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A B S T R A C T   

Application of carbon fibre reinforced polymer (CFRP) composites in strengthening of existing reinforced con
crete (RC) structures has been widely accepted. However, the durability of adhesively bonded CFRP-concrete 
joint has not yet been fully investigated, which therefore paves the way to the topic addressed in this work: 
the durability of the joint in concrete elements strengthened with CFRP laminate using externally bonded 
reinforcement (EBR) technique. Concrete strengthened elements were kept in laboratory-controlled environ
ments (approximately 20 ◦C/55 % RH, and water immersion at 20 ◦C), while others were kept outdoor to mainly 
promote natural ageing by carbonation, high temperatures, freeze-thaw attacks, and airborne chlorides. The 
results from durability tests after 4 years of exposure showed insignificant bond strength degradation but with a 
noticeable bond stiffness reduction, also, the stiffness degraded faster than the strength. Besides, environmental 
conversion factors of 0.75 and 0.95 were derived from a database of existing accelerated ageing test data and the 
natural ageing test data from the present work, respectively.   

1. Introduction 

A significant number of existing reinforced concrete (RC) structures 
around the globe are old, hence there is a growing demand for possible 
solutions that can be used to preserve and/or extend the service life of 
such structures. One of the possible solutions is the application of 
strengthening systems. The materials to be used should have desirable 
short-term and long-term performance properties to improve the overall 
performance of the structure, and also be environmentally friendly, 
possessing a high sustainability index. One of the best candidates for 
such materials is carbon fibre reinforced polymer (CFRP) composites, 
which possess a lower environmental impact than glass FRP (GFRP) [1] 
and other alternative materials, if produced using a recycling approach 
[2]. CFRP composites have been shown to possess excellent properties 
including high strength to weight ratio, high durability, and high 
corrosion resistance [3], among others. It is worth noting that CFRP 
composites are typically produced as either in situ cured sheets or pre
fabricated (precured) pultruded laminates. The former is generally used 
for shear strengthening due to its flexibility to deform into any desired 
shape, e.g. [4], while the latter is commonly used for flexural 

strengthening, e.g. [5]. In this work, CFRP laminates were adopted since 
this study is part of a research project where this type of FRP system was 
used to strengthen RC slabs with passive and pre-stressed active systems 
[35]. The CFRP laminates can be bonded to existing RC structures using 
an epoxy adhesive as a bonding agent, and the application can be 
through externally bonded reinforcement (EBR) or near-surface moun
ted (NSM) strengthening technique [6]. Focusing on the EBR-CFRP 
technique, the CFRP is typically bonded on the surface of the element 
to be strengthened [7]. In general, the durability of EBR-CFRP is still an 
open area of research, as there is a lack of knowledge on the long-term 
performance of CFRP-to-concrete bond and its constituent materials as 
well. 

The durability of concrete when exposed to different degradation 
agents has been investigated. In fact, concrete carbonation depth can be 
affected by some agents, for example, low relative humidity (RH) and 
high temperatures can render concrete more porous, thereby allowing 
carbonation depth increase [8–10]. Contrary, low temperatures (below 
9 ◦C) [11] and continuous cement hydration [12] will generally prevent 
CO2 penetration. Besides, carbonation depth increases in environment 
with 50–70 % RH [8] and can increase optimally at 65 % RH [11]. 
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Studies have shown that when concrete is exposed to carbonation [12] 
or to ultraviolet radiation (UV) with certain humidity and temperature 
[13], its compressive strength will increase. Both concrete compressive 
strength and elastic modulus increased after being exposed to carbon
ation [14]. Besides, carbonation reduced the effect of chlorides on the 
concrete surface by increasing the effect at the concrete inner region 
(>3 mm depth) as exposure time increased [15]. This was also found in 
other studies [16], where carbonation released the bound chlorides 
(from Fridels salt) inward at greater depth. 

On the other hand, epoxy adhesive properties can also be affected by 
various degradation factors. In fact, studies show that exposure of epoxy 
adhesive to moisture and water can significantly deteriorate its prop
erties [15,16]. Exposure to temperatures closer to the adhesive’s glass 
transition temperature (Tg) can lead to deterioration of its properties 
[18] through softening of the polymeric matrix viscoelasticity; more
over, a synergy between moisture and temperature may lead to higher 
degradation effects [19]. However, elevated temperatures will posi
tively lead to improved adhesive properties (e.g., higher strength and 
stiffness) thanks to post-curing phenomenon [20]; wet-dry cycles can 
reduce both the adhesive tensile strength and elastic modulus [21], 
while exposure to chlorides does not lead to detrimental effect [22]. 
Furthermore, a study by [23] reported that high carbonation can in
crease the curing of epoxy resin. 

Regarding the durability of CFRP laminate, existing studies show 
that CFRP is immune against chloride exposure [18], and thermal cycles 
[24] although microcracking of the fibre matrix can develop as a result 
of different coefficient of thermal expansion (CTE) between the fibre and 
matrix [18]. Besides, freeze-thaw (FT) cycles can decrease both tensile 
strength and elongation of CFRP [25], moisture can affect the proper
ties, particularly at fibre-matrix level [26], UV may also affect a few 
microns from the CFRP surface [26]. Additionally, in outdoor environ
ment, UV is combined with effects of temperature, moisture, and FT, 
among others [18]. Hence, more studies are needed to be able to better 
understand the behaviour of CFRP laminate, particularly in outdoor 
exposure. 

The durability of EBR CFRP-to-concrete bond has also been investi
gated using accelerated ageing test (AAT) protocols, e.g., [24,27–34]. 
According to these studies, 20 FT [30], 50, 150, and 300 FT [27], and 
100 and 200 FT (for specimens with 400 mm bond length) [29] 
increased the bond strength; however, a reduction of bond strength was 
observed after 300FT [32] and 30, 60, 90 FT in [34]. Furthermore, water 
immersion for durations of 1000 and 3000 h at 22 and 38 ◦C [30], 
2880 h [32] increased the bond strength, while immersion for 
330–1340 h [33] and 10,000 h at 22 ◦C [30] decreased the strength. 
Additionally, elevated temperatures of 50 ◦C [28] increased the bond 
strength but 60 ◦C for 1000 h and 3000 h [30] decreased it; and thermal 
cycles between − 18 and 30 ◦C for 2160 h in air increased the bond 
strength, while those in water decreased it [24]. Hygrothermal at 40 ◦C 
and 95 % RH for 4200 h increased the bond strength, whereas a decrease 
was observed using the same conditioning but for up to 8472 h [31]. 
Overall, a significant variability of the results from these studies is 
evident. 

From the above literature, some knowledge gaps still exist: (i) most 
of existing studies were conducted under accelerated ageing test (AAT) 
protocols, while in reality strengthened structures are exposed to natural 
ageing; ii) there is a lack of studies under natural ageing test (NAT) 
protocols and the correlation between the AAT and NAT; (iii) environ
mental conversion factors (ECF) recommended in existing standards are 
based on studies solely performed under AAT; (iv) the recommended 
ECF ideally represents all degradation agents that are thought to pro
mote ageing; however, in real applications, a structure is exposed to a 
combination of certain agents (not a single one nor all at once) 
depending on its location. In this regard, the main objective of this work 
was to try to address the above gaps by investigating the bond perfor
mance in concrete elements strengthened according to EBR-CFRP 
technique for the case when the bond is exposed to different 

accelerated (laboratory-controlled) and natural (carbonation, high 
temperatures, freeze-thaw attacks, and airborne chlorides) ageing en
vironments. Besides, the ECF for the bond strength from the existing 
AAT data were derived, and some comparative studies between the ECF 
from existing AAT data and NAT data from the present work were 
performed. 

2. Experimental program 

The experimental campaign focused on the assessment of the EBR 
CFRP-to-concrete bond durability over time. In addition, specimens of 
the bond constituent materials (concrete, epoxy adhesive, and CFRP 
laminate) were also tested in order to have an advanced understanding 
of their effects on the bond behaviour. 

2.1. Properties of the tested specimens 

The properties of concrete, epoxy adhesive, and CFRP laminate are 
first described, followed by those of the EBR CFRP-to-concrete bond. 

Concrete: the concrete used to prepare all specimens for determining 
the concrete compressive strength (fcc), elastic modulus (Ec), pull-off 
strength (fct), and carbonation depth (Cd), was cast using the same 
batch as that of the single lap shear tests specimens. The concrete 
properties were as shown in Table 1. Concrete cylinders (Fig. 1a) were 
produced to determine the Ec and fcc properties. Concrete prisms 
(Fig. 1b) were used to assess the fct, Cd, as well as bond strength. 

Epoxy adhesive: a two-component commercial cold-curing epoxy 

Table 1 
Materials and EBR CFRP-to-concrete bond properties.  

Concrete Epoxy adhesive 

Specimen type Cylinder with 
D×H:150×300 
[mm2] 

Type of adhesive Cold-curing S&P 
Resin 220 

Max aggregate 
size [mm] 

12.5 Flexural elastic 
modulus [GPa] 

>7.1 

Cement type CEM II/A–L 42.5 R Tensile strength 
[MPa] 

19.9 (after 7d of 
curing at 20℃) 

Slump [mm] 160–210 (slump 
class S4) 

Glass transition 
temperature (Tg) 
[℃]

46.2 (after 7d of 
curing at 23℃) 

Concrete class 30/37 MPa (C30/ 
37) 

Density, at 23 ℃ 
[g/cm3] 

1.7–1.8 

Water-to- 
cement ratio 

0.4 Compressive 
strength [MPa] 

>70 

fcc [MPa], Ec 

[GPa] 
41.5, 29.1 (after 28 
days) 

Shear strength 
[MPa] 

>26 

Exposure class XC4(P) BS by pull-off, on 
concrete [MPa] 

3 (after 3d of 
curing at 20℃) 

CFRP laminate EBR CFRP-to-concrete Bond 
Type and 

trademark 
S&P clever (CFK 
150/2000) 

CFRP cross- 
section [mm2] 

50×1.2 

Prefabricated by Pultrusion Concrete prism 
dimensions 
[mm3] 

400×200×200 

Fibre 
orientation 

Unidirectional Bond length 
[mm] 

220 

Fibre content 
[%] 

68 Effective bond 
length [mm] 

101 

Fibre matrix Vinyl ester resin 
(with Tg ≈ 85℃) 

Number of 
laminates per 
specimen 

2 

External surface Black, smooth Epoxy adhesive 
thickness [mm] 

1.5–2.0 

Elastic modulus 
[GPa] 

>170 Type of test Single-lap shear 
test 

Tensile strength 
[MPa] 

>2000   

fcc: compressive strength (average value), Ec: elastic modulus (average value), 
BS: bond strength, D: diameter, H: height, Tg: glass transition temperature, d: 
days. 
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resin-based adhesive with properties shown in Table 1 was used to cast 
dog-bone shaped specimens (Fig. 1c) for determining the adhesive ten
sile strength (fa) and elastic modulus (Ea). This adhesive is a solvent free, 
thixotropic, in grey colour, developed for bonding CFRP laminate to 
concrete. 

CFRP laminate: the CFRP laminate (Fig. 1d) with properties as shown 
in Table 1 was used to assess its tensile strength (ff) and elastic modulus 
(Ef) over time, and as a bond constituent material for strengthening 
purpose. 

EBR CFRP-to-concrete bond: The EBR CFRP-to-concrete bond had 
properties as in Table 1. 

2.2. Description of experimental stations 

Six different environmental exposures (E1-E6) were used to promote 
degradation of both the EBR CFRP-to-concrete bond and its constituent 
materials. Different tests were performed on the specimens at initial 
time (denoted as T0) and on the specimens collected from the afore
mentioned environments after 1 year (T1), 2 years (T2), 3 years (T3) and 
4 years (T4) of exposure. A description of the conditioning in each 
environment is provided as follows. 

2.2.1. Laboratory accelerated conditioning 
Two laboratory-controlled environments were considered. The first 

environment (denoted as E1) had the specimens conditioned at 20 ◦C 
/55% RH. The second environment (E2), see Fig. 2a, contained the 
specimens fully and continuously immersed in tap water at 20 ◦C. More 
detailed information can be found in [35]. 

2.2.2. Real-time field conditioning 
Four different outdoor environmental exposures were selected with 

the aim to mainly promote degradation of the EBR CFRP-to-concrete 
bond and its constituent materials. The first outdoor environment 
(denoted as E3) was selected to promote the ingress of atmospheric 
carbon dioxide (CO2) through the bond constituent materials, also 
known as carbonation. The second environment (E4) was selected to 
mainly promote the freeze-thaw attacks. The third environment (E5), 
see Fig. 2b, was selected to mainly promote degradation due to outdoor 
high temperatures. The fourth outdoor environment (E6) was selected to 
mainly promote the ingress of airborne chlorides (though the bond 
constituent materials) from the Atlantic Ocean, and high levels of hu
midity. It is worth noting that despite the target of conditioning the 
specimens with a single degradation agent, it is inevitable for the 
specimens in outdoor environments to experience more than one 
degradation agent. Hence there was a combination of degradation 
agents in each outdoor environment, e.g., in E3, there was both 
carbonation and elevated temperatures as dominant degradation agents, 
while in E4 both freeze-thaws and moisture were dominant. 

The yearly recorded temperature and relative humidity (RH) are 
shown in Table 2, for all studied environments. It can be noted that the 
average of the yearly maximum temperatures in both E3 and E5 were the 
highest when compared to other outdoor environments. For example, in 
the first year (T1), the averages of the yearly maximum temperatures 
were 23.1 ◦C and 24.0 ◦C, and the yearly peak maximum values reached 
46.2 ◦C and 44.6 ◦C, in E3 and E5, respectively. Furthermore, the RH in 
E6 was the highest for outdoor environments, followed by E3 and E4, 
respectively; hence confirming the significance effect of both 

Fig. 1. Materials specimens used: (a) concrete cylinder, (b) concrete prism, (c) epoxy adhesive dog-bone shaped specimens and (d) CFRP laminates.  

Fig. 2. Examples of environments considered: (a) laboratory-controlled (E2), and (b) outdoor conditioning (E5).  
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temperature and relative humidity on the properties of the specimens in 
these environments. 

Additionally, typical records of seasonal waves of temperature and 
relative humidity in both outdoor and laboratory conditioning are 
shown in Fig. 3 for up to 4 years. 

It can be noted that, in E1, despite the aim to condition the relative 
humidity at 55 %, it varied in the range [45–77 % RH], which can 
favour carbonation depth increase according to existing studies [8,11]. 
Besides, E5 shows increasing temperature and decreasing RH trends, 
while E6 shows decreasing temperature and almost constant RH trends 
over time. Also, higher temperatures can be noted in E5 than in E6. This 
shows differences in different outdoor environments. 

2.3. Testing methods 

2.3.1. Compression, tensile and carbonation tests of concrete 
Concrete cylinders were tested to examine the Ec and the fcc variation 

over time, using a universal testing machine (UTS) with a maximum 
load capacity of 2000 kN. During a non-destructive test (Fig. 4a), three 
LVDTs spaced at 120◦ were installed on the specimen to determine the Ec 
as per NP EN 12390–13:2013 [36]. The destructive compression test 
(Fig. 4b) was performed on the same specimens to determine the fcc as 
per NP EN 12390–3:2011 [37]. A total of 90 specimens were tested for 

determining the Ec and the fcc variations for up to 4 years. The pull-off 
tests were manually performed on specimens (Fig. 4c) using the DYNA 
Z5 testing machine (Fig. 4d) to determine the fct as per EN1542:1999 
[38]. A total of 104 tests were performed to determine the variation for 
up to 4 years. On the other hand, carbonation tests were also performed 
on 52 specimens using phenolphthalein indicator to examine the evo
lution of the Cd over time. 

2.3.2. Tensile tests of epoxy adhesives and CFRP laminates 
The MTS UTS machine (Fig. 5a) was used for testing both epoxy 

adhesives and CFRP laminates. This MTS is additionally equipped with 
DIC (Fig. 5b) that helped in visualizing real-time strain evolution. Direct 
tensile tests of 125 epoxy adhesive specimens (Fig. 5c) were performed 
as per EN ISO 527–2:2012 standard [39] to determine the fa. The Ea was 
determined as per EN ISO 527–2:2012 [39] by calculating the slope of 
the secant line on the stress-strain curve from 0.05 % to 0.25 % of the 
strains. Similarly, testing of 150 CFRP laminate specimens (Fig. 5d) was 
carried out as per ISO 527–5:2009 [40] standards to determine both the 
ff and Ef. 

2.4. Single lap shear tests 

A total of 50 concrete prisms each with 400×200×200 [mm] were 
strengthened according to EBR technique using 2 CFRP laminates, each 
with a cross-section of 50×1.2 [mm], being applied to two opposing 
sides (each in the side parallel to the casting direction) of each specimen. 
A bond length of 220 mm was adopted for each specimen, with 100 mm 
free from the extremity of the concrete prism to prevent the unwanted 
premature failure by concrete rip-off ahead of the loaded end. The used 
bond length was higher than the theoretical effective length, le, of 
101 mm, as per [41]. The geometry and dimensioning of the EBR 
specimens and its test set-up are shown in (Fig. 6a), followed by a picture 
of the test setup (Fig. 6b), where further details are given as follows: i) 
the horizontal and vertical restraints, and the fixation of the LVDTs 
supports (Fig. 6c), ii) mounting of LVDTs (Fig. 6d) and, iii) checking of 
the alignment and flatness of the specimen and the clamp (Fig. 6e). A 
total of 100 direct single-lap shear tests were performed using a 
servo-controlled equipment. The applied force was measured through a 
load cell of 200 kN maximum load carrying capacity (linearity error of 
0.05 % F.S.) placed between the actuator and the grip (used to pull the 
CFRP laminate during the test (Fig. 6b)). 

The tests were performed under displacement control at the loaded 
end with a rate of 2 μm/s, the displacement being measured through 
LVDT placed at the loaded end section (LVDT1 in Fig. 6a) as a control 
variable. The displacement at the free end was also recorded using the 
LVDT denoted as LVDT2 in Fig. 6a. 

3. Results and Discussion 

The results from the tests of bond constituent materials (concrete, 
epoxy adhesive, and CFRP laminate) are first presented and discussed, 
followed by those from the single-lap shear test performed on the 
specimens strengthened using EBR technique. 

3.1. EBR CFRP-to-concrete bond constituent materials 

The results from concrete, epoxy adhesive and CFRP laminate testing 
are presented and discussed. 

3.1.1. Concrete 
The results from the tests conducted on the concrete specimens are 

shown in Fig. 7a and Table 3. The concrete carbonation depth (Cd) 
increased linearly with time in E1 mainly because of the relative hu
midity range [50–70 %RH] known to favour the ingress of CO2 [42], 
while in E3 and E4 it mainly decreased over time. In general, trends with 
lower values of Cd can be noted from E2 and E4. This agrees with the 

Table 2 
Variation of yearly temperatures and relative humidity in the studied 
environments.  

Variable / 
Environment 

E1 E2 E3 E4 E5 E6 

Temp 
[◦C] 
Year 
1 
(T1) 

Max 20.2 
(22.5) 

20.2 
(20.3) 

23.1 
(46.2) 

17.8 
(32.4) 

24.0 
(44.6) 

21.6 
(36.0) 

Min 19.8 
(13.5) 

20.1 
(19.0) 

13.4 
(3.3) 

11.1 
(-4.7) 

11.1 
(-1.9) 

11.8 
(1.5) 

Avg 19.9 20.0 17.4 14.3 17.4 16.15 
RH [%] 

Year 
1 
(T1) 

Max 62.8 
(79.5) 

100.0 87.9 
(100.0) 

83.3 
(100.0) 

84.9 
(100.0) 

88.7 
(100.0) 

Min 57.8 
(31.0) 

100.0 48.8 
(11.0) 

50.9 
(4.0) 

40.3 
(9.0) 

59.8 
(18.0) 

Avg 60.0 100.0 70.7 67.2 63.5 76.1 
Temp 

[◦C] 
Year 
2 
(T2) 

Max 20.4 
(22.0) 

20.2 
(20.4) 

22.7 
(39.7) 

14.0 
(29.6) 

23.6 
(39.9) 

22.5 
(39.5) 

Min 20.1 
(19.0) 

20.5 
(19.5) 

13.9 
(4.3) 

7.4 
(-4.6) 

8.9 
(0.3) 

13.0 
(2.0) 

Avg 20.2 20.6 17.5 10.6 17.3 17.2 
RH [%] 

Year 
2 
(T2) 

Max 63.1 
(77.5) 

100.0 90.1 
(100.0) 

87.6 
(100.0) 

87.9 
(100.0) 

90.5 
(100.0) 

Min 60.1 
(41.5) 

100.0 52.9 
(16.0) 

54.7 
(4.0) 

42.0 
(11.0) 

63.5 
(28.5) 

Avg 61.8 100.0 74.4 72.8 67.1 78.6 
Temp 

[◦C] 
Year 
3(T3) 

Max 20.1 
(22.0) 

21.0 
(22.0) 

22.8 
(40.7) 

13.2 
(29.5) 

22.8 
(41.4) 

16.9 
(31.1) 

Min 19.8 
(17.0) 

20.2 
(19.6) 

13.5 
(1.4) 

4.0 
(-6.4) 

11.4 
(-4.1) 

9.1 
(-1.1) 

Avg 19.9 20.3 17.3 9.7 17.1 13.0 
RH [%] 

Year 
3 
(T3) 

Max 63.9 
(77.5) 

100.0 87.9 
(100.0) 

86.0 
(100.0) 

86.2 
(100.0) 

93.0 
(99.0) 

Min 61.7 
(43.0) 

100.0 48.8 
(16.0) 

50.5 
(6.0) 

45.6 
(9.0) 

61.5 
(23.0) 

Avg 62.9 100.0 70.7 71.3 66.5 79.4 
Temp 

[◦C] 
Year 
4 
(T4) 

Max 20.5 
(23.0) 

20.2 
(20.3) 

- 20.7 
(31.1) 

25.5 
(46.0) 

19.9 
(34.0) 

Min 20.1 
(17.0) 

20.3 
(19.5) 

- 12.7 
(2.0) 

13.9 
(2.0) 

11.1 
(2.0) 

Avg 20.3 20.4 - 16.5 19.3 15.1 
RH [%] 

Year 
4 
(T4) 

Max 62.8 
(77.5) 

100.0 - 83.3 
(100.0) 

84.9 
(88.5) 

88.7 
(100.0) 

Min 57.8 
(47.0) 

100.0 - 50.9 
(4.0) 

40.3 
(10.0) 

59.8 
(22.0) 

Avg 60.0 100.0 - 67.2 63.4 76.1 

RH: Relative humidity, Temp: Temperature, Max/Min/Avg: yearly maximum/ 
minimum/average value, the value in parentheses stands for the yearly peak 
value. 
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Fig. 3. Typical meteorologic records collected from (a) laboratory environment (E1) and from (b, c) outdoor environments (E5 and E6).  

Fig. 4. Tests for characterization of concrete: (a) elastic modulus, (b) compression, and (c) sandblasting the concrete surface and creating circular grooves for 
bonding the metal dollies, and (d) concrete pull-off test setup. 

Fig. 5. Tensile tests using MTS UTS: (a) overview of the MTS equipment, (b) DIC camera used in the tests, (c) an epoxy adhesive specimen, (d) CFRP lami
nate specimen. 
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Fig. 6. Single-lap shear tests: (a) specimen’s geometry and test set-up, (b) photograph of the full test configuration, (c) mounting LVDTs supports, (d) mounting 
LVDTs and (e) verification of the clamp and CFRP alignment. Note: all units in [mm]. 

Fig. 7. Variation of the bond constituent material properties with time under different environmental exposures: (a) concrete, and (b) epoxy adhesive and 
CFRP laminate. 
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findings by [43] where an increased humidity, rain, and snow was re
ported to slow the ingress of CO2 after exposing concrete to outdoor 
environments for up to 4 years. In E2 and E4 the specimens were 
partially carbonated (Fig. 8a), hence having negligible effects on the 
concrete properties [44,45]. The highest Cd was observed in E3 as ex
pected. However, even in other outdoor environments (except E4) the Cd 
was observed to be comparable to that in E3, which reflects the abun
dance of CO2 everywhere in the atmosphere; the highest average values 
of Cd of 9.5 mm and 8.5 mm are found in E3 and E5, respectively. 

The concrete compressive strength (fcc) increased in all outdoor en
vironments as compared to the value recorded at initial time T0. In E1, 
the fcc increased from T0 to T2 by 4.3 % and decreased from T3 to T4 by 
6.2 %. In E2, the fcc decreased from T0 to T2 by 7.2 % followed by an 
increase from T2 to T3 by 8.3 % and levelled off thereafter. The observed 
increase can be thought to have resulted from the continuation of 
cement hydration with time, which increased the number of C-S-H sil
icates that occupied the empty voids, thereby reducing the porosity and 
improving the strength. The increase in the C-S-H silicates is already 
known to improve the fcc [46,47]. Furthermore, since carbonation in
creases the fcc [12,15], this can confirm the increased fcc in E3 as a result 
of high carbonation. Also, increased curing humidity was found to in
crease the fcc and Ec by [14]. Hence, the increased fcc in E4 can be 
attributed to the effect of freeze-thaws that promoted the continuation 
of cement hydration, which is in line with the findings by [48]. 

Briefly, the continuation of cement hydration in E4 and E6 with the 
presence of high outdoor humidity can be thought to have been the main 
governing factor of the increased concrete fcc and Ec. Furthermore, the 
observed increase in E6 may further be attributed to the synergic effect 
between carbonation and chlorides. In E5, elevated temperatures as 
previously shown in Fig. 3 led to increased fcc, which agrees with a study 
by [49], also, elevated temperatures have been found to make concrete 
more porous thereby facilitating the CO2 penetration [8–10]. Since there 
was a high Cd in E5 (Fig. 7a), it can be inferred that the increased fcc 
resulted from a synergic effect between elevated temperatures and 

carbonation. On the other hand, the fct showed a decreasing trend over 
time. It is worth noting that pull-off tests are also usually used to char
acterise FRP-to-concrete systems; despite that, they may not accurately 
represent the mechanisms occurring at the concrete near-surface region 
in FRP strengthened RC structural elements. Overall, the highest in
creases in outdoor environments were approximately 21 %, 16 %, 21 %, 
and 17 % in the fcc, and 9 %, 12 %, 3 %, and 12 % in Ec for E3, E4, E5, 
E6, respectively. Typical FMs for both concrete compression and pull-off 
tests are shown in Fig. 8b and Fig. 8d, respectively. The FM from the 
compression tests are as per NP EN 12390–3:2011 [37]. Furthermore, 
the FM is of cohesive failure in deeper regions of the concrete, from 
which it can be inferred that the pull-off force at such a failure may not 
be the actual representation of that leading to failure at concrete 
near-surface region (i.e., the region of interest, as it is where the CFRP is 
bonded). 

3.1.2. Epoxy adhesive 
The results from the tensile test of the epoxy adhesive are shown in 

Fig. 7b and Table 4. Referring to Fig. 7b, and Table 4, marginal changes 
in both adhesive elastic modulus (Ea) and its strength (fa) can be noted in 
E1. Contrary, there was a substantial decrease in both Ea and fa in E2. 
This decrease can be attributed to the effects of plasticization. Further
more, a general progressive decrease in Ea during the later years can be 
noted in all environments. A similar trend for fa and Ea can be seen in all 
environments, which shows that predictive models considering both the 
fa and Ea trends can reasonably be developed. The highest decreases in Ea 
and fa were 75.4 % at T2 and 66.3 % in E2 at T2, respectively, as 
compared to the value at initial stage (T0). 

The justifications for the observed reductions in the adhesive prop
erties can be as follows: (i) the observed marginal variations in E1 
resulted from carbonation that may have caused the epoxy resin to cure 
faster [23]; (ii) water ingress in E2 and moisture effects in both E4 and 
E6 were the main degradation agents, as also found by [17,18]; (iii) In 
E3, synergic effects between elevated temperatures, carbonation, and 

Table 3 
Average values of concrete compressive strength, elastic modulus, splitting tensile strength, and carbonation depth before exposure (T0), and after 1 (T1), 2 (T2), 3 
(T3), and 4 (T4) years of different environmental exposures (E1 to E6).   

T0 T1 T2 T3 T4 T0 T1 T2 T3 T4 
Environment Compressive strength fcc [MPa] Elastic modulus Ec [GPa] 

REF 41.5 
(4.4) 

- - - - 29.1 
(5.0) 

- - - - 

E1 - 42.8 
(2.4) 

43.3 
(1.4) 

42.8 
(3.8) 

40.3 
(1.4) 

- 28.0 
(0.7) 

28.7 
(1.7) 

28.5 
(1.6) 

27.7 
(0.4) 

E2 - 40.7 
(0.7) 

38.7 
(2.9) 

41.9 
(1.5) 

41.1 
(1.8) 

- 28.2 
(2.8) 

27.7 
(2.0) 

28.1 
(7.2) 

30.8 
(4.5) 

E3 - 46.3 
(0.9) 

46.0 
(3.4) 

48.4 
(2.5) 

46.6 
(0.6) 

- 29.4 
(0.8) 

27.0 
(8.0) 

31.7 
(3.4) 

29.7 
(2.9) 

E4 - 46.5 
(3.4) 

50.3 
(0.8) 

49.2 
(4.8) 

48.6 
(0.7) 

- 28.6 
(3.4) 

29.7 
(12.1) 

32.6 
(2.7) 

30.9 
(4.0) 

E5 - 44.9 
(1.0) 

48.2 
(1.5) 

44.8 
(0.7) 

45.1 
(0.9) 

- 28.6 
(2.6) 

29.1 
(1.6) 

30.0 
(0.3) 

29.6 
(4.2) 

E6 - 47.1 
(2.4) 

50.2 
(1.3) 

47.6 
(1.4) 

47.5 
(0.5) 

- 30.2 
(3.7) 

32.6 
(0.5) 

30.8 
(1.5) 

32.1 
(2.6)  

Pull-off strength fct [MPa] Carbonation depth Cd [mm] 
REF 3.4 

(13.3) 
- - - - 0.0 - - - - 

E1 - 2.9 
(10.4) 

3.2 
(1.3) 

2.9 
(18.4) 

2.9 
(10.5) 

- 7.4 
(19.9) 

7.7 
(14.8) 

8.4 
(9.2) 

8.9 
(12.8) 

E2 - 2.5 
(5.3) 

2.3 
(11.8) 

2.5 
(13.1) 

2.6 
(7.4) 

- 7.2 
(15.2) 

5.5 
(17.7) 

7.6 
(16.4) 

6.4 
(15.3) 

E3 - 3.2 
(3.6) 

2.8 
(9.7) 

2.6 
(20.1) 

3.0 
(4.7) 

- 10.1 
(5.5) 

9.3 
(18.2) 

9.6 
(23.4) 

9.0 
(18.8) 

E4 - 3.2 
(13.5) 

3.1 
(5.3) 

2.9 
(12.2) 

2.9 
(0.1) 

- 7.8 
(7.5) 

8.4 
(14.1) 

6.5 
(8.4) 

4.9 
(24.1) 

E5 - 3.1 
(6.3) 

3.1 
(16.4) 

2.7 
(5.7) 

2.6 
(7.7) 

- 7.8 
(10.9) 

8.0 
(12.5) 

10.3 
(12.4) 

8.0 
(12.5) 

E6 - 2.7 
(4.4) 

2.8 
(8.8) 

2.9 
(8.1) 

2.7 
(10.5) 

- 8.0 
(14.1) 

7.3 
(13.9) 

4.9 
(22.9) 

8.0 
(12.8) 

Note: all values in parentheses are coefficients of variation, REF: Reference values from the specimens tested at T0. 
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UV radiations can be thought to be the main agents; iv) synergic effects 
between elevated temperatures and carbonation; and iv) a slight 
decrease observed in E6 can be attributed to moisture effects mainly 
because chlorides effects on epoxy adhesive are negligible [22]. The 
adhesive failure modes (Fig. 8e) were of an abrupt break in the region of 
the tensioned adhesive part (Fig. 8f). The adhesive tensile strains are 
also shown in Table 4. Marginal variations with time can be noted, 
except in E2 where the specimens showed a substantial increase during 
T1 followed by a level-off in the later years. 

3.1.3. CFRP laminate 
The results from the tensile test of the CFRP laminate are shown in 

Fig. 7b and Table 4. The CFRP laminate tensile strength (ff) generally 
improved in the first year in all environments, while its elastic modulus 
(Ef) showed a progressive decrease as compared to the initial value at 
T0. The highest ff occurred at T1 which reflects the effects of post-curing 
of the fibre resin matrix, followed by a general decrease in the consec
utive years. After 4 years of exposure, in comparison with the initial 
value (T0), the ff showed a decrease of 12.3 %, 4.2 %, 6.3 %, 4.7 %, 
1.4 %, and 5.6 % in E1 to E6, respectively, while the Ef showed a 
decrease of 12.6 %, 14.7 %, 10.5 %, 10.5 %, 5.3 %, and 13.7 % in E1 to 
E6, respectively. These variations show that Ef degradation was faster 
than that of the ff. The failure modes were characterized by a quick and 
progressive rupture of individual fibres that started from the CFRP 
longitudinal edges and moved towards the centre until the complete 
failure occurred with a massive sound (Fig. 8g,h). The improved CFRP 
properties in E1 may have resulted from the post-curing of the resin, 
mainly catalysed by the presence of carbonation that caused the epoxy 
resin to cure faster, as was observed in [23]. In E2, the observed mar
ginal variations indicate that ff was immune to water diffusion; however, 

its Ef was remarkably affected. Similar trend was observed in [50] after 6 
months of the CFRP laminate immersion in seawater with a reduction of 
its elastic modulus from 248.5 GPa to 240.5 GPa, hence water diffusion 
through the laminate may be thought to affect the elastic modulus but 
with insignificant effects on the tensile strength. In E3, both carbonation 
and high temperatures may have led to a higher resin matrix post-curing 
rate during T1; however, the curing rate reduced in the later years, 
which led to decreasing ff trends. In E4, the post-curing rate was also 
high during T1 and then slowed down thereafter, which allowed the 
freeze-thaws to start causing fibre matrix microcracks and progressively 
decreasing the ff, this agrees with the findings by [25]. In E5, a synergic 
effect between high temperatures and the presence of carbonation can 
be attributed to the observed increased ff with marginal decrease after 4 
years. Furthermore, in E6 chlorides do not affect the CFRP properties 
[18], hence, the post-curing rate during T1 was favoured by carbon
ation, but the rate was outweighed by the moisture effects in the later 
years. Finally, the maximum CFRP strain evolution are also shown in 
Table 4, and a general increase as compared to the value at T0 can be 
noted. 

3.2. EBR CFRP-to-concrete bond 

3.2.1. Pull-out force versus loaded end slip curves 
The relationships between the pull-out force and the loaded end slip 

from T0 to T4 are shown in Fig. 9a-f for the studied environments (E1- 
E6), respectively. Additionally, the average maximum pull-out forces 
achieved during tests are shown in Table 5. For more details, the 
maximum force-slip values and the force-slip curves for each tested 
specimen are shown in Annex I and II, respectively. It can be noted that 
the pull-out force and slip changed from year to year in each 

Fig. 8. Typical aspects/failure modes of some specimens after testing: (a) carbonation of concrete after T4; (b) concrete under compression, (c,d) concrete under 
tension (pull-off), (e,f) epoxy adhesive, and (g,h) CFRP laminate under tension. 

A. Dushimimana et al.                                                                                                                                                                                                                         



Construction and Building Materials 427 (2024) 136213

9

environment. There was also a significant change in the stiffness that 
depended on the exposure time and type. Because of these changes in 
both the pull-out force, slip and stiffness, an attempt to establish the 
relationship between the variation of the maximum force and the slip as 
time passes was carried out. In fact, it can be noted from Fig. 9a-f that 
after the maximum pull-out force attained its maximum there was a 
rapid increase of the loaded end slip with slight variation in the pull-out 
force, hence a tendency to form a plateau of which its length was 
controlled by the loaded end slip (i.e., the slip measured from the point 
corresponding to the maximum pull-out force, to the end or ultimate 
slip). However, due to change in the force from time (year) to time 
(year), the starting point of the above-mentioned plateau also changed 
thereby possessing a varying height (from the location of the minimal 
value of the maximum force to that of maximal value). This varying 
height is denoted as the plateau height. Similary, the slip from the point 
(location) where the maximum pull-out force occurred to the end of the 
formed plateau also changed with time of ageing, and with the plateau 
height, hence possesing a varying length (width) over time, denoted as 
plateau width. A comparative plot on the plateau height and plateau width 
is presented (see Fig. 9g) and more explanation is given as follows. 

The plateau height in E2 and E6 decreased significantly as compared 
that at T0, followed by that in E5 and E3, which indicates that bond-slip 
curves’ stabilization was faster in these environments as compared to 
that in E1 and E4. Mainly, water or chlorides ingress reduced the 
dispersion of the pull-out force with time, which therefore can help in 
developing better predictions over a long-term period. Furthermore, the 
lowest plateau width was found in E2 followed by E4, thereby indicating 
that the effective bond length was significantly affected by water im
mersion and freeze-thaws. The plateau width in E2 decreased by 
approximately 25 %, while that in E4 decreased by 19%, as compared to 
that at T0. According to [51], 200 and 500 freeze-thaw cycles decreased 
the bond length by 3 and 9 % respectively, hence the effects of 200 and 
500 freeze thaw cycles may represent 4 yearly outdoor (natural) freeze 
thaw attacks if multiplied by a certain matching factor. Other studies 
have also showed that freeze-thaw cycles will reduce the effective bond 
length [52]. Also, in a study by [24], the effective bond strength 
decreased by 1.5 % due to thermal cycles in air, which agrees with the 
observed decrease in the plateau width in E5. On the other hand, the 
maximum pull-out force (Fmax) and its standard variation is shown in 
Fig. 9h for all environments from T0 to T4. For outdoor exposures, it can 

Table 4 
Average values of epoxy adhesive and CFRP tensile strength, elastic modulus, maximum tensile strain before exposure (T0), and after 1 (T1), 2 (T2), 3 (T3), and 4 (T4) 
years of different environmental exposures (E1 to E6).   

T0 T1 T2 T3 T4 T0 T1 T2 T3 T4 

Environment Epoxy adhesive: Tensile strength [MPa] CFRP laminate: Tensile strength [MPa] 

REF 19.9 
(3.0) 

- - - - 2527 
(11) 

- - - - 

E1 - 19.5 
(1.8) 

18.2 
(2.8) 

19.8 
(4.9) 

16.3 
(14.6) 

- 2748 
(2.6) 

2497 
(1.7) 

2302 
(3.9) 

2217 
(5.7) 

E2 - 7.2 
(3.1) 

6.7 
(2.7) 

7.4 
(7.1) 

8.4 
(3.6) 

- 2750 
(2.0) 

2594 
(2.8) 

2562 
(3.2) 

2422 
(5.6) 

E3 - 19.9 
(3.1) 

17.4 
(5.3) 

16.7 
(5.9) 

- - 2778 
(2.1) 

2735 
(1.8) 

2587 
(3.6) 

2369 
(3.6) 

E4 - 20.1 
(3.4) 

17.2 
(4.3) 

16.5 
(9.8) 

15.7 
(20.1) 

- 2760 
(2.5) 

2703 
(3.4) 

2690 
(2.9) 

2409 
(3.5) 

E5 - 21.9 
(5.2) 

18.0 
(3.6) 

17.7 
(6.5) 

17.0 
(5.8) 

- 2720 
(3.9) 

2618 
(3.6) 

2667 
(4.6) 

2491 
(8.1) 

E6 - 17.7 
(6.4) 

15.8 
(4.3) 

18.0 
(4.2) 

15.3 
(2.6) 

- 2665 
(2.2) 

2554 
(4.6) 

2626 
(1.3) 

2386 
(2.6)  

Epoxy adhesive: Elastic modulus [GPa] CFRP laminate: Elastic modulus [GPa] 
REF 6.5 

(3.0) 
- - - - 190 

(9.3) 
- - - - 

E1 - 6.6 
(1.3) 

6.1 
(1.4) 

6.5 
(6.0) 

5.6 
(14.6) 

- 174 
(2.8) 

164 
(1.3) 

179 
(5.9) 

166 
(9.7) 

E2 - 1.9 
(5.1) 

1.6 
(4.0) 

1.9 
(14.6) 

2.0 
(12.4) 

- 177 
(3.2) 

169 
(2.3) 

184 
(4.3) 

162 
(8.9) 

E3 - 6.7 
(4.4) 

6.0 
(5.4) 

5.3 
(8.9) 

- - 174 
(3.6) 

175 
(0.9) 

187 
(1.5) 

170 
(10.0) 

E4 - 7.2 
(1.4) 

5.4 
(6.9) 

5.8 
(4.0) 

5.4 
(21.1) 

- 176 
(1.5) 

175 
(0.8) 

184 
(2.6) 

170 
(2.6) 

E5 - 7.5 
(5.7) 

6.1 
(5.0) 

5.8 
(6.5) 

5.7 
(7.0) 

- 178 
(1.2) 

175 
(1.3) 

185 
(4.1) 

180 
(2.2) 

E6 - 6.2 
(5.4) 

5.0 
(10.0) 

6.2 
(6.2) 

4.8 
(10.0) 

- 169 
(1.6) 

168 
(6.0) 

168 
(1.9) 

164 
(8.2)  

Epoxy adhesive: Tensile strain [%] CFRP laminate: Maximum tensile strain [x10− 3] 
REF 0.4 

(6.2) 
- - - - 13.3 

(13.6) 
- - - - 

E1 - 0.4 
(13.0) 

0.3 
(11.7) 

0.3 
(8.8) 

0.4 
(11.3)  

15.8 
(3.6) 

15.3 
(1.9) 

12.9 
(6.3) 

13.7 
(5.5) 

E2 - 1.1 
(21.4) 

1.1 
(11.9) 

1.0 
(25.5) 

0.9 
(15.3) 

- 15.6 
(3.9) 

15.4 
(3.0) 

13.9 
(3.9) 

14.6 
(2.6) 

E3 - 0.3 
(11.1) 

0.3 
(19.1) 

0.3 
(10.1) 

- - 16.0 
(3.6) 

15.6 
(1.2) 

13.6 
(4.9) 

14.7 
(5.1) 

E4 - 0.3 
(11.3) 

0.3 
(12.8) 

0.3 
(24.6) 

0.3 
(24.8) 

- 15.7 
(2.8) 

15.4 
(3.3) 

14.6 
(1.6) 

15.0 
(4.4) 

E5 - 0.3 
(11.2) 

0.4 
(13.1) 

0.3 
(11.5) 

0.4 
(10.5) 

- 15.3 
(4.1) 

14.9 
(2.6) 

14.5 
(7.7) 

15.1 
(6.0) 

E6 - 0.3 
(4.3) 

0.3 
(12.9) 

0.3 
(17.4) 

0.4 
(14.2) 

- 15.7 
(2.6) 

15.2 
(6.1) 

15.7 
(2.6) 

14.8 
(8.2) 

Note: all values in parentheses express coefficient of variation in percent, the CFRP laminate had a 50×1.2 [mm] cross-section (during testing coupons of 15×1.2 [mm] 
section was used), REF: Reference values at the beginning i.e., at T0. 
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Fig. 9. EBR CFRP-to-concrete bond test results: (a-f) pull-out force vs. loaded end slip, (g) plateau width and plateau height variations, (h) maximum pull-out force 
(Fmax) variation, (i) failure modes variability with environment and Fmax. 

Table 5 
Maximum pull-out force and initial stiffness values for all studied environments for up to 4 years (each value is the average of four tests).  

Environment Maximum pull-out force Fmax [kN] Initial stiffness [kN/mm]  

T0 T1 T2 T3 T4 T0 T1 T2 T3 T4 

REF 30.2 
(13.3)         

299.4         

E1 -  29.88 
(13.8)  

27.67 
(11.0)  

25.74 
(10.9)  

28.05 
(13.2) 

-  252.6  284.8  278.7  228.5 

E2 -  27.86 
(8.4)  

31.06 
(10.0)  

27.18 
(8.6)  

29.14 
(9.5) 

-  230.0  220.8  336.4  165.6 

E3 -  31.78 
(6.7)  

35.10 
(9.1)  

28.56 
(3.0)  

34.02 
(8.8) 

-  281.4  221.0  232.2  181.3 

E4 -  28.92 
(8.4)  

34.40 
(11.1)  

28.41 
(3.4)  

36.70 
(3.7) 

-  243.4  232.5  299.4  152.2 

E5 -  29.71 
(11.5)  

30.10 
(5.9)  

29.24 
(7.3)  

29.28 
(9.2) 

-  270.0  191.8  192.4  172.1 

E6 -  30.21 
(13.5)  

29.23 
(6.0)  

28.23 
(12.4)  

30.68 
(4.3) 

-  254.9  261.1  235.1  252.5 

Note: all values in parentheses express coefficient of variation in percent; REF: Reference values at the beginning i.e., at T0 
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be noted that E3 and E4 showed significant variations with increasing 
tendency, while E5 and E6 showed marginal variations with stabilizing 
tendency. Furthermore, the laboratory conditioning (E1 and E2) showed 
insignificant variations, but with a decreasing tendency. 

3.2.2. Failure modes 
Failure modes at T0: At the initial time (T0), four specimens were 

tested and two failed by concrete cohesive (CC) failure (Fig. 10a,c) while 
the remaining two showed a mixed failure (Fig. 10b,d). Two reasons can 
be attributed to these failures. First, the CC failure may demonstrate that 
the concrete was the weakest part probably because of the incomplete 
cement hydration, or due to its lower strength as compared to other 
bond constituent materials. Second, the mixed failure mode may indi
cate that adhesive joint was not yet fully cured with relatively low cross- 
linking degree. 

Failure modes after exposure: It can be noted that generally either CC 
or a mixed failure of concrete, adhesive and CFRP occurred (Fig. 10.e-j). 
More details on these failures are provided in Fig. 10.k-n, where the CCT 
denotes the CC failure with a thick layer of concrete detached at free end 
region; F/A denotes the adhesive failure, FD denotes the CFRP disbond, 
and FS denotes the CFRP splitting/fracture. For example, a mixed failure 
mode denoted as “CC F/A FD” indicates that the specimen failed by the 
concrete cohesive failure in some bonded regions, the adhesive failure 
and the CFRP disbond in other regions (example of this type of failure is 
shown in Fig. 10h). The failure mode denoted as “CC F/A FD FS” in
dicates the mixed failure defined above for “CC F/A FD” but also with 
CFRP splitting (i.e., a failure like that one shown in Fig. 10h but with 
CFRP longitudinal splitting shown in Fig. 10m as FS). 

Visual observations led to noting that concrete region with fewer 
aggregates was more likely to fail before that with more aggregates, 

Fig. 10. Failure modes of EBR CFRP-to-concrete bond: (a-d) failure modes before exposure: concrete cohesive (CC) in T0-1 and T0-3, and mixed failure in T0-2 and 
T0-4 specimens; (e-j) typical predominant failure modes after exposure in each environment (E1 - E6): (e,i,j) concrete cohesive (CC), (f) CC with a thick layer at free 
end (CCT), (g,h) mixed failure (CC F/A FD) i.e., CC mixed with adhesive failure (F/A) and CFRP disbond (FD); (k-n) main regions (i.e., FD, F/A, FS, CC, and CCT) of 
the failures shown in (a-j) together with their corresponding notations used in text and in Fig. 9i. FS is when the CFRP laminate fractured in the longitudinal direction. 
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hence resulting in the higher pull-out force in the latter. Furthermore, 
the mixed failure mode generally led to higher pull-out force than the 
sole CC (Fig. 9i). This former failure occurred probably due to the ad
hesive being bonded to concrete with unequal distribution of aggregate 
at the concrete near-surface region, which caused unequal distribution 
of stresses, eventually leading to concrete failures in some regions (i.e., 
regions with fewer aggregates) and adhesive failures in other regions (i. 
e., regions of adhesive bonded to concrete with more aggregates). The 
mixed failure may also reflect the degradation of the materials them
selves as time passes. It is worth noting that existing models for the 
CFRP-concrete bond generally consider the CC failure [53] without 
including other types of failure mode such as those observed in this 
work, hence further improvements by incorporating all types of failure 
modes can be crucial. 

3.3. Constituent materials versus EBR CFRP-concrete bond properties 

In this section, the change of EBR CFRP-to-concrete bond properties 
with time, in each studied environments, are analysed taking into 
consideration of effects of the change of properties of the materials 
constituting the bond. The bond properties considered are the bond 
strength and bond stiffness. The former was obtained directly from the 
pull-out tests, while the latter was derived from each of the pull-out 
force vs loaded end slip curve by performing a linear fitting consid
ering the force range between 0 and 10 kN. 

Bond strength variation in E1: The pull-out force consistently 
decreased from T0 to T3 and then increased from T3 to T4; however, the 
value at T4 was still lower than that at T0. Also, the bond stiffness 
generally showed a decrease. The lowest bond strength and bond stiff
ness retentions were around 0.9 at T3 and 0.7 at T4, respectively, which 
shows that the stiffness degradation was faster than that of bond 
strength. As can be seen from Fig. 11a, the concrete tensile strength (fct) 
and the CFRP laminate tensile strength (ff) reductions would be 

attributed to the observed bond strength reduction, while in Fig. 11b, 
the CFRP laminate elastic modulus (Ef) reduction would also be attrib
uted to the observed bond stiffness reduction. However, since the 
dominant failure mode was by concrete cohesive (CC), see Fig. 9i, 
concrete was still the weakest part of the bond, and hence the bond 
strength/stiffness decrease can be due to altered concrete properties, 
particularly its fct, or bonding redistributions that resulted from 
improved properties. It is worth noting that the highest maximum pull- 
out force occurred from the specimens that failed by CC F/A FD FS 
failure as can be seen from Fig. 9i. 

Bond strength variation in E2: From Fig. 11a,b, the bond strength 
showed significant fluctuations over time, and the bond stiffness showed 
a general decrease except at T3. Like what is observed in E1, the lowest 
bond strength and stiffness retentions were around 0.9 at T3 and 0.7, 
respectively, again revealing that the stiffness degraded faster than the 
strength. The bond strength variations can be thought of mainly be 
related to the degradation adhesive tensile strength (fa) and concrete 
pull-off strength (fct), whereas the degradation of the bond stiffness can 
be attributed mainly to the Ea and Ef reductions (see Fig. 11a,b). In fact, 
water ingress can disrupt the interchange bonds thereby leading to 
plasticization effects [54]. It was shown that concrete and adhesive are 
bonded via chemical bond and mechanical interlock and the primary 
chemical interaction between the two adherends is hydrogen bonding, 
very weak compared to the covalent bonding [55]. The mechanical 
interlock will be loosened by plasticization thereby reducing the adhe
sive stiffness and water molecules will tend to react with the loosened 
interlock and breaks the hydrogen bond [55], hence leading to reduced 
bond properties. The predominant failure mode in E2 was CC at an 
average pull-out force of 32 kN and CCT at 29 kN (Fig. 9i). However, 
there was a tendency for the failure to be a “CC F/A FD”, with a lower 
average force (27.5 kN) than that at CC (see Fig. 9i), thereby indicating 
that the negative effects of degraded fa were more pronounced than 
those of degraded fct. Besides, the specimens with larger region of 

Fig. 11. Comparative perspectives on the effect of change of material properties on (a) the bond strength and (b) bond stiffness behaviour.  
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aggregate bonding to adhesive failed at the highest pull-out force, which 
confirms the significant positive effect of the aggregate bonding to the 
adhesive as the aggregate strength is neither affected by water nor 
partial carbonation. 

Bond strength variation in E3: A tentative increase in bond strength is 
observed (Fig. 11a) which may be attributed to the post-curing of both 
adhesive and CFRP that increased polymer cross-linking due to high 
temperatures, also the post-curing was speeded up by carbonation as 
described in Section 3.1. Since the bond strength generally increased 
when the fcc and ff significantly increased with almost unchanged fa, it 
seems the degraded fct had no effect on the bond strength. On the other 
hand, the bond stiffness showed a progressive decrease over time 
(Fig. 11b), the lowest retention being nearly 0.65. This decrease may 
have resulted from the degraded Ea and Ef, as the Ec generally did not 
decrease. The stiffness degradation may also be attributed to the 
chemical bond change at the interface with time between the concrete 
and adhesive (e.g., break of hydrogen bonds linking concrete to the 
adhesive) and/or between the adhesive and CFRP laminate (e.g., break 
of covalent bonds linking adhesive to the CFRP). The predominant 
failure mode was “CC F/A FD” (Fig. 10g), which was more beneficial 
compared to CC as it led to the higher average maximum pull-out force 
(34.5 kN). In fact, the improved concrete properties shifted the failure 
mode from being of the sole CC to “CC F/A FD”. Also, the tensile 
properties of adhesive reduced, which confirms the observed predomi
nant failure mode. Comparing all failures from T0 to T4, the maximum 
pull-out force (38.4 kN) occurred for the case when the failure was “CC 
FS” (see Fig. 9i), which shows that the FS occurrence imposed higher 
pull-out force, hence the failure with splitting of the CFRP laminate 
would be the desired failure mode. Another perspective is that the 
climate change led to conditioning dissimularity from year to year, 
hence, both the duration of exposure and the exposure severity signifi
cantly changed with time. Hence, the bond strength and bond stiffness 
may have depended on the above dissimilarity, where the longer the 
exposure the higher the variation or the more the severity the more the 
variation in a particulary year. 

Bond strength variation in E4: The bond strength showed fluctuations 
with a general increasing tendency (Fig. 11a); contrarly, the bond 
stiffness showed a general decrease with time (Fig. 11b). The lowest 
bond stiffness retention was 0.51. Both the concrete Ec and fcc retentions 
increased but with some reduction in its fct. However, both the adhesive 
Ea and fa reduced. A slight reduction of the CFRP Ef and ff was also 
observed. Hence, the decreased adhesive properties may have led to the 
observed variation of the bond properties. However, the increased 
cement hydration in concrete and the post-curing of the CFRP may also 
have caused adjustement in the bonded region which either caused the 
bond strength to decrease or increase. Hence, this phenomenon can also 
be thought to have contributed to the fluctuations observed. Another 
perspective aligns with that described for E3, where the conditioning 
dissimilarity may have contributed to the observed fluctuations. A study 
by [27] showed that 300 FT cycles consisting of 16 h of freezing and 8 h 
of thawing in water bath did not significantly damage the bond between 
CFRP and concrete, which agrees with the results from E4 (Fig. 11a). 
Also, in a study by [25], it was found that the greater the number of 
freeze-thaw cycles the lower the sliding stiffness and loaded end slip of 
the CFRP-concrete interface, which is similar to what is observed in E4 
(Fig. 11b). The predominant failure mode was “CC F/A FD” at an 
average of pull-out force of approximately 33.5 kN, and the failure that 
led to the highest pull-out force was “CC F/A FD FS” with 41 kN, which 
shows that a mixed failure with the occurrence of CFRP splitting/
fracture can be suggested to be the desired failure mode. In general, the 
pull-out force increased for mixed failure (Fig. 10h) as compared to 
when there was a sole CC. Also, the larger the CFRP-adhesive interface 
failure region the higher the pull-out force. Mixed failure modes were 

also reported in [56,57]. The combined effects of freeze-thaw attacks 
and the UV exposure can be thought to have taken place which resulted 
in some CFRP fracture/splitting failure, i.e., the microcracks may have 
formed thereby allowing the entrance of UV that caused more harmaful 
effects to the fibre matrix. This agrees with the findings by [30]. Hence, 
the damaged fibre matrix is likely to be attributed to the observed mixed 
failure mode, particularly that containing FD or FS or both. 

Bond strength variation in E5: A stable and slightly decreasing trend in 
the bond strength is observed (Fig. 11a). This trend can show the 
competing mechanisms between the temperature effects on the matrix 
post-curing for both CFRP and adhesive, and concrete carbonation or 
cement hydration effects (or other effects such as UV radiation) all of 
which tend to balance each other over time. However, the bond stiffness 
showed a progressive decrease over time (Fig. 11b), the highest decrease 
being 39%, which indicates that the stiffness degraded faster than the 
bond strength. The stiffness decrease with increased temperature was 
also reported in a study by [28]. In fact, the increase in fcc and ff may 
have neutralized the negative effects from the degraded concrete fct and 
the fa (Fig. 11a), thereby leading to marginal changes of the bond 
strength. On the other hand, the bond stiffness degradation can be 
attributed to the degraded Ef and the Ea (Fig. 11b). The CC was the 
predominant failure mode (Fig. 9i) occurring at an average pull-out 
force of approximatively 28.5 kN, while the other sole competing fail
ure mode was “CC F/A FD” which occurred at the force of approximately 
33.5 kN, hence suggesting that the latter failure would be the desired 
failure mode in E5. Existing studies show that high temperatures can 
cause the fibre-matrix interface to develop microcracks at the fibre/
polymer interface [58], thereby degrading both the matrix and fibres 
[59]. Hence, some minor CFRP/adhesive interface failures observed in 
E5 may have resulted from the developed microcracks at the fibre matrix 
level. In general, the change of failure mode with time was less pro
nounced, hence the effects of degradation agents in E5 did not signifi
cantly affect the failure mode. This agrees with the pull-out force trend 
which also was somehow stable with time. Overall, synergic effects 
between high temperatures and carbonation were the main degradation 
agents. 

Bond strength variation in E6: Marginal variations of the bond strength 
and a significant decrease in the bond stiffness can be seen from Fig. 11a, 
b. The almost non-variation of the bond strength with time can be 
attributed to the improved fcc and ff that counteracted the loss of fa and 
fct. The CC and the “CC F/A FD” were the only two competing failure 
modes (Fig. 9i) at an average force of 29 kN and 32.5 kN, respectively. 
In the former, a very thin layer of concrete detached, which shows that 
the effects of chlorides on concrete were very minimal, as previously 
described in Section 3.1. Also, since the exposure of epoxy adhesive to 
chlorides does not lead to detrimental effect [22], and the ff is generally 
immune to chloride exposure [18], the major degradation agents were 
the interaction of the moisture and carbonation. However, the carbon
ation played a more role than moisture because of its ability to sub
stantially reduce concrete porosity in the superficial region [31] thereby 
preventing the rapid ingress of moisture. This is confirmed by the 
carbonation (Cd) trend (Fig. 7a) that tends to match well with the bond 
strength trend (Fig. 11a), thereby indicating that the more the Cd the 
better the bond performance. 

Like what is noted in E2, the aggregate bonding to adhesive seemed 
to control the maximum pull-out force in E6. The more the aggregates 
were bonded to the adhesive the higher was the pull-out force (Fig. 10.j). 
This is in line with the findings by [60], where the shape, size and 
strength of the coarse aggregate played an important role in the pull-off 
strength. 
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4. Accelerated ageing versus natural ageing 

To compare the existing accelerated ageing test (AAT) data with 
those of natural/outdoor ageing test (NAT) from the present work, a 
database from different existing studies [24,27–34], was prepared with 
the following characteristics: i) the database comprised of 99 specimens 
strengthened with pultruded CFRP laminate strips tested either in a 
direct or beam single lap shear test configuration, and the environmental 
conditioning adopted were freeze-thaw cycles, wet-dry cycles, immer
sion in salt or tap water, moisture, temperature cycles, and splash 
exposure; ii) the exposure duration was up to 18,000 h (2 years); iii) 
only epoxy adhesives, and CFRP laminate thickness between 1.0 and 
1.4 mm with elastic modulus between 155 and 176 GPa were consid
ered; iv) bond length ranged between 100 and 600 mm, v) concrete 
compressive strength varied between 25 and 50 MPa. 

The bond strength retentions over time for both the above-described 
database and the data from the present work (denoted as FRPLongDur- 
E2-E6) are presented in Fig. 12a. It can be observed that the retentions 
from the existing literature are very scattered ranging between 0.7 and 
1.6, while those from the present work lie between 0.9 and 1.2. In fact, 
after 4 years of exposure, the retentions from NAT data (FRPLongDur- 
E3-E6) are still generally higher than those from AAT data in the existing 
literature. On the other hand, assuming 10 % as the maximum allowable 
non-conservative estimates from all the AAT data in the database, it can 
be seen from Fig. 12b that the environmental conversion factor (ECF), 

considering all types of degradation agents, can be suggested to be 
approximatively 0.75. Furthermore, based on the results from Fig. 12c, 
the ECF is suggested to be approximately 0.70, 0.75, or 0.90 for struc
tures immersed in water, exposed to freeze-thaw cycles, or elevated 
temperatures, respectively. This is reasonable because both the bond 
and its constituent materials are expected to degrade more when 
exposed to water and freeze-thaws as compared to when exposed to 
elevated temperatures. 

Comparing both the AAT and NAT (Fig. 12d), the ECF for the AAT 
and NAT is approximately 0.75 and 0.95, respectively, which leads to 
stating that the exposure of EBR CFRP-to-concrete bond to various 
outdoor degradation agents for up to 4 years can lead to less degradation 
as compared to when the bond is exposed to artificially accelerated 
degradation agents. 

5. Conclusion and Recommendations 

In this work, the durability of EBR CFRP-concrete bond and its 
constituent materials was addressed. Specimens were conditioned in 6 
different environments. The first two were laboratory-based (i.e., E1 
with 20 ◦C/55 % RH, and E2 with water immersion at 20 ◦C) and the 
remaining were outdoor (i.e., E3, E4, E5, and E6 in which the main 
degradation agents were carbonation, freeze-thaw attacks, elevated 
temperatures, and airborne chlorides, respectively). The specimens were 
tested at initial time (T0), and after 1 (T1), 2 (T2), 3 (T3) and 4 (T4) 

Fig. 12. Natural vs. accelerated ageing durability results for EBR technique: (a) bond strength retention from the AAT and NAT data, (b) derivation of the ECF 
considering all studied degradation agents in AAT data, (c) derivation of the ECF considering a single degradation agent in AAT, (d) comparison of the ECF from the 
AAT and NAT data. 
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years of exposure. The key findings are as follows:  

▪ Although the outdoor environments were selected to mainly 
promote a single degradation agent in each environment, 
multiple degradation agents occurred; thus, synergistic effects 
were dominant. That is, carbonation, moisture, and airborne 
chlorides were the three-competing agents in E6; carbonation 
and elevated temperature effects were dominant in E3 and E5, 
and moisture and freeze-thaw effects were dominant in E4.  

▪ Constituent materials: Concrete compressive strength (fcc) and 
elastic modulus (Ec) showed a significant increase in outdoor 
environments (E3-E6), whereas marginal variations were 
observed in laboratory environments (E1 and E2). The highest 
increases were approximately 21 %, 16 %, 21 %, and 17 % in 
fcc, and 9 %, 12 %, 3 %, and 12 % in Ec for E3, E4, E5, and E6, 
respectively. Conversely, the concrete pull-off strength (fct) 
showed a progressive decrease with time in all the environ
ments studied. On the other hand, the epoxy adhesive generally 
decreased both its tensile strength (fa) and tensile elastic 
modulus (Ea) in all environments, with the lowest values 
observed in water with reductions of 66.3 % and 75.4 %, 
respectively. Similarly, the tensile elastic modulus of the CFRP 
laminate (Ef) also showed a decreasing trend in all environ
ments, the lowest being observed in E6 with a reduction of 
13.7 %; however, the CFRP tensile strength (ff) increased dur
ing the first year in all environments because of post-curing, 
followed by a progressive decrease in the later years. The ff 
reduced by 12.3 %, 4.2 %, 6.3 %, 4.7 %, 1.4 %, and 5.6 % and 
its Ef by 12.6 %, 14.7 %, 10.5 %, 10.5 %, 5.3 %, and 13.7% in 
E1 to E6, respectively. This showed that Ef degraded faster than 
ff.  

▪ EBR CFRP-to-concrete bond: Bond strength and bond stiffness 
varied significantly with time and environment. The latter was 
found to degrade faster than the former in most of the envi
ronments. This was particularly noticeable when the bond was 
exposed to elevated temperatures (E5), which led to a 39 % 
reduction in the bond stiffness, whereas there was a marginal 
change in the bond strength. A tendency for bond strength to 
decrease over time was generally observed in E1 and E2. In 
outdoor environments, the bond strength in E3 and E4 showed 
a tendency to increase with time, but with significant fluctua
tions that may have resulted from the effects of exposure 
duration and severity, or from the molecular adjustments in the 
bonded region resulting from the change in the properties of the 
constituent materials over time. In contrast, the bond strength 
was almost unchanged in E5 and E6, indicating that the 
considered degradation agents did not significantly affect the 
bond strength in these environments. On the other hand, the 
bond stiffness showed a progressive-significant decrease in all 
studied environments. The lowest bond stiffness was observed 
in E4 with 50% reduction followed by E2 with 40% reduction, 
and 39% and 35% reductions in E5 and E3, respectively. 
Smaller reductions were observed in E1 and E6.  

▪ Failure modes: Visual examination of the failure modes in EBR 
showed that the failure mode at the initial time (T0) changed 
mainly from pure concrete cohesive failure within the concrete 
alone (or mixed with cohesive failure within the adhesive) to 
different failures depending on the environmental exposure. 
Most of the failure modes from different environments were 
due to interfacial separation between either the adhesive and 
the concrete substrate or the adhesive and the CFRP. Concrete 
cohesive failure with a thin concrete layer dominated in E1 and 

E5; concrete cohesive failure with or without a very thick 
concrete layer at the free end was predominant in E2; the mixed 
failure mode of concrete cohesive failure with a thin concrete 
layer, interfacial adhesive failure at the interface between ad
hesive and CFRP (at interface regions closest to the adhesive 
surface or closest to the CFRP laminate surface) dominated in 
E3 and E4; the mixed failure mode and the concrete cohesive 
failure with a thin concrete layer were the two competing and 
predominant failures observed in E6. In general, higher pull-out 
forces corresponded to specimens with a failure mode that is a 
mixture of the adhesive-CFRP interaction layer failure and the 
concrete cohesive failure (than the concrete cohesive failure 
alone), the larger the area of the former failure the higher the 
pull-out force. Besides, the fracture/splitting of CFRP always 
resulted in the highest pull-out force, making it the most 
desirable failure mode.  

▪ The environmental conversion factor (ECF) for the accelerated 
ageing test (AAT) based studies is proposed to be 0.75 when all 
degradation agents are considered as one entity, whereas ECFs 
of 0.7, 0.75, or 0.90 are proposed to account for the effects of 
water immersion, freeze-thaws, or high temperature effects, 
respectively. When comparing both the AAT and natural ageing 
test (NAT) protocols, ECF values of 0.75 and 0.95 are suggested 
for the former and latter protocols, respectively, leading to the 
conclusion that the accelerated ageing test protocols may 
overestimate the degradation that normally occurs in outdoor 
environments for 4 years of exposure. 

As main recommendation, the authors suggest that studies that 
attempt to quantify the effects of UV radiations in outdoor environ
ments, in addition to the degradations agents considered in the present 
work (carbonation, high temperatures, airborne chlorides, and freeze- 
thaw attacks), can lead to a better understanding on the degradation 
process of the structures in outdoor environments. Further research 
comprising both laboratory-based and outdoor environments with 
comparative perspectives on both environments are highly recom
mended as they can lead to a better understanding of the durability of 
the bond between concrete and CFRP laminate. 
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Annex I. : Single-lap shear test results for all the specimens tested from T0 to T4  

Time Specimen Force (kN) Slip (mm) Force (kN) Slip (mm) Force (kN) Slip (mm) 

T0 No.1 34.06 0.65 - - - - 
No.2 25.47 0.43 - - - - 
No.3 33.62 0.55 - - - - 
No.4 28.92 0.50 - - - -   

E1 E2 E3 
T1 No.1 34.18 0.31 31.55 0.30 34.17 0.25 

No.2 26.3 0.20 27.74 0.23 31.06 0.28 
No.3 33.69 0.45 29.53 0.27 33.24 0.62 
No.4 26.77 0.49 28.09 0.24 29.58 0.26 

T2 No.1 31.13 0.37 32.43 0.28 36.43 0.59 
No.2 26.36 0.21 30.37 0.23 32.82 0.33 
No.3 31.58 0.41 35.40 0.23 38.32 0.39 
No.4 26.32 0.22 28.63 0.30 35.87 0.27 

T3 No.1 25.43 0.40 31.28 0.18 29.49 0.45 
No.2 24.02 0.40 27.45 0.10 29.86 0.38 
No.3 31.31 0.47 28.65 0.06 30.90 0.51 
No.4 24.84 0.45 24.57 0.09 28.41 0.48 

T4 No.1 35.27 0.67 27.91 0.18 36.80 0.72 
No.2 28.97 0.58 35.51 0.52 30.93 0.60 
No.3 28.44 0.58 34.22 0.38 38.06 0.27 
No.4 24.47 0.58 35.67 0.57 - -   

E4 E5 E6 
T1 No.1 28.81 0.18 33.52 0.52 37.04 0.42 

No.2 31.87 0.12 26.82 0.23 26.74 0.28 
No.3 28.35 0.29 34.21 0.24 31.89 0.32 
No.4 30.89 0.16 27.88 0.17 28.39 0.34 

T2 No.1 32.79 0.27 34.92 0.27 29.72 0.35 
No.2 39.81 0.28 29.52 0.32 34.56 0.25 
No.3 30.83 0.33 29.18 0.24 30.32 0.25 
No.4 36.11 0.28 29.61 0.52 27.19 0.22 

T3 No.1 31.49 0.27 27.65 0.39 34.59 0.35 
No.2 31.20 0.26 33.46 0.37 28.15 0.29 
No.3 29.09 0.26 29.08 0.23 25.56 0.29 
No.4 29.63 0.40 31.45 0.45 33.83 0.56 

T4 No.1 37.27 0.74 28.4 0.29 32.90 0.31 
No.2 36.68 0.35 34.65 0.40 33.55 0.31 
No.3 40.27 0.63 30.87 0.46 29.93 0.28 
No.4 37.21 0.37 27.38 0.33 32.74 0.21 

E1-E6: studied environments, T1-T4: exposure periods (in years) 

Annex II: Single-lap shear test results: Pull-out force vs. loaded end slip curves for all specimens tested up to 4 years 
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