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Abstract: To explore solutions for reinforcement problems of broken rock masses in deep roadways, it
is necessary to study the performance of cement-based grout and its reinforcement effect. In this study,
grouting-reinforced specimens with different particle sizes of broken coal were made, which revealed
the reinforcement effect of grouting on the bearing capacity of broken coal and the mechanism for
secondary bearing damage and the instability of the reinforced specimens. First, it was determined
that the appropriate water–cement ratio (W/C) to meet the field grouting conditions is 0.45. Second,
the uniaxial compression of the grouting-reinforced specimens with 0.45 W/C was carried out, and
acoustic emission equipment was used to detect it. Finally, through indoor experiments, this study
investigated the differences in failure modes, stress–strain curves, and acoustic emission signal
characteristics among intact coal samples, grouting-reinforced bodies with different particle sizes,
and grouting-reinforced bodies after anchoring. The deformation and failure patterns of grouting-
reinforced bodies were revealed, and the failure mechanisms of grouting-reinforced bodies with
different particle sizes were elucidated.

Keywords: broken coal; grouting; failure mechanism; acoustic emission; reinforced specimen

1. Introduction

Due to high ground pressure, tectonic movements, and mining induced stress, road-
ways and their surrounding rock undergo severe deformation and break. As a result, it has
become increasingly difficult to maintain roadway stability and sustainable development
of many coal mines [1–5]. Bolt-grouting support can cement the fragmented rock mass
and enhance the integrity and strength of the rock. In this way, the deformation and
fragmentation of surrounding rock can be effectively controlled. Therefore, bolt-grouting
support is used widely in deep underground roadways [6–8]. To explore the influential
law of bolting and grouting reinforcement on the mechanical properties of the fractured
rock mass, many scholars have conducted numerous experimental studies of grouting
reinforcement of broken surrounding rock [9–12].

At present, the materials used for grouting reinforcement of broken rock masses
are mainly divided into cement-based grouting materials, chemical grouting materials,
and organic–inorganic composite grouting materials [13–15]. Li et al. [16] presented the
preparation of super early strength grouts. Zhang et al. [17] developed the self-stress
grouting material, which improves the grouting reinforcement effect of fractured rock mass.

In general, for grouting reinforcement problems, many researchers have introduced
effective methods and achieved significant effects [18–20]. Grassell [21] used a large model
to make a jointed rock mass and then tested the model with mortar anchors to study
the strengthening effect of mortar anchors on the model. Salimian et al. [22] studied the
effect of consolidation grouting on the mechanical behavior of fractures based on the
characterization of grouting rock fractures. To test the filling process’s effectiveness and the
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grout’s bonding to the masonry materials, ultrasonic tomography was conducted by Jorne
et al. [23] complemented by mechanical tests. It confirmed the importance of the bond
properties of the interfaces (grout–porous medium particles) on the mechanical results.

To further study the reinforcement effect and failure law of the broken rock mass,
some scholars have studied the bearing capacity and failure mechanism of broken rock and
slurry mixtures. Based on AE monitoring technology and DIC digital image technology,
Du et al. [24] analyzed the damage mechanism and crack development characteristics of coal
rock and the filling body during loading. To explore solutions for reinforcement problems
of water-rich and broken rock masses in underground engineering, Sha et al. [25] studied
the performance of cement-based grout and its reinforcement effect by designing a new self-
developed grouting experimental device. It was pointed out that the rupture interface and
tensile fracture of grout were the two main failure modes of reinforcement specimens. Two
morphological parameters called “grout vein uniformity” and “block-skeleton conversion
ratio” were proposed by Zheng et al. [26] to quantify the influence of the spatial distribution
of the grout vein and rock blocks in a grouted soil rock mixture. Based on the test results of
soil–rock mixture, Liu et al. [27] proposed a theoretical model considering the influence of
block ratio, block number, grouting volume and slurry vein distribution.

In summary, the mechanism by which slurry filling can improve the integrity of
surrounding rock has been widely recognized. The current research mainly focuses on
grouting reinforcement to improve the mechanical strength of the fractured rock mass.
There are few studies on the post-peak characteristics of grouting reinforcement stress–
strain curves and energy evolution characteristics. However, its post-peak deformation
characteristics are of great engineering significance for formulating broken surrounding
rock reinforcement schemes and evaluating surrounding rock stability. Therefore, this study
selected broken coal with different particle sizes and injected cement-based slurry to make
grouting reinforcement to carry out indoor tests. The total stress–strain curve of grouting
reinforcement was obtained by a rock rheometer, and the mechanical properties of grouting
reinforcement were analyzed. Combined with the AE ringing count, the energy evolution
and crack development characteristics during the failure process of grouting-reinforced
specimens were studied.

2. Test Preparation

Because of the different crushing degrees of roadway surrounding rock, the sup-
port design of bolt-grouting support is particularly prominent. To solve the problem of
bolt-grouting support design of surrounding rock with different degrees of fragmenta-
tion, this paper conducted indoor experimental research on the grouting reinforcement of
broken coal with different particle sizes. Based on the testing, the bearing capacity and
secondary damage mechanism of broken surrounding rock after grouting reinforcement
were explored.

2.1. Determination of Mechanical Properties of Coal

A total of 30 coal specimens were collected from the gas-governance roadway of the
Fujiayan coal mine in Shanxi, China. The dimensions of the coal blocks were not less than
25 cm × 25 cm × 25 cm, and coal blocks were made into standard coal specimens and
broken coal blocks, as shown in Figure 1.

(1) Broken coal screening

Figure 2 is a schematic diagram of the broken range of surrounding rock obtained
from the field survey of the Fujiayan coal mine. The broken range of the surrounding rock
is divided into severely damaged, medium-damaged, and slightly damaged areas. In the
test, different particle sizes of coal blocks were used to simulate the surrounding rock with
different crushing degrees. Therefore, the coal blocks were crushed in the crusher and then
screened by different particle sizes of sieves, as shown in Figure 3.
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Figure 3. Coal particle size screening ((a) 5 mm–10 mm, (b) 10 mm–15 mm, (c) 5 mm–20 mm,
(d) 5–20 mm).

From Figure 2, it can be observed that the cracks within the blue box in the slightly
damaged zone are small and sparsely distributed, while the cracks within the green box in
the moderately damaged zone are beginning to enlarge, with an increasing number. In the
severely damaged zone, as indicated by the red box, there are numerous through-cracks
and large voids.
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(2) Production of coal specimens

The on-site coal was processed as follows: The collected coal was processed strictly
with the International Society of Rock Mechanics (ISRM) test procedures to prepare a
cylindrical specimen with a diameter of about 50 mm and a length of about 100 mm.

(3) Strength and deformation failure characteristics of coal specimens

Figure 4 shows that the compressive strength of the coal specimen is 13.25 MPa, and
the elastic modulus is 3.4 GPa. The curve after the peak shows the stress decreases sharply,
and the coal specimen is rapidly destroyed. The failure stage of the coal specimen has the
following characteristics: Stage I (compaction stage) is longer than other stages. This is
because there are many voids and cracks inside the coal specimens. Stage IV (micro-crack
accelerated expansion stage) is the shortest, indicating that the energy is rapidly released
after reaching ultimate strength. The coal specimen fails to form a macroscopic fracture
surface. Figure 5 shows the morphological comparison of coal specimens before and after
failure. The failure mode of complete coal specimens is X-type shear failure.
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2.2. Performance Test of Grouting Material

The selected material was cement-based, and had no shrinkage or micro-expansion,
and had high fluidity. Firstly, the properties of the slurry were measured. Because the
recommended W/C of the material is between 0.3 and 0.5, five kinds of slurry with W/C of
0.3:1, 0.35:1, 0.4:1, 0.45:1, and 0.5:1 were selected to measure the slurry preparation, water
segregation rate, determination, viscosity determination, and setting time determination,
as shown in Figure 6.
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2.2.1. Determination of Slurry Properties

The specific operation methods were as follows:

(1) Slurry Preparation

Weighed according to different W/C; the mixer was used for rapid stirring for 2 min
and low-speed stirring for 1 min. The slurry was stirred well.

(2) Determination of water segregation rate

The water separation rate is the percentage of the volume of water separated from the
slurry to the volume of the slurry in a certain period. The configured slurry is poured into
the measuring cylinder, and the slurry is injected according to the 100 mL scale line. The
measuring cylinder of the injected slurry is placed in a flat position, and the upper end is
sealed. After standing for 2 h, the data are observed and recorded every 10 min.

(3) Determination of Viscosity

The specific determination method is as follows: first, the outlet below the viscometer
is sealed by hand, then 600 mL uniform slurry is injected into the funnel, and a measuring
cup with a volume of 500 mL is placed underneath. When the lower outlet of the viscometer
is released, the timing is started until the lower measuring cup is filled with the slurry,
when the timing is stopped. The measured time is the viscosity of the slurry, unit s.

(4) Determination Setting time

The determination of condensation time is mainly divided into two parts: initial
condensation time and final condensation time. The initial setting time refers to the time
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required to mix cement-based materials with water until the cement paste begins to lose
plasticity. The final setting time refers to the time required to mix cement-based materials
with water until the cement paste completely loses its plasticity and begins to have strength.

(5) Determination Strength

The prepared slurries with different water-to-cement ratios were injected into cylindri-
cal molds with a diameter of Φ50 mm and a height of H100 mm to form slurry specimens.
Three pure slurry specimens were prepared for each water-to-cement ratio. The slurry
specimens were cured under constant temperature conditions for 28 days, and then the end
faces of the specimens were polished. Uniaxial compressive strength tests were conducted
using a testing machine, as shown in Figure 7.
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2.2.2. Analysis and Selection of Slurry Parameters

It can be seen from Table 1 that the water segregation rate of the slurry increases with
the increase in the W/C, and the slurry is relatively stable when the W/C is less than 0.45.
The viscosity of the slurry is inversely proportional to the W/C. The fluidity of the slurry
was found to be better in the range of 0.4–0.45, which is beneficial to the diffusion and
injection of the slurry. With the increase in W/C, the setting time of the slurry becomes
longer, but in grouting engineering, the setting time of the grouting slurry is at least 2.5 h.
The initial setting time of 0.3 and 0.35 of the above W/C is too short, and the setting time of
0.4–0.5 W/C meets the requirements. As shown in Figure 7b, the strength of a pure slurry
specimen decreases with the increase in the W/C, and the elastic modulus becomes smaller
and smaller, indicating that the larger the W/C, the stronger the ability to resist elastic
deformation. It can be seen from Figure 7a that with the increase in W/C, the brittle drop
after the peak of a pure slurry specimen is increasingly obvious, which is not conducive to
the repair of surrounding rock. Considering the above properties of grouting materials, the
W/C of 0.45 was selected to simulate the grouting reinforcement test.

Table 1. Slurry performance table.

W/C Water Segregation
Rate/%

Viscosity/s
Setting Time/h

Strength/MPaInitial
Setting Time

Final Setting
Time

0.3:1 - 603 s 2.1 h 5.3 h 44.5 MPa
0.35:1 0.2% 510 s 2.6 h 5.8 h 36.3 MPa
0.4:1 1.5% 160 s 3.2 h 6.3 h 31.4 MPa
0.45:1 3.5% 123 s 3.8 h 6.9 h 27.6 MPa
0.5:1 5% 61 s 5.6 h 8.6 h 22.1 MPa
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2.3. Grouting Solid Test Scheme Design

In grouting engineering, grouting pressure and the particle size of broken coal of the
broken rock mass will affect the strength of grouting reinforcement. However, studies
have shown that the grouting pressure has a small effect on the mechanical strength of
the grouting reinforcement. Therefore, this test did not consider the influence of the
grouting process and parameters on grouting reinforcement and only studied the bearing
characteristics and damage failure mechanism of the formed slurry–coal mixture.

(1) Test scheme

The specimen grouping is shown in Table 2. Grouting reinforcement was carried out ac-
cording to the 0.45 W/C measured above, and the compression deformation characteristics
of different grouting reinforcement bodies were explored.

Table 2. Test scheme.

Specimen No. Particle Size/mm Number of Specimens Quality Specimen Dimension/mm

S1 5–10 3 325 Φ50 × 100 mm
S2 10–15 3 327 Φ50 × 100 mm
S3 15–20 3 323 Φ50 × 100 mm
S4 5–20 3 326 Φ50 × 100 mm

(2) Setup of test

To make the particle distribution uniform, layered pouring was adopted.

a. The grouting material was poured into the mold thickness of about 3–5 mm.
b. The broken coal was scattered evenly to cover it with a layer.
c. Injection of grouting material was continued to completely cover the coal by 3–5 mm.
d. Repeated c, evenly spread the material into the broken coal, and eventually covered

the entire mold.

After the grouting of the specimen was completed, the formwork was removed after
48 h of indoor natural maintenance. After 28 days of curing at room temperature, the test
was carried out, and the specimens with a large difference in quality were removed to
reduce the discreteness. Finally, the conventional uniaxial compression test was carried
out, as shown in Figure 8.
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3. Mechanical Properties and Failure Deformation Characteristics after Grouting
Modification

Based on the experimental results of complete coal specimens and grouting-reinforced
specimens, this chapter presents a comparative analysis in terms of two aspects: failure
mode and strength deformation characteristics. The loading rate of the test is 0.06 mm/min.

3.1. Failure Modes

A high-definition digital camera was used to record the failure process during the
uniaxial compression process. The failure modes of the grouting-reinforced specimen, the
complete coal specimen, and a pure slurry specimen were compared, as shown in Figure 9.
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Figure 9 shows that the failure modes of the three specimens are different, mainly
as follows:

According to the figures, two vertical cracks appear instantaneously during the com-
pression process of coal specimens. The failure mode of coal specimens is X-type shear
failure, and a few macroscopic cracks are seen from crack initiation to complete failure.
The pure slurry specimens show typical splitting failure. During the compression process,
cracks are generated along the loading direction and run through the entire specimen, and
dominate the failure of the specimen.

Compared with homogeneous coal specimens and pure slurry specimens, grouting-
reinforced specimens are mainly dominated by tensile failure [25], showing a progressive
failure development law from the surface to the interior, and from local to overall. The
macroscopic crack distribution of heterogeneous grouting-reinforced specimens is more
complex and diverse. This is because the slurry and coal block are unevenly distributed
inside the specimen, and there are many defects, which leads to the transfer of crack
initiation to the middle of the specimen. Many irregular cracks dominate the failure of
the specimen.

As seen in Figure 10, there are three kinds of contact in grouting-reinforced specimens:
coal–coal, slurry–slurry, and slurry–coal. The weakest contact among these three contacts
is the main reason for the failure of grouting-reinforced specimens [22,25]. After the
compression failure of the specimen, the separation of the slurry–coal contact interface and
the presence of massive coal particles and flake slurry stones can be seen. This indicates that
the bonding degree of the three kinds of cementation contact in the specimen is different,
and the weakest is the bonding between slurry and coal. From the compressive strength
of the above pure slurry specimen and the compressive strength of the coal specimen, it
can be seen that the contact bonding of slurry–slurry is greater than the contact bonding
of coal–coal. Thus, the contact bonding effect from strong to weak is slurry–slurry > coal–
coal > slurry–coal.
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Figure 10. Morphology of grouting reinforcement after failure.

3.2. Strength Deformation Characteristics

Figure 11 shows that the compressive strength of the pure slurry specimen is 27.57 MPa,
and the compressive strength of the complete coal specimen is 13.25 MPa. The average
compressive strength of the grouting-reinforced specimens is 13.06 MPa, and the average
recovery strength reaches 92.1% of the strength of the complete coal specimen. The main
reason for this is that the existence of the slurry increases the strength of the filling between
the broken coal blocks and increases the cohesion of the contact surface between the slurry
and the coal block. Therefore, the strength of the formed grouting reinforcement is higher,
and the strengthening effect of grouting is significant. From the perspective of deformation
parameters, the elastic modulus of the complete coal specimen is 3.42 GPa, and the elastic
modulus of the pure slurry specimen is 11.38 GPa. The average elastic modulus of the
grouting-reinforced specimens is 8.08 GPa. This shows that the average elastic modulus
of the reinforced coal block is between the pure slurry specimen and the complete coal
specimen, which indicates that the grouting reinforcement not only improves the ability
to resist deformation but also does not release a lot of energy in the accumulation of
deformation and failure.
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Figure 12 shows the stress–strain curve of the coal specimen, the pure slurry specimen,
and the grouting-reinforced specimen. From the perspective of the whole curve shape, in
the rising stage, the stress–strain curve characteristics of grouting-reinforced specimens
are similar to those of complete coal specimens and pure slurry specimens, and there are
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fluctuations and nonlinear states. However, in the post-peak stage, the grouting-reinforced
specimen shows a completely different curve characteristic from the rock material specimen.
Although the loading strength exceeded the peak strength of the grouting-reinforced speci-
men, it does not immediately lose its bearing capacity. In addition, the internal broken coal
body and slurry part still have a certain bearing capacity, and the bearing capacity gradually
decreases with the increase in strain, showing an obvious strain-softening phenomenon
rather than the typical characteristics of a post–peak steep drop.
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4. Failure Law of Grouting Reinforcement with Different Particle Sizes

To solve the problem of surrounding rock reinforcement with different crushing
degrees, the strength deformation characteristics and energy evolution characteristics of
grouting reinforcement with different broken coal particle sizes were studied to provide a
reference for the strength design of grouting reinforcement.

4.1. Characteristics of Voids

The void here refers not to the void inside the specimen but to the filling of slurry in
the grouting reinforcement. Studies have shown that the filling distribution of slurry in
grouting-reinforced specimens will significantly affect its strength and failure characteristics.
Combined with the relevant literature research [28], this study used the method of cutting
sections and used a digital camera to take pictures of the cylindrical end face of the grouting
body to obtain the image information of the internal fabric of the grouting-reinforced
specimen. The software was used to binarize the image to facilitate the extraction and
analysis of the image information and make the gap obvious, as shown in Figure 13.
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Figure 13 shows the size characteristics of the voids in the small-particle-size specimens
in the profile; it shows that are many small voids and the distribution characteristics are
uniform. There are few voids in the large-particle-size specimens, which are large, and
the distribution characteristics are uneven. The contact characteristics between the voids
of specimens with different particle sizes and the coal interface are different. The main
performance characteristics is that the length of a single coal block–void cementation in the
profile is relatively short, which corresponds to the small cementation area of a single coal
block and slurry in the specimen. The cementation surface of a single coal block–void of a
large-particle-size specimen is relatively long, which corresponds to the large cementation
area of a single coal block–slurry in the whole specimen.

4.2. Strength Deformation Characteristics Analysis of Mechanical Properties

The strength deformation characteristics of grouting-reinforced specimens with dif-
ferent particle sizes are shown in Figure 14. The particle size of the grouting-reinforced
specimen is negatively correlated with the compressive strength. When the particle size
is 5–10 mm, the compressive strength is the largest, and the compressive strength of the
specimen is 13.89 MPa. When the particle size is 15–20 mm, the compressive strength is
the smallest, and the compressive strength is 10.88 MPa, which is reduced by 21.6%. The
elastic modulus of the grouting-reinforced specimen is positively correlated with particle
size. The elastic modulus of 5–10 mm is 7.52 GPa, which is the smallest; for 15–20 mm, the
maximum elastic modulus is 8.48 GPa. This shows that although the broken coal body is
consolidated into a whole under the action of slurry, the particle size distribution of the coal
body inside the specimen and the consolidation effect of the slurry are different, resulting
in a large difference in the deformation of the specimen.
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The main reason for the change in the strength of different particle sizes is that the
specimen has three kinds of bonding contacts: coal–coal, slurry–slurry, and slurry–coal. The
first two kinds of contact are relatively stable, and the most easily damaged is slurry–coal
contact. The void characteristics characterize the size characteristics of the coal–slurry
cementation surface of different particle sizes to a certain extent. This is mainly manifested
as void size and void distribution characteristics, which together lead to changes in the
strength of different particle-size reinforced bodies. The voids of the specimens with particle
sizes of 5–10 mm and 5–20 mm are evenly distributed, the void is small, and the particles
are closely bonded. The specimens are denser and can form a stable bearing structure,
making the integrity of the specimens stronger. Therefore, the coal and slurry of the small-
particle-size specimens will be spread or dispersed during the compression process, which
does not easily produce stress concentration, so the specimen cannot be easily damaged.
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The void between the broken coal blocks with a particle size of 10–15 mm and 15–20 mm is
large and the void distribution is uneven. There are many self-consolidation areas inside
the grouting reinforcement, and the differentiation area of the coal block is obvious. It is
difficult to form a stable bearing structure in the area, so the uniaxial compressive strength
of the grouting reinforcement is low.

4.3. Acoustic Emission Characteristics

The distribution characteristics of acoustic emission ringing can reflect the fracture
process of grouting-reinforced bodies under static loading [29,30], which helps to clarify
the damage and failure mechanisms of grouting-reinforced bodies.

The similarities and differences between the two were compared and analyzed to
reveal the crack development and energy change of complete coal specimens and grouting-
reinforced specimens during loading. Figure 15 shows coal samples’ acoustic emission
signal characteristics and grouting solids with different particle sizes.
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As shown in Figure 15a, the active characteristics of AE ringing of coal specimens
first enter the quiet phase, which corresponds to the compaction stage of coal specimens,
and there are few AE ringing events. As the loading progresses, the coal specimens enter
the elastic and plastic stages successively. The cracks inside the coal specimens begin to
penetrate and generate new cracks, and the AE ringing enters the ascent phase. When the
loading reaches the peak stress, the coal specimen enters the fracture stage, the macroscopic
crack is generated, the specimen is destroyed rapidly, and the AE ringing event enters the
active phase. Taking Figure 15b as an example, the grouting-reinforced specimens first
appear in the ascent phase, which is because there are many weak structural planes in the
specimen (coal–slurry cementation). The existence of this structural plane leads to a slow
and steady increase in the number of AE ringing events in the early stage of compression.

It can be seen from Figure 15b–e that the AE stage characteristics of grouting-reinforced
specimens with different particle sizes are different. With the increase in coal particle size,
the span of the AE ascent phase gradually becomes shorter, while the AE active phase
increases. Among these, the AE ascent phase of the 5–10 mm particle size event is the
longest, including the compaction stage, the elastic stage, and the partial plastic stage; the
10–15 mm and 15–20 mm particle size specimens mainly correspond to the compaction
stage and elastic stage of the stress curve. The ascent phase span of the 5–20 mm particle
size event is second only to that of the 5–10 mm event. For small-particle-size specimens, the
filling slurry between broken coal blocks is small and the cementation is stable. Therefore,
the integrity of the formed grouting-reinforced specimen is better. Before reaching the peak
strength, there are fewer internal rupture events of the sample, and the number of acoustic
emission ringing events is relatively lower, so the rising section is longer.

The main characteristics of the AE active phase are: AE ringing events surge and the
AE cumulative number curve increases sharply. The 15–20 mm particle size specimen has
the longest AE active phase and the slowest stress drop after the peak of the specimen curve.
The length of the AE active phase is closely related to the post-peak strain softening of the
grouting reinforcement. The longer the AE active phase, the longer the strain-softening
stage of the corresponding curve. It shows that the post-peak ductility of 15–20 mm
specimens is better. The AE active phase length of the 5–20 mm particle size specimen is
similar to that of the 5–10 mm particle size specimen.

The AE quiet phase mainly corresponds to the stable friction stage after the peak.
The grouting reinforcement forms a macroscopic fracture surface, and the specimen is
further deformed and destroyed. The friction between the slurry stone body and the coal
block generates the AE ringing signal. The AE ringing activity of the grouting-reinforced
specimen is relatively frequent in the friction stage.

4.4. Grouting-Reinforced Specimen Crushing Mechanism

The above-mentioned void reaction to the microstructure indicates the cementation of
the slurry [26], and the failure of the cementation is the main reason for the failure of the
grouting reinforcement. Therefore, combined with the strength deformation characteristics
and the failure law of the grouting reinforcement, a conceptual model was established to
analyze the cementation-bearing structure and its causes of failure.

Figure 16 shows the cementation contact of the grouting-reinforced specimen. The gray
block represents the coal block, and the red line represents the cementation of the slurry.
The main principle of strength recovery of grouting reinforcement is that the slurry bonds
the broken coal blocks together to form a stable bearing structure. It can be seen from the
figure that the cementation of slurry in grouting reinforcement is structural, which is called
a skeleton-bearing structure [27]. The skeleton-bearing structure formed by the cementation
of small-particle-size specimens is dense and stable. The skeleton of a large-particle-size
block has a large bearing structure, loose distribution, and uneven distribution.
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Figure 16. Cementation contact of grouting-reinforced specimen.

The bearing structure of the cemented skeleton of the specimens with different particle
sizes leads to different stress states of the coal–slurry cementation surface during the
loading process [31]. Figure 17 shows the stress state of the coal–slurry cementation surface
when the grouting reinforcement specimen is loading. Due to the small size and uniform
distribution of coal blocks, the cementation surface of coal slime in the skeleton-bearing
structure is relatively dense. The coal and the slurry consolidation body can work together,
and the stress at the coal–slurry cementation surface is not easily concentrated. The coal
blocks of large-particle-size samples are dispersed, and the coal–slurry cementation surface
in the skeleton-bearing structure is loose and the cementation surface area is large. The
stress of the coal and slurry consolidation body is not uniform, and stress concentration
can easily occur at the coal–slurry cementation surface. Therefore, the large-particle-size
samples are more prone to damage and have lower strength.
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5. Conclusions

This study mainly examined the change in the bearing capacity of grouting reinforce-
ment after grouting modification and the damage law of grouting reinforcement with
different particle sizes. The bearing capacity test of the grouting reinforcement specimen
was carried out, and the bearing capacity and post-peak strain-softening characteristics
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of broken coal after grouting reinforcement were explored. The main conclusions are as
follows:

After grouting reinforcement, the recovery strength of the specimen reaches 92.1%
compared to the complete coal specimen. Moreover, brittle failure, which is common in
typical rock materials, did not occur after the grouting reinforcement peak. Instead, the
failure mode was mainly tensile failure. The stress–strain post-peak curve exhibited good
ductility and ductile deformation characteristics. Additionally, the AE (acoustic emission)
ringing signal stage of the grouting reinforcement differed from that of the complete coal
specimen, with the AE active phase appearing in the middle of the compression process.
These findings indicate that the post-peak deformation and failure of grouting-reinforced
specimens are progressive, with energy release also occurring progressively.

Slurry–coal contact is most easily damaged when using grouting reinforcement. The
voids of the small-particle-size specimens are evenly distributed and there are many small
voids. In this way, the specimens’ particles are closely bonded and can form a stable bearing
structure, which strengthens the specimens’ integrity. Therefore, in the compression process
of small-particle-size specimens, the coal block and slurry are easily spread or dispersed
under the force. Stress concentration is not easily produced, so the specimen is not easy
to destroy.

The elastic modulus and peak strength of grouting reinforcement are negatively
correlated with particle size. The AE signal characteristics of different particle sizes of
grouting reinforcement were revealed: the smaller the particle size of broken coal in
grouting reinforcement, the larger the ascent phase span, the shorter the active phase, the
more concentrated the AE ringing, and the worse the ductility after the peak.

Based on the strength and deformation characteristics of the grouting-reinforced
materials with different particle sizes, it was found that the optimal timing for grouting
is not when the coal particles are larger in size, but rather when a certain degree of
fragmentation is achieved (i.e., when the size distribution of the fragmented coal particles
is relatively uniform). Grouting at this stage can yield better results, as it can be carried out
during periods of intense disturbance and significant fragmentation in the working face
when cracks are more prominent and coal fragmentation is more extensive.
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