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Abstract: The application of CFRP bar and seawater sea-sand concrete (SSSC) in construction can
overcome the shortcomings in conventional reinforced concrete, such as corrosion induced by car-
bonation and chloride ingress. In this study, the bond-slip behavior between an SSSC cube and CFRP
bar has been investigated, and different CFRP bar surface shapes have been considered. A total
of 27 specimens (9 groups) were fabricated for a pull-out test, where three types of CFRP bar with
different surface shapes were used: smooth regular bars, double-wrapped bars and ribbed bars. Bond
strength, bond-slip curve, and failure mode have been presented and discussed. FE models have
been constructed and validated by experimental results. The effect of concrete compressive strength
and relative area of ribs on bond strength has been studied through numerical simulations. It is
found that the bond strength increased with concrete compressive strength, and the ribbed bar had
significantly higher bond strength than the smooth regular bar. Pull-out failure was observed when
the cover-depth-to-bar-diameter ratio was no less than 4 and, otherwise, splitting failure occurred. In
addition, a simple formula has been proposed to approximately evaluate the bond strength between
an SSSC cube and CFRP bar and validated by experimental results, and analytical expressions for
different bond-slip curves have also been developed.

Keywords: CFRP bar; seawater sea-sand concrete cube; bond-slip behavior; pull-out test

1. Introduction

Seawater sea-sand concrete (SSSC) composed of sea-sand aggregate and seawater
avoids material shortage in ocean construction and shows high economic value, attracting
a lot of attention [1,2]. Li et al. [3] investigated the long-term performance of seawater sea
sand and coral sand concrete. Saleh et al. [4] developed ultra-high-performance concrete by
using seawater and sea sand. Qiao et al. [5] investigated the mechanical properties including
elastic modulus, failure mode, strain-stress curve, etc. of SSSC subjected to variations of
temperature. However, chloride ingress in SSSC causes and accelerates corrosion of steel
rebar, leading to early deterioration of concrete and eventually to structural failure [6-8].

Therefore, in order to prevent the reinforced bars from being corroded by chloride
ions in seawater and sea sand, the fiber-reinforced polymer (FRP) bar, which has great
corrosion resistance and high tensile strength, is used instead of steel reinforcing bars to
improve the concrete durability [9-13]. Mohamed et al. [14] investigated both durability and
mechanical properties of concrete reinforced by basalt fiber-reinforced polymer (BFRP) bars
and indicated that the durability was influenced by the resin type and bar size. Yu et al. [15]
studied the effect of water and alkaline solution on durability of concrete reinforced by
carbon-glass hybrid FRP bar. Dong et al. [16] conducted a life cycle assessment case study
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to show the environmental impact on seawater sea-sand concrete beam reinforced with
glass fiber-reinforced polymer (GFRP) bars and CFRP bars.

So far, FRP bars have been widely used not only in marine engineering, but also in
many other special constructions, due to the excellent mechanical properties and durability.
The structural behavior of concrete reinforced by FRP bars is important for real appli-
cations, especially for flexural strength and shear strength. Jiang et al. [17] investigated
the performance improvement of SSSC beams reinforced with FRP bars in serviceability
limit state. Karayannis et al. [18] designed an experiment to investigate the behavior of
slender concrete beams reinforced with CFRP bars including deflection, failure mode, and
cracking pattern, etc. Ogrodowska et al. [19] presented the impact of nanomodification,
hybridization and temperature on the shear strength of BFRP bars. Pang et al. [20] in-
vestigated the flexural behavior of two-span continuous CFRP bar-reinforced concrete
beams. Roudsari et al. [21] proposed an optimization method to improve the structural
performance of FRP bars-reinforced concrete columns by using nonlinear finite element
(FE) model. Gu et al. [22] designed and conducted an experimental study to investigate
the flexural properties of hybrid FRP bars-reinforced concrete beams. Guo et al. [23] devel-
oped a method based on accumulative damage model to predict the fatigue life of CFRP
bar-reinforced concrete beams. Kim et al. [24] evaluated the structural performance of
concrete structural component reinforced with FRP bars by different bars. Bakar et al. [25]
reviewed the flexural strength of CFRP bar-reinforced concrete beams and indicated that
both ACI 440.1R-15 and CSA 5806-12 underestimate the ultimate flexural moment capacity
of CFRP-reinforced concrete beams.

Besides structural behavior, bond performance between FRP bar and concrete is also
important. Due to the difference in the chemical and mechanical properties between FRP
and steel bars, the bond performance between FRP bar and concrete cannot be directly
calculated using the traditional steel-concrete bond-slip model [26-28]. Yin et al. [29]
investigated the bond performance between different types of FRP bars and all-coral
aggregate seawater concrete by pull-out test, and showed that pull-out failure was mainly
observed in specimens with smooth round bars and deformed CFRP bars and splitting
failure was usually found in specimens with deformed BFRP and GFRP bars. In fact, the
bond performance between FRP bars and concrete is affected by several factors such as
material properties, and cover depth, etc. Many experimental and numerical studies have
been conducted to investigate the factors influencing the bonding performance between
FRP bars and concrete [30-35]. In particular, Caro et al. [36] analyzed the effect of FRP bar
diameter, concrete strength, and bond length on the bonding performance between FRP bars
epoxy-bonded into concrete. Veljkovic et al. [37] studied the influence of protective layer
thickness on the bond performance between GFRP bars and concrete. They showed that
the bond strength of ribbed GFRP bars was greater and the slip value was lower when the
protective layer thickness was small, because the failure mode changed to splitting failure
rather than pull-out failure. Jeong et al. [38] investigated the fatigue behavior of partially
bonded CFRP bar-reinforced concrete beams subjected to cyclic load. Zhao et al. [39]
carried out an experimental study to evaluate the bond behavior between CFRP bars,
GEFRP bars, steel strands and concrete, and pointed out the bond strength retention rate
of GFRP bars was the highest, while that of steel strand was the lowest. Gong et al. [40]
investigated the bond performance between CFRP bars and the cracked concrete interface
by conducting experiments. Zhou et al. [41] investigated the bond performance between
FRP bars and advanced sustainable concrete where seawater, sea sand, and recycled
aggregates were used.

However, there is limited research on the bond behavior between CFRP bars and SSSC,
due to the unique characteristics of CFRP bars, especially for different surface shapes of
CERP bars. Therefore, this paper conducted the pull-out tests on an SSSC cube with CFRP
bar to investigate the bond performance and the main factors influencing the bonding
performance, such as concrete compressive strength and relative area of ribs of a ribbed
CFRP bar. In addition, refined FE models were constructed and validated by experimental
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results, based on which a simple formula was proposed to evaluate the bond strength

approximately, and analytical expressions for different bond-slip curves were developed
as well.

2. Experimental Program

The properties of the adopted SSSC cube and CFRP bar, and the test procedures and
results, are presented in this section.

2.1. Material Properties

The seawater and sea sand used in this study were all produced naturally in Xiamen,
China. The cement used in this study was ordinary Portland cement with compressive
strength of 42.5 MPa after 28 days. The grain size distribution of sand and gravel aggregate
can be seen in Figure 1. High performance polycarboxylate superplasticizer with a water
reducing rate of 20% was used to ensure the proper workability of concrete. Class I fly ash
was used as the admixture and the content was 20%. Three grades of concrete—C30, C40,
and C50—were adopted in this study, and the details of concrete mixture can be seen in
Table 1, where “W/C” ratio means the water-to-cement ratio.
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Figure 1. Grain size distribution of sand and gravel aggregate.

Table 1. Details of concrete mixture.

W/C Seawater  Coal Ash Cement Sand Sea Sand Gravel Water Total Compressive
Grade Ratio (Kg/m®) (Kg/m®) (Kg/m®) Ratio (Kg/m®) Aggregate Reducer Mass Strength
& & (Kg/m3) (Kg/m®)  (Kg/md) /MPa
C30 0.521 184 70.7 282.79 0.396 756.26 1152.7 3.535 2450 375
C40 0.422 184 87.27 349.06 0.366 669 1156.3 4.363 2450 49.0
C50 0.345 184 106.56 426.24 0.344 593.7 1134.2 5.328 2450 58.9

High-adhesion carbon fiber prestressed bars were used as the CFRP bars, which had a
diameter of 10 mm in this study. Three types of CFRP bars with different surface shapes,
namely, smooth regular bars, double-wrapped bars, and ribbed bars, were selected. Figure 2
shows the three types of CFRP bars with different surface shapes, and Table 2 presents their
elastic modulus and tensile strength, which were determined by tensile testing.
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Figure 2. CFRP bars with different surface shapes: (a) smooth regular bars; (b) double-wrapped bars;
(c) ribbed bars.

Table 2. Mechanical properties of CFRP bars.

Surface Type Elastic Modulus (GPa) Tensile Strength (MPa)
Smooth regular bars 180.0 1862.3
Double-wrapped bars 166.4 1670.5
Ribbed bars 172.1 1634.0

2.2. Specimens

Each specimen consisted of a CFRP bar, a PVC tube, a steel tube, and a concrete
cube, as shown in Figure 3. The concrete cube for each specimen had the dimensions of
150 mm X 150 mm x 150 mm, followed by ACI 440.3R-12 [42], Chinese national code [43],
and previous studies [34]. A steel tube was adhered to the loading end of CFRP bar to
protect the bar during pull-out test, while the other end of the CFRP bar was freely exposed.
The bond length between CFRP bar and concrete was 50 mm, and a 100 mm-long PVC
tube was used to separate CFRP bar and concrete, because the ratio of embedded length to
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diameter of rebar should be 5 [42,43]. Once the specimens were cast, they were cured at
standard conditions for 28 days.

CFRP

PVC tube

I P

e et — b1

500

Steel sleeve

(b)
Figure 3. Pull-out specimen: (a) photograph; (b) illustration.

In this study, the identification of specimen is determined as follows: the first letter
indicates the CFRP bar type (S for smooth regular bar, D for double-wrapped bar, and R for
ribbed bar), the first number indicates the grade of concrete, the second number indicates
the ratio of cover depth to diameter of CFRP bar (c/d), and the last number donates the
specimen number. For example, “S-50-7-3" designates the third specimen of the smooth
regular CFRP bar-reinforced C50 SSSC cube with cover-depth-to-bar-diameter ratio of 7.
A total of 27 specimens were cast in 9 groups based on orthogonal test design, which are
listed in Table 3. For each group, three specimens were prepared to ensure data reliability.

Table 3. Details of specimens.

Group Grade of Concrete Surface Type cld
1 C30 S 2
2 C40 D 2
3 C50 R 2
4 C50 D 4
5 C40 S 4
6 C30 R 4
7 C30 D 7
8 C40 R 7
9 C50 S 7

2.3. Pull-Out Test

Figure 4 illustrates the experimental setup of pull-out test. The specimen was held
by a frame consisting of two steel plate and four rods, the upper plate was connected to
the test machine, and the lower plate had a hole to allow the CFRP bar to pass through.
The relative slip between SSSC cube and CFRP bar were measured by LVDT. A universal
testing machine was employed to apply the tensile load under displacement control at
0.5 mm/min.
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Figure 4. Experimental setup of pull-out test: (a) photograph; (b) illustration.

2.4. Test Results

In the pull-out test, since the stress distribution is not uniform, which means that the
shear stress along the axial direction (7y) is not exactly a constant, the average bond stress
along the embedded CFRP bar (7) is therefore adopted:

B fol Tedx P
- I T ndl

T 1
where P is the pull-out load measured by the universal testing machine, d is the diameter of
CFRP bar, and ! is the length of embedded CFRP bar. The relationship between the average
bond stress and the unloaded CFRP bar end slip is used to analyze the bond behavior
in this study. The test results have been summarized in Table 4, including the specimen
ID, average bond strength, the peak slip related to the maximum load, and the failure
mode (P = pull-out failure, S = splitting failure). In particular, the predicted bond strength
by ACI 440.1R-06 [44] listed in Table 4 shows that the ACI code is not conservative for the
bond strength between SSSC and CFRP bars with three different surface shapes, which
indicates that this study is of significance.

Table 4. Test results for pull-out specimens.

Measured Bond Strength ~ ACI Bond Strength ~ Peak Slip Failure

Specimen ID MPa MPa (mm) Mode
S-50-7-1 9.82 14.78 4.52 P
S-50-7-2 9.02 14.78 3.13 P
S-50-7-3 11.21 14.78 3.95 P
D-50-4-1 15.27 14.27 8.24 P
D-50-4-2 18.31 14.27 10.91 P
D-50-4-3 16.15 14.27 6.2 S
R-50-2-1 12.51 13.93 2.28 P
R-50-2-2 11 13.93 1.6 P
R-50-2-3 13.76 13.93 3.87 P
S-40-4-1 10.4 13.01 11.67 P
S-40-4-2 14.82 13.01 18.1 P
S-40-4-3 13.37 13.01 13.27 P
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Table 4. Cont.

Specimen ID Measured Bond Strength ~ ACI Bond Strength ~ Peak Slip Failure

MPa MPa (mm) Mode
D-40-2-1 14.03 12.70 6.18 S
D-40-2-2 13 12.70 5.79 S
D-40-2-3 13.71 12.70 7.7 S
R-40-7-1 16.88 13.48 6.65 P
R-40-7-2 12.72 13.48 2.82 P
R-40-7-3 16.71 13.48 7.63 P
S-30-2-1 8.26 11.11 3.26 S
S-30-2-2 9.02 11.11 4.7 S
S-30-2-3 9.67 11.11 7.92 P
D-30-7-1 10.85 11.79 12.83 P
D-30-7-2 9.21 11.79 14.5 P
D-30-7-3 13.43 11.79 11.59 P
R-30-4-1 8.82 11.38 1.98 P
R-30-4-2 6.95 11.38 1.12 P
R-30-4-3 9.42 11.38 1.96 P

2.4.1. Failure Mode

Two typical failure modes were observed during the pull-out tests: CFRP bar pull-out
failure and concrete splitting failure.

For the CFRP bar pull-out failure, the surface of the concrete did not change signifi-
cantly except that a small portion of the concrete near the bonding interface spalled off, and
the CFRP bar was pulled out without damage, as shown in Figure 5a. Such failure mode
occurred at the interface once the pull-out stress exceeded the shear bond strength between
CFRP bar and concrete. Generally, when the ratio of cover depth to bar diameter (c/d)
was no less than 4, the CFRP bar pull-out failure can be observed, since the surrounding
concrete could still provide sufficient confinement to prevent splitting. This failure mode is
usually preferred in actual application because it can provide an accurate evaluation of the
bonding strength between CFRP bar and concrete.

(b)

Figure 5. Different types of failure mode: (a) CFRP bar pull-out failure; (b) concrete splitting failure.
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For the concrete splitting failure, a large portion of the concrete spalled off, since the
surrounding concrete can never provide adequate confinement before the pull-out stress
exceeded the shear strength between CFRP bar and concrete, as shown in Figure 5b. There
was a thin layer of concrete around the bar surface and the interface between CFRP bar
and concrete was still undamaged, indicating that the bond strength was not attained. The
radical stress due to the pull-out load initiated cracks in the radical direction from the
interface, and the concrete confinement was not sufficient to prevent the crack propagation.
This failure mode was only observed for smooth regular bar and double-wrapped bar
when the ratio of cover depth to bar diameter was 2.

2.4.2. Bond-Slip Curves

As discussed above, there were two typical failure modes. Each failure mode has its
own bond-slip relationship, which can be seen in Figure 6.

20

18t —m—5.50-7-2
—— D-50-4-1
——D-30-7-3

16 |

14

=
N

Bond Stress/MPa
» B

0 L L L L L

0 5 10 15 20 25 30
Displacement/mm
(@)
20
18 —=— R-50-2-1
r —e—R-40-7-2
16T —4—R-30-4-1

Bond Stress/MPa

0 " 1 " 1 " 1

0 5 10 15 20

Displacement/mm

(b)
Figure 6. Cont.
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Figure 6. Bond-slip curves of different failure mode (a) bar pull-out failure (smooth regular CFRP
bar) (b) bar pull-out failure (double ribbed CFRP bar) (c) concrete splitting failure.

Figure 6a shows the bond-slip curve of smooth regular CFRP bar subject to bar pull-
out failure (5-50-7-2, D-50-4-1, D-30-7-3). The bond stress increases gradually with the slip
until the first peak. After reaching the maximum bond stress (bond strength), the interface
between concrete and CFRP bar starts to damage, and the bond stress decreases slightly
as the slip continues to increase. With the large increase in slip, the interface is damaged
completely, and the bond stress comes from friction rather than bonding interface between
concrete and bar. It should be noted that even if the interface was damaged completely in
the test, the contact between concrete and bar was still close, and therefore, the bond stress
only decreases from the peak value slightly in Figure 6a, which means that the friction can
still provide resistance to slip between concrete and CFRP bar.

Figure 6b shows the bond-slip curve of ribbed CFRP bar subjected to bar pull-out
failure (R-50-2-1, R-40-7-2, R-30-4-1). Different from the above bond-slip curve, the bond
stress increases quickly with the slip at the initial stage, and it can reach the first peak
when the slip is only 2 to 3 mm, which means that the bonding between ribbed bar and
concrete is great, and the bond stress can achieve a high level with limited deformation of
bar. With the increase in slip, the bond stress decreases slightly due to peeling off of some
ribs and the corresponding damage of interface. However, the bond stress rises slightly
again since the friction between concrete and damaged ribs increases with the increase
in slip. Then, the same procedures repeat a few times, and therefore, the bond-slip curve
fluctuates periodically.

Figure 6¢ represents the bond-slip curve of concrete splitting failure (D-50-4-3, D-40-2-1,
S-30-2-2). Similarly to the initial stage of the bond-slip curve of CFRP bar pull-out failure,
the bond tress rises gradually with the slip until maximum bond stress (bond strength).
However, after the peak, the bond stress decreases suddenly because the radial cracks
initiate and propagate quickly. Although the interface between concrete and bar is still
undamaged, the bar and the nearly surrounding concrete separate from the concrete cube
completely, and therefore, the bond-slip curve drops with a great negative gradient after
the maximum value.

3. Numerical Analysis

FE models simulating the pull-out test of the three types of CFRP bars have been
constructed by ABAQUS 2020 and validated by the experimental results. A parametric
study has also been conducted to investigate the effect of different factors including concrete



Polymers 2022, 14, 2689

10 of 19

compressive strength, CFRP bar diameter, and relative size of rib on bond performance
between an SSSC cube and CFRP bar.

3.1. FE Models

The FE models of three bars with different surface shapes are shown in Figure 7. The
diameter for all three bars is 10 mm. The double-wrapped bar has wrapping spacing of 14 mm
and the ribbed bar has rib spacing of 4 mm, rib height of 1 mm, and rib width of 2 mm.

0 o o o o e o o o

(0)
Figure 7. FE models of (a) regular bar. (b) double-wrapped bar, and (c) ribbed bar.

The assembled FE model of an SSSC cube and CFRP bar is shown in Figure 8, where the
general contact between concrete and CFRP bar was adopted in the FE models. In particular,
“Hard Contact” was selected for normal behavior, “Friction” was selected for tangential
behavior, and the friction coefficient was set to 0.5. “Finite sliding” was adopted as the
sliding formulation to simulate the slip between the concrete and CFRP bar. A gap of 1 mm
between concrete and bar was modeled to simulate the PVC pipe. All degrees of freedom of
bottom surface of the concrete cube was restrained to simulate fixed boundary conditions.
The load was applied to the end of CFRP bar by displacement control, coinciding with
the pull-out test. C3D8R element (8-node cuboid element with reduced integration) was
used for the concrete cube and regular CFRP bar, and C3D4 element (4-node tetrahedral
element) was used for double-wrapped CFRP bar and ribbed CFRP bar. The size of mesh
on the CFRP bar was around 1 mm, nearly one tenth of the CFRP bar diameter, to ensure
the convergence. In fact, the convergence was checked and it showed that when the mesh
size was less than one eighth of the CFRP bar diameter, the results converged. A cylindrical
zone with diameter of 60 mm in center of the concrete cube was generated which had the
same mesh size with the CFRP bar. The rest of the concrete cube had a mesh size of 4 mm
to reduce the total mesh number. The total mesh number of FE models varied from 2 x 10°
to 4 x 10°.

The concrete damage plasticity (CDP) model was employed as the constitutive model
of SSSC to simulate the smeared crack representation, and the detailed parameters can be
seen in Table 5, where f1,y/f o is the compression plastic strain ratio and K is the invariant
stress ratio. It combines damage theory and plasticity theory, and it includes two main
failure mechanisms, namely, tensile cracking and compression fractures. The material
properties of CFRP bar were obtained from a static test, and they are listed in Table 5 as well.
The stress—strain curve of CFRP bar measured in the static test was used as the material
property of CFRP bar in the simulation, which can be achieved by keying in measured data
in ABAQUS.
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Figure 8. Assembled FE model of CFRP bar and SSSC cube.
Table 5. Material properties of SSSC cube and CFRP bar.
. Young's Compressive Tensile . S, . .
]()e?;lg Modulus Strength Strength Plg;iioon ?;Lat;:n Eccentricity  fpo/fco K I}; lrs:;ilttgr
g (GPa) (MPa) (MPa) 8
SSSC (C50) 242 308 58.9 3.72 0.2 30 0.1 1.16 0.667 0.001
CFRP bar 1.78 170 / 1700 0.3 / / / / /

3.2. Verification of Proposed FE Models

The FE models have been verified by the experimental results. Figure 9 shows the
comparison of bond-slip curves of S-50-7-2 and R-40-7-2, obtained by experimental test
and numerical simulation. It should be noted that the surrounding matrix has great stress
and strain during the pull-out of the CERP bar, and therefore, a cylindrical zone of 60 mm
diameter having fine meshes had been used in the FE model. The bond stress by ABAQUS
in Figure 9 was calculated as the average stress along the CFRP bar in the numerical
simulation. Generally, the simulation results match the experimental results well. For
specimen S5-50-7-2, the maximum bond stress by numerical simulation is quite accurate,
although the bond stress increases slightly slower than that measured in the test during the
bond stress raising stage. For the specimen R-40-7-2, the FE model can accurately calculate
the maximum bond stress and also the following fluctuation in bond-slip curve for the
ribbed bar. Other bond-slip curves obtained by numerical simulations agree well with
those from the experimental pull-out test, and they are not shown herein for brevity.
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Figure 9. Comparison of bond-slip curves between experimental test and numerical simulation:
(a) S-50-7-2; (b) R-40-7-2.

3.3. Parametric Study

Two factors, concrete compressive strength and relative size of rib, have been consid-
ered in this study to investigate the effect on the bond strength by the validated FE models.

3.3.1. Concrete Compressive Strength

An FE model of the regular bar with a diameter of 10 mm, ratio of cover depth to
bar diameter of 7, was used to investigate the effect of concrete compressive strength on
bond strength. Concrete compressive strength was used in the simulation, with 11 different
values from 20 MPa to 80 MPa. Figure 10a shows the bond-slip curves with concrete
compressive strength of 20 MPa, 40 MPa, 60 MPa, and 80 MPa, respectively. Since the
concrete cover depth is sufficient, the CFRP pull-out failure can be observed. Therefore,
the bond-slip curves rise to the maximum bond stress and then drop gradually, which
coincides with the experimental observation. The relationship between bond strength and
concrete strength is shown in Figure 10b. Generally, the bond strength between the concrete
and CFRP bar increases as the concrete strength rises, but it should be noted that there is a
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plateau from 30 MPa to 40 MPa, which means that when the concrete compressive strength
increases from 30 MPa to 40 MPa, the bond strength is still about 7.3 MPa without obvious
increase. Figure 10b also shows the relationship between slip displacement related to the
maximum bond stress and concrete strength, and the former slightly changes in the narrow
range from 2 mm to 3 mm, although the latter increases from 20 MPa to 80 MPa, indicating
that the concrete compressive strength has negligible influence on the slip displacement
related to the maximum bond stress.

ok ——C20
——C40
8 —— C80

Bond stress/MPa
[«2]

0 . ] . ] . ] . ] . ] .
0 2 4 6 8 10 12

Displacement/mm

(a)
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—=— Bond strength

9.0 [~ |—=— Slip displacement e
—" 14
- ) .""/
- 8.5 P E
= / h:
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—g o el
g a.
[=a] =
7.0 »
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Figure 10. Effect of concrete compressive strength on bond strength: (a) bond-clip curves; (b) rela-
tionship between bond strength /slip displacement and concrete strength.

3.3.2. Relative Size of Rib

To investigate the effect of relative size of rib on bond strength, the FE model of the
ribbed bar with diameter of 10 mm, ratio of cover depth to bar diameter of 7, and concrete
compressive strength of 50 MPa was adopted. The relative size of rib is defined as the ratio
of rib area to the cross-sectional area of CFRP bar, and five values, 0.15, 0.18, 0.23, 0.3, and 0.45,
have been considered. Figure 11a shows the bond-clip curves with relative size of rib from
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0.15 to 0.45. When the relative size of rib is in the range of 0 to 0.18, the CFRP bar pull-out
failure occurs, so the bond stress decreases gradually after the maximum bond stress;
when the relative size of rib is above 0.2, the failure mode changes to concrete splitting,
and the bond stress drops drastically. Figure 11b shows the relationship between bond
strength/slip displacement and relative size of rib. It is observed that when the relative size
increases from 0 to 0.15, the bond strength increases significantly from 6.8 MPa to 12.5 MPa,
and the corresponding slip displacement decrease from 2.5 mm to 1.0 mm, because of the
presence of ribs. When the relative size of rib increases to 0.23, the failure mode changes to
concrete splitting, and therefore, the bond strength and the corresponding slip displacement
drops accordingly.
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Figure 11. Effect of relative size of rib on bond strength (a) bond-clip curves (b) relationship between
bond strength/slip displacement and relative size of rib.

4. Analytical Model

In this section, a simple approximate formula of bond strength has been developed
based on the numerical parametric study and validated by the experimental results. In
addition, the analytical bond-slip curves for different failure mode has also been proposed.
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4.1. Bond Strength

It is observed from the numerical study how the three factors influence the bond
strength between CFRP bar and SSSC, and therefore, a simple formula of bond strength
(T4) is proposed as

Ty = BrBaPc )

where 029
C .
Br =1.66(3) 3)

is the factor of cover depth to diameter (c/d) ratio and it is obtained by fitting the curve in
Figure 10b by least squares method, and

[ 1.24, Concrete spliting failure @)
Pa= 1.80, CFRP bar pullout failure

is the factor of relative size of rib, and

ﬁc — 2_96fc0.258 (5)

is the factor of concrete compressive strength (f;), and it is also obtained by fitting the curve
in Figure 9b by the least squares method.

Figure 12 shows the comparison of bond strength calculated by the proposed formula
and measured in the pull-out test. It is observed the formula can predict the bond strength
well and conservatively, regardless of the type of CFRP bars. Therefore, the proposed
expression of bond strength is applicable for all these types of CFRP bars.

20
[
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g ]
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Figure 12. Comparison of bond strength calculated by the proposed formula and measured in the
pull-out test.

4.2. Bond-Slip Curves

The analytical expression of bond-slip curves for the two failure modes have been
proposed herein. Figure 13 shows the three typical bond-slip curves observed in the pull-
out test. Generally, there are two parts in the bond-slip curve: the rising part where the
chemical adhesive force plays a major role, and the sliding part where the bonding force is
mainly due to friction.
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()

(b) (©)

Figure 13. Typical bond-slip curves: (a) regular bar and double-wrapped bar subject to bar pull-out
failure; (b) ribbed bar subject to bar pull-out failure; (c) regular bar and double-wrapped bar subject
to concrete splitting failure.

For the regular bar and double-wrapped bar, the Malvar model [45] and linear model
have been used for the rising part and sliding part, respectively, regardless of failure mode:

F()H(G=1)(s/5m)”
T _ ) TR (g Gl S5 S o

Tm 1—k(5—1),s>sm

where s is the slip and s, is the slip displacement corresponding to the maximum bond
stress, while F, G, and k are unknown parameters to be determined by experimental results.

For the ribbed bar, after the short sliding part from s;, to sy, there is a fluctuating
part due to the presence of ribs. Therefore, BPE model [46] and linear model have been
adopted for the rising part and sliding part, respectively, and a fluctuation function has
been selected for the fluctuating part:

(s/sm)",0 <s <sp

(Tw*Tm) S+TmSw—TwSm <g<
Sw—5m /Sm =8 S Sw

L 0% {e_‘/"“(s_sw) cos(s — sy) — 1} @

+p (e—W(S—Sw) - 1),5 > sy

where 4, 7, ¢, w, and p are unknown parameters to be determined by experimental results.

Figure 14 shows the fitted bond-slip curves of 5-30-2-4, D-30-7-4, and R-40-7-2 for
illustration, and Table 6 lists the values of unknown parameters determined by the test
results. It is observed that the fitted bond-slip curves and the test results have a great
agreement, indicating that the proposed analytical expressions can depict the characteristics
of these three typical bond-slip curves well.

Table 6. Parameters adopted in Figure 13.

Parameter D-30-7-4 S-30-2-4 Parameter D-40-7-2
F 4.788 4.363 a 0.72
G —3.083 —2.682 01 0.93
k —0.168 —1.176 () 0.07
w 1.33
0 —-1.17
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Figure 14. Comparison of fitted bond-slip curves and test results.

5. Conclusions

In this study, the bond-slip behavior between an SSSC cube and CFRP bar with
different surface shapes has been investigated. A total of 27 specimens (9 groups) were
fabricated for the pull-out test, where three different CFRP bar surface shapes were used,
namely, smooth regular bars, double-wrapped bars and ribbed bars. Accordingly, bond
strength, bond-slip curve, and failure mode have been presented and discussed. FE models
of specimens have also been constructed and validated by the experimental results. The
effect of concrete compressive strength and relative area of ribs on bond strength has been
studied through numerical simulations. In addition, a simple formula has been proposed to
approximately evaluate the bond strength between SSSC cube and CFRP bar and validated
by test results. The proposed formula is more accurate than the provisions in ACI because
the latter is more conservative. Analytical expressions for different bond-slip curves have
also been developed. The main findings and conclusions are listed as follows:

1.  In the pull-out test, the bond strength was highly dependent on the concrete com-
pressive strength and the surface type of CFRP bars. The bond strength was higher
if the concrete compressive strength value was larger, and the ribbed bar had signif-
icantly higher bond strength than the regular bar, which were further validated in
the numerical simulations. From the numerical simulations, it is further observed
that the increasing rate of bond strength became slower with the increase in concrete
compressive stress.

2. There were two failure modes observed during the pull-out test mainly depending
on the ratio of cover depth to bar diameter—CFRP bar pull-out failure and concrete
splitting failure. When the ratio of cover depth to bar diameter was no less than 4, the
CFRP bar pull-out failure was observed, and otherwise, the concrete splitting failure
occurred, because cracks initiated due to pull-out-load-induced radical stress, and the
concrete confinement was not sufficient to prevent the crack propagation.

3. The bond-slip curves for different failure mode were different. Generally, the bond
stress dropped significantly after the maximum value for the concrete splitting failure
and it decreased gradually (regular bars) or fluctuated slowly (ribbed bars) after the
maximum value for the CFRP bar pull-out failure.

4. The proposed simple formula based on the parametric study can approximately
predict the bond strength, which is more accurate than those in ACI, and the analytical
expressions can depict the bond-slip curves for different failure modes and different
shapes of CFRP bar.



Polymers 2022, 14, 2689 18 of 19

Author Contributions: Conceptualization, J.G. and G.P.T.; methodology, J.G.; investigation, P.X.
and L.F,; writing—original draft preparation, P.X.; writing—review and editing, ].G.; supervision,
J.G.; project administration, J.G. All authors have read and agreed to the published version of
the manuscript.

Funding: Natural Science Foundation of China (U2005216), Science and Technology Research and
Development Plan of China Railway Group Limited (2020-Key-11), Natural Science Foundation of
Fujian (2020]01010).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We are grateful to the following agencies for their supports in this study: Natural
Science Foundation of China (U2005216), Science and Technology Research and Development Plan of
China Railway Group Limited (2020-Key-11), Natural Science Foundation of Fujian (2020J01010).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zhao, Y.; Hu, X;; Shi, C.; Zhang, Z.; Zhu, D. A review on seawater sea-sand concrete: Mixture proportion, hydration, microstructure
and properties. Constr. Build. Mater. 2021, 295, 123602. [CrossRef]

2. Xiao, J.; Qiang, C.; Nanni, A.; Zhang, K. Use of sea-sand and seawater in concrete construction: Current status and future
opportunities. Constr. Build. Mater. 2017, 155, 1101-1111. [CrossRef]

3. Li, Y.T; Zhou, L.; Zhang, Y.; Cui, ].W,; Shao, J. Study on Long-Term Performance of Concrete Based on Seawater, Sea Sand and
Coral Sand. Adv. Mater. Res. 2013, 706—708, 512-515. [CrossRef]

4.  Saleh, S.; Zhao, X.-L.; Hamed, E. Development of a Sustainable Industrial Byproduct Based Seawater and Sea Sand Ultra-High
Performance Concrete. Environ. Sci. Proc. 2021, 12, 20. [CrossRef]

5. Qiao, S.; Xiong, Z.; Li, Y,; Ye, Z.; He, S.; Li, L.; Zeng, Y. Mechanical Properties of Seawater Sea-Sand Concrete Exposed to Daily
Temperature Variations. Buildings 2022, 12, 517. [CrossRef]

6.  Dhondy, T.; Remennikov, A.; Sheikh, M.N. Properties and Application of Sea Sand in Sea Sand-Seawater Concrete. J. Mater. Civ.
Eng. 2020, 32, 04020392. [CrossRef]

7. Jiang, Z.;Li, S.; Fu, C,; Dong, Z.; Zhang, X.; Jin, N.; Xia, T. Macrocell Corrosion of Steel in Concrete under Carbonation, Internal
Chloride Admixing and Accelerated Chloride Penetration Conditions. Materials 2021, 14, 7691. [CrossRef]

8.  Kiesse, T.S.; Bonnet, S.; Amiri, O.; Ventura, A. Analysis of corrosion risk due to chloride diffusion for concrete structures in marine
environment. Mar. Struct. 2020, 73, 102804. [CrossRef]

9. Khan, M.U.; Ahmad, S.; Al-Gahtani, H.J. Chloride-Induced Corrosion of Steel in Concrete: An Overview on Chloride Diffusion
and Prediction of Corrosion Initiation Time. Int. J. Corros. 2017, 2017, 5819202. [CrossRef]

10. Hu, X;; Xiao, J.; Zhang, K.; Zhang, Q. The state-of-the-art study on durability of FRP reinforced concrete with seawater and sea
sand. J. Build. Eng. 2022, 51, 104294. [CrossRef]

11. Bazli, M.; Zhao, X.-L.; Raman, R.S.; Bai, Y.; Al-Saadi, S. Bond performance between FRP tubes and seawater sea sand concrete
after exposure to seawater condition. Constr. Build. Mater. 2020, 265, 120342. [CrossRef]

12.  Morales, C.N.; Claure, G.; Emparanza, A.R.; Nanni, A. Durability of GFRP reinforcing bars in seawater concrete. Constr. Build.
Mater. 2021, 270, 121492. [CrossRef]

13. Lu, Z,;Su, L; Xian, G.; Lu, B,; Xie, J. Durability study of concrete-covered basalt fiber-reinforced polymer (BFRP) bars in marine
environment. Compos. Struct. 2020, 234, 111650. [CrossRef]

14. Mohamed, O.A.; Al Hawat, W.; Keshawarz, M. Durability and Mechanical Properties of Concrete Reinforced with Basalt
Fiber-Reinforced Polymer (BFRP) Bars: Towards Sustainable Infrastructure. Polymers 2021, 13, 1402. [CrossRef]

15.  Yu, Y Pan, Y.; Zhou, R.; Miao, X. Effects of Water and Alkaline Solution on Durability of Carbon-Glass Hybrid Fiber Reinforced
Polymer Bars. Polymers 2021, 13, 3844. [CrossRef]

16. Dong, S.; Li, C.; Xian, G. Environmental Impacts of Glass- and Carbon-Fiber-Reinforced Polymer Bar-Reinforced Seawater and
Sea Sand Concrete Beams Used in Marine Environments: An LCA Case Study. Polymers 2021, 13, 154. [CrossRef]

17. Jiang,].; Luo, ], Yu, J.; Wang, Z. Performance Improvement of a Fiber-Reinforced Polymer Bar for a Reinforced Sea Sand and
Seawater Concrete Beam in the Serviceability Limit State. Sensors 2019, 19, 654. [CrossRef]

18. Karayannis, C.G.; Kosmidou, P-M.K.; Chalioris, C.E. Reinforced Concrete Beams with Carbon-Fiber-Reinforced Polymer Bars—
Experimental Study. Fibers 2018, 6, 99. [CrossRef]

19. Ogrodowska, K.; Luszcz, K.; Garbacz, A. Nanomodification, Hybridization and Temperature Impact on Shear Strength of Basalt
Fiber-Reinforced Polymer Bars. Polymers 2021, 13, 2585. [CrossRef]

20. Pang, M.; Shi, S.; Hu, H.; Lou, T. Flexural Behavior of Two-Span Continuous CFRP RC Beams. Materials 2021, 14, 6746. [CrossRef]


http://doi.org/10.1016/j.conbuildmat.2021.123602
http://doi.org/10.1016/j.conbuildmat.2017.08.130
http://doi.org/10.4028/www.scientific.net/AMR.706-708.512
http://doi.org/10.3390/environsciproc2021012020
http://doi.org/10.3390/buildings12050517
http://doi.org/10.1061/(ASCE)MT.1943-5533.0003475
http://doi.org/10.3390/ma14247691
http://doi.org/10.1016/j.marstruc.2020.102804
http://doi.org/10.1155/2017/5819202
http://doi.org/10.1016/j.jobe.2022.104294
http://doi.org/10.1016/j.conbuildmat.2020.120342
http://doi.org/10.1016/j.conbuildmat.2020.121492
http://doi.org/10.1016/j.compstruct.2019.111650
http://doi.org/10.3390/polym13091402
http://doi.org/10.3390/polym13213844
http://doi.org/10.3390/polym13010154
http://doi.org/10.3390/s19030654
http://doi.org/10.3390/fib6040099
http://doi.org/10.3390/polym13162585
http://doi.org/10.3390/ma14226746

Polymers 2022, 14, 2689 19 of 19

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.
46.

Roudsari, S.S.; Ungureanu, L.M.; Soroushnia, S.; Abu-Lebdeh, T.; Petrescu, ELT. Optimization of Fiber-Reinforced Polymer Bars
for Reinforced Concrete Column Using Nonlinear Finite Element Algorithms. Algorithms 2022, 15, 12. [CrossRef]

Gu, W,; Liu, H.; Dong, Y. Experimental Study on the Flexural Properties of Concrete Beams Reinforced with Hybrid Steel/Fiber-
Belt-Bars. Materials 2022, 15, 3505. [CrossRef] [PubMed]

Guo, X.-Y;; Wang, Y.-L.; Huang, P.-Y.; Zheng, X.-H.; Yang, Y. Fatigue Life Prediction of Reinforced Concrete Beams Strengthened
with CFRP: Study Based on an Accumulative Damage Model. Polymers 2019, 11, 130. [CrossRef] [PubMed]

Kim, T.-K,; Park, J.-S.; Kim, S.-H.; Jung, W.-T. Structural Behavior Evaluation of Reinforced Concrete Using the Fiber-Reinforced
Polymer Strengthening Method. Polymers 2021, 13, 780. [CrossRef]

Bakar, M.B.C.; Muhammad Rashid, R.S.; Amran, M.; Saleh Jaafar, M.; Vatin, N.I.; Fediuk, R. Flexural Strength of Concrete Beam
Reinforced with CFRP Bars: A Review. Materials 2022, 15, 1144. [CrossRef]

Stark, A.; Classen, M.; Hegger, ]. Bond behaviour of CFRP tendons in UHPFRC. Eng. Struct. 2019, 178, 148-161. [CrossRef]
Akbas, T.T.; Celik, O.C.; Yalcin, C.; Ilki, A. Monotonic and Cyclic Bond Behavior of Deformed CFRP Bars in High Strength
Concrete. Polymers 2016, 8, 211. [CrossRef]

Kalupahana, W.; Ibell, T.; Darby, A. Bond characteristics of near surface mounted CFRP bars. Constr. Build. Mater. 2013, 43, 58-68.
[CrossRef]

Yin, S.; Hu, C; Liang, X. Bonding Properties of Different Kinds of FRP Bars and Steel Bars with All-Coral Aggregate Seawater
Concrete. J. Mater. Civ. Eng. 2020, 32, 04020282. [CrossRef]

Cao, R.; Zhang, B.; Wang, L.; Ding, J.; Chen, X. Utilizing alkali-activated materials as ordinary Portland cement replacement to
study the bond performance of fiber-reinforced polymer bars in seawater sea-sand concrete. Adv. Struct. Eng. 2022, 25, 1103-1113.
[CrossRef]

Zeng, ].-].; Liao, J.; Zhuge, Y.; Guo, Y.-C.; Zhou, ].-K.; Huang, Z.-H.; Zhang, L. Bond behavior between GFRP bars and seawater
sea-sand fiber-reinforced ultra-high strength concrete. Eng. Struct. 2022, 254, 113787. [CrossRef]

Su, X.; Yin, S.-P; Zhao, Y.-D.; Hua, Y.-T. Experimental study on bond behavior between BFRP bars and seawater sea-sand concrete.
J. Central South Univ. 2021, 28, 2193-2205. [CrossRef]

Zhao, Y.; Zhang, Y.; Yu, P.; Xu, J. Bond behavior of BFRP bars in concrete under lateral pressure. Polym. Compos. 2021, 42,
6080-6093. [CrossRef]

Nepomuceno, E.; Sena-Cruz, J.; Correia, L.; D’ Antino, T. Review on the bond behavior and durability of FRP bars to concrete.
Constr. Build. Mater. 2021, 287, 123042. [CrossRef]

Rolland, A.; Argoul, P; Benzarti, K.; Quiertant, M.; Chataigner, S.; Khadour, A. Analytical and numerical modeling of the bond
behavior between FRP reinforcing bars and concrete. Constr. Build. Mater. 2020, 231, 117160. [CrossRef]

Caro, M,; Jemaa, Y.; Dirar, S.; Quinn, A. Bond performance of deep embedment FRP bars epoxy-bonded into concrete. Eng. Struct.
2017, 147, 448-457. [CrossRef]

Veljkovic, A.; Carvelli, V.; Haffke, M.M.; Pahn, M. Effect of Small Concrete Cover on the Fatigue Behavior of GFRP Bars and
Concrete Bond. J. Compos. Constr. 2019, 23. [CrossRef]

Jeong, Y.; Kim, W.; Gribniak, V.; Hui, D. Fatigue Behavior of Concrete Beams Prestressed with Partially Bonded CFRP Bars
Subjected to Cyclic Loads. Materials 2019, 12, 3352. [CrossRef]

Zhao, ].; Luo, X.; Wang, Z; Feng, S.; Gong, X.; Shumuye, E. Experimental Study on Bond Performance of Carbon- and Glass-Fiber
Reinforced Polymer (CFRP/GFRP) Bars and Steel Strands to Concrete. Materials 2021, 14, 1268. [CrossRef]

Gong, Y.; Shan, Y.; Wu, Y,; Wang, L.; Liu, X.; Ding, E. Bond Properties of Carbon Fiber Reinforced Polymer and Corrosion-Cracked
Reinforced Concrete Interface: Experimental Test and Nonlinear Degenerate Interface Law. Materials 2021, 14, 5333. [CrossRef]
Zhou, Y.; Wu, G,; Li, L.; Guan, Z.; Guo, M.; Yang, L.; Li, Z. Experimental Investigations on Bond Behavior between FRP Bars and
Advanced Sustainable Concrete. Polymers 2022, 14, 1132. [CrossRef]

ACI Committee 440.3R-12; Guide Test Methods for Fiber Reinforced Polymers (FRPs) for Reinforcing or Strengthening Concrete
Structures. American Concrete Institute: Farmington Hills, MI, USA, 2021.

GB/T50152-2012; Standard for test method of concrete structures. China Academy of Building Science: Bejing, China, 2012.
ACI440.1R-06; Guide for the Design and Construction of Structural Concrete Reinforced with FRP Bars. American Concrete
Institute: Indianapolis, IN, USA, 2006.

Malvar, L.J. Tensile and bond properties of GFRP reinforcing bars. ACI Mater. |. 1995, 92, 276-285.

Cosenza, E.; Manfredi, G.; Realfonzo, R. Behavior and Modeling of Bond of FRP Rebars to Concrete. J. Compos. Constr. 1997, 1,
40-51. [CrossRef]


http://doi.org/10.3390/a15010012
http://doi.org/10.3390/ma15103505
http://www.ncbi.nlm.nih.gov/pubmed/35629532
http://doi.org/10.3390/polym11010130
http://www.ncbi.nlm.nih.gov/pubmed/30960114
http://doi.org/10.3390/polym13050780
http://doi.org/10.3390/ma15031144
http://doi.org/10.1016/j.engstruct.2018.10.002
http://doi.org/10.3390/polym8060211
http://doi.org/10.1016/j.conbuildmat.2013.01.021
http://doi.org/10.1061/(ASCE)MT.1943-5533.0003378
http://doi.org/10.1177/13694332211065186
http://doi.org/10.1016/j.engstruct.2021.113787
http://doi.org/10.1007/s11771-021-4762-2
http://doi.org/10.1002/pc.26286
http://doi.org/10.1016/j.conbuildmat.2021.123042
http://doi.org/10.1016/j.conbuildmat.2019.117160
http://doi.org/10.1016/j.engstruct.2017.05.069
http://doi.org/10.1061/(ASCE)CC.1943-5614.0000919
http://doi.org/10.3390/ma12203352
http://doi.org/10.3390/ma14051268
http://doi.org/10.3390/ma14185333
http://doi.org/10.3390/polym14061132
http://doi.org/10.1061/(ASCE)1090-0268(1997)1:2(40)

	Introduction 
	Experimental Program 
	Material Properties 
	Specimens 
	Pull-Out Test 
	Test Results 
	Failure Mode 
	Bond-Slip Curves 


	Numerical Analysis 
	FE Models 
	Verification of Proposed FE Models 
	Parametric Study 
	Concrete Compressive Strength 
	Relative Size of Rib 


	Analytical Model 
	Bond Strength 
	Bond-Slip Curves 

	Conclusions 
	References

