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Abstract: At present, basalt fiber-reinforced polymer (BFRP) bars and epoxy-coated steel reinforcing
bars (ECRs) are very promising in ocean engineering. In this study, the bond strength degradation
characteristics of BFRP bars, ECR, and ordinary steel bars (OSBs) embedded in ceramsite concrete
(CC) were compared in a single-corrosive environment (acid, salt, and alkaline salt, respectively)
coupled with freeze–thaw (FT) cycles (0, 15, or 30); a total of 111 specimens were designed. In the three
corrosive environments, the BFRP-bar-CC specimens and OSB-CC specimens all failed to pull out,
while the ECR-CC specimens showed splitting failure. When corrosive and FT cycles acted together,
the failure modes of BFRP-bar-CC specimens and ECR-CC specimens did not change. However,
when the FT cycles increased from 15 to 30, the type of failure for the OSB-CC specimens changed
from pullout failure to splitting failure. In addition, the bonding strength of the three kinds of bars
decayed most rapidly in an acid environment. When 30 FT cycles were applied, the bond strength
of ECR-CC specimens and OSB-CC specimens decreased most rapidly in the acid environment, by
9.12% and 18.62%, respectively. However, the bond strength of BFRP-bar-CC decreased most rapidly,
by 17.2%, in an alkaline salt environment.

Keywords: basalt fiber-reinforced polymer bars; bond strength; ceramsite concrete; corrosive
environment; epoxy-coated steel bars; freeze–thaw cycle

1. Introduction

In the main normative documents, such as ACI 318 [1], EN 1992 [2], and GB 50010-
2010 [3], the properties of the bonding between the reinforcement and the surrounding
concrete are crucial for the bearing capacity or safety performance of the reinforced concrete
(RC) structure. Lightweight aggregate concrete (LWAC), especially ceramsite concrete
(CC), can reduce the self-weight of reinforced concrete members. In addition, it possesses
relatively good freeze–thaw (FT) resistance and realizes good heat insulation. Therefore, it
holds promising prospects for application, particularly in cold or intensely corrosive ocean
areas [4–6]. Although CC has good corrosion resistance, the weak corrosion resistance
of steel bars affects bond performance [7]. As a result, numerous studies have focused
on developing reasonable alternative materials for OSBs in order to elevate the bond
performance of LWAC structures.

The use of stainless steel, fiber-reinforced polymers (FRPs), and epoxy-coated rein-
forcements (ECRs) is considered to be a good approach to addressing corrosion. However,
the use of stainless-steel reinforcement is limited by its high cost [8]. Epoxy-coated reinforce-
ment (ECR) has the advantages of low cost, corrosion resistance, and good ductility and
durability [9–12]. However, the surface of ECR is easily damaged during construction [13].
Despite this defect, the engineering application of ECR has been gradually popularized;
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thus, its bonding with CC requires our attention. In order to achieve better corrosion
resistance, increasing attention has been paid to FRP in recent years.

Basalt FRP (BFRP) bars can be used as a suitable substitute for steel bars in reinforced
concrete structures [14], due to their good chemical corrosion resistance, high fatigue
resistance, thermal stability, and low water absorption [15–19]. The function of these
excellent characteristics on the bond properties of FRP-reinforced concrete structures under
FT conditions, cold regions, and ocean environments requires further study. Green et al. [20]
introduced FT cycles to investigate the effect of FRP plates and concrete bonding properties,
revealing that, with failure, the surface turned into an adhesive interface with the FRP
plates with an increasing number of cycles. In contrast, in the absence of FT cycles, failure
occurs on concrete substrates, which makes the bond strength of FRP bars controlled
not by concrete strength but by interlaminar shear strength beneath the resin layer of
reinforcement [21,22]. Shi et al. [23] reported that the durability of BFRP composites was
largely maintained in an FT environment. Firas et al. [24] conducted a supplementary
experiment to simulate the marine environment by soaking samples in brine; the results
showed that when the bearing capacity decreased by 48%, the resin–concrete interface
was damaged. FRP is exposed to one or more aging media during its service life, such
as FT cycles, acid rain, or marine erosion. Therefore, the durability of FRP in corrosive
environments remains a problem [25]. For instance, Hassan M et al. [26], Yan et al. [27],
Wu et al. [28], and Mohamed Al et al. [29] confirmed that an alkaline solution (attempting
to simulate concrete-pore solutions) was the main influencing condition for BFRP bars.
Altalmas et al. [30] studied the bond durability of BFRP in different corrosive environments
(acid, salt, or alkali). It was found that the bond strength of BFRP specimens decreased by
25% after 90 days of immersion in seawater and alkaline solutions, and decreased by 14%
when they were immersed in an acidic solution for 90 days.

Many previous studies only investigated the bonding properties between bars (BFRP
bars, ECRs) and ordinary Portland cement (OPC), but few of them studied reinforcement
with CC, and even fewer studied the bonding properties in harsh environments. This study
evaluated the decay of the bond strength of BFRP bars under corrosive conditions. The
combined effects of FT cycling and corrosion conditions were evaluated and compared
with their effects on ECRs and OSBs. The failure mechanism of the specimens was analyzed
and the bond–slip relationship was proposed.

2. Materials and Methods
2.1. Specimen Size and Structure

A total of 111 specimens were prepared, including 81 central pullout cube specimens
with a side length of 150 mm and 30 compressive strength cube specimens with a side
length of 100 mm. The 150 mm concrete cubes were concentrically reinforced with 330 mm
of BFRP, ECR, and ordinary steel bar (OSB), and the BFRP and ECR were compared with the
OSB. According to ACI440.3R-04 [31], the embedding length was 5 d [32] (Figure 1a), where
d is the diameter of the ECR. In order to increase the required bonding length, the PVC
sleeve is set at the loading end position of each specimen, and the gap between the PVC
sleeve and the steel bar is filled and sealed with a foaming agent to prevent its grouting
from affecting the test results. The samples were cured in a curing chamber with 95%
relative humidity at ambient temperature (20 ± 2 ◦C) for 28 days. (Figure 1b). The cured
specimens were subjected to the FT cycle test and corrosion solution test, respectively.

2.2. Raw Materials
2.2.1. Concrete

Lightweight aggregate (LWA) uses shale ceramic products produced by Yichang
Huiteng Ceramic Products Trading Co., Ltd., Yichang, China. Table 1 shows the charac-
teristic parameters of shale ceramsite (SC). Table 2 shows the proportions of CC used to
cast the specimens. The cement is made of 42.5 OPC, the fine aggregate is made of natural
medium sand with a fineness coefficient of 2.6, and the coarse aggregate is made of SC with
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a maximum particle size of 20 mm. Tap water was used. In order to improve the fluidity
of the cement mixture, Grey Ba brand high-efficiency water-reducing agent was added
to the test at a dosage of 0.1~0.3%. The concrete compressive strengths were determined
using 100 × 100 × 100 mm cube specimens. The 28-day compressive strengths are listed
in Table 3.
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Figure 1. Pullout samples. (a) Schematic diagram of the bond test sample (mm); (b) sample of
concrete after curing.

Table 1. Characteristic parameters of shale ceramsite (SC).

Ceramsite
Type

Density
Grad

(kg/m3)

Nominal
Diameter

(mm)

Packing
Density
(kg/m3)

Water
Absorption

1 h (%)

Compressive
Strength

(MPa)

SC 500 5–20 470 7.6 2.6

Table 2. Mixture ratio of CC.

Compressive
Strength Cement (kg/m3) Water (kg/m3)

Fine Aggregate
(kg/m3)

Coarse
Aggregate

(kg/m3)

LC30 * 400 200 680 490
* LC30, the compressive strength of CC after 28 days of curing is close to 30 MPa.

Table 3. The measured values of concrete strength.

Compressive
Strength

Measured Compressive Strength (MPa)
Mean (MPa)

1 2 3

LC30 34.56 33.58 31.48 33.21

2.2.2. Bars

The diameter and length of the three reinforcing bars were 14 mm and 330 mm,
respectively (Figure 2). BFRP bars were customized by Jingdong Construction Technology
Co., Ltd., Shanghai, China. A pultrusion process was used to combine basalt fibers with
epoxy resins. The fiber-to-epoxy volumetric ratios were 65% and 35%, respectively, and
the BFRP bars met the minimum requirements of ACI440.3R-04 [31] and CSAS807 [33].
The epoxy coated steel bar was customized by Deyang Wanteng Metal Products Co., Ltd.,
Deyang, China, the coating thickness was 0.17 mm, the main raw materials of epoxy
coating included epoxy resin, curing agent, and additives. The tensile properties of the
reinforcement test are shown in Table 4. BFRP is not suitable for reinforcing flexural
members due to its low elastic modulus, as it will lead to excessive deflection and cracking
of the reinforced members.
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Table 4. Mechanical properties of bars.

Bar Type Diameter (mm)
Ultimate

Tensile Strength
(MPa)

Yield Strength
(MPa)

Elastic Modulus
(GPa)

BFRP bars 14 703 - 40
ECRs 14 660 470 208
OSBs 14 655 566 202

2.3. Experimental Scheme
2.3.1. Bond Specimens and Concrete Test Cube

In this study, a series of experiments were designed to evaluate the influence of
different factors on bond strength. The specific test groups are shown in Table 5. These
variables were the type of reinforcement, FT cycles, the corrosive environment, and CC
compressive strength. All bond specimens were labeled in the following order: bar type
(basalt, B; epoxy-coated rebar, E; or ordinary steel bar, D), middle numbers indicating FT
environment (0, 15, or 30) experienced by the specimen, and corrosive exposure (S for acid,
Z for salt, and J for alkaline salt). For example, B-0-S is a specimen of BFRP bars and CC
under a single acidic condition. The compressive strength samples were labeled in the
following order: number of FT (0, 15, 30), conditional exposure (S for acid, Z for salt, and J
for alkaline salt). For instance, 15-S is the specimen of CC under the combined action of
15 FT cycles and an acid environment.

Table 5. Testing plan.

Grouping Specimens Bar Type FT Cycles Corrosive
Environment

Number of
Specimens

Group 1 * B-0-S/J/Z BFRP 0 pH = 2/10/7 3/3/3
Group 2 E-0-S/J/Z ECR 0 pH = 2/10/7 3/3/3
Group 3 D-0-S/J/Z OSB 0 pH = 2/10/7 3/3/3
Group 4 B-15-S/J/Z BFRP 15 pH = 2/10/7 3/3/3
Group 5 E-15-S/J/Z ECR 15 pH = 2/10/7 3/3/3
Group 6 D-15-S/J/Z OSB 15 pH = 2/10/7 3/3/3
Group 7 B-30-S/J/Z BFRP 30 pH = 2/10/7 3/3/3
Group 8 E-30-S/J/Z ECR 30 pH = 2/10/7 3/3/3
Group 9 D-30-S/J/Z OSB 30 pH = 2/10/7 3/3/3

Group 10 - - Untreated specimen 3
Group11 0-S/J/Z - 0 pH = 2/10/7 3/3/3
Group12 15-S/J/Z - 15 pH = 2/10/7 3/3/3
Group13 30-S/J/Z - 30 pH = 2/10/7 3/3/3

* Three corrosive environments were set up for each group of specimens: S/J/Z represent acid/alkaline salt/salt
and pH of 2/10/7, respectively.
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2.3.2. FT Cycles

The FT cabinet (NJW-HDK-5) was used for the accelerated aging test of the samples.
Temperature monitoring was carried out by temperature-sensitive elements placed in the
center and diagonal of the instrument.

FT cycle test scheme was based on ASTMC666/C666M [34]. The highest temperature
of the FT test was set at 6 ± 2 ◦C, and the lowest temperature was −18 ± 2 ◦C. Before the
FT test, the specimens, after curing for 24 days, were immersed in water at 20 ± 2 ◦C for
4 days. After soaking, the specimens were taken out and exposed to sunlight for 2 days to
remove excess moisture.

2.3.3. Three Different Corrosive Solutions

Three artificial corrosive environments were used in this study: (1) an alkaline salt
environment of pH 10, using a NaHCO3 solution to simulate the alkaline environment in
ordinary reinforced concrete; (2) a salt environment of pH 7, using a NaCl solution with a
chloride concentration of 3.5% to simulate the climate of coastal areas; (3) an acid solution
of pH 2.0, using an oxalic acid solution to simulate a polluted industrial area. After the
FT cycles test, the specimens were immersed in the three solutions, respectively. There
were three specimens in each solution, all of which were soaked for 60 days. The pH value
of the three corrosive environments was monitored in real-time by a pH meter, and the
corresponding solution was added in time to ensure that the pH was unchanged.

2.4. Pullout Test Scheme

The center pullout test was performed according to RILEM-FIP-CEB [35]. MTS-SANS
series universal testing machine. A range of 400 kN was used for the single-end drawing of
the specimen (Figure 3a,b). The displacement meter used epoxy resin glue to paste an angle
steel bar horizontally on the free end of the steel bar, and the concrete surface, ensuring that
the tie rod of the displacement meter and the angle steel surface were always at 90 degrees.
LVDT1 was used to record the slip of the unloaded end rod, whereas LVDT2 recorded the
slippage of the free end on the concrete surface. The displacement control was loaded at a
rate of 0.2 mm/min. When the free-end slip reached 10 mm, all tests were halted unless the
specimen failed before then (split failure).
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3. Test Results and Discussion
3.1. The Bond Stress

Due to the low elastic modulus of BFRP bars, their elastic deformation cannot be
ignored. The elastic elongation of BFRP bars can be obtained using Equation (1) [36]:

δe =
P

EA
L (1)
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where δe is the elastic elongation of unbonded BFRP bars under drawing force, E is the
elastic modulus of BFRP bars, A is the section area of BFRP bars, and L is the length of the
bonding section.

The slip is then subtracted from the elastic elongation of the BFRP bar to obtain the
true slip. This can be expressed as Equation (2) [37,38]:

s = sm − δe (2)

where s is the real slip, and sm is the slip amount of the BFRP bar measured by the
displacement sensor.

The average bond stress between the bar and CC can be expressed as Equation (3) [39]:

τ =
P

πdla
(3)

where τ is the average bond stress (MPa), P is the pullout force of the bar (N), d is the
diameter of the bar (mm), and la is the bond length of the bar (mm).

Table 6 shows the results of the drawing test. To ensure the reliability of the test results,
three samples were tested in each group, and the final test result was the average value of
the data of the three specimens.

Table 6. Bond test results of BFRP, ECR, and OSB specimens exposed to different environments.

Specimen Failure Mode
P (kN) —

P (kN) 3 τmax(MPa) 4
S (mm) —

S (mm) 5
1 2 3 1 2 3

B-0-S PO 1 29.01 28.52 27.49 28.34 9.24 1.33 1.30 1.24 1.29
B-0-J PO 28.43 28.02 29.68 28.71 9.45 1.20 1.16 1.27 1.21
B-0-Z PO 28.34 28.90 / 6 28.62 9.42 1.13 1.25 / 1.19
E-0-S S 2 37.86 35.53 36.94 36.77 11.95 1.08 1.15 0.93 1.05
E-0-J S 38.79 36.43 39.53 38.25 12.59 1.04 0.88 0.99 0.97
E-0-Z S 35.23 40.49 39.30 38.34 12.52 0.79 1.12 0.85 0.92
D-0-S PO / 36.32 39.68 38.00 12.35 / 0.77 0.95 0.86
D-0-J PO 39.69 40.39 39.95 40.01 13.17 0.86 0.90 0.73 0.83
D-0-Z PO 37.60 42.60 39.38 39.86 13.12 0.70 0.94 0.79 0.81
B-15-S PO 25.52 27.77 30.02 27.77 9.03 1.21 1.31 1.53 1.35
B-15-J PO 25.76 26.05 29.01 26.94 8.76 1.30 1.27 1.36 1.31
B-15-Z PO 28.54 29.62 27.67 28.61 9.30 1.20 1.38 1.17 1.25
E-15-S S 33.27 37.64 32.59 34.50 11.55 1.11 1.17 0.99 1.09
E-15-J S 40.61 37.26 35.26 37.71 12.26 1.03 0.78 0.74 0.85
E-15-Z S 36.91 38.51 / 37.71 12.26 0.89 1.05 / 0.97
D-15-S PO 31.60 33.82 37.51 34.31 11.15 0.80 0.80 0.95 0.85
D-15-J PO 40.35 39.50 37.63 39.16 12.73 0.88 0.67 0.67 0.74
D-15-Z PO 39.75 35.32 41.39 38.82 12.62 0.54 0.66 0.57 0.59
B-30-S PO 25.67 26.03 28.73 26.81 8.71 1.79 1.87 2.01 1.89
B-30-J PO 23.38 / 24.76 24.07 7.82 1.63 / 1.55 1.59
B-30-Z PO 27.19 26.59 29.32 27.70 9.00 1.49 1.34 1.61 1.48
E-30-S S 34.81 31.59 33.83 33.41 10.86 1.39 1.09 1.27 1.25
E-30-J S 38.77 33.83 36.96 36.52 11.87 1.04 0.86 1.07 0.99
E-30-Z S 37.96 33.12 38.36 36.48 11.86 0.80 0.67 0.90 0.79
D-30-S S 29.86 31.96 / 30.91 10.05 1.15 1.01 / 1.08
D-30-J S 38.40 36.24 39.12 37.92 12.32 1.02 0.79 0.92 0.91
D-30-Z S 39.37 38.21 36.09 37.89 12.31 0.81 0.62 0.52 0.65

1 PO, pullout failure; 2 S, splitting failure; 3 P, mean value of ultimate load; 4 τmax, maximum bond strength;
5 S, mean free end slip; 6 /, the sample value exceeds the value specified in the specification and is not accepted.

3.2. Concrete Compressive Strength

Table 7 shows the change in compressive strength of untreated specimens and spec-
imens in three corrosive environments. The compressive strength in alkaline and salt
environments was similar to that of non-corroded specimens, which was similar to pre-
vious studies [30]. However, the compressive strength of concrete immersed in an acid
solution decreased significantly due to acid erosion. Compared with the alkaline salt envi-
ronment and the salt environment, the acid environment had the greatest influence on the
compressive strength of the CC specimen.
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Table 7. Compressive strength of concrete after corrosion and FT.

Grouping Specimen
fc,pH (MPa) 1 —

f c,pH (MPa) 2

1 2 3

Group 10 Untreated
specimen 34.56 33.58 31.48 33.21

Group 11
0-S 28.41 28.72 28.22 28.45
0-J 34.22 33.41 32.62 33.42
0-Z 31.51 32.56 34.63 32.90

Group 12
15-S 22.02 21.76 21.09 21.62
15-J 16.90 26.75 28.90 26.75
15-Z 28.04 26.53 25.35 26.64

Group 13
30-S 18.26 18.32 17.62 18.07
30-J 25.17 20.92 22.43 22.84
30-Z 21.96 21.53 22.92 22.14

1 fc,pH, compressive strength (MPa); 2 f c,pH, the average compressive strength (MPa).

3.3. Failure Mode

Table 6 shows the failure models of all the specimens. It can be seen that the BFRP-
bar-CC specimens all experienced pullout failure, but all the ECR-CC specimens failed
in splitting. The failure mode of the OSB-CC specimens was the most notable. Under
three single-corrosive environments, it experienced pullout failure. However, under the
combined action of FT and corrosion, the pullout failure became a splitting failure as the
FT number increased from 15 to 30. The failure mode of this specimen was mainly divided
into two types: steel bar pullout failure and concrete splitting failure. In the pullout failure,
when the loading starts, the displacement at both ends of the sample was very small. When
the tension gradually rose to 70–90% of the peak load, a significant displacement of the
steel bar could be observed at the free end. Although the splitting failure of concrete is a
result of brittleness, there is no obvious sign before the splitting failure occurs. When the
drawing force reached the ultimate load, the damage occurred suddenly, accompanied by
a loud sound, and the specimen was broken into two or three segments.

In order to analyze the failure mode of specimens more carefully, we studied typical
specimens in three corrosive environments (e.g., B-0-S, D-0-Z, E-0-S, E-0-Z, E-0-J) and
typical specimens under the combined action of corrosive environments and FT cycles
(e.g., E-30-J, B-30-J, D-15-J, D-30-J).

3.3.1. Specimens in Corrosive Environments

Figure 4 shows the failure phenomena of typical specimens in three corrosive en-
vironments. After the test, the samples were segmented to observe the condition of the
reinforcement and concrete in the embedded area. The BFRP-bar-CC specimens all failed to
pull out in three kinds of corrosive environments, which was due to the corrosion resistance
of epoxy resin-based grease on the surface of BFRP bars. We were able to observe that
the surface of BFRP bars was smooth and did not change significantly in the corrosive
environment (Figure 4a). The OSB-CC specimens also failed to pull out in three kinds of
corrosive environments. When we cut the specimen open, we were able to observe that
the surface of the rib material was slightly corroded (Figure 4b). However, all the ECR-CC
specimens experience splitting failure because the outer protective layer effectively resisted
the erosion of the acid, alkali, and salt environments. In the acid environment, a layer of
white mesh material was attached to the inner reinforcement surface of CC, and the rib
surface fell off (Figure 4c). In the salt environment, the surface of ECR was slightly peeled
off (Figure 4d). In the alkaline salt environment, the surface coating clearly fell off and
adhered to the CC (Figure 4e).
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3.3.2. Specimens in FT Cycles and Corrosive Environments

It can be seen from Table 6 that the combination of FT cycles and corrosive environ-
ments had a more significant effect on the bond strength of specimens than the single
corrosive environment. The failure mode of part of the bar-CC bond specimen is shown in
Figure 5. The ECR-CC experienced splitting failure due to the high force required to pull
the coated rebar out of the CC. In the alkaline salt corrosion environment, the coating on the
surface of the coated steel rib fell off (Figure 5a), white reactants were formed between the
reinforcement and CC, and an epoxy coating was attached to the CC. Under the coupled
action of FT cycling and a corrosive environment, the BFRP-bar-CC specimens all failed
to pull out. After the interaction of 30 FT cycles (FT30) and an alkaline salt environment
(Figure 5b), the surface strands of BFRP bars fell off, and the surface became significantly
rough. Under the action of 15 FT cycles (FT15) and a corrosive environment, the OSB speci-
mens were mostly pulled out, the steel bars were gradually pulled out from the loading end
of the specimen, and no cracks were observed on the surface of the specimen (Figure 5c).
However, under the coupling effect of FT30 and a corrosive environment, the common
ribbed-steel specimen largely failed by splitting, and the concrete broke into two or three
segments. Due to the sudden failure, the crack length and width were large, and a loud
sound occurred during the failure (Figure 5d).

3.4. Weight Loss

Due to the FT cycles and the corrosive environments, concrete surface spalling oc-
curred. Generally speaking, the quality of concrete has a certain relationship with its surface
state. Especially in FT cycle environments, spalling usually starts locally and expands to a
larger area or even the entire concrete surface. Finally, the surface of the sample will appear
uneven or aggregate exposure may occur [27,40]. Equation (4) is used to analyze the weight
loss of all specimens after erosion:

∆Wn =
W0 − Wr

Wr
× 100% (4)
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where ∆Wn is the weight loss of CC specimens after environmental erosion, W0 is the weight
of the sample before it erodes the environment, and Wr is the weight of the corroded sample.
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As can be seen from Table 8 and Figure 6, for the specimens that were exposed to
single-corrosive environments, the weight-loss rate of CC specimens exposed to the alkaline
salt environment and the salt environment was similar: 0.18% and 0.12%, respectively. The
weight loss rate of CC exposed to acid was 0.24%. This shows that acid corrosive solution
can peel off the surface cementitious material of concrete [41]. In addition, it can be seen
from Table 8 that when FT cycles are not considered, the influence of the three corrosive
environments on CC specimens was smaller than the coupling effect of the FT cycles and
corrosive environments. However, when the specimens underwent the coupling effect of
FT30 and a corrosive environment, the weight-loss rate of the specimens increased to 1.85%
(acid environment), 1.64% (alkaline salt environment), and 1.65% (salt environment). It can
be seen that the weight-loss rate of specimens subjected to the coupled effect of FT cycles
and corrosive environments was significantly higher than that of specimens subjected to a
single factor.

Table 8. Weight loss of CC samples undergoing FT environment and corrosive environment.

Specimen
W0 (g) Wr (g) ∆Wn (%)

Mean (%)
1 2 3 1 2 3 1 2 3

0-S 1749 1698 1704 1745 1694 1700 0.23 0.24 0.24 0.24
0-J 1681 1704 1662 1678 1698 1654 0.18 0.19 0.18 0.18
0-Z 1648 1668 1645 1646 1668 1643 0.12 0.00 0.12 0.12
15-S 1664 1709 1737 1649 1693 1721 0.91 0.95 0.93 0.93
15-J 1632 1651 1671 1619 1638 1656 0.80 0.79 0.91 0.83
15-Z 1636 1623 1677 1620 1609 1665 0.83 0.87 0.72 0.81
30-S 1656 1657 1705 1626 1627 1674 1.85 1.84 1.85 1.85
30-J 1712 1640 1740 1685 1613 1712 1.60 1.67 1.64 1.64
30-Z 1695 1775 1647 1668 1746 1620 1.62 1.66 1.67 1.65
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3.5. Bond Stress–Slip Curves

Figure 7 shows the bond stress–slip curves of three types of reinforcement in different
corrosive environments. Each specimen’s bond performance was slightly different in
different corrosive environments. Among them, we can see that the τmax is the lowest in
the acid environment. Kong and Orbison [42] found that the strength of concrete decreased
gradually under acidic conditions (pH 2), which was about 70% of the 28-day age strength
of uncorroded concrete specimens. For BFRP bar-CC specimens, the τmax (9.45 MPa) in
an alkaline salt environment was only 0.3% higher than that under a salt environment
(9.42 MPa). In an acid environment, the τmax of BFRP-bar-CC specimens was 9.24 MPa,
which is 2.2% lower than that in an alkaline salt environment. For OSB specimens, the
τmax of acid (12.35 MPa) was 6.2% lower than that of alkaline salt (13.17 MPa). In the acid
environment, the τmax of ECR–CC specimens was 11.95 MPa, which was 3.2% lower than
that of OSB-CC specimens. To sum up, the τmax of the same reinforced specimen in an
alkaline salt environment, a salt environment, and the acid environment went from higher
to lower in a single-corrosive environment.

As shown in Figure 8, the bond–slip curves of all the specimens present obvious
upward trends before failure. However, the samples that experienced splitting failure
(e.g., E-15-S) belong to the brittle failure category, and the bond–slip curve showed no
downward trend. When exposed to 30 FT cycles under the corrosive conditions of an acid
environment or salt environment, the bond strength loss of the BFRP bar-CC specimens
were similar: 3.3% and 4.4%, respectively. When the corrosive environment was alkaline
salt and the number of FT cycles was increased from 15 to 30 times, it could be observed
that the τmax of the BFRP-bar-CC specimen was reduced by about 10.66%, from 8.76 MPa
to 7.82 MPa. The results show that in the same corrosive environment, the bond strength of
the specimen decreased and the slip increased with an increase in the number of FT cycles.



Buildings 2023, 13, 884 11 of 16

Buildings 2023, 13, x FOR PEER REVIEW 11 of 16 
 

an alkaline salt environment was only 0.3% higher than that under a salt environment 
(9.42 MPa). In an acid environment, the m axτ  of BFRP-bar-CC specimens was 9.24 MPa, 
which is 2.2% lower than that in an alkaline salt environment. For OSB specimens, the 

m axτ  of acid (12.35 MPa) was 6.2% lower than that of alkaline salt (13.17 MPa). In the acid 
environment, the m axτ  of ECR–CC specimens was 11.95 MPa, which was 3.2% lower than 
that of OSB-CC specimens. To sum up, the m axτ  of the same reinforced specimen in an 
alkaline salt environment, a salt environment, and the acid environment went from higher 
to lower in a single-corrosive environment. 

 
Figure 7. Bond stress–slip curves at the free end for BFRP bar specimens, ECR specimens, and OSB 
specimens in different corrosive environments. 

As shown in Figure 8, the bond–slip curves of all the specimens present obvious up-
ward trends before failure. However, the samples that experienced splitting failure (e.g., 
E-15-S) belong to the brittle failure category, and the bond–slip curve showed no down-
ward trend. When exposed to 30 FT cycles under the corrosive conditions of an acid envi-
ronment or salt environment, the bond strength loss of the BFRP bar-CC specimens were 
similar: 3.3% and 4.4%, respectively. When the corrosive environment was alkaline salt 
and the number of FT cycles was increased from 15 to 30 times, it could be observed that 

the maxτ  of the BFRP-bar-CC specimen was reduced by about 10.66%, from 8.76 MPa to 
7.82 MPa. The results show that in the same corrosive environment, the bond strength of 
the specimen decreased and the slip increased with an increase in the number of FT cycles. 

In the same environmental conditions, the correspondence of m axτ  with different 
reinforcement specimens was quite different. Taking the coupling effect of the acid envi-
ronment and FT30 as an example, the S  corresponding to the m axτ  of the BFRP-bar–
CC specimen was 1.89 mm, that of ECR-CC was 1.25 mm, and that of the OSB-CC speci-
men was the smallest, that is 1.08 mm. It can be seen that BFRP bars and ECRs showed a 
high slippage due to the smooth epoxy resin-based grease coating. 

Figure 7. Bond stress–slip curves at the free end for BFRP bar specimens, ECR specimens, and OSB
specimens in different corrosive environments.

Buildings 2023, 13, x FOR PEER REVIEW 12 of 16 
 

  
(a) (b) 

Figure 8. Bond stress–slip curves at the free end for BFRP bar specimens, ECR specimens, and OSB 
specimens under the combined action of FT cycles and corrosive environments. (a) 15 FT cycles and 
corrosive environments; (b) 30 FT cycles and corrosive environments. 

3.6. Analysis of Influence Factors of Bond Strength 
Bank et al. [43] found a correlation between the degradation of fibrous materials and 

the reduction of bond strength. As can be seen in Figure 9c, under the combined action of 
FT30 and an alkaline salt environment, the m axτ  of the three reinforcement materials, in 
descending order, were: OSB, ECR, and BFRP bar. We can see that the m axτ  of BFRP bar 
specimen is always the lowest, and the reason is that there is a layer of epoxy resin on the 
surface of the bar. The analysis of the m axτ  of these three kinds of steel bars shows that 
under the coupled effect of FT30 and an alkaline salt environment, the m axτ  of ECR is 
3.7% lower than that of OSB, and the m axτ  of BFRP bar is 36.52% lower than that of OSB. 
However, under the coupled effect of FT30 and an acid environment, the m axτ  of OSB is 
7.47% lower than that of ECR, and the m axτ  of BFRP bar is 19.47% lower than that of ECR. 

It can be seen from Figure 9c that the m axτ  of ECR in an alkaline salt environment is 
similar to that in a salt environment: both were about 11.80 MPa. The m axτ  of the speci-
men in the acid environment was the lowest (10.86 MPa), which was 8.43% lower than 
that in the salt environment. In addition, it can be seen that the bond strength of ECRs and 
OSBs immersed in the alkaline and salt environments was greater than that of the speci-
mens exposed to an acid environment. This is due to the high alkalinity and moisture of 
the internal environment of the concrete, with a pH of 10.5 to 13.5 [44]. The chloride in the 
water erodes the concrete, forming chemicals that can be absorbed and expanded, thus 
damaging the concrete [45–47]. In this case, while the strength of concrete decreases, the 
bond strength of the specimen in the acid environment decreases. 

   
(a) (b) (c) 

Figure 8. Bond stress–slip curves at the free end for BFRP bar specimens, ECR specimens, and OSB
specimens under the combined action of FT cycles and corrosive environments. (a) 15 FT cycles and
corrosive environments; (b) 30 FT cycles and corrosive environments.

In the same environmental conditions, the correspondence of τmax with different rein-
forcement specimens was quite different. Taking the coupling effect of the acid environment
and FT30 as an example, the S corresponding to the τmax of the BFRP-bar–CC specimen
was 1.89 mm, that of ECR-CC was 1.25 mm, and that of the OSB-CC specimen was the
smallest, that is 1.08 mm. It can be seen that BFRP bars and ECRs showed a high slippage
due to the smooth epoxy resin-based grease coating.

3.6. Analysis of Influence Factors of Bond Strength

Bank et al. [43] found a correlation between the degradation of fibrous materials and
the reduction of bond strength. As can be seen in Figure 9c, under the combined action
of FT30 and an alkaline salt environment, the τmax of the three reinforcement materials,
in descending order, were: OSB, ECR, and BFRP bar. We can see that the τmax of BFRP
bar specimen is always the lowest, and the reason is that there is a layer of epoxy resin
on the surface of the bar. The analysis of the τmax of these three kinds of steel bars shows
that under the coupled effect of FT30 and an alkaline salt environment, the τmax of ECR is
3.7% lower than that of OSB, and the τmax of BFRP bar is 36.52% lower than that of OSB.
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However, under the coupled effect of FT30 and an acid environment, the τmax of OSB is
7.47% lower than that of ECR, and the τmax of BFRP bar is 19.47% lower than that of ECR.
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Figure 9. The influence of different factors on bonding performance. (a) Single corrosive environment;
(b) FT15 + corrosive environment; (c) FT30 + corrosive environment.

It can be seen from Figure 9c that the τmax of ECR in an alkaline salt environment is
similar to that in a salt environment: both were about 11.80 MPa. The τmax of the specimen
in the acid environment was the lowest (10.86 MPa), which was 8.43% lower than that in
the salt environment. In addition, it can be seen that the bond strength of ECRs and OSBs
immersed in the alkaline and salt environments was greater than that of the specimens
exposed to an acid environment. This is due to the high alkalinity and moisture of the
internal environment of the concrete, with a pH of 10.5 to 13.5 [44]. The chloride in the
water erodes the concrete, forming chemicals that can be absorbed and expanded, thus
damaging the concrete [45–47]. In this case, while the strength of concrete decreases, the
bond strength of the specimen in the acid environment decreases.

4. Calibration of Bonding Models to FT Cycles and Corrosive Environments

In this study, the bond properties of reinforced concrete under drawing loads were
analyzed by using existing models. Xu et al. [48] studied the influence of various factors on
the bond strength of ordinary crescent steel. However, they did not consider the influence
of FT cycle times (N) and corrosive environments (pH).

τmax =

(
0.82 + 0.9

d
la

)(
1.6 + 0.7

c
d

)
ft (5)

where d is the diameter of reinforcement material, la is the bond strength, c is the thickness
of CC protective layer, ft is the splitting tensile strength of CC, and N is the FT cycle number
and the pH of the corrosive solution.

Wang Peng et al. [49] studied the relationship between splitting tensile strength and
compressive strength and proposed Equation (6).

ft,0 = 0.33 fc,0
2
3 (6)

Based on Equations (5) and (6), the type of reinforcement material, diameter of re-
inforcement material d, bond length La, thickness of protective layer c, splitting tensile
strength ft, number of FT cycles N, and the pH of the corrosive solution, the ultimate bond
strength of different reinforcement materials and CC under the combined action of FT cycle
and corrosive environment is established, as shown in Equation (7):

τmax =

(
a0 + a1 × N + a2 × pH + a3 ×

d
La

)(
a4 × N + a5 × pH + a6 ×

c
d

)
× ft (7)
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Origin 2018 was subsequently used to fit Formula (7) and to obtain Formulas (8)–(10),
and each parameter was obtained. For BFRP-reinforced concrete calibration, the parameters
a0, a1, a2, a3, a4, a5, and a6 were 0.5, −0.0126, −0.0565, 7.2611, 0.0342, 0.0417, and 0.3162,
respectively. Similarly, ECR concrete calibration parameters a0, a1, a2, a3, a4, a5, and a6
were 0.7, −0.0297, 0.00182, −12.19, 0.0138, 0.0155, and −0.4676, respectively. OSB concrete
calibration parameters a0, a1, a2, a3, a4, a5, and a6 were 0.65, −0.0257, 0.0486, −14.3947,
0.0110, −0.0391, and −0.3702, respectively. These parameters are closely related to the bond
stress and the corresponding slip.

According to Equations (6) and (7), we can calculate the ultimate bond strength of BFRP-
bar-CC specimens, ECR-CC specimens, and OSB-CC specimens using Equations (8)–(10):

τmax,B =

(
0.5 − 0.0126N − 0.0565pH + 7.2611

d
la

)(
0.0342N + 0.0417pH + 0.3162

c
d

)
× ft (8)

τmax,E =

(
0.7 − 0.0297N + 0.00182pH + 12.19

d
la

)(
0.0138N + 0.0155pH − 0.4676

c
d

)
× ft (9)

τmax,D =

(
0.65 − 0.0257N + 0.0486pH − 14.3947

d
la

)(
0.011N − 0.0391pH − 0.3702

c
d

)
× ft (10)

In this paper, the ultimate bond strength calculated according to the formula of the
bond strength is compared with the ultimate bond strength obtained by a test, and the
results are shown in Figure 10. In order to further analyze the degree of coincidence between
the calculated value and the test value, the root-mean-square error was used. The closer
the root mean square error value is to zero, the higher the degree of coincidence. For the
BFRP bar, ECR, and OSB, the root-mean-square error formula produced values of 0.148,
0.124, and 0.137, respectively. As can be seen from the figure, the fitting results are in good
agreement with the experimental results.
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Figure 10. Comparison between the calculated values τu and experimental values τ of ultimate
bond stress.

5. Conclusions

In this paper, by analyzing the influence of single corrosion environment (acid, alkali,
alkaline salt) and the coupling effect of corrosion and FT cycle (0, 15, 30) on the bond
strength attenuation of three bar-CC specimens (BFRP-bar-CC, OSB-CC, ECR-CC), the
following conclusions were reached:

1. In three corrosive environments, the failure mode of BFRP-bar-CC specimens and
OSB-CC specimens was a pullout failure, while the failure mode of ECR-CC specimens
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was a split failure. When FT and corrosion acted together, the failure mode of BFRP-
bar-CC specimens and ECR-CC specimens did not change, while the failure mode of
OSB-CC specimens changed from a pullout failure to a splitting failure as the number
of FT cycles increased from 15 to 30;

2. For the same bar-CC specimens, different corrosive environments had a slight influ-
ence on the bonding property of the specimens. For BFRP-bar-CC specimens, the most
rapid decline of bond strength was observed in an acid environment. Compared with
an acid environment, the bond strength in an alkaline salt environment and a salt
environment increased by 2.2% and 1.9%, respectively;

3. When exposed to the coupled effect of an acid environment and 30 FT cycles, the bond
strength of BFRP-bar-CC specimens, OSB-CC specimens, and ECR-CC specimens were
decreased 5.7%, 18.6%, and 9.12%, respectively. This indicates that the BFRP-bar-CC
specimens possessed good acid corrosion resistance, which can effectively prevent
bond strength reduction;

4. When exposed to the coupled effect of 30 FT cycles and a corrosive environment, BFRP-
CC specimens showed the most rapid decline (17.2%) in an alkaline environment,
while OSB-CC specimens and ECR-CC specimens showed the most rapid degradation
(18.6% and 9.12%, respectively) in an acid environment;

5. The formulas for calculating the ultimate bond strength of BFRP bars, ECRS, and
OSBS with CC under the combined action of FT cycles and corrosive environments are
provided. The obtained results are in good agreement with the experimental results.
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