  0.129 

(b) 
[113] 

1994 Pu = bf
̅̅̅̅̅̅̅̅̅̅̅̅̅
Ef tf Gf

√

where :

Gf = cf fctm with cf = 0.204 mm  

0.485 

(c) 
[112] 

1997 Pu = τabf Le 

where :

Le = e[6⋅13− 0.58ln(Ef tf) ] , τa = 110.2× 10− 6Ef tf  

− 0.454 

(d) 
[120] 

2001 

Pu =

⎧
⎪⎨

⎪⎩

0.427βωbf Le
̅̅̅̅
fc

√
when L ≥ Le

0.427βωbf Le
̅̅̅̅
fc

√
sin

(
πL
2Le

)

when L < Le 

where :

Le =

̅̅̅̅̅̅̅̅̅
Ef tf
̅̅̅̅̅
fC

√

√

, βω =

̅̅̅̅̅̅̅̅̅̅̅̅̅

2 −
bf

bc

1 +
bf

bc

√
√
√
√
√
√
√

0.885 

(e) 
[121] 

2001 

Pu =

⎧
⎪⎨

⎪⎩

0.64αβωbf kc

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Ef tf fctm
√

when L ≥ Le

0.64αβωbf kc

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Ef tf fctm
√ L

Le

(

2 −
L
Le

)

when L < Le 

where :

βω = 1.06

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2 −
bf

bc

1 +
bf

400

,

√
√
√
√
√
√
√

Le =

̅̅̅̅̅̅̅̅̅̅
Ef tf
2fctm

√

with α = 1 and kc = 1  

0.504 

(f) 
[124] 

2001 
Pu = (0.5+ 0.08

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Ef tf

100fctm

√

)τabf Le 

where :

τa = 0.5fctm, Le = 100 mm  

− 1.438 

(g) 
[125] 

2003 Pu = τabf Le 

where :

Le = 0.125
(
Ef tf

)0.57
, τa = 0.93fc0.44  

0.692 

(h) 
[126] 

2004 
Pu = bf

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2Ef tf Gf

√
= bf

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2
fctm
8

Ef tf

√

= 0.5bf
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Ef tf fctm

√

where :

Gf =
fctm
8  

− 0.649 

(i) 
[127] 

2005 
Pu =

{
bf

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2Ef tf Gf

√

when bf < 100mm
(
bf + 2Δbf

) ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2Ef tf Gf

√
when bf ≥ 100mm 

where :

Gf = 0.514f0.236
c , Δbf = 3.7 mm  

0.350 

(j) 
[122] 

2009 

Pu =

⎧
⎪⎪⎨

⎪⎪⎩

0.585bf βωf0.1
c

(
Ef tf

)0.54 when L ≥ Le

0.585bf βωf0.1
c

(
Ef tf

)0.54
(

L
Le

)1.2
when L < Le 

where :

βω =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2.25 −
bf

bc

1.25 +
bf

bc

,

√
√
√
√
√
√
√

Le =
0.395

(
Ef tf

)0.54

f0.09
c  

0.773 

(k) 
[128] 

2010 
Pu = βωbf

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2(1 +
λ
′

Σ
)Ef tf Gcf

√

where :

βω =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2 −
bf

bc

1 +
bf

bc

,

√
√
√
√
√
√
√

λ’ =
td
tf

with td = 3.5 mm, Σ =
Ef

Ec
, Gcf = 0.17

N
mm  

− 1.05 

(l) 
[123] 

2012 Pu = 0.5bf βω
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Ef tf fctm

√

where :

βω = 1.06

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2 −
bf

bc

1 +
bf

400

√
√
√
√
√
√
√

− 1.308  
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composite element with moisture. These properties were used to 
develop a fracture-based Tri-layer model [143]. This model was used to 
study the deterioration of the FRP-Concrete bond under various mois-
ture conditions. Zhou [86] developed a moisture-based degradation 
model. This model relates interfacial fracture toughness to the duration 
of moisture exposure. Ouyang et al. [34] correlated the bond fracture 
energy with the bond interface region relative humidity (IRRH) to 
develop a deterioration model of the bond interface. A relationship was 
determined with IRRH to the relative humidity of the environment and 
the environmental exposure time of the given specimen through mois-
ture diffusion analysis. This deterioration model considered both ab-
sorption and interlocking mechanism. Finally, the debonding of FRP was 

simulated using a cohesive zone model [144]. 
Khoshbakht et al. [145] developed a formulation that deals with the 

transformation of heat and fluid through layered structures based on a 
theory prescribed by Philip and De Vries [146]. They modeled a typical 
FRP applied layered structure subjected to hygrothermal effect using the 
above-stated formulation and a commercially available finite element- 
based software, FEMLAB. Both isothermal and non-isothermal condi-
tions were considered in the stated model. From analyses, it has been 
found that the humidity at the bond interface increases when the inside 
temperature is less than the outside temperature and vice versa. Again, 
the rapid change in the temperature at the bond interface results in a 
hike in relative humidity at the same place. Again, Heshmati [147] 

Fig. 4. Correlation between predicted and experimental data with a 95% Confidence Interval (CI).  
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related moisture diffusion as a function of temperature. Further, he 
characterized the moisture effect with the mechanical properties of 
adhesive and FRP materials. Finally, he used the above-mentioned 
relation and characterization to implement a coupled diffusion- 
mechanical finite element model using ABAQUS, a commercially 

available finite element-based software. 

6. Discussions and salient issues 

The FRP-Concrete bond can be attributed mainly to two things, 

Fig. 5. Different Approach to Modelling FRP-Concrete Bond of a typical pull–push configuration.  

Fig. 6. Bilinear bond-slip laws for (a) EBR setup and (b) NSM setup [142].  
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namely mechanical interlocking and chemical adhesion [148]. Me-
chanical interlocking is believed to develop by solidifying the penetrated 
adhesive into the concrete layer. As a result, surface roughening is 
beneficial in increasing the bond capacity of the FRP application [107]. 
Besides, roughening gives a greater area for chemical bonding, hence 
increasing the FRP-Concrete bond. Still, chemical bonding is proved to 
be less susceptible than mechanical interlocking when the surface 
roughness is varied [93]. However, the mechanical interlock bond 
strength of an exposed (moisture) specimen is partially recoverable, 
whereas chemical adhesion is not [149–151]. But there is no available 
method to quantify the contribution of each parameter separately in 
hygrothermal exposure [107]. However, He et al. [64] developed a 
technique for quantifying the contribution of mechanical interlocking 
and chemical adhesion separately in immersion only. The technique 
considers only the water-cement ratio of concrete to develop mechanical 
interlocking contributions. Other aspects affecting mechanical inter-
locking, like surface preparation, are absent in their study. Further 
research can be carried out to consider those aspects and then quantify 
the contribution of mechanical interlocking and chemical adhesion 
separately in hygrothermal exposure. 

The performance of the adhesive (in terms of stiffness) varies greatly 
above the glass transition temperature (Tg) of the adhesive (see 2.1). 
Since the performance of interlocking largely depends on the stiffness of 
the adhesive, the FRP-Concrete bond performance is supposed to 
degrade at a temperature higher than Tg. But due to the fact that the 
softer adhesive layer creates higher shear bonding reported by Dai et al. 
[24], things are not straightforward. So, further research is required to 
quantify the effects of temperature on FRP-Concrete bonding. Again, 

mechanical interlock degradation can also occur from the fracture of the 
adhesive zone [85] along with pull out from the interlocked surface (See 
Fig. 7). 

But, until now, to the authors’ knowledge, it is not possible to 
quantify their contributions separately. Further research can be con-
ducted to address this issue. Again, the expected debonding is supposed 
to take place in the concrete substrate, but there are cases it happens in 
the adhesive layer or other interfaces or both at the same time [152]. 
This phenomenon usually occurs when an adhesive with a low Tg is used 
in the FRP-Concrete bond subjected to hygrothermal environment 
[153]. Enhance ingenuities should be carried out to ensure expected 
debonding into the concrete substrate, possibly by improving the quality 
of the adhesive to utilize the FRP strength effectively. This kind of 
premature bonding can also be controlled by furnishing surface treat-
ment of concrete prisms [20,154] and by providing different kinds of 
anchorage systems [155–157] and FRP wraps [3,158]. Again, FRP 
laminate’s performance is better than FRP fabric under all hygrothermal 
environments, except for very high temperatures accompanied by dry 
exposure. The inferior performance of laminates might be attributed to 
the thicker adhesive layer compared to fabrics which is more susceptible 
to hygrothermal environments. Further investigations are required for 
more clarification. 

It was expected that higher temperatures would affect bond strength 
and reduce it from initial conditions. But this reduction does not happen 
linearly or proportionally in all temperature cases. For example, some-
times bond strength is found to be slightly higher than in initial condi-
tions (room temperature) [76], but in most cases, the trend is a decrease 
in strength as temperature increases. Different temperature and 

Fig. 7. Mechanism of Degradation of Mechanical Interlocking.  
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exposure time combinations need to be tested in the lab to characterize 
the bond strength behavior under different environmental exposure. 

The analytical and numerical modeling of the FRP-Concrete bond 
gives better bond strength prediction under hygrothermal environments 
when the model considers the material properties changes due to envi-
ronmental exposure. Few research works on analytical and numerical 
FRP-Concrete modeling are reported to have incorporated hygrothermal 
behavior in the bond models. This calls for the need to have more 
research works with sufficient details to boost the understanding of the 
topic. In addition, most of the common modeling approaches of FRP- 
Concrete bond described in Section 5 primarily consider failure in the 
concrete substrate. Though this is the most expected type [11,159], it is 
not the only type of failure. Bond failure can also occur within the ad-
hesive, or in the interface between the adhesive and the concrete [160], 
or between the adhesive and FRP [29]. Failure in only one type of the 
aforementioned modes is highly improbable for a properly FRP 
strengthened structure. A combination of two or more of such modes is 
possible because of some uncertainties related to proper FRP applica-
tion. Unaccounted environmental exposures like unusual heat, extreme 
humidity, etc., also add to these uncertainties. Further effort can be 
carried out to develop models that consider both adhesive failure and 
concrete failure at a time in a more realistic manner. 

Almost all major test setups for studying FRP-Concrete bonds have 
been used for evaluating the hygrothermal effect on bond properties 
(See 3). But the bending or beam type test and the pull-off test are found 
to be comparatively prevalent over other test methods. Perhaps, the 
simplicity and user-friendliness of those set up are the reason for their 
extensive use. However, comparing bond strength using different test 
methods is difficult, even with the same environmental conditions, as 
the stress variation of the bonded area varies greatly depending on test 
methods [161,162]. Aiello and Leone [161] found bond stress eight 
times higher in some test set up compared to others. Another short-
coming of all the test setups is the absence of the hygrothermal envi-
ronment during testing. The most common practice is to keep the test 
samples in the laboratory environment for adequate time to reach lab-
oratory temperature and humidity after removal from the hygrothermal 
environment. This undermines the possible adverse effects on bond 
strength during testing due to hygrothermal environments. Recently, 
some researchers maintained a deteriorating environment during testing 
to overcome this shortcoming [90,163]. 

7. Conclusions 

The following observations can be concluded from the above 
discussion-  

• Mechanical interlocking and chemical bonding are primarily 
responsible for the FRP-Concrete bond.  

• Chemical adhesion or bonding is more susceptible to moisture 
compared to mechanical interlocking. For this, the rougher surface, 
which has good mechanical interlocking, shows a better resistance 
against moisture.  

• The glass transition temperature (Tg) of epoxy/adhesive plays a vital 
role in FRP-Concrete strength. This Tg is susceptible to temperature 
change and moisture present in the epoxy/adhesive.  

• The FRP-Concrete bond deteriorates severely when the surrounding 
temperature exceeds the glass transition temperature (Tg) of epoxy/ 
adhesive and the humidity is low.  

• The mode of failure of FRP-Concrete bond shifts from the concrete 
substrate to adhesive due to its degradation for temperature and/or 
humidity.  

• In moist conditions, dry layup performs better than traditional wet 
layup in terms of shear strength.  

• In general, the performance of FRP laminate is found to be poorer 
than the equivalent FRP sheets for most hygrothermal cases. The 

susceptibility of adhesive to moisture, which is used in greater 
amounts in laminate, may be responsible for this.  

• The accuracy of bond strength prediction of an analytical model of 
FRP-Concrete bond is found high when the model considers param-
eters related to the material properties change under environmental 
exposure.  

• Among numerical models, the direct modeling approach of the FRP- 
Concrete bond is found to be the best predictive numerical approach, 
whereas the interface model approach is the most common due to its 
simplicity. 

• Usually, bond slip behaviors that are developed considering hygro-
thermal effects are used for the numerical modeling of FRP-Concrete 
bond subjected to hygrothermal environment.  

• Usually, the test samples of FRP-Concrete bond remain under 
hygrothermal environment during their exposure. But, the exposure 
is not maintained while testing the samples. This undermines the 
possible adverse effects on bond strength during testing due to 
hygrothermal environments.  

• Few studies are available to quantify the contribution of mechanical 
interlocking and chemical bonding separately in FRP-Concrete bond 
under hygrothermal environment. Future research can be focused on 
quantifying the contribution separately in the specified condition.  

• Most FRP-Concrete models consider substrate failure, whereas other 
modes or combinations of different failure modes are possible. 
Further effort can be carried out to develop models considering other 
possible failure modes to define the FRP-Concrete bond model more 
realistically. 
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