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In this paper, uniaxial compression tests, multistage loading tests, and electrochemical tests were adopted to investigate the strain
characteristics, failure characteristics, and electrochemical impedance of anchor bolts in a cement-gypsum composite. The
uniaxial compression test results showed that the uniaxial compressive strength o, of the three specimens were 4.4 MPa, 4.0 MPa,
and 3.1 MPa, respectively, under three different osmotic pressures. The analysis of the multistage loading tests revealed that the
directions of most cracks were approximately consistent with the load-bearing direction. Moreover, the existence of osmotic
pressure increased the creep deformation capacity of the specimen; the greater the osmotic pressure, the stronger the deformation
capacity of the specimen. The curvature relationship of the total strain curve of the three specimens was Kg;, > Kg,, > Kg3,, and the
total strain curve of S32 was close to a straight line. When comparing the creep strain variation characteristics of the three
specimens, it was found that, with the increase of osmotic pressure, the proportion of creep strain within the total strain gradually
increased, while the proportion of corresponding elastic strain gradually decreased. Compared with the specimen before failure,
the electrochemical test in the failure stage proved the variability of the Bode curves and Nyquist curves. When the osmotic
pressure was 0.15 Mpa, the Bode diagram of specimen S32 in the low frequency band showed a large jump, which was stable after

entering the high frequency band.

1. Introduction

Electrochemical impedance spectroscopy is a technique
using a new multidisciplinary perspective for solving geo-
technical problems that can describe the state of physical
property indicators. Furthermore, this method has the
benefits of high speed and convenience and is a nonde-
structive process in experimental testing [1]. It can be ap-
plied to the testing of contaminated soil, as confirmed by He
et al. [2], who tested the electrochemical characteristics of
quartz sand, including the Nyquist curves and Bode curves.
Zhu et al. [3] analyzed the damage and corrosion of the free
section of prestressed anchor rod under the conditions of
acid and oxygen flow rate corrosion. Based on the experi-
mental results, they established the electrochemical corro-
sion rate development model and pointed out that prestress
had a great impact on the corrosion of anchor bolts.

Mundhenk et al. [4] studied the electrochemical impedance
spectrum curve of carbon steel in the geothermal temper-
ature range under the corrosion condition of a weak acidic
solution and found that the experimental method of elec-
trochemical impedance spectrum could be used to study the
corrosion of geotechnical engineering. Blanco et al. [5] first
doped recycled polyethylene terephthalate with different
geometries in reinforced concrete and then put the specimen
in sodium chloride corrosion solution for 300 days. The
results of electrochemical impedance spectroscopy showed
that rectangular, fiber, and rectangular mixed shapes could
reduce the corrosion rate of reinforcement in concrete. Steel
corrosion in concrete is a highly complex phenomenon,
which can be studied through electrochemical impedance
spectroscopy [6]. Under dry and wet conditions, Nishimura
[7] proved using the electrochemical impedance spectros-
copy test that when the chloride ion concentration in


mailto:hujiangchun@126.com
https://orcid.org/0000-0001-6133-0917
https://orcid.org/0000-0002-6188-5813
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/9405262

concrete exceeds a certain threshold, corrosion and damage
will occur in steel. Tran et al. [8] employed electrochemical
technology to evaluate the repair effect of reinforcement in
concrete. Engblom et al. [9] studied the electrochemical
monitoring of three rock samples under different conductive
solution flow rates. Najimi et al. [10] used electrochemical
technology to prove that the corrosion rate of the interface
between steel and concrete can be significantly improved
when portland cement is replaced by natural zeolite and
copper slag by 30% in weight. Berrami et al. [11] discussed
the influence of corrosive soil on the durability of the mortar
layer of a prestressed concrete cylindrical pipe and compared
the corrosion rate of two mortar layer mixtures with dif-
ferent components by electrochemical impedance spec-
troscopy. They reported that the method of adding fly ash
into the mortar coating could improve the corrosion re-
sistance of prestressed steel wire. Sohail et al. [12] evaluated
the corrosion rate of different types of reinforcement in a
chloride corrosion environment by electrochemical im-
pedance spectroscopy. Through the electrochemical test of
reinforced concrete specimens in chloride for 2.5 years,
Nguyen et al. [13] found that the cracks caused by corrosion
affected the electrochemical parameters of the specimens.
For example, the cracks along the length of the reinforce-
ment reduced the ohmic resistance of the concrete. Eid et al.
[14] showed no significant difference in the influence of clay
type on the corrosion rate of reinforcement. In the evalu-
ation of corrosion rates, AC impedance spectroscopy has
proved more accurate than voltammetry. Cabrera-Luna et al.
[15] confirmed that the electrochemical properties of rein-
forced concrete have a certain correlation with the micro-
structure (test time of 180 days, 3.5% NaCl). Electrochemical
impedance spectroscopy was employed to predict the cor-
rosion reaction of an anchor with time [16]. Wu et al. [17]
studied the corrosion behavior of reinforcement in coral
aggregate seawater concrete by electrochemical impedance
spectroscopy. Shuquan et al. [18] studied sulfate saline soil
using this technique, and they found that the soil electrical
impedance modulus decreased with the increase of salt
content and water content of saline soil. Jiang et al. [19]
pointed out that compared with freshwater environment,
chloride ions in saltwater can diffuse into concrete, thus
reducing the resistance of the concrete pore solution, but
they will not alter the mesostructure and phase angle of
concrete.

However, the reinforced concrete structure in operation
is prone to corrosion damage, the bonding ability between
reinforcement and concrete decreases over time, and the
anchor structure produces deformation, cracks, and other
damage phenomena [20, 21]. Seepage pressure has an im-
portant influence on concrete dams [22], and it is also an
important factor affecting the incubation and development
process, including the opening and closing of anchor cracks
[23]. Feng and Zhang [24] revealed that the deviatoric stress
of unsaturated soil was positively correlated with matrix
suction. In the creep failure experiment of sandy mudstone,
Shi et al. [25] found that compared with the uniaxial
compression failure experiment, the failure surface of the
creep failure specimen was more rough and irregular, and
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the crack path of the creep specimen was more complex.
Huang et al. [26] indicated a certain nonlinear relationship
between seepage and the length and width of cracks. Gao
and Liu [27] conducted uniaxial and triaxial compression
tests on coal samples with different moisture contents and
found that the uniaxial compressive strength, elastic mod-
ulus, and Poisson’s ratio of coal samples did not increase or
decrease monotonically with the increase of moisture
content. Peng et al. [28] tested the permeability and elec-
trochemical impedance of calcite containing cracks, pores,
and under confining pressure. Bolt anchoring technology is
an indispensable reinforcement method for geotechnical
engineering constructs, such as coal mine support and
concrete beams [29-31], in addition to the fiber-reinforced
composite material anchoring system [32]. Anchor bolts,
such as those in underground engineering applications, can
transfer loads, resist shear, and withstand tensile deforma-
tion and surrounding rock deformation [33, 34].

In this paper, uniaxial tests and multistage load tests
were carried out to study the electrochemical characteristics
of anchors under multistage load and osmotic pressure. A
total of 21 electrochemical impedance spectroscopy tests
were performed on three specimens. The uniaxial com-
pression test plays a key role in determining the uniaxial
compressive strength of specimens. The electrochemical
measurement data under different loads and osmotic
pressures could be used to characterize the changes in
microstructure in the specimens. The specimens’ uniaxial
compressive strength o. was measured. Then, the change
process of stress-strain curves of specimens was analyzed,
and the Bode diagram, as well as the Nyquist curves of
specimens under multistage load and osmotic pressure, was
discussed. The findings hopefully provide a basis to further
understand the electrochemical properties of anchored
solids.

2. Materials and Methods
2.1. Test Preparation

2.1.1. Specimen Preparation. Cement, gypsum, quartz sand,
and 5% borax aqueous solutions were used, in a mass ratio of
1:0.25:0.25:0.12 to fabricate test specimen cubes sized
150 mm x 150 mm x 150 mm. An anchor bolt was installed
in the test specimen to provide anchoring force, and porous
steel pipes were installed to produce water osmotic pressure
(Figure 1). A total of 6 test specimens were fabricated for the
test, which were divided into three groups: specimens S11
and S21 were assigned to the first group, S21 and S22 to the
second group, and S31 and S32 to the third group. During
the test, the water osmotic pressure parameters of the two
specimens in each group were consistent. The conductive
electrode patch was fixed on two porous steel pipes in
specimens S12, S22, and S32, while the electrode patch was
not arranged in specimens S11, S21, and S31.

The water pipe osmotic pressure loaded onto the test
specimen can be calculated using the following formula:

p:pwgh’ (1)
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FIGURE 1: Schematic diagram of the test specimen: (a) schematic diagram of the experimental process; (b) bolt; (c) electrochemical
workstation; (d) porous steel pipe; (e) loading diagram.

where p, represents the density of water and p, = fortestspecimensSl,S2,and S3wereh; = 5m, h, = 10 m,and
1 x 10% kg/m?; g represents the gravitational constant,and g = h; = 15 m, respectively. Therefore, the water osmotic pressures
10 N/kg; and h represents the height of the water column inthe ~ acting on specimens S1, S2, and S3 were p; = 0.05MPa,
water pipe. The water column heights in the water pipes used ~ p, = 0.10 MPa, and p; = 0.15 MPa, respectively.



2.1.2. Apparatus Preparation. There were two main kinds of
apparatus used in the test. The first apparatus was a loading
device for the uniaxial compression test and multistage
loading of specimens, which was the YR-2000 model. It was
set by the supporting control software named TestExpert.
The second apparatus was the CHI660E electrochemical
workstation (Figure 1(c)), which was used to measure the
electrochemical impedance parameters of the specimen
during multistage loading.

2.2. Testing Process. A uniaxial compression test was carried
out on specimens S11, S21, and S31, and a multistage loading
test was carried out on specimens S12, S22, and S32. The
uniaxial compression test was mainly to obtain the uniaxial
compressive strength of the specimens without the elec-
trochemical test. The electrochemical test was required for
the multistage loading test of specimens S12, S22, and S32.
The testing process is shown in Figure 1(a). During the test,
the water pressure pipe was connected to the porous steel
pipe, and the pressure was provided by the water pressure
generated by the water column in the water pressure pipe.

3. Results and Discussion

3.1. Uniaxial Compression Test. Three specimens, namely,
S11, S21, and S31, were subjected to the uniaxial com-
pression test. The stress-strain curves of each specimen are
shown in Figure 2. It can be seen that, with the increase of
stress, all three specimens experienced a compaction stage,
an elastic stage, a crack stage, and a failure stage. The
maximum stress values of the three specimens correspond to
the highest points of P1, P2, and P3 in the figure, respec-
tively. The coordinate values of these three points are P1 (4.4,
1.1), P2 (4.0, 1.9), and P3 (3.3, 1.7). Accordingly, the uniaxial
compressive strength o, of the three specimens was
0,4 =44MPa, 0, =40MPa, and o, = 3.1 MPa, respec-
tively. In other words, the relationship between the speci-
mens’ uniaxial compressive strength values can be
determined as 0., >0, > 0. . When the factors other than
water pressure are the same, considering that the water
pressure relationship of these specimens is p; < p, < p;, we
can infer that water pressure can reduce the uniaxial
compressive strength of the specimens. That is, the higher
the water osmotic pressure, the lower the uniaxial com-
pressive strength.

Following the uniaxial compression test, the failure
process of the three specimens was investigated and shown
in Figure 3. From the figure, it can be clearly observed that
many cracks appeared on the surface of the specimens. Most
of the cracks run through the upper and lower loading ends,
splitting the specimen into 3~6 parts. The crack extends
from the surface to the inside of the specimen. There are
apparently significant internal cracks in the S31 specimen, as
shown in Figure 3(c). The specimens had a small amount of
extruded debris, and the debris amount of the three spec-
imens is S11 < S21 <S31. Among the three specimens, the
failure of S31 is the most serious one. After failure, the S31
specimen presented an inclined plane shear failure similar to
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FIGURE 2: Uniaxial compressive stress-strain curves of the test
specimens.

an X shape. The above phenomena indicate that the greater
the water osmotic pressure on the specimen, the greater the
damage to the specimen.

3.2. Multistage Loading Test. Specimens S12, S22, and S32
were subjected to 6 level loading tests. Table 1 exhibits the
loading values of each level. Each loading process lasted for
approximately 480 minutes. The total testing time of a single
specimen exceeded 2500 minutes.

The stress-strain curve of each specimen during loading
is shown in Figure 4. According to the analysis of
Figures 4(a) and 4(b), specimen S21 and specimen S22 were
damaged in the sixth loading stage. From Figure 4(c),
specimen S32 was not damaged until the end of all loading
stages. In the first five constant loading stages of specimens
S21 and S22, the strain of the specimen was in the process of
increasing first and then gradually stabilizing. The strain
characteristics of specimen S33 in the six constant loading
stages also showed the same trend. In the sixth constant
loading stage, the strain of specimens S31 and S32 increased
sharply. Compared with the first five constant loading stages,
the strain produced by specimen S33 in the sixth constant
loading stage increased the most. These results demonstrate
that the maximum strain produced by the specimen in-
creased with the rise of osmotic pressure.

Figure 5 shows the crack development of the three
specimens after the test. There were cracks on the surfaces of
all three specimens after multistage loading, and the number
of cracks was mostly 1~3, which is less than the number of
cracks generated by the specimen after the uniaxial com-
pression test in Figure 3. The development direction of most
cracks is approximately consistent with the load-bearing
direction.

Figure 6 shows the total strain, elastic strain, and creep
strain of the specimen. As can be seen from the figure, the
total strain, elastic strain and creep strain of specimens S12,
§22, and S32 all increased with the increase in the load level.
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FIGURE 3: Failure of the specimens after uniaxial compression test: (a) S11; (b) S21; (c) S31.
TaBLE 1: Load value of each level.
Sveci Load value (MPa)
ecimen
P Uniaxial compressive strength o, 1™ level 2 Jevel 3" Jevel 4™ Jevel 5% Jevel 6" level
S12 4.4 0.65 1.31 1.96 2.62 3.28 3.93
S22 4.0 0.60 1.20 1.81 2.41 3.01 3.61
S32 3.1 0.47 0.93 1.40 1.87 2.33 2.80

Under each loading stage, the elastic strain of specimens S12
and S22 was greater than the creep strain. For specimen S32,
the elastic strain of the first five loading stages was also
greater than the creep strain, but in the sixth loading stage,
the creep strain of the specimen exceeded the elastic strain.
The total strain of the three specimens shows the shape of an
upward convex function curve. The curvature relationship of
the total strain curve of the three specimens can be described
as Kg5 > Kgy, > Kgsn, and the total strain curve of S32 is
closer to a straight line. The elastic strain of the three
specimens shows the shape of an upward convex function
curve. The creep strain curve of specimen S12 is an upward
convex curve, while the creep strain curves of specimens S22
and S32 are concave curves.

For specimen S12, the proportion of elastic strain within
the total strain was 38.1%~42.3%, and the overall change
range was small, as shown in Figure 7(a). For specimen S22,

the proportion of elastic strain within the total strain de-
creased overall, while the proportion of creep strain in-
creased, from 23.5% to 44.1%, as shown in Figure 7(b). For
specimen S32, the proportion of elastic strain in the total
strain decreased from 83.7% to 54.1%, showing a large
decrease, while the proportion of creep strain increased
greatly, with the proportion of creep strain accounting for
16.3%~45.9%, as shown in Figure 7(c). When comparing the
creep strain variation characteristics of the three specimens,
it was found that, with the increase of osmotic pressure, the
proportion of creep strain in the total strain gradually in-
creased, while the proportion of corresponding elastic strain
gradually reduced.

3.3. Electrochemical Test. The seven conducted electro-
chemical tests correspond to A~ G in Figures 8-10 in a
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surements generally show a downward trend. The imped-
ance values Z obtained from the seventh measurement of
specimen S21 and specimen S22 were smaller. This indicates

that their impedance values were decreasing with the
The results indicate that the relationship between the growth

curves generally show a downward trend. For specimen S22,
the Bode impedance curves obtained from seven mea-
progress of the test. When In F < In 4.99, specimen S32’s
five Bode impedance curves, except curves D and F, show a
strong jump. When In F> In 4.99, specimen S32’s seven
Bode impedance curves show a downward trend as a whole.
of pores in the specimen and the influence of pressure

to 6™ loading stage of

each specimen. If the test was completed in advance, an

B ~ G are the test results
electrochemical detection would be carried out at the end of

FIGURE 7: The proportion of elastic strain and creep strain within the total strain of specimens: (a) S12; (b) S22; (c) S32.
10 minutes before the end of the 1%

chronological order. Curve A is the test result of each
the test. It can be seen from Figure 8 that the electrochemical
curves obtained at different times of the same specimen are
different. The reason for this was that, under the combined
action of load and osmotic pressure, the internal pores and
electrical conductivity of the specimen also changed con-
tinuously. For specimen S21, except for the Bode impedance
curve obtained from the second measurement, the other six

specimen before loading, and curves
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FIGURE 8: Bode impedance diagram of specimens under osmotic pressure: (a) S12; (b) S22; (c) S32.

seepage was in a nonequilibrium state in the low-frequency
band. In the high-frequency band, their effects on Bode
impedance gradually returned to stability.

As seen from Figure 9, the phase angle varied with the
detection time and detection frequency. There was no
obvious regularity in the phase angle of the sample in the
low-frequency band. In particular, for specimen $32, the
frequency range was In F € (0, In 4.99). During the sec-
ond stage loading measurement, the phase angle curves B
of specimen S12 and specimen S22 changed greatly in the

low-frequency band. The change of specimen S32 phase
angle low frequency under various loading conditions was
in an unstable stage. After entering the high-frequency
band, the change in phase angle of specimen $32 entered
the stable stage. With the increase of detection frequency,
the phase angle also increased with the increase of fre-
quency. In the high-frequency band, the phase angle of
each detection time point was relatively similar. In par-
ticular, the phase angles of specimen S22 and specimen
S32 were the closest.
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FIGURE 9: Bode phase diagram of specimens under osmotic pressure: (a) S12; (b) S22; (c) S32.

The Nyquist curves of specimens S12, S22, and S32
under osmotic pressure are shown in Figure 10. For the
three specimens, with the increase of stress and the
extension of loading time, the seven curves A~G
gradually approach the frequency axis in the coordinate
system, and the length of the curves gradually becomes
shorter. In particular, the length of the seventh curve G of
specimen S12 is more obviously shortened, which is

related to the failure of specimen S12 as a whole and the
penetration of cracks in the specimen. Compared
with the first six Nyquist curves of specimen S22, the
seventh curve G is somewhat scattered, which is also
related to the failure of the specimen. The overall dis-
tribution of the seven Nyquist curves is relatively con-
centrated mainly because specimen S§32 was not
completely damaged.
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4. Conclusions

This work investigated the strain characteristics and elec-
trochemical characteristics of anchor bolt specimens under
multistage loading and osmotic pressure. The main con-
clusions are as follows:

(1) The osmotic pressure has an obvious effect on re-
ducing the uniaxial compressive strength of the
specimen. The uniaxial compression test results
show that the uniaxial compressive strength of the
specimens under the osmotic pressures of 0.05 MPa,
0.10 MPa, and 0.15 MPa was 4.4 MPa, 4.0 MPa, and
3.1 MPa, respectively. Larger osmotic pressure is
likely to lead to more serious damage.

(2) When the specimen is subjected to multistage
loading, the osmotic pressure will increase the creep
deformation ratio of the specimen. Osmotic pressure
also changes the total strain deformation, elastic
deformation, and creep deformation of the speci-
men. The specimen produces cracks that are con-
sistent with the load direction.

(3) Under different osmotic pressures, the electro-
chemical impedance spectra measured at each
loading level show variations. In particular, the Bode
diagram and Nyquist diagram measured in the
seventh stage during the failure of specimens S11 and
S12 are more different from those measured in the
first six stages.
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