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During the entire life cycle of rock and soil anchors, owing to the influence of adverse factors such as the working environment,
load change, and anchor performance degradation, the working load of the anchor will continue to increase and the mechanical
properties will continue to deteriorate, which significantly affects the safety and stability of rock and soil anchors. Therefore, this
study focuses on the deformation and failure characteristics of anchors under loading and corrosion conditions by means of
indoor simulation tests under laboratory conditions. The results indicate the following. (1) There are obvious cracks on the
surfaces of specimens 2# and 10#. In the two groups of specimens, the corroded bolt surface exhibited a corrosion phenomenon.
This indicates that the corrosion environment conditions cause a certain degree of damage to the anchored rock mass. (2) Under
the same gradient load condition, three observable cracks were found in the 10# anchorage specimens and one observable crack
was found in the 2# anchorage specimens. Therefore, it is clear that the damage degree of the anchor increases with an increase in
the corrosion time. (3) Under the condition of corrosion environment, the strain in the lower part of the specimen is generally
greater than that in the upper part of the specimen, and the failure of this group of specimens in the loading process is mostly
splitting failure, which is basically generated along the trend of the strain nephogram, and shear failure occurs with the extension

and diffusion of cracks.

1. Introduction

Geotechnical anchoring technology can improve the
strength and performance of geotechnical anchoring solids,
which plays an important role in mining and water con-
servancy engineering construction [1]. The mechanical
properties and durability of the anchor cable are very im-
portant for the anchorage system [2]. Hence, geotechnical
anchoring technology is widely used in roadway bolt support
[3], jointed rock reinforcement [4, 5], and other under-
ground engineering constructions. Corrosion of steel
members is one of the main reasons for the deterioration of
concrete structures, and the corrosion grade is often used to
evaluate the bond strength between steel and concrete [6].
Moreover, loading and corrosion lead to the cracking of
engineering structures [7, 8]. Corrosion not only reduces the

anchorage strength, durability, and safety of structures but
also is an important factor affecting the durability of anchors
[9-11]. Severe corrosion leads to incompatibility between
steel strands and concrete stress [12]. Ou and Nguyen [13]
showed that the corrosion of reinforcements had diverse
effects on the failure modes of reinforced concrete beams.
Karthik et al. [14] simulated the corrosion tests of large
reinforced concrete beam column joints. Wang et al. [15]
studied the corrosion situation and influencing factors of in-
service anchors and proved that the anchor head is more
vulnerable to corrosion than the anchorage section. The
shear test results obtained by Lin et al. [16, 17] proved that
the grouting state, the number of bolts, and the inclination
angle of bolts have a significant influence on the change in
the axial force of the anchor. The shear effect of the bolt
connection was related to the bolt influence coefficient.
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Based on the bolt influence coeflicient, a modified shear
strength model of the bolt connection was established.
Corrosion can reduce the durability and bearing capacity of
FRP concrete [18]. Al-Sibaly and Sabhan [19] found that
corrosion had a significant influence on the deflection of the
beam. Corrosion affects the bond strength and deformation,
as well as the axial tensile properties of the reinforcement in
concrete [20, 21]. Chen et al. [22] conducted mechanical
tests on corroded reinforced concrete beams and found that
as the corrosion degree increased, the bond strength of
reinforced concrete first increased and then decreased.
Imperatore et al. [23] proved that the interaction between
steel and concrete can lead to the corrosion of concrete
components, which can affect the bonding performance of
components, and the corrosion of concrete lap joints can
cause damage to the concrete protective layer [24]. Cor-
rosion has a significant effect on the cracks and on the bond
between steel and concrete [25, 26]. Berrocal et al. [27]
reported that the corrosion of steel bars affects the bond
performance of fiber-reinforced concrete. Corrosion of re-
inforcement leads to cracking of the concrete cover and a
decrease in the bond strength of the reinforced concrete [28].
Therefore, factors such as acidic corrosion environment and
high stress will not only accelerate the damage progress of
anchorage structures but also corrode rock anchor bars or
bolts, reduce the overall engineering mechanical properties
of rock mass, and even cause engineering disasters.

Digital image correlation (DIC) technology is a non-
contact and nondestructive image processing technology
that can measure the displacement field and strain field of a
specimen surface [29, 30]. To carry out digital image pro-
cessing, it is necessary to apply speckle on the surface of the
sample, and the noncontact method can be used to capture
the full-field deformation and strain field of the sample [31].
Wu et al. [32] analyzed the digital image failure charac-
teristics of rock samples with voids and cracks under uni-
axial compression. Tang et al. [33] revealed the strain and
displacement fields of a granite beam with a three-point
bending notch using the DIC method. Wang et al. [34]
performed uniaxial compression tests on 3D printed rock
samples and analyzed the influence of discontinuous
structures on rock strength using DIC technology. Dong
et al. [35] used the DIC method to analyze the fracture
displacement field of rock concrete composite beams in the
process of three-point bending and four-point shear tests.
Mata-Falcon et al. [36] used a digital image method to
measure the test process of a concrete structure. Sharafisafa
et al. [37] used noncontact DIC technology to analyze the
deformation of the Brazilian disc test. Tinkler-Davies and
Shah [38] studied the digital image processing technology of
bamboo laminates under compression. Huang et al. [39]
applied a DIC method to study the global displacement field
of a rock tunnel with a fault. Zhang et al. [40] used digital
correlation technology to study the deformation and failure
tests of Sichuan sandstone samples. Zhang et al. [41] con-
ducted experiments on semicircular sandstone and used a
DIC method to analyze the displacement field of specimens
with different sizes. Stewart and Garcia [42] used DIC
technology to track the asphalt crack growth. Liu et al. [43]
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applied DIC technology to study the deformation and failure
mode of the test when studying a wood beam strengthened
with carbon fiber. Cao et al. [44] conducted a digital speckle
study on brittle jointed rock specimens under uniaxial
compression. Liang et al. [45] studied the DIC method for
aluminum alloy deformation. Zhou et al. [46] studied the
DIC technology of uniaxial loading for ductile rock materials
with defects.

Based on the above research results, an indoor simu-
lation experiment of the uniaxial creep behavior of an an-
chored rock mass under acid corrosion conditions was
designed. The rock anchorage model of the reinforced rock
bolt was fabricated. The creep properties of the anchored
rock mass under different corrosion conditions were studied
using DIC testing technology, and the uniaxial compression
deformation properties of the corroded anchored rock mass
were revealed. The remainder of this paper is organized as
follows. The second section introduces the test method. The
third section provides the test results. Finally, the fourth
section presents the conclusions of the study.

2. Materials and Methods

2.1. Specimen Preparation. In the laboratory, river sand,
cement, and gypsum powder were selected (mass ratio of
river sand cement gypsum powder=10:7:3) and then
evenly mixed using a mixer. After the mixture was stirred
uniformly, it was poured into a mold box. The inner box
surface of the mold was evenly coated with a release agent.
The inner space of the mold was fabricated to be 150 mm
long x 150 mm wide x 150 mm high. The anchor rod and
acid solution conduit were coated with planting glue. When
fabricating the specimen, the mold was placed on a shaking
table to ensure specimen uniformity. The diameter of the
anchor rod was 5 mm. The two ends of the anchor rod were
equipped with a gasket and nut, respectively. The diameter of
the acid solution catheter was 4 mm. As shown in Figure 1,
the acid solution conduits were arranged perpendicular to
the position of the anchor rod, which was to be corroded.

When the mixture was added to 1/4 of the mold, two
bottom anchor bolts were inserted and screwed with a gasket
and nut. Similarly, when the mixture was added to 2/4 of the
mold, two middle anchor bolts were inserted and screwed
with a gasket and nut. Finally, when the mixture was added
to 3/4 of the mold, two middle anchor bolts were inserted
and screwed with a gasket and nut. The acid solution pipe
was inserted into the two bolts on the top of the anchor solid
mixture model, and the direction was perpendicular to the
bolt direction. The entire specimen preparation process was
carried out on a shaking table. The demolding and curing
treatments were carried out 24h after the specimen was
made, and then the demolded specimen was placed in a
constant-temperature curing box at 70°C for 48h. The
fabrication process of the specimens is shown in Figure 2.

After specimen curing, a layer of white pigment was
smeared on the smooth surface of the specimen, and the
speckle pattern was arranged on the surface. As shown in
Figure 3, the corrosion of the anchor rod was realized by an
acid solution conduit, and the concentration of the
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FIGURE 1: Specimen scheme.

corrosion solution was 50%. The corrosion times of speci-
mens 2# and 10# were 3 and 14 d, respectively. The detailed
parameters of specimens 2# and 10# are listed in Table 1.

2.2. Test Equipment. 'The universal pressure testing machine
at Zhongyuan University of Technology (Figure 4) was used
in this test. The experimental system generated an axial
graded compression load on the tested specimens.

Before the loading test, the specimens were processed
using a speckle pattern. High-speed cameras were used to
collect deformation images of the specimens during the test
(Figure 5(a)). Figure 5(b) shows the specimen loading
process. In Figure 5(c), two LED lamps were arranged on
both sides of the sample to negate the influence of light on
the imaging environment.

3. Results and Discussion

3.1. Test Process Description. In this test, a universal press
was used, and an incremental loading method was applied.
The highest creep load corresponding to the sample was 80%
of the corresponding load of the uniaxial compressive
strength of the sample, and the loads in the other stages were
16%, 32%, 48%, and 64% of the uniaxial compressive
strength, respectively. The loading time of each stage was 4 h,
and the total loading time was approximately 20h. The
loading path and overall deformation of the specimen
during the test are plotted in Figure 6.

The overall deformation curve of sample 2#, shown in
Figure 6, was analyzed. The overall displacement of the
sample increased rapidly under all levels of load, which
indicated that the elastic strain of the anchor was greater

than the creep strain in the process of load increase. In a
corrosive environment, the elastic strain produced by the
load has an extremely important impact on the deformation
of the anchored rock mass.

By analyzing Figure 6, it can be seen that the overall
displacement of the sample is large, and the sample fails at an
earlier time. Sample 10# will fail after the fifth-level load
reaches the specified value.

With an increase in the load level, the overall defor-
mation of specimens 2# and 10# increased, and the elastic
deformation and creep deformation increased. With an
increase in the number of corrosion days, the deformation of
the sample also exhibited an increasing trend. When the
corrosion time of the sample reached a certain value, the
damage degree of the sample was too large, and the sample
was damaged. With the increase in corrosion time, the load
of the failure stage of the sample increased.

Figure 7 shows the surface crack characteristics of
posttest failure.

3.2. Digital Image Analysis. It can be seen from Figure 8 that
the strain in the middle of the sample is the largest at the
initial stage of the test loading, and the strain in the middle of
the sample also increases with an increase in the load and the
passage of the test time. Combined with the diagram of the
sample after loading in Figure 7(a), it can be observed that
there are through cracks in the middle of the sample.
Figure 9 indicates that the strain in the upper part of the
sample is greater than that in the lower part of the sample.
During the test process, the strain on the surface of the
sample increased continuously, and there were several ob-
vious points in the middle of the sample where the strain
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FIGURE 2: Fabrication process of the specimen. (a) River sand; (b) cement; (c) gypsum powder; (d) acid solution catheter; (¢) mold coated
with release agent; (f) bolt, gasket, and nut; (g) specimen after fabrication.
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FIGURE 3: Schematic diagram of acid solution corrosion specimen.

TABLE 1: Parameters of test specimens.

Specimen Number of Number of Diameter Corrosion time (day) Corrosion solution concentration (%)
corroded bolts noncorroded bolts of anchor rod (mm)

2# 1 4 5 3 50

10# 1 4 5 14 50

Loading ==
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Machine
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Manual control
and hydraulic
display system

FIGURE 4: Universal pressure testing machine.
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FIGURE 5: (a) Schematic diagram of digital speckle testing technology; (b) loading process diagram of specimen; (c) schematic diagram of
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FIGURE 6: Loading path and overall deformation of specimens.

changed significantly, which was due to the cracks in the  the second stage load reaches the specified value, and cracks
loading process of the sample. appear in the early loading process of the sample. The ob-

Furthermore, in conjunction with Figure 6, it can be  vious strip cloud chart is perpendicular to the X-direction,
observed that the strain of the sample changes the most after ~ indicating that the failure mode of the sample presents the
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FIGURE 7: (a) Crack of specimen 2#; (b) cracks of specimen 10#; (c) comparison diagram of bolt in specimen; (d) comparison of corroded
anchor and noncorroded anchor.
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Figure 8: Continued.
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FIGURE 8: X-direction strain nephogram of specimen 2# at different time: (a) 4 h; (b) 8h; (c) 12h; (d) 16h.
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FIGURE 9: Y-direction strain nephogram of specimen 2# at different time: (a) 4h; (b) 8h; (c) 12h; (d) 16h.

splitting failure mode, which is consistent with the crack
propagation law generated in the test process.

It can be observed from Figure 10 that the lower right part
of the strain in the X-direction of sample 10# is larger than that

of the upper left part at the initial stage of loading. When the
third stage of loading was completed, the strain of the sample
diffused from the lower right to the upper right. After the
fourth stage, there were three positions with large strain
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FIGURE 10: X-direction strain nephogram of specimen 10# at different time: (a) 4h; (b) 8h; (c) 12h; (d) 16h.
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FIGURE 11: Y-direction strain nephogram of specimen 10# at different time: (a) 4h; (b) 8h; (c) 12h; (d) 16h.

changes on the surface of the sample, which further indicates
that the location of failure cracks of the sample should be these
three positions.

It can be observed from Figures 6 and 11 that the overall
strain change in the Y-direction of sample 10# under the first
three-stage loading is larger than that in the lower right part.
During the four-stage loading process, the strain in the
upper part of the sample begins to increase, and the strain
change in the lower right part of the sample extends to the
entire surface of the sample.

By combining Figures 6 and 11, it can be seen that the
overall strain of sample 10# is mainly at the lower right
during the first three stages of loading. With the passage of
time and the improvement of the stage load level, the sample
extends to three places where the strain changes signifi-
cantly. This trend is consistent with the crack expansion and
sample failure during the actual test process.

4. Conclusions

In this study, the influence of the corrosion environment on the
creep characteristics of an anchor was systematically studied:

(i) With an increase in the level of loading, the overall
deformation of the sample exhibited an increasing
trend, in which the elastic deformation and creep
deformation increased. With an increase in the
corrosion time, the deformation of the sample also
increased. When the corrosion time reached a
certain value, the damage degree of the sample was
too large, and the sample was damaged. With an
increase in the corrosion time, the load of the failure
stage of the sample increased. After the loading test,
from the appearance of the two groups of speci-
mens, it was found that the number of cracks on the
surface of the 10# anchorage specimens was greater
than that on the surface of specimens 2#.

(ii) During the test loading process, the strain of the
specimen increased, and the load level increased.

With the increase in corrosion time, the damage of
the specimen becomes increasingly serious, and the
mechanical properties of the specimen degenerate.
The degree of damage of the specimen changed
from the increasing strain of the specimen surface to
the failure load of the specimen. Simultaneously, a
significant corrosion layer appeared on the surface
of the corroded bolt.

(iii) Under a corrosion environment, the strain in the
lower part of the specimen is generally greater than
that in the upper part of the specimen, and the
faijlure of this group of specimens in the loading
process is mostly splitting failure, which is basically
generated along the trend of the strain nephogram,
and shear failure occurs with the extension and
diffusion of cracks. The abnormal area of the digital
stress nephogram in the X-direction of the two
groups of specimens is consistent with the crack
height on the surface of the specimens.
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