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+e effectiveness of load transfer in the CFRP-adhesive-concrete system highly relies on the integrity of the interfacial bond
between adhesive layer and concrete. In the present paper, the effects of water immersion on the mode I fracture energy of the
adhesion between CFRP adhesive and concrete were investigated experimentally and numerically. Four-point bending test was
conducted to measure the mode I fracture energy of the interfacial layer between adhesive and concrete. +e moisture content
distribution and the hygrothermal stress were determined by using the finite element method (FEM). +e mode I fracture energy
was found decreasing with increasing immersion time.+e difference between themode I fracture energy at 2 weeks and 4 weeks is
rare. +e failure mode of the four-point bending test specimen shifts from concrete failure to interfacial debonding. +e moisture
content at the adhesive/concrete interface reaches equilibrium after 2 weeks of water immersion.+e hygrothermal stress between
adhesive and concrete is smaller than the tensile strength of concrete. Deterioration of the physical bond leads to the degradation
of bonding strength. +e reduction of the mode I fracture energy is more severe than that of the mode II fracture energy.

1. Introduction

Strengthening structural members with a carbon fibre-
reinforced polymer (CFRP) sheet or plate is becoming more
and more popular [1–3]. Debonding failure caused by
formation and propagation of the flexural-shear crack at the
interface between adhesive and concrete is a common failure
mode for the CFRP-adhesive-concrete system. +e local
stress at the crack tip is composed of a peeling stress (Mode
I) and a shear stress (Mode II), as shown in Figure 1. +e
effectiveness of strengthening with CFRP highly relies on the
integrity of the interfacial layer between CFRP adhesive and
concrete [2], which may degrade under humid conditions
and hygrothermal conditions [4–9]. Lots of studies have
investigated the durability of the interfacial layer, in terms of
the shear bond stress (Mode II), experimentally [5] and
numerically [10]. However, the durability of the interfacial
layer in terms of the mode I fracture energy was rarely
investigated. +e degradation mechanism of the adhesive-
concrete interfacial layer needs to be further studied.

Durability of the CFRP-adhesive-concrete system is
affected by the performance of concrete, adhesive, CFRP,

and the interfacial layers between them [4, 11, 12].
Compared with concrete, the performance of the adhesive
and the interfacial layer between adhesive and concrete is
more easily affected by water [4, 5, 13]. It was reported that
the compressive strength of concrete varies slightly after
immersion in water for 2 years [4]. However, after im-
mersion in water for 1 year, 17% reduction was found for
the tensile strength of adhesive [14]; for the interfacial
layer between concrete and adhesive, its mode I fracture
energy was reported to be reduced by 60% after exposure
to water for only 2 weeks [5]. Previous publications also
reported that the degradation of the interfacial layer
caused by different conditioning conditions is different
[15, 16].

+e performance of the interfacial bonding between the
adhesive layer and concrete depends on the strength of
physical and interlocking bonding [15]. +e water molecules
deteriorate themode I fracture energy of the interfacial layer,
as a result of the degradation of the physical bonding, i.e.,
disruption of the hydrogen bond and the van der Waals
force [13, 16–18]. +e water molecules at the interfacial zone
are mainly from the concrete substrate [19].
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Water immersion changes the failure mode of the CFRP-
to-concrete system from thin concrete failure to debonding
at the interface between adhesive layer and concrete [5].
Under dry condition, the failure usually occurs in concrete
beneath the adhesive. But, under wet condition, the adhe-
sive-concrete interfacial debonding always occurs owing to
the moisture presence at the interface. �is is because the
adhesive layer-concrete interfacial bond generally de-
teriorates more seriously than concrete with moisture
presence.

Previous studies showed that the deterioration of the
CFRP-adhesive-concrete system depends on the adhesive
layer-concrete bond [5, 20]. To evaluate the peel perfor-
mance, a mixed-mode test was proposed [21]. A movable
bottom portion was adopted to control the peel e�ects on the
bond performance. A modi�ed double cantilever beam
(MDCB) is a single shear lap-like test setup [5].�e load was
applied perpendicular to the FRP. �e failure of the bond
between FRP and concrete dominates by the combination of
peel and shear. �e direct tensile test was proposed to
evaluate the peel FRP-concrete bonded joint performance
under direct tension [22, 23]. �e interfacial bond of the
strength-based approach is evaluated by the tensile strength.
Interfacial fracture energy is a better indicator of the extent
of bond degradation than that of the strength-based ap-
proach [24]. �e e�ects of material sti�ness and sample
dimensions are excluded. A four-point bending specimen
with sandwiched epoxy layer was chosen to study the Model
I of the adhesive layer-concrete bond [25]. �e de-
termination of the mode I fracture energy in the sandwiched
specimens has been widely carried out [26]. In the present
study, the four-point bending specimens were adopted to
investigate the involvement of the properties of the adhesive
layer-concrete bonded joints.

Previous studies reported that the integrity of the CFRP
strengthening concrete structure depends on the bond
between the adhesive layer and concrete block in water
[5, 15, 25]. �us, adhesive layer-concrete bonded joints
were chosen to evaluate the property evolution of the CFRP
strengthening concrete structure. �e major objective of
the present study was to investigate the e�ects of water

immersion on the peel behavior of the adhesive layer-
concrete interfacial layer. �e heat transfer module and
static analysis module of ABAQUS were, respectively,
adopted to determine the moisture distribution and
hygrothermal stress at the adhesive layer-concrete in-
terfacial zone. �e present paper was expected to shed light
on the e�ects of water molecules on the mechanisms of the
adhesive layer-concrete bonded joint at the interface region
involved by the physical and interlocking bonds.

2. Experimental

2.1. Raw Materials. �e primer and adhesive used in the
present study were provided by Dagong Composite Corp.
�e properties of the adhesive were determined with so-
called dog-bone-shaped samples according to ASTM D638
[27]. �e elastic modulus, tensile strength, and ultimate
strain of the adhesive were measured to be 3.2 GPa,
57.1MPa, and 1.9%, respectively. �e glass transition tem-
perature (Tg) of the adhesive was measured with DMA
(three-point bending mode), and Tg was set as the peak of
tan delta [28]. Tg of the adhesive was measured to be 80.0°C.
�e primer was made of the same epoxy with the adhesive.

�e weight proportion of the concrete employed was
1.00 :1.29 : 2.75 : 0.52 (cement: sand : gravel : water). �e
maximum size of the gravel used is approximately 5mm.
Prepared concrete blocks (40mm× 40mm× 40mm cubes
for compressive strength measurement and
40mm× 40mm× 160mm prisms for the bending test) were
cured at 95% relative humidity (RH) for one month. �e
compressive strength of concrete was measured to be
31.8MPa.

2.2. Four-Point Bending Test. Figure 2 shows the schematic
sketch of the sandwiched four-point bending test specimen.
In order to prepare the specimen, 40mm× 40mm× 160mm
concrete prisms were cut into halves along their depth. �e
cut surface was cleaned with acetone. Low viscosity epoxy
primer was then brushed onto the cleaned cut surface, with
the pores in the concrete surface �lled. �e adhesive was
brushed onto a rectangular area of 40mm× 25mm.�e steel
strips with 1-mm-thickness were placed between concrete
blocks to accurately control the thickness of the adhesive
layer. Subsequently, the two concrete blocks of
40mm× 40mm× 80mm size were attached to each other
along the longitudinal direction of the concrete blocks. �e
sandwiched four-point bending specimens were stored for
one month in laboratory.

�e four-point bending test setup is depicted in Figure 2,
in which l is 160mm. Both b and d are 40mm. �e test was
conducted under displacement control as a rate of 0.1mm/
min [29].

2.3. Exposure Conditions and Absorption of the Adhesive.
�e adhesive samples were immersed in water at 20°C.
�e adhesive specimens of water immersion are
25 mm × 25mm × 3mm. �e water uptake of the adhesive
was weighted periodically. �e sample was taken from the
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Figure 1: Peeling and shear stress in actual debonding
con�guration.
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immersion at interval, following by drying the sample
surfaces by using a tissue paper. �e mass of the samples
was weighted by an electronic balance with an accuracy of
±0.01 mg. �e exposure conditions of the sandwiched
four-point bending specimens were similar to those of the
adhesive. �e samples were taken out and tested at weekly
intervals of 0, 2, and 4.

2.4. Finite Element Model. �e moisture distribution in the
adhesive layer-concrete bonded zone is unavailable to
measure. �erefore, the �nite element method (FEM) was
applied to model the moisture di�usion in the sandwiched
four-point bending specimens [30, 31].

Figure 3 shows the 3-dimensional geometrical model of the
sandwiched four-point bending specimen.�e element type of
DC3D8 was used for the transient moisture di�usion. �e
element size for the concrete block and adhesive layer were
1mm and 0.1mm, respectively. To simulate the specimens in
water, 100%moisture concentration was speci�ed on the outer
surface of the sandwiched four-point bending specimen.

�e commercial software ABAQUS is widely used for the
transient moisture di�usion. However, the results of the
moisture di�usion by the mass di�usion module in ABA-
QUS are di£cult to set as the initial �led for the next step of
static analysis. Data transfer from the moisture di�usion to
static analysis was achieved by the heat transfer module.
Fick’s law for mass di�usion is analogous to Fourier’s law for
heat transfer. �e analogy is established as follows:

�e normalized concentration analogy can be expressed
as [31]

temperature (T) � normalized concentration (Φ),
k � DS,

ρCp � S,
(1)

where T is the temperature, D is the moisture di�usivity, k is
the thermal conductivity, Cp is the speci�c heat, and ϕ is
referred to as the “activity” of the di�using material and
de�ned as

ϕ �
C

S
. (2)

�e result of the moisture distribution is set as the
boundary conditions of specimens for static analysis. �e
thermal-hygro analogy is developed as

α � β · S, (3)

where α is the thermal expansion coe£cient and β is the
hygroscopic expansion coe£cient. Table 1 shows the ma-
terial properties used in the simulations.

3. Results and Discussion

3.1.Water Absorption by the Adhesive. �e water uptake can
be expressed as a function of the square root of the time.�e
incremental mass of the adhesive proportionally increases
with the square root of immersion in Figure 4, following by
reaching the equilibrium moisture uptake. Fick’s law is
extensively adopted to model process of the moisture dif-
fusion [28]. �e experimental results are �tted by the
simpli�ed Fick’s law equation. �e simpli�ed form is given
as follows:

Mt �M∞ 1 − exp − 7.3
Dt

h2a
( )

0.75
 



, (4)

where Mt is the moisture uptake at time t, M∞ is the
equilibrium moisture uptake, which is equal to S. D is the
di�usivity coe£cient, and ha is the thickness of the weighted
sample (3mm for present adhesive specimens). D andM∞
are obtained by the �tting with equation (4). D andM∞ are
determined to be 63×10− 9mm2/s and 3.08% (wt.%), re-
spectively. Compared to D� 78×10− 9mm2/s and
M∞ � 2.52% (wt.%) from the reference [17], D decreases by
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Figure 2: Schematic sketch of the sandwiched four-point bending specimen (all units in mm).
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Figure 3: 3-dimensional geometrical model of the sandwiched
four-point bending specimen.
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19%, while M∞ increases by 17%. It was reported that the
extent of the equilibrium moisture content is in§uenced by
the chemical structures of the epoxy system, while does not
vary by the environmental temperatures and the immersion
duration [33]. �e e�ects of the hydrolysis on the adhesive
are signi�cant in water from 300 days to 450 days. �e
hydrolysis causes a microcrack in the adhesive, and water
quickly penetrates into the pores of the adhesive. It results in
the larger di�usivity coe£cient and equilibrium moisture
content.

3.2. E�ects of the Water Uptake on the Properties of the
Adhesive. Figure 5 shows the relationship between the
immersion duration and the properties of the adhesive. �e
water immersion insigni�cantly in§uences the properties of
the adhesive. �e elastic modulus and tensile strength of the
adhesive reduce by 1% and 6% after 2 months, respectively.
�e elongation at break of the adhesive increases with
immersion duration from 0 day to 30 days.�e elongation at
break of the adhesive increases by 29%.

�e varied properties of the adhesive depend on the
water uptake [14].�e water uptake of the tension specimens
di�ers from the specimens of the water immersion. It results
from the size di�erence of specimens between absorption
and the tension of specimens. �e longitudinal direction of
tension specimens is one order larger than that of the
thickness and width. �us, it is assumed that the water
molecules only di�use along the thickness and width of

tension specimens. �e tension specimens in thickness and
width are 15.0mm and 3.3mm, respectively. �e relation-
ship between immersion duration and the water uptake can
be determined by (4). Figure 6 shows the relationship be-
tween the water uptake and the properties of the adhesive. It
indicates that the short-term water immersion (M∞ < 1.4%)
insigni�cantly in§uences the tensile strength and elastic
modulus.

Tg with 2 months of water immersion only decreases by
9%.Water plays the plasticization role in the adhesive within
2 months of water immersion.

3.3. Failure Modes. �e failure modes of the sandwiched
four-point bending specimen are shown in Figure 7. A thin
concrete laminate beneath the adhesive was pulled o� for the
control specimens. �e tensile strength of the adhesive and
concrete are 57.1MPa and 1.9MPa, respectively. �e tensile
strength of the adhesive is 30 times larger than that of the
concrete. �e failure modes shifted from a thin concrete
failure to adhesive layer-concrete interface separation for the
aged specimens. It is attributed to water uptake in the ad-
hesive layer-concrete bonded zone, following the reduction
in the bond strength. Compared to the concrete and ad-
hesive laminate, the adhesive layer-concrete bond is the
weakest laminate. �us, the precrack at the unbonded zone
cannot kink into the concrete block, and the crack propa-
gates along the adhesive layer-concrete interface.

�e sandwiched four-point bending specimen is de-
formed in four-point (pure) bending. �e interface bond is
located in the pure bending region. �e bond stress between
concrete and adhesive only involves the normal stress. �e
mode I fracture energy is adopted to evaluate the bond
performance. �e mode I fracture energy of the sandwiched
four-point bending specimens can be determined by [25]

G �
f2
1σ2rπa
E1

, (5)

f1 � 1.122 − 1.4
a

d
( ) + 7.33

a

d
( )

2
− 13.08

a

d
( )

3
+ 14.0

a

d
( )

4
,

(6)

σr �
6M
bd2

, (7)

where G is mode I fracture energy, f1 is a correction factor
for four-point pure bending, and M is the moment at the
interfacial bond, which is equal to 15P. a, d, and h are shown
in Figure 1. a is 15mm, and h is 25mm.

�e mode I interfacial fracture energy of the sandwiched
four-point bending specimens was determined by equation
(5). Figure 8 shows the relationship between the exposure

Table 1: Material properties used in the simulations.

Materials Di�usivity coe£cient (mm2/s) Equilibrium moisture content (%) Hygroscopic expansion coe£cient (H2O%)a

Adhesive 63×10− 9 3.08 3.24×10− 3
Concrete 1.7×10− 5 7.10 5×10− 3
a�e value of the hygroscopic expansion coe£cient was referred to Ref. [32].
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Figure 4: Water uptake curves of the adhesive samples immersed
in water.
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duration and themode I fracture energy.�emode I fracture
energy reduced by 54% after 2 weeks. �e cracking direction
can be predicted by [5, 34]

Γi
Γc
≤ 1, (8)

where Γi and Γc are the interface and concrete fracture
energy release rate, respectively. If equation (8) is satis�ed,

the crack propagates along the interface between adhesive
and concrete. �e concrete fracture energy was reported to
be about 25 J/m2 [5], while the mode I fracture energy of the
sandwiched four-point bending specimen reduced to 360 J/
m2 and 340 J/m2 after 2 weeks and 4 weeks, respectively. In
the case of the sandwiched four-point bending specimen
after 2 weeks and 4 weeks, it seems to satisfy equation (8).
�us, the crack should propagate into concrete. In fact,
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Figure 5: E�ects of immersion duration on the tensile strength (a), elastic modulus (b), and fracture elongation (c) of the adhesive.

0.0 0.5 1.0 1.5 2.0
0

15

30

45

60

75

Te
ns

ile
 st

re
ng

th
 (M

Pa
)

Water uptake (%)

2 months

(a)

0.0 0.5 1.0 1.5 2.0
0

1

2

3

4

El
as

tic
ity

 m
od

ul
us

 (G
Pa

)

Water uptake (%)

2 months

(b)

Figure 6: E�ects of the water uptake on the tensile strength (a) and elastic modulus (b) of the adhesive.
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Figures 7(b) and 7(c) show the failure mode of the interfacial
debonding for specimens in water after 2 weeks and 4 weeks.
�e crack stayed at the adhesive layer-concrete interface. It
means the unsatisfaction of equation (8). It is attributed to
the enhancement of the strengthened layer. �e strength-
ened layer involves the penetration of the primer into the
pore at the concrete surface. �e enhancement results from
the fracture energy of the strengthened layer after water
immersion, owing to the swelling of the primer. In the case
of the aged specimens, the interface fracture energy (Γc)

involved in equation (8) is replaced by that of the
strengthened layer.�us, the strengthened layer prevents the
crack into concrete.

3.4. Load-Deformation Behavior of the Sandwiched Four-
Point Bending Specimen. Figure 9 shows the typical load-
deformation behavior of the four-point bending for control
specimens. It shows that the load linearly increases with the
deformation. Less di�erence of the curve of load-de-
formation is found for control and aged specimens. All
specimens of the ultimate load and corresponding de-
formation are shown in Table 2. �e di�erences in the load-
deformation curves between the aged specimens and control
specimens are the ultimate load capacity, initial elastic
modulus, and the ultimate deformation. Table 2 shows that
the ultimate load capacity and corresponding ultimate de-
formation rapidly reduce by 31% and 55% after 2 weeks,
respectively. �e penetration of water uptake at the adhe-
sive-concrete interface causes the degradation of the ulti-
mate load capacity and ultimate deformation. �e moisture
molecules cause the degradation of the chemical bond and
the internal stress, following by the microcrack at the in-
terface. �e ultimate load capacity and ultimate deformation
insigni�cantly vary between 2 weeks and 4 weeks of water
immersion. It is attributed to the similar failure mode for
both specimens exposed to water after 2 weeks and 4 weeks.
�e initial sti�ness (α) of the load-deformation behavior is
de�ned in Figure 9. Table 2 shows that the initial sti�ness
increases with exposure duration. It means that the ductility
of the sandwiched four-point bending specimen decreases
owing to the water immersion.

Unbonded zone Concrete

(a) (b)

(c)

Figure 7: Failure modes of the sandwiched four-point bending specimen: (a) control, (b) after 2 weeks of water immersion, and (c) after 4
weeks of water immersion.
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3.5.DistributionofMoistureContentandHygroscopicStress at
the Adhesive Layer-Concrete Bonded Zone. Figure 10 shows
typical FEM results in the bond zone of the 3D model of the
sandwiched four-point bending specimen. Figure 11 shows
the moisture content distribution at the adhesive layer-
concrete interface after 2 weeks, 4 weeks, and 6 weeks.
Compared to the moisture content close to the center zone,
the bond zone on the edge aborts more moisture content.
�e moisture content on the edge rises simultaneously. �e
center zone of the water content gradually increases to the
water content of the edge zone with the exposure time. �e
moisture content at the interface mainly migrates from the
concrete blocks rather than the adhesive. �e di�usivity
coe£cient of the concrete is two orders of magnitude larger
than that of adhesive. �e di�erences in moisture content
distribution at the interface do not vary from 2 weeks to 4
weeks. In the case of 2 weeks, most of the moisture content
reaches to 2.99%, which is approximately equal to the
equilibrium moisture content (e.g., 3.08%).

�e water uptake in the adhesive and concrete involves
the interfacial internal hygroscopic stress owing to the
mismatch of the hygrothermal expansion coe£cient be-
tween adhesive and concrete. Figure 12 shows the typical
FEM results of the hygroscopic stress. In the case of 2 weeks,
the hygroscopic stress on the edge is larger than that at the
center zone. �e shape of the stress distribution is similar to

that of the moisture content distribution in Figure 11. As
discussed, the hygroscopic stress depends on the moisture
content. Most of the hygroscopic stress reaches to 1.1MPa
except the interface at the edge.�e hygroscopic stress at the
edge of the interface is 1.3MPa. It is attributed to the stress
concentration. It is worth noting that the hygroscopic stress
is smaller than that of the tensile strength of concrete
(1.9MPa). It means that the there is no microcrack at the
interface. It is believed that the reduction in the physical

Table 2: Experimental program and main test result.

Specimensa Exposure duration (week) Fracture energy (mJ/mm2) Ultimate load (kN) Ultimate slip (mm) Initial sti�ness (N/mm)
P0W-1 0 0.46 2.27 0.57 4.1
P0W-2 0 0.91 3.19 0.82 3.8
P0W-3 0 0.94 3.25 0.92 3.7
P2W-1 2 0.37 2.04 0.37 5.3
P2W-2 2 0.28 1.78 0.26 6.1
P2W-3 2 0.42 2.16 0.41 3.2
P4W-1 4 0.50 2.38 0.28 8.0
P4W-2 4 0.26 1.71 0.23 6.0
P4W-3 4 0.39 2.10 0.25 7.1
a0W, 2W, and 4W denote exposure to 0 week, 2 weeks, and 4 weeks of water immersion, respectively. 1, 2, and 3 denote the number of the specimens.
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Figure 10: Typical FEM results of moisture content distribution.
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Figure 11: Typical FEM results of the moisture content distribution: (a) 2 weeks, (b) 4 weeks, and (c) 6 weeks.
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bond mainly causes the degradation of the adhesive layer-
concrete bond.

�e physical bond is related to the hydrogen bond and
the van der Waals force. �e water molecules disrupt the
hydrogen bond between DGEBA chain (adhesive) and SiO2
(concrete) [17, 35]. In addition, the moisture molecules
enlarge the distance between center of mass of the DGEBA
chain (epoxy) and SiO2 (concrete). �e molecular simula-
tion shows that the binding energy under wet conditions is
only one-third of the value attained under dry conditions
[35]. Figure 13 shows the disruption of the hydrogen bond.

3.6. Evolution ofMode I Fracture Energy inWater. �e more
literature results [5, 25] are introduced to evaluate the e�ects
of the water immersion on the mode I fracture energy owing
to lack of the su£cient long exposure duration in the present
study. Figure 14 shows the comparisons of the literature and
present results. �e water immersion signi�cantly reduces
the mode I fracture energy. It is obviously indicated that the
normalized fracture energy reduces to be a similar value after
four weeks. �e residual normalized mode I fracture energy
does not vary between four weeks and ten weeks. �e
degradation in the bond is related to the moisture content at
the adhesive layer-concrete interface. �e moisture content

reaches a threshold value. �us, the failure modes shift from
concrete cohesive failure to interfacial debonding. �e
change of the failure mode mainly results in the reduction of
the mode I fracture energy. As discussed above, 2 weeks of
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Figure 12: Typical FEM results of the hygroscopic stress: (a) 2 weeks, (b) 4 weeks, and (c) 6 weeks.

H3C CH CH2 O C O CH2 CH CH3

OHOH

H

O

Si

H

O

Si

CH3

CH3
n

O

H H
O

H H

OH

H

O H

H

Figure 13: Disruption of the hydrogen bond.

0 3 6 9 12
0.0

0.3

0.6

0.9

1.2

1.5

Present study
Au et al. [5]

Lau et al. [25]
Reduction coefficient

N
or

m
al

iz
ed

 fr
ac

tu
re

 en
er

gy

Exposure duration (week)

Figure 14: Comparisons of the literature and present results.

Advances in Civil Engineering 9



water immersion in the present study involves an average
relative humidity of 98%. �e cross section of the concrete
block in the present study is similar to that of the literature in
Ref. [25]. It is believed that the normalized fracture energy
reduced to be a steady value after two weeks. �us, the
average of all the normalized mode I fracture energies after
two weeks is 0.486. �e reduction coe£cient of mode I
fracture energy is assumed to be 0.486.

In the application, the deterioration of either mode I
fracture energy or mode II fracture energy causes the
failure of the FRP strengthening the concrete. �e liter-
ature results of the evolution of the mode II (shear)
fracture energy in water are adopted. It is di£cult to di-
rectly compare the present samples with the literature
samples owing to the di�erences in the dimension of the
samples. As discussed above and in Ref. [5], the degree of
the deterioration of the bond performance mainly depends
on the water content at the adhesive layer-concrete in-
terface. �us, the residual mode II fracture energy of the
pull-out samples involves the e£cient long exposure du-
ration and the similar concrete compressive strength.
Figure 15 shows the comparisons of the mode I (peel)
fracture energy and mode II (shear) fracture energy. �e
reduction of the mode I fracture energy is more severe than
that of the mode II fracture energy. It means that the mode
I fracture energy is more susceptible than mode II fracture
energy to the water immersion. �e reduction coe£cient
of the mode I fracture energy is about 50% of that of the
mode II fracture energy.

4. Conclusions

�e major objective of this paper investigated the e�ect of
water immersion on the normal stress using the sandwiched
four-point bending specimen experimentally and numeri-
cally, and the following conclusions can be drawn:

(1) After 2 weeks of exposure in water, the sandwiched
four-point bending specimen is damaged in the
separation of the adhesive layer-concrete interface
bond. �e reduction in ductility and initial sti�ness
of the sandwiched four-point bending specimen
results in the change of the failure mode from
concrete cohesive failure to interfacial debonding.

(2) �e water molecules signi�cantly reduce the mode I
fracture energy. �e degradation in the mode I
fracture energy involves the moisture content at the
adhesive layer-concrete interface.

(3) �e evolution of the interfacial bond strength in
water seems to be independent of the interlocking
bond. �e deterioration of the physical bond causes
signi�cant reduction of the interface bond strength.

(4) Compared to the reduction in the mode II fracture
energy, the mode I fracture energy in water reduces
slightly. �e residual mode I fracture energy in water
reduces to 0.486 of the mode I fracture energy with
unaged specimens.
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