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Abstract: Taking the roadway peripheral rock anchoring unit as the research object, the rock com-
pression test containing the anchor solid was carried out to analyze the influence of the degree of
peripheral rock fragmentation and the anchor support method on the mechanical properties of the
rock body. The test results showed that the smaller the size of the structural surface, the more a
greater number of anchor rods were needed, which in turn provided better support. With the increase
in the size of the structural surface, the uniaxial compressive strength and modulus of elasticity
of the specimen showed a gradual decrease. Numerical tests of the uniaxial compression of rock
containing cohesive units showed that the deformation of the specimen near the anchor bar was
significantly reduced, while the main rupture surface was blocked, and an obvious reinforcement
zone was formed near the anchor bar. Under the double-anchor condition, the anchor tension stress
was more obvious, the reinforcement zone was wider, and the rock rupture surface was strongly
blocked, all of which made its reinforcement effect the more obvious. This double-anchor condition
showed that the anchoring effect of the anchor rods on the specimens was reflected in two aspects of
reinforcement and crack stopping. The denser the anchor rods, the wider the reinforcement zone
and hence the more likely that the superposition effect will occur, which allowed the anchor rods to
play a greater supporting role in stabilizing the rock. The research results can provide a theoretical
basis for the design of anchor support and early warning prediction of destabilization damage in the
fractured surrounding rock of coal mine roadways.

Keywords: anchor support; fractured perimeter rock; similar material simulation; numerical simulation;
support mechanism

1. Introduction

At this stage, coal is the main energy source in China, with an output of about
4.45 billion tons in 2022, and coal resources account for more than 70% of one-time energy
consumption. According to incomplete statistics, more than 90% of China’s coal production
comes from shaft mining, which requires a large number of roadways to be excavated
underground, and it is important to keep the roadways open and the perimeter rock stable
for the construction and production of coal mines. The length of newly dug roadways in
China is about 12,000 km per year. As a result of the continuous improvement of mining
depth, width, and intensity, the depth of the roadway is increasing year by year, and the geo-
logical conditions are becoming more and more complicated. Additionally, the complicated

Appl. Sci. 2023, 13, 11328. https://doi.org/10.3390/app132011328 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app132011328
https://doi.org/10.3390/app132011328
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-8989-7077
https://orcid.org/0000-0001-7750-976X
https://orcid.org/0000-0002-9861-5235
https://orcid.org/0000-0002-4712-417X
https://doi.org/10.3390/app132011328
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app132011328?type=check_update&version=2


Appl. Sci. 2023, 13, 11328 2 of 17

and difficult conditions such as high geostress roadways, roadways with strong mining
influence, soft and broken perimeter rock roadways, and extra-large section roadways
and refuge are becoming more common, which significantly increases the difficulty of the
roadway support [1].

As the mining depth increases, the ground stress rises significantly, and the mechanical
properties of the deep rock body show different characteristics from those of the shallow
rock body [2–6]. Due to the complex geological structure [7], the rock body of underground
engineering is usually rich in defects such as joints, faults, and discontinuous surfaces,
which can cause different degrees of fragmentation of the surrounding rock and have an
important impact on the safe construction of underground engineering and the stability of
the surrounding rock [8–11]. Due to the existence of geological structural surfaces in the rock
mass, the mechanical strength of the rock mass is greatly reduced, and most engineering
practices have proved that the structural surfaces in the rock mass play a controlling role
in the deformation and destructive strength of the rock mass. Therefore, an accurate
understanding of the deformation and damage law of the rock body containing internal
joints is crucial for the reinforcement of weak and broken perimeter rock [12]. Jeon et al. [13]
showed that the deformation of the tunnel perimeter rock increased significantly due to the
existence of the weak face and obvious shear deformation appearing along the weak face
through physical tests and numerical simulation. Meanwhile, Moir et al. [14] illustrated the
characteristics of the rock body rupture evolution of the fracture network under the action
of the load through numerical calculations and showed that the geometrical distribution of
the fracture network was very small. The results of their study showed that the fracture
network was not only a good solution, but that it had the effect of the deformation of the
rock body as well. The results show that the geometric distribution of the fissure network
and the local stress field have an important influence on the development of the rupture
zone of the surrounding rock.

In terms of surrounding rock reinforcement technology, anchor support technology, as
one of the most common rock reinforcement means, plays an indispensable role in mining
engineering, slope reinforcement, and other fields [15,16]. Anchor support significantly
improves the tunnel support effect, reduces the cost of tunnel support, and reduces the
labor intensity of workers. What is more, anchor support greatly simplifies the end support
and overhead support process of the coal mining face, ensures safe production, and creates
good conditions for the rapid advancement of the coal mining face and the substantial
increase in coal production. At present, anchor support technology has been commonly
used at home and abroad and is one of the key technologies essential for coal mines to
realize high productivity and high efficiency. It has achieved good results in complex
and difficult conditions such as high geostress roadways, soft rock roadways, roadways
affected by strong dynamic pressure, and roadways digging and staying along the empty
roadways in kilometer-deep wells [17–22]. Its working principle is to fully utilize and
improve the bearing capacity of the rock body, which has a good reinforcement effect and
economic cost [23–25]. In recent years, many scholars at home and abroad have explored
and researched the action mechanism of anchors from various aspects, including some
classical theories such as suspension theory, combined beam theory, combined arch theory,
perimeter rock loosening circle support theory, and perimeter rock strength reinforcement
theory [26,27]. The research methods are mainly divided into indoor tests, model tests,
theoretical analysis, and numerical simulation. Li et al. [28] investigated the reinforcing
effect of anchors on rock bodies containing penetrating fissures under uniaxial tensile con-
ditions through indoor experiments, and the results showed that the anchored specimens
showed plastic damage characteristics and the anchors increased the deformation modulus
and uniaxial tensile strength of the jointed rock body. Wong and Chau (1998) and Wong
et al. (2001) conducted experiments on rock-like materials containing two and three fissures
(rectangular specimen dimensions: 60 × 120 × 25 mm) subjected to uniaxial compression.
Their findings revealed that the peak strength of the specimens was not contingent upon
the initial crack density but rather on the actual number of pre-existing flaws involved in
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the coalescence process. Chen et al. [29] carried out tensile-shear tests on the anchored
specimens by developing a new test method to characterize the strain distribution of the
surface of the anchors under the tensile-shear loading and, at the same time revealed that
the angle of the installation of the anchors. In a separate study, Sagong and Bobet [30]
examined a series of specimens (rectangular specimen dimensions: 101.6 × 203.2 × 30 mm)
composed of gypsum and featuring three and sixteen fissures, which were subjected to
uniaxial compression. Their research focused on elucidating the influence of continuity and
the ligament influence of continuity and ligament length on the stress associated with crack
coalescence. Su et al. [31] simulated the formation process of rock bodies in fault-fracture
zones by a novel test method and prefabricated model specimens of anchors anchored
by uniaxial. The effect of the anchorage form on the bearing capacity and damage mode
of the fault fractured rock body was investigated by compression test. Jing et al. [32]
investigated the effect of the nodal angle and anchor density on the anchorage strength,
deformation behavior, and axial force evolution characteristics of the anchorage in the
model specimen under the action of normal stress by prefabricating a large-scale nodal
model specimen (500 mm×500 mm×480 mm). With the continuous development of ad-
vanced testing techniques and computer simulation software, unprecedented progress has
been made in recent years in the study of anchor support principles. Deb and Das [33]
introduced a doubly enriched finite element (DEFE) procedure designed for simulating
grouted bolts passing through rock joints. Nie et al. [34] incorporated a rock bolt element,
grounded in analytically derived interface behavior, into a two-dimensional discontinuous
deformation analysis (DDA) program to assess the effectiveness of the rock reinforcement
system, yielding valuable insights into the role of DDA in the design of rock reinforcement
systems. Lin et al. [35] constructed a three-dimensional bolt-reinforced model within rock
joints using the FLAC3D numerical calculation program. They investigated the influence
of bolt inclination angles on both flat and undulating joint surfaces.

In the actual project, due to the influence of primary joints, fissures, and other struc-
tural surfaces and weathering and erosion, the surface of the roadways of the soft sur-
rounding rock was highly fragmented, forming irregular bulk block structures of different
sizes [36,37]. The surrounding rock had large deformation and strong rheological prop-
erties. The bearing capacity and anchoring mechanical behavior of this fractured rock
mass were significantly different compared with the intact rock mass [38]. Throughout
the literature at home and abroad, experimental studies on the relationship between the
degree of surrounding rock fragmentation and the adaptability of anchor support are rarely
reported. In view of this, this study, through the development of model-similar materials
and a specialized anchor addition scheme, carried out compression tests on the model spec-
imens of similar materials under the action of anchor anchoring to investigate the influence
law of aggregate particle size and anchor anchoring method on the strength, deformation,
and fracture characteristics of the specimens. And the reinforcing effect of the anchor rods
on the soft and broken surrounding rock was analyzed by numerical simulation.

2. Test Program

The traditional combined arch theory believes that if the anchor spacing is relatively
close, this double conical compression zone between the anchors overlaps and the combi-
nation is arch-shaped, and as a result the extrusion combination action can be formed (see
Figure 1). In Figure 1, Region A is one of the anchor units in the combined arch bearing
structure, and Region B represents the double-anchor bar anchorage unit. This test is based
on the force state of the anchor solid in the surrounding rock. When combined with the
effect of the different degrees of fragmentation on the anchoring effect of the anchor rods,
the anchor solid can be investigated.
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4. Put the mixture into the drying box at 60 °C for maintenance, after about 10 days of 

maintenance drying; 

5. After the specimen is completely dry, polish the specimen and measure with vernier 

calipers to ensure that the error is within the allowable range. 

Figure 1. Schematic diagram of the combined arch of the surrounding rocks.

2.1. Modeling

Considering the comparability of the test results, it is recommended to use gypsum
and quartz sand as the raw materials to configure the specimens [39]. The specimen size
was set to 50 mm × 50 mm × 100 mm with reference to the international standards of
rock mechanical testing and the results of previous research [40–43], where gypsum was
used as a binder [44]. In order to simulate the large number of fissures and other structural
surfaces that exist in the rock mass, three kinds of quartz sand with different grain sizes
(Grain size A: 2–4 mm, Grain size B: 4–8 mm, and Grain size C: 10–15 mm) of quartz
sand as the aggregate were used (Figure 2). The specimens containing quartz sand and
gypsum with different grain sizes were used to simulate rock bodies with different degrees
of microfractures and structural surfaces. The smaller grain sizes of quartz sand and
gypsum had smaller contact surfaces, forming structural surfaces of smaller sizes inside
the specimens, and vice versa.
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Figure 2. Quartz sand with different grain size.

The steps for preparing the specimens (Figure 3) are as follows:

1. Brush the mold release agent on the inside of 50 mm × 50 mm × 100 mm mold, weigh
quartz sand, gypsum, and water separately with a balance and set aside;

2. Put gypsum and quartz sand in a container, add water evenly and mix it quickly, and
put it into the mold for vibration (the ratio of materials is water: gypsum: quartz
sand = 1:1.5:3);

3. Smooth the upper surface after shaking evenly, and remove the mold 24 h after the
specimen is finished;

4. Put the mixture into the drying box at 60 ◦C for maintenance, after about 10 days of
maintenance drying;

5. After the specimen is completely dry, polish the specimen and measure with vernier
calipers to ensure that the error is within the allowable range.
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Figure 3. Specimen production process.

After reviewing a large number of studies and the mechanical properties of the
materials, based on the similarity theorem, the selection of the anchor rods required
that their mechanical properties are basically the same as those used in the project. After
comparing the mechanical properties of relevant carbon steel materials, it was decided
to select the steel wire processed from No. 45 steel as the anchor rod for this test. The
mechanical properties parameters are shown in Table 1.

Table 1. Mechanical Parameters of Common Anchor and Selected Screws.

Materials Tensile Strength
/MPa

Shear Strength
/MPa E/GPa Anchoring Force

/MPa Elongation/%

General Anchor 200~600 260~600 200 ≥50 ≥16
Selection of screws 600 400 210 20~40 ≥16

The geometric similarity ratio of the anchor parameters selected for this test is 10:1,
which can be adjusted according to the actual conditions in the laboratory, and the basic
parameters are shown in Table 2.

Table 2. Geometric parameters of specimen anchoring.

Typology Drilling Diameter
/mm

Anchor Diameter
/mm

Spacing
/mm

Engineering
Prototypes 30 20 800

Anchoring specimen 3 2 80

Drill anchor holes in the horizontal direction of the test piece using a bench drill. Screw
the nut and spacer on one end of the anchor rod and insert it into the drilled anchor hole on
the test piece. Add the spacer on the other end and tighten it with the nut while applying a
certain amount of preload.

It was decided to select the double-ended steel wire screw processed from No. 45 steel
as the reinforcing anchor rod for this test with the use of fastening nuts and circular spacers.
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The tensile strength of the anchor was 600 MPa, the modulus of elasticity was 210 GPa,
and the elongation was ≥16%. The holes were drilled horizontally in the specimen with a
diameter of 2 mm using a bench drill, one end of the anchor rod was screwed with a nut and
a spacer and inserted into the drilled holes in the specimen, and the spacer was added and
fastened with a nut on the other side, while applying a certain amount of pre-tensioning
force. The specimens made of each grain size aggregate were arranged with 0, 1, and
2 anchors, respectively, and the finished fabricated plus anchor body is shown in Figure 4.
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2.2. Test Methods

A RLJW-2000 microcomputer-controlled rheological experimental machine was used
to carry out the rock unidirectional compression test, as shown in Figure 5. The data of the
stress can be measured by the experimental machine by placing two micrometers at the
diagonal of the chassis for measuring the axial deformation of the specimen. This test was
loaded at the rate of 0.25 mm/min until the specimen completely loses the load-bearing
capacity, and the results of the experiment were compared to analyze the effect of the
anchor on the uniaxial compressive strength of the specimens of different types and the
damage characteristics of the experimental program, as shown in Table 3.

Table 3. Test program.

Group/Type of Specimen Anchor Type Specimen Number

Grain size A: 2–4 mm aggregate
0 anchor 1-0-1~1-0-4
1 anchor 1-1-1~1-1-4
2 anchors 1-2-1~1-2-4

Grain size B: 4–8 mmaggregate
0 anchor 2-0-1~2-0-4
1 anchor 2-1-1~2-1-4
2 anchors 2-2-1~2-2-4

Grain size B: 10–15 mmaggregate
0 anchor 3-0-1~3-0-4
1 anchor 3-1-1~3-1-4
2 anchors 3-2-1~3-2-4
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3. Results
3.1. Stress–Strain Curve of Anchor Solid

The axial stress–strain curves during uniaxial compression of the specimens with
different grain sizes are shown in Figure 6. Compared with the unanchored specimen, it can
be seen that the residual strength value of the anchored specimen in the late stage of damage
had a greater increase, but the residual strength value in the compression process of the
2–4 mm grain size aggregate specimen was higher than that of the 4–8 mm and 10–15 mm
grain size aggregate specimens. Consequently, the trend of the stress–strain curves of
the larger aggregate specimens close to the horizontal direction was more obvious. This
indicates that under uniaxial compression conditions, anchors can increase the compressive
strength and elastic modulus of specimens. They can also improve the residual strength of
the rock mass, but the ability of the anchor bar to improve the residual strength of the rock
mass gradually decreases with the increase in the specimen crushing degree.

Comparing the stress–strain curves of the different types of anchored specimens and
unanchored specimens revealed that the anchors change the deformation characteristics
of the surrounding rock body. Under the no-anchor condition, the brittle characteristics
of the rock-like body specimens were more obvious, and when the specimen reached the
peak strength, i.e., when the specimen reached the limit of its ability to resist the external
load, the rate of decrease in the stress–strain postpeak curves was faster, and the postpeak
modulus was larger. For the anchored specimen, its brittle characteristics were not obvious,
and the deformation of the anchored rock body showed plastic characteristics. When
the anchored rock sample reached the peak compressive strength, the peak stress–strain
curve began to decline. Compared to the unanchored specimen, the stress decline rate
was reduced, and when the stress dropped to a certain value, the stress–strain curve of
the specimen had a small fluctuation, that is, the specimen stress decline rate was small
with regard to the anchor at this time. The role of the anchor was more obvious. There
was no-anchor specimen in the load loading process. When the specimen reached the peak
compressive strength, the rate of stress decline was faster. When the anchor specimen
reached the peak strength in the rupture process, the anchor bar prevented internal cracks
from expanding and penetrating inside the specimen, thus slowing down the rupture rate.
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The uniaxial compressive strength of the specimens with quartz sand of different
grain sizes as the aggregate showed significant differences. These specimens had a smaller
surface area for the smaller grain size quartz sand aggregate, a smaller contact surface for
gypsum, and the formation of structural surfaces of smaller sizes inside the specimen with
a smaller degree of fragmentation, while they also had a larger surface area for the larger
grain size quartz sand aggregate, a larger contact surface for gypsum, and the formation of
structural surfaces of larger sizes inside the specimen with a higher degree of fragmentation.
The change characteristics of the compressive strength and elastic modulus of the rock
mass under the conditions of the different grain sizes and anchoring methods are shown in
Figure 7. It is worth explaining that the modulus of elasticity of the rock mass in the test is
the slope of the approximate straight line segment of the axial stress–strain curve, i.e., the
generalized modulus of elasticity, as can be seen from the diagram:

1. The uniaxial compressive strength and modulus of elasticity of the specimens showed
the following pattern: small-size aggregate specimen > medium-size aggregate spec-
imen > large-size aggregate specimen. The average compressive strength of the
unanchored specimens with 2–4 mm aggregate (Grain size A) was 19.75 MPa, that
of the unanchored specimens with 4–8 mm aggregate (Grain size B) was 18.30 MPa,
and that of the unanchored specimens with 10–15 mm aggregate (Grain size C) was
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16.94 MPa. Uniaxial compressive strength decreased by 7.34% and 14.23%, respec-
tively. The average modulus of elasticity of the unanchored specimens with 2–4 mm
aggregate was 3.074 GPa, the average modulus of elasticity of the unanchored speci-
mens with 4–8 mm aggregate was 2.884 GPa, and that of the unanchored specimens
with 10–15 mm aggregate was 2.549 GPa, with the modulus of elasticity decreasing
by 6.18% and 17.06%, respectively.

2. The anchoring effect of the anchors on the specimens of different grain sizes varied.
For the specimens with different grain sizes of the aggregates with the different
anchoring methods, the uniaxial compressive strength and elastic modulus of the
specimens followed this pattern: no anchor < single anchor < double anchor. Among
them, the uniaxial compressive strength of the specimens with 2–4 mm aggregate
size increased by 12.90% and 22.81%, and the modulus of elasticity increased by
16.39% and 23.34%, respectively, compared with that without the anchor in the single-
anchored and double-anchored specimens; the uniaxial compressive strength of the
specimens with 4–8 mm aggregate size increased by 4.16% and 11.35%, and the
modulus of elasticity increased by 3.33% and 14.34%, respectively, compared with that
without the anchor in the single-anchored and double-anchored specimens, which
increased by 3.33% and 14.25%; the specimens with 10–15 mm particle size aggregate
increased the uniaxial compressive strength by 4.88% and 6.02% and the modulus
of elasticity by 7.19% and 9.16%, respectively, when the single and double anchored
were compared to the unanchored.

3. With the increase in the specimen aggregate particle size, the degree of improvement
of the mechanical properties of the anchor rods on the specimen gradually decreased,
due to the formation of large-size aggregate and the gypsum size of the structural
surface. Because the specimen crushing degree was larger, the anchoring effect of the
anchor rods could not be given full play in the crushed rock, and the anchor rods on
the crushed rock support adaptability was reduced. Therefore, under the condition
of roadways surrounded by rock with a high degree of crushing, auxiliary support
measures need to be taken to form a joint coordinated support form to control the
phenomenon of a poor anchor support effect of the crushed surrounding rock, the
large deformation of roadways surrounded by rock, and other phenomena affecting
the safe production of the mine.
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3.2. Rupture Characteristics

The final damage pattern of the rock mass under the conditions of different grain sizes
and anchoring methods is shown in Figure 8. As can be seen from the graph,
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1. Under the condition of no anchor (0 anchor), the uniaxial compression of the specimen
formulated with large-grained aggregate was more serious than that of the small-
grained aggregate specimen. The specimen as a whole showed diagonal shear damage,
but the secondary fissures showing splitting damage developed to a high degree,
and different sizes of block spalling phenomenon appeared. When the aggregate
diameter was 2–4 mm (Grain size A), the specimen split along the axial direction,
i.e., the morphology of the rupture surface was parallel to the loading axial direction,
and no shear rupture occurred; when the aggregate diameter was 4–8 mm (Grain
size B), the shear rupture was relatively slight, and the shear rupture surface was not
completely through the upper and lower parts of the rupture surface; and when the
aggregate diameter was 10–15 mm (Grain size C), obvious shear damage occurred on
the free surface, and a large number of block spalling phenomenon occurred. This
shows the strength difference of the specimens made of the aggregates with different
grain size ratios.

2. Under the action of the single anchor (1 anchor), the rock body along the anchor
direction was subjected to a certain support resistance constraint, and the rupture of
the specimen was relatively homogenized. The rupture crack direction of the rock
body changed, the main rupture cracks in the aggregate diameter of 2–4 mm and
4–8 mm rupture cracks in the anchor position rupture crack direction changed at a cer-
tain angle, compared with the no-anchor condition rupture degree, which was small;
10–15 mm aggregate single-anchor specimens produced intensive rupture cracks, ap-
pearing to a certain extent of the block exfoliation. Combined with the rupture surface
of the specimen under the anchored condition in Figure 8, the anchoring effect of the
anchor on the specimen was reflected in the two aspects of reinforcement and crack
stopping. Under the pre-stressing effect of the anchor, when the crack developed to
the range of the anchor’s action, the anchor played the role of stopping the crack from
developing or changing the direction. The role of the tray along the anchor axial force
was applied, and when the tray was in contact with the formation of conical stress
concentration within the rock mass, the rock mass played a reinforcing effect.

3. Under the double-anchor condition (2 anchors), the damage pattern of the anchored
rock body, when compared with single anchor with an aggregate diameter of 2–4 mm,
had less developed specimen secondary cracks; when the aggregate diameter was
4–8 mm, the main rupture cracks were distributed along the direction of the axial
stress, and the specimen underwent splitting damage, and the secondary cracks
were obviously reduced. When the aggregate diameter was 10–15 mm, the rupture
cracks produced by the single-anchor specimen are greater. When the aggregate
diameter was 10–15 mm, the rupture cracks produced by the single-anchor specimens
were intensive, and those produced by the double-anchor specimens were relatively
scattered. This shows that the increase in anchors effectively enhanced the cementation
between the anchors and the rock body, which can augment the supporting role of
anchors, thus alleviating the degree of rupture of the rock body and improving the
overall bearing capacity.

The anchoring effect of the anchor on the specimen was reflected in the two aspects
of reinforcement and crack stopping. Under the prestressing reinforcement of the anchor,
when the crack developed into the reinforcement range of the anchor, the anchor played
the role of stopping the crack from developing or changing its direction. The action of
the tray exerting force along the axial direction of the anchor rods created a conical stress
concentration within the rock mass in contact with the tray, which acted as a reinforcement
to the rock mass. As shown in Figure 9, after the rupture of the specimen, an obvious rein-
forcement zone was formed at the anchor reinforcement, and this extrusion reinforcement
effect improved the integrity and bearing capacity of the rock mass.
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4. Numerical Modeling

In order to further analyze the protective effect of the anchor rods on the rock, this
paper used the finite element software ABAQUS [45–47] to establish a numerical model of
uniaxial compression of the rock. The boundary conditions of the model were similar to
the boundary conditions of the test, and the bottom boundary of the model was fixed to the
vertical displacement, and the top boundary gradually applied the axial load. The test was
divided into three cases: (1) no anchor; (2) embedded 1 anchor; (3) embedded 2 anchors
(Figure 10). In the model, cohesive units were inserted between the rock units based on
the damage mechanics theory. The rock matrix material parameters were a modulus of
elasticity of 10 GPa, a Poisson’s ratio of 0.25, and a density of 1700 kg/m3. The cohesive unit
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adopted the traction-separation theorem, the fracture energy of the unit was 0.1 N/mm,
and it was assumed that there is no friction on the contact surface once the unit is cracked.
The anchor material parameters were a modulus of elasticity of 210 GPa and a Poisson’s
ratio of 0.3.
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5. Discussion of the Results

Figure 11 shows the evolution of rock deformation and damage under the different
working conditions. For the no-anchor condition (0 anchor), the specimen showed typical
oblique shear damage characteristics, and at the same time, in the region near the top
and bottom boundaries, a block spalling phenomenon occurred, and with the continuous
increase in the axial load, the main macroscopic rupture surface running through the speci-
men was presented eventually. Under the single-anchor action (1 anchor), the deformation
of the specimen near the anchor was significantly lower than that in other areas due to
the limiting effect of the anchor. At the same time, the main rupture surface of the rock
was blocked, and it can be seen from the figure that an obvious reinforcement zone was
formed near the anchor. Under the condition of double anchors (2 anchors), the restriction
effect of anchors was more obvious, the range of strengthened area was wider, and the rock
rupture surface was strongly blocked. This indicates that the anchors played a reinforcing
and fracture stopping role on the rock, and the more anchors (or the more intensive) meant
a more obvious reinforcing effect.

Figure 12 shows the maximum stress distribution characteristics of the anchor solid.
From the figure, it can be seen that due to the embedded anchor in the specimen, the lateral
expansion of the specimen occurred after the external load was applied, and the tensioning
effect of the anchor was obvious. The specimen gradually produced oblique shear damage
near the top-bottom boundary. However, due to the tensile action of the anchor rods, the
crack expansion was inhibited, and the tension stress of the anchor rods near the potential
rupture area (ellipse area) in the figure was more obvious (the anchor rods are in the red
color, which represents a higher stress), which indicates that the anchor rods played a role
of reinforcing and stopping cracks in the rock, and the more densely the anchors were
installed, the more obvious their reinforcing effect was.
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Figure 13 shows a schematic diagram of the reinforcing action of the anchor rods,
from which it can be seen that the anchor rods limited the deformation of the specimen
and formed an anchor support anchorage force, similar to a small lateral circumferential
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pressure. In the area of anchor cementation and action, a reinforcement zone was formed,
which can greatly limit the development of internal cracks as well as the lateral expansion
of the rock and provide protection to the specimen. Compared with the limited scope
of the reinforced zone under the single-anchor condition, the reinforced zone under the
double-anchor condition had a wider scope, and there was a superposition effect, which
effectively strengthened the bonding effect of the anchor and the rock body. This, as a
result, gave a better supporting effect to the anchor, which greatly alleviated the rock’s
rupture development, effectively harmonized its overall deformation, and played a key
role in stabilizing it.
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6. Conclusions

1. The uniaxial compressive strength of the specimens with different grain size quartz
sand as the aggregate showed significant differences, with a smaller surface area for
the smaller grain size quartz sand aggregate, a smaller contact surface for gypsum,
which formed smaller size structural surfaces inside the specimen and had a smaller
degree of fragmentation, whereas the larger grain size quartz sand aggregate formed
larger size structural surfaces inside the specimen and a higher degree of fragmenta-
tion. The uniaxial compressive strength and modulus of elasticity of the specimens
showed the following pattern: small-size aggregate specimen > medium-size aggre-
gate specimen > large-size aggregate specimen.

2. Compared with the specimen without the anchor, the residual strength value of the
anchored specimen in the late stage of damage had a greater increase, but the residual
strength value was higher than that of the large aggregate specimen in the compression
process of the small aggregate specimen, and the trend of the stress–strain curve close
to the horizontal direction was more obvious in the specimen of the larger aggregate
size. This shows that under uniaxial compression, the anchor can not only improve the
compressive strength and elastic modulus of the rock mass but it can also improve the
residual strength of the rock mass. However, with the increase in specimen crushing
degree, the ability of the anchor to improve the residual strength of the rock mass
gradually decreased.

3. The anchoring effect of the anchors on the specimens with different grain sizes varies
was crucial. When different anchoring methods are used for the specimens with
the different grain sizes of the aggregates, the uniaxial compressive strength and
elastic modulus of the specimens follow the following pattern: no anchor<single
anchor<double anchor. With the increase in the specimen aggregate size, the de-
gree of improvement of the mechanical properties of the specimens by the anchors
decreases gradually.
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4. Numerical tests on the uniaxial compression of the rock containing cohesive units
were carried out. It was found that under the no-anchor condition, the specimen
showed typical oblique shear damage characteristics, and under the single-anchor
action, the deformation of the specimen near the anchor bar was obviously reduced.
By contrast, the main rupture surface was blocked, and an obvious reinforcement
zone was formed near the anchor bar. Under the double-anchor condition, the anchor
tension stress was more obvious, the reinforcement zone was wider, and the rock
rupture surface was strongly blocked, all of which made its reinforcement effect the
more obvious.

5. The anchoring effect of the anchor on the specimen was reflected in the two aspects
of reinforcement and crack stopping. Under the prestressing effect of the anchor,
when the crack developed to the range of the anchor’s action, the anchor played
the role of stopping the crack from developing or changing its direction. After the
specimen rupture, an obvious conical reinforcement zone was formed at the anchor
reinforcement, and this extrusion reinforcement effect improved the integrity and
bearing capacity of the rock mass. Moreover, the denser the anchors, the wider the
reinforcement zone, and the superposition effect occurred, which better utilized the
supporting role of the anchors and played a key role in stabilizing the rock.
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