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In this paper, the dry-wet cycle test in NaCl solutions is used to simulate ocean tide attack, and the pull-out test is carried
out to explore the changes in the bond behaviour of CFRP-reinforced coral concrete under the attack of the simulated ocean
tide environment. As shown by the results, with the increase in the number of dry-wet cycles, the bond strength of CFRP-
reinforced coral concrete will first increase and then decrease. Based on damage mechanics theory, the deterioration of
the interfacial bond properties between CFRP bars and coral concrete under the attack of the ocean tide environment is
analysed. By fitting the obtained data, the bond-slip equation of the CFRP-reinforced coral concrete with different damage
degrees is obtained, and the related bond-slip constitutive model considering damage effects is established.

INTRODUCTION

With the rapid development of China’s economy,
the land infrastructure is gradually improving, and it is
imperative to increase the development and utilization
of island resources. In the process of offshore island
construction, concrete is the most used building material,
and large amounts of it are used. Using conventional
aggregate to prepare concrete will greatly increase the
project cost [1]. Using coral aggregate around offshore
islands and reefs to prepare coral concrete can effective-
ly solve the problem mentioned above [2, 3]. Zhou [4]
derived the constitutive relations of coral aggregate
concrete under uniaxial and triaxial compression. Chen
[5] experimentally studied the curing effect on the me-
chanical properties of cement-stabilized coral sand. By
using the digital image correlation (DIC) method, Liu
[6] obtained the strain fields on the surface of carbon
fibre-reinforced coral concrete and analysed the flexural
damage process. The abovementioned studies, however,
are mainly focused on the mechanical properties of coral
concrete.

Since coral aggregate contains a large amount of
chloride ions [7], steel bars easily corrode in concrete.
How to avoid the deterioration of the coral concrete du-
rability caused by reinforcement corrosion has attracted
much attention. Zhang [8] investigated the corrosion
behaviour of low alloy steel bars containing Cr and Al

in coral concrete for ocean construction. Liu [9] inves-
tigated the mechanical properties and microstructure
of carbon fibre-reinforced coral concrete. Many studies
indicated that fibre-reinforced polymer (FRP) bars have
excellent mechanical properties and durability [10-12],
which provides a new method to solve the corrosion
problem of offshore island infrastructure. Li [13] in-
vestigated the mechanical properties of basalt fibre-re-
inforced polymer (BFRP) bars in coral concrete under
high temperature and humidity. The results show that the
temperature considerably influenced the tensile strength
of the BFRP bars. Tang[14] introduced carbon fibre-
reinforced polymer (CFRP) into geopolymeric recycled
aggregate concrete. The failure patterns of CFRP-con-
fined geopolymeric recycled aggregate concrete under
both static and cyclic compression loading were inves-
tigated and compared.

Note that the effective bonding between FRP bars
and coral concrete is an important basis for their joint
work. Whether harsh marine environments will lead to
the deterioration of the bond performance between FRP
bars and coral concrete is a problem worthy of attention.
However, the deterioration of the bond behaviour bet-
ween FRP bars and coral concrete in a real marine
environment has not been thoroughly discussed, apart
from a few exceptions [15-18]. In this paper, the bonding
performance test of CFRP-reinforced coral concrete
under the corrosion of an ocean tide environment was
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carried out, and the bonding degradation mechanism
was revealed. Based on damage mechanics, a damage
variable that can reflect the deterioration of the bond per-
formance of the CFRP-reinforced coral concrete interface
is defined. By fitting the obtained data, the bond-slip
equation of the CFRP-reinforced coral concrete under
the attack of an ocean tide environment is established,
and the related bond-slip constitutive model considering
damage effects is obtained.

EXPERIMENTAL

Materials and mix proportions

The designed compressive strength of coral concre-
te is 30 MPa. The adopted cement binders are ordinary
Portland cement (Type 42.5), fly ash (FA, Grade I) and
granulated blast furnace slag (GBFS, Grade S95). The
fine aggregate used is quartz sand. The coarse aggrega-
te used is coral aggregate that is crushed and sieved to
obtain a diameter of 5 - 25 mm, as shown in Figure 1.
The physical properties of coral coarse aggregate were
tested, and the detailed properties are listed in Table 1.

The micromorphology of the coral aggregate was
observed by scanning electron microscopy (SEM). As
shown in Figure 2, the surface of coral aggregate is rough,
and there are many internal pores. On the one hand, the

Table 1. Properties of coral coarse aggregate.

porous structure facilitates the nesting of coral aggregate
and cement paste to form a mechanical meshing structu-
re, which is easier to develop the strength of the interface
transition zone. On the other hand, the rough surface and
high water absorption of coral coarse aggregate may
reduce the workability of concrete. To ensure the work-
ability of coral concrete, liquid polycarboxylate-based
superplasticizer is added. The mix proportion of coral
concrete is shown in Table 2.

Figure 1. Coral coarse aggregate.

Apparent Bulk . Cylinder Chloride ion Water absorption
. . Porosity .
density density o compression content for 1 h
(kg'm™) (kg'm?) (%) strength (MPa) (%) (%)
2135 1018 56.82 3.90 0.07 16.3

-4

a) Magnﬂ;d 100 times

Figure 2. Morphology of coral coarse aggregate.

Table 2. Mix proportion of coral concrete (kg'm™).

Cement FA GBFS Fine aggregate Coarse aggregate Water Superplasticizer
390 80 50 600 855 177 7.8
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The CFRP bar used here was produced by Zhejiang
Haining Anjie Composite Material Co., Ltd., as shown in
Figure 3. The diameter of the CFRP bar is 8 mm, and the
ultimate strength of the CFRP bar is 1191 MPa.
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Figure 3. CFRP Bars.
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a) Schematic illustration of the pull-out specimen

c) Coral concrete preparation

Figure 4. The preparation of pull-out specimens.
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Specimens

The specimens used for the pull-out test were pre-
pared according ‘Standard for test method of concrete
structures’ (GB/T 50152-2012). The details of the pre-
paration process and sizes of the test specimen are shown
in Figure 4. The CFRP bar was uniaxially embedded in
the centre of a coral concrete cubic specimen with a si-
ze of 150 x 150 x 150 mm and bond length of 40 mm.
Four groups of pull-out specimens were casted, and the
details are listed in Table 3. After air curing for 1 day, the
specimens were demoulded and then cured for 28 days
under standard room curing conditions of 20 + 2 °C and
relative humidity of 95 %. After that, the specimens were
sent to the ocean tidal environment simulation pool for
an accelerated corrosion test.

b) Wood mould used for the pull-out specimen

d) Pull-out specimen
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Table 3. Details of pull-out specimens. Test procedures
. Bond length Duration of 1) Accelerated corrosion test in an alternation dry-wet
Specimen ID d les (d . . . .
(mm) ry-wet cycles (d) ocean tidal environment: A ZXC ocean tidal envi-
C8-40-0 40 0 ronment simulation pool, which is specially deve-
C8-40-30 40 30 loped by Torrent Instrument Co., Ltd., Shanghai, was
C8-40-60 40 60 adopted to perform the accelerated corrosion test.
C8-40-90 40 90 A 3.5 % NaCl solution was used to simulate seawater

/¥

YD ) BE

021

a) ZXC ocean tidal environment b) Seawater flooding process ¢) Drying process
simulation pool

Figure 5. ZXC ocean tidal environment of the simulation pool.

e

a) Cage loading equipment b) The pull-out test setup

Figure 6. Pull-out test used for CFRP-reinforced coral concrete.
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[19]. The dry-to-wet time ratio was 0.391, that is,
864 minutes of drying, 554 minutes of soaking, and
a dry-wet cycle once a day, as shown in Figure 5.
The designed duration of dry-wet cycles was 30 d,
60 d and 90 d.

2) Pull-out test: Figure 6 shows the loading device used
for the pull-out test of CFRP-reinforced coral concre-
te, which is composed of four high-strength screws,
a top plate, a bottom plate and a metal cylinder. The
pull-out test was performed by using a WAW-1000
electro-hydraulic servo universal testing machine.
The loading process was controlled by displacement,
and the deformation rate was 0.3 mm-min™.

Bond behaviour of CFRP-reinforced
coral concrete

Figure 7 shows the interface of coral concrete and
CFRP after the pull-out test. Due to the adoption of the
central pull-out testing method, the concrete cover is
thick, in which case the failure mode of all the speci-
mens is pull-out failure for the CFRP bars from coral

b) Coral concrete

Figure 7. Interface of coral concrete and CFRP after the pull-
out test.

concrete [18]. When the CFRP bars are pulled out, the
coral concrete around the CFRP bars are sheared, and
the surface of the CFRP bars in the bonding part is ob-
viously worn. As shown in Figure 7, the CFRP ribs of
the bonding section have been smoothed, and the yarns
wound around the bonding section are also broken. The
residual yarn can be seen in the coral concrete bonding
area.

The bond-slip curve of coral concrete with CFRP
bar can be divided into four stages [20], as shown in
Figure 8.

1) Slight-slip stage: At the beginning of the test, the slip
at the loading end of the CFRP bars is very small, and
there is no slip at the free end. At this stage, the bond
strength between the CFRP bars and coral concrete is
mainly a chemical adhesive force. As seen from the
figure, the 7-s curve at this stage is a straight line that
approximates the origin.

2) Slip stage: As the load increases, the chemical ad-
hesive force between the CFRP bar and coral concrete
gradually weakens, the free end begins to move, and
the slope of the bond-slip curve begins to slowly
decrease. At this stage, the adhesive force between
the CFRP and coral concrete is provided by the
mechanical occlusal force and friction force.

3) Descending stage: When the ultimate bond strength
is reached, the amount of slip between the loading
end and the free end increases sharply, causing
serious damage to the surface ribs of the CFRP
bar due to friction, and the mechanical occlusal
force decreases. The bond strength between the
CFRP bar and coral concrete continues to decrease,
and the coral concrete around the CFRP bars is
damaged by shearing. At this stage, the slope of the
7-s curve becomes negative.

4) Residual stage: At this stage, the slip value continues
to increase rapidly, and the bond strength will change
back and forth. When the bond strength decreases to

1 —40-0d
104 —40-30d
9 ——40-60d

i ——40-90d

Bond strength (MPa)

0 ] —7Tr 1 1 T 1 T T T T 17
0 2 4 6 8 10 12 14 16
Slip values (mm)

—
18 20

Figure 8. Bond-slip curve of CFRP-reinforced coral concrete.
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a peak value, it will continue to increase and enter
into another cycle of the slip stage. After reaching the
next ultimate bond strength, the bond strength begins
to decrease again. The process is repeated until the
CFRP bars are completely pulled out. The bond-slip
curve is similar to a sine function curve. The reason
for this is that the ribs on the surface of the CFRP
bars are relatively smooth, and the height of the rib
is low. During the pull-out process, the coral concrete
between the ribs will not be completely sheared, and
there is still a residual mechanical occlusal force and
friction force.

Table 4 shows the detailed data of the pull-out testing
of CFRP-reinforced coral concrete. As the dry-wet cycle
progresses, the bond strength of CFRP-reinforced coral
concrete will first increase and then decrease. The bond
strength of the C8-40-30 specimen group is 7.9 % higher
than that of the C8-40-0 specimen group. However, the
bond strengths of the C8-40-60 and C8-4-90 specimen
group are 19.01 % and 27.51 % lower than the bond
strength of the reference specimen group, respectively.

Table 4. Date of the pull-out testing of CFRP-reinforced coral
concrete.

Specimen Duration of Ultimate bond Rate of
ID dry-wet cycling strength change
(d) (MPa) (%)
C8-40-0 0 10.36 0
C8-40-30 30 11.18 7.9
C8-40-60 60 8.39 -19.01
C8-40-90 90 7.51 -27.51

As for the reinforced concrete structure in the
marine environment, a small amount of reinforcement
corrosion products in the early stage of corrosion will
produce a certain amount of expansion, which increases
the friction between the reinforcement and concrete,
resulting in an increase in the interfacial bond strength
[21]. The influence of corrosion time on the bond beha-
viour between the CFRP bar and coral concrete can
also be explained according to the above description.
In the initial stage of the dry-wet cycle, chloride crystal
products will fill the pores between the CFRP bars and
concrete, which can increase the compactness of the
interface between coral concrete and CFRP bars, thus
increasing the bond strength of CFRP-reinforced coral
concrete. With the increase in the wet-dry cycle time,
the crystalline salt is continuously enriched, and then,
expansion stress is generated. When the ultimate tensile
stress of the coral concrete is less than the expansion
stress, microcracks appear in the coral concrete. After
cracks appear at the interface between CFRP tendons and
coral concrete, debonding easily occurs, which leads to a
gradual decrease in bonding strength.

Bond-slip model considering
damage effects for CFRP-reinforced
coral concrete interfaces

Damage mechanics is a relatively new subject.
One of the aims of this subject is to investigate the
relationship between the macro- and micromaterial
characteristics, in which the former is related to the
mechanical weakening of the material, and the latter is
associated with the many randomly distributed micro-
cracks with irregular shapes, sizes and orientations. The
key to developing such a relationship is the definition and
selection of damage variables, which, at present, has no
clear criteria to follow [22, 23]. It is generally recogni-
zed that a damage variable should be able to reflect the
material characteristics at different scale levels, such as
micro-, meso- and macroscales [24]. Here, the bonding
interface between CFRP tendons and coral concrete
is regarded as a new material with specific properties.
When the bonding interface is in a non-destructive state,
the interface bonding performance parameter is B; when
in a damaged state, the interface bonding performance
parameter is B'. The damage variable is defined as

’
D= B-B (1)
B

where D is the interfacial bond damage variable. When
B'= B and D = 0, the bonding interface is not damaged;
when B' = 0 and D = 1, the bonding interface is in
a completely damaged state; when 0 < D < 1, there are
different degrees of damage at the interface.

As discussed in section 3, the bond-slip curve of
CFRP-reinforced coral concrete has four different stages,
in which the first three stages are of concern in practical
applications. Figure 9 illustrates the establishment of
the bonding damage variable of CFRP-reinforced coral
concrete. As the amount of slip increases, the slope of
the bond-slip curve and the slope of the secant line both
decrease. Theoretically, the decrease can be regarded
as the attenuation process of the bond strength between

»
»

s’ s

Figure 9. Schematic illustration of the bonding damage va-
riable.
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CFRP bars and coral concrete. It can be seen from the
figure that the slope of the curve is positive in both the
slight-slip stage and the slip stage. However, the slope
of the curve becomes negative in the descending stage.
In the process of bond damage analysis, the positive and
negative changes of the slope of the curve will increase
the difficulty of analysis. Since the secant slope is al-
ways positive, it can be used as an index to evaluate
the interfacial bonding performance, which can greatly
reduce the difficulty of analysis. The physical meaning
of the index is the bond stress corresponding to the unit
slip resistance, as shown in Equation 2, where 7 is bond
stress, and s is the amount of slip. The secant slope of the
7-s curve, B', is also the interface bonding performance
parameter, as shown in Equation 1. As shown in Figure 9,
in the initial slight-slip stage of (0, s), the development
of the bond strength between the CFRP bar and the coral
concrete is in the elastic stage without damage expansion,
in which case the bond performance coefficient B is
constant in the initial slight-slip stage. With the increase
in loading, the 7-s curve develops to the descending
stage, which indicates that the interfacial bond strength

1.0+
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0.8 j
07
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Q 054 /.
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exceeds the elastic range, interface damage begins to
develop, and the secant modulus decreases continuously.

7=B's 2

According to Equation 1, combined with the prin-
ciple of strain equivalence, it is assumed that the amount
of slip corresponding to the initial nominal bond stress
on the damaged interface of the material is equal to the
amount of slip corresponding to the effective bond stress
on the non-destructive interface of the material. Then,

’

_r_r
B B

The bond-slip damage model can be expressed as
Equation 4:

N

3

x B 0<s<s'
- N (' s<s") @
sxB"  (s'<ys)
Since B'= B (1 - D),
f——t ;
B(1-D) ©)
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Figure 10. Damage variable evolution curve of CFRP-reinforced coral concrete in an alternating dry/wet ocean tidal environment.
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The bonding damage variable is shown in Equation 6.

0 (0<s<s")
D= (Tj (6)
1-|—|+B (s'<s)
s

According to the bond slip curve, the initial value
of slope B can be obtained, and then, the damage amount
under different dry-wet cycle times can be calculated
by Equation 6. The damage variable evolution curve is
shown in Figure 10.

The interfacial bond damage variable D is analysed
by adopting the area definition method, as shown in
Equation 7.

D= As @)
d
where 4, is the reduction in the effective bonding inter-
face area of CFRP-reinforced coral concrete; and 4, is
the effective interface area of CFRP-reinforced coral
concrete after dry-wet cycling.

Since the value of 4, is closely related to the slip

value s,

dA'=B'x ds 8)

As shown in Figure 9, in the descending section
of the curve, the B value changes nonlinearly with the
increase in slip value s. When s increases, B decreases
gradually, so

1
prOxs

where p and Q are constants.
By introducing Equation 9 into Equation 8, we can
get the following results:

4= — s

© p+0xs

Through an indefinite integral, Equation 11 can be
obtained:

’

€))

(10)

;1
A, ==In(p+0xs)+C (1
Q
where C, is constant.
By introducing Equation 11 into Equation 7,
D:L lln( +0Oxs)+C, 12
40" ! (12

After simplification, Equation 13 can be obtained:
D=In(M+ N xJS) (13)

where M and N are constants.

Equation 13 is used to fit the bond damage variable
D shown in Figure 10. The damage variable evolution
models obtained at different corrosion ages are shown in
Equations 14-17.

0(0 < s <1.25)
In(0.246 +0.4645)(1.25 < s < 4)
In(1.569 +0.1345)(4 < s <8)

(14)

0(0 < s <0.75)
In(0.575 +0.3455)(0.75 < s < 4.5)
In(1.513 +0.1295)(4.5 < s <8)

(15)

0(0 < s < 0.85)
In(0.884 + 0.4605)(0.85 < s <4.25) (16)
In(2.37 +0.0515)(4.25 < 5 < 6)

0(0<s<1.6)
In(0.433 +0.3625)(1.6 < s <5.75)
In(1.935 +0.0885)(5.75 < 5 <8)

a7

By substituting bond damage variable D into Equa-
tion 6, the bond-slip constitutive equation considering
damage is obtained, as shown in Equations 18-21.

6.1325(0 <5 <1.25)
0d: 7=16.1325s[1—In(0.246 + 0.4645)](1.25 < s < 4)

6.132s[1 - In(1.569 + 0.1345)](4 <5 <8)

(18)
7.3015(0 < s < 0.75)

7.301s[1 — In(0.575 +0.3455)](0.75 < s < 4.5)
7.301s[1 - In(1.513 + 0.1295)](4.5 < s < 8)

19)

30d: 7=

11.5625(0 < 5 < 0.85)

11.562[1 — In(0.884 + 0.4605)](0.85 < s < 4.25)

11.562s[1 — In(2.37 +0.0515)](4.25 < 5 < 6)
(20)

60d:7=

4.14s (0 <5 <1.6)
4.14s[1 - 1n(0.433 + 0.3625)] (1.6 < s < 5.75)
4.145[1—1n(1.935 + 0.0885)] (5.75 < s <8)

2y

90d: 7=

CONCLUSIONS

e The bond force between CFRP bars and coral concre-
te is mainly composed of chemical adhesive forces,
friction forces and mechanical occlusal forces. The
bond slip curve can be divided into four stages: the
slight-slip stage, slip stage, descending stage and resi-
dual stage.

e With the increase in the dry-wet cycle time, the ulti-
mate bond strength of CFRP-reinforced coral concrete
shows a trend of increasing first and then decreasing.

e Through fitting analysis, the bond-slip equation of
CFRP-reinforced coral concrete is obtained. By defi-
ning damage variable D, damage variable evolution
models are obtained at different corrosion ages, and
the constitutive model considering interface damage
is established.
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