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Abstract: Bulk gangue is a common backfill material in solid backfill mining. After backfilling into
the goaf, bulk gangue serves as the main body to bear the load of overlying strata, and its deformation
resistance is the key factor affecting the backfill quality. In this study, the laterally confined com-
pression test of broken gangue was designed, the compaction deformation characteristics of gangue
specimens under different loading rates were studied, the acoustic emission (AE) energy characteris-
tics of gangue specimens under compression were analyzed, and the relationship model between
macroscopic deformation of broken gangue under compression and AE energy was established. The
particle flow numerical software PFC2D was used to stimulate the particle breakage in the gangue
compaction process, and the coal gangue particle model was established through particle cluster
units. The particle force chain distribution and fracture evolution characteristics of gangue specimens
in the compression process were studied, and the macroscopic deformation mechanism was revealed
from the mesoscopic perspective. The results showed that: the porosity variation of the gangue
specimen increases with the increase of loading rate; the porosity increases with the decrease in the
strain, the porosity decreases with the increase in the stress, and the relationship between porosity
and stress is monotonously decreasing. With the increase of loading rate, the AE signals produced by
particle breakage become stronger, while the influence of the loading rate on the maximum strain,
fragmentation and AE signal of the specimen is gradually weakened. Under different loading rates,
the “instability-optimization” of the skeleton force chain structure of the gangue model and the
crushing-recombination of cracks are the main reasons for the compaction deformation of gangue
specimens at the early stage of loading. The research results are of great significance to reveal the
deformation mechanism of coal gangue as backfill materials under compression.

Keywords: backfill mining; crushed gangue; loading rate; compression deformation; acoustic emis-
sion (AE); particle flow

1. Introduction

Solid backfill mining technology is an important means to solve the coal pressure
problems of “mining under buildings, mining under railways, mining under water bodies”
and achieve safe and environmental replacement of coal resources [1–3]. The gangue is
widely used as backfill material, and its deformation characteristics under the loading
effect of overburden directly affect the rock stability control effect [4,5]. Therefore, it is
important to study the deformation characteristics of the coal gangue during load-bearing
compression to improve the load-bearing capacity of the backfill body [6,7].

At present, research on the compression-deformation characteristics of gangue-filled
materials has been widely conducted. Cheng, et al. investigated the stability of the uncon-
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fined backfill body and analyzed the influence of long-term stability strength and creep
hardening coefficient on the stability [8]. Kesimal, et al. studied the changes in strain and
energy of gangue specimens with different lithologies under compression [9]. Zhou, et al.
developed a three-way loading system for gangue, analyzed the axial compression charac-
teristics of the gangue backfill body with different graduations, and revealed the influence
of different grain size graduations on the compression of backfill materials under com-
pression [10]. Wu, et al. tested the deformation characteristics and energy dissipation law
of gangue specimens under different grain sizes and initial loading stress conditions [11].
At the same time, numerical simulation was also used to study the deformation characteris-
tics of the gangue backfill material in the compression process [12–14].

The subsidence rate of overlying strata greatly affects the bearing process of the
gangue backfill in goaf. However, there are few studies on the influence of loading rate on
the fragmentation and deformation characteristics of gangue. In this study, the acoustic
emission (AE) system was introduced into the lateral limit compression test, the relationship
model between the compression deformation and the AE energy of the crushed gangue was
established, and the damage law of the gangue under different loading rates was analyzed
from the perspective of mechanics and energy. Through the numerical model of the gangue
particle flow, the distribution of particle force chain and fracture evolution characteristics
of the gangue specimens under different loading rates were studied in the compression
process, and the macroscopic deformation mechanism of the gangue samples was obtained
from the mesoscopic perspective. The research results are of great significance to reveal the
compression deformation mechanism of gangue-filled materials.

2. Experimental Design and the Establishment of Particle Flow Numerical Model
2.1. Material Preparation

The “digging gangue” taken from Datun Coal and Power (Group) was used in this
experiment. The lithology of the gangue was sandstone, and the mineral composition
was obtained by the gangue test. As shown in Table 1, the gangue specimen contains a
high content of SiO2, which is the skeleton composition of the gangue. Moreover, gangue
specimens also contain different contents of Al2O3 and CaO and other substances.

Table 1. Mineral composition of coal gangue.

Ingredients SiO2 Fe2O3 Al2O3 CaO MgO TiO2 Burning Loss

% 49.34 5.11 16.79 5.8 0.93 0.92 14.96

The graded sieve was used to screen gangue, and the following gangue specimens
with grain size were obtained: 10–20 mm, 20–30 mm, 30–40 mm, 40–50 mm, and 50–60 mm,
respectively. To reduce the impact of gangue particle size ratio on the testing effect,
coal gangue specimens with a uniform gradation (continuous gradation) were made
according to mass ratio, with the mass of each particle size gangue accounting for 20%.

2.2. Experiment Design

The loading control system and AE monitoring system were used for this experiment.
The MTS815.02 rock triaxial servo test system was used as the loading control system. The
PCI-2 AE test and analysis system produced by American Physical Acoustic Corporation
(PAC) was used as the AE monitoring system, which can automatically record and store
the AE parameters on the computer to realize the real-time monitoring and positioning of
the AE. A steel cylinder with 270 mm depth, 250 mm inner diameter, and 230 mm loading
height was used to hold the crushed gangue specimen. Six AE sensors were uniformly
arranged from bottom to top of the steel container to receive AE signals to the computer.
To ensure the coupling effect between AE sensors and the steel container, contact parts
were coated with grease, squeezed to remove the air, and then fixed with tape so that
it was tightly attached to the surface of the steel container. Figure 1 shows the whole
experiment system.
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Figure 1. Experimental system.

In this experiment, the sampling frequency of the six channels of the AE test and
analysis system was set as 5 MSPS (5 MHz), the gain of the preamplifier was set as 40 dB,
the high-pass filter of the analog filter was 1 kHz, and the low-pass filter was 400 kHz. As
acoustic emission signals were greatly affected by environmental noise, the fixed threshold
value of 45 dB was set in this test after repeated debugging, which can basically shield
environmental noise.

The stress-controlled loading type was used in this test. A total of six schemes were
designed to research the AE characteristics of gangue specimen under different loading
rates during the confined compression process. The loading rate was set as 0.25 kN/s,
0.5 kN/s, 1.0 kN/s, 1.5 kN/s, 2.0 kN/s, and 5.0 kN/s, respectively. When the axial stress
reached 16 MPa, the system was terminated. The data of the load, deformation, AE signals,
and other parameters during the test were collected and recorded automatically.

2.3. Construction of Particle Flow Numerical Model

In this study, the particle flow numerical simulation software PFC2D was used for
simulation. According to the actual size of the test steel cylinder, the wall was used to
simulate the rigid compaction cylinder. In the boundary contour, the distribution command
was used to fill the particles with a radius of 1.0 × 10−3. The particles inside the particle
contour generated before were divided into groups, and the particles in the contour were not
deleted [15–17]. The rigid cluster units with different gradations were obtained, as shown
in Figure 2. At the same time, the flexible cluster particle flow model of broken gangue
specimens was generated by the FISH function. In the simulation process, the wall stiffness
was 1.0 × 109 N/m, the wall friction coefficient was 0, and the particle density and porosity
of the gangue specimen were 2800 kg/m and 0.3. The stress, strain, force chain, and fracture
evolution during compaction were recorded in real time by the FISH function [18,19].

Figure 2. Backfilling of graded particle profiles.
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3. Result and Analysis
3.1. Confined Compression Deformation of Gangue at Different Loading Rates

(1) Stress-strain relationship

A total of six groups of confined compression tests were designed in this experiment.
Each test was repeated three times, and the average value of the three tests was taken as
the final test results. Figure 3 shows the stress–strain (σ-ε) curves of the coal gangue at
different loading rates under the confined compression.

Figure 3. Stress-strain curve of gangue specimens at different loading rates under the confined compression.

As shown in Figure 3, it can be found that

(1) The overall trend of stress–strain curves of gangue specimens under six different
loading rates is consistent. With the increase of stress, the strain presents three stages
of fast growth, slow growth, and stable deformation. The growth rate of the strain is
larger in the early loading stage, and the strain amount at this stage accounts for about
50% of the total strain. This is because the pores among gangue blocks are compacted
in this stage, and the gangue block with large grain size is gradually broken. In
the middle loading stage, the growth rate of the gangue strain decreases. At this
stage, pores have been compacted, and the gangue deformation is mainly caused by
fragmentation. In the later loading stage, the strain of the gangue remains stable. This
is because the gangue cannot be broken, and has reached a relatively stable state.

(2) The maximum strain of the gangue is directly proportional to the loading rate, that
is, the greater the loading rate, the greater the maximum strain. With the increase
of loading rate, the maximum strain of the gangue increases from 0.321 to 0.353,
indicating that the loading rate has a great impact on the mechanical properties and
deformation characteristics of crushed gangue. The main reason is that under the low
loading rate, the gangue fragmentation and compaction process are relatively slow,
and a stable bonding of the gangue can be formed. At this time, the gangue cannot be
further broken. Under the high loading rate, pores between the gangue are quickly
compacted, and then the gangue with large particle size is quickly broken. At this
time, the gangue is incapable of forming a stable bonding state. Finally, the gangue is
crushed and compacted again, leading to a further increase of the strain.

(3) With the increase of loading rate, the maximum strain increases continuously. When
the loading rate is greater than 2 kN/s, the growth rate of the strain decreases, indi-
cating that 2 kN/s is the optimal loading rate under this condition. Therefore, when
the backfill body is compacted, the optimal compacting force should be maintained at
about 2 kN/s. Moreover, after the backfill body is backfilled into the goaf, the loading
rate generated by the overlying surrounding rock is in a dynamic change under the
disturbance of mining activities, which will have a greater impact on the bearing
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capacity of the backfill body. Consequently, the influence of mining activities should
be minimized to reduce the disturbance to the backfill body.

(2) Porosity–strain relationship

Gangue is a granular material with uniform particle size and irregular shapes [20–22].
The porosity K of the gangue can be expressed as follows:

K =
V − V0

V
= 1 − m

ρ0πr2h
= 1 +

m
ρ0πr2(ε − 1)h0

(1)

ε =
h0 − h

h0
= 1 − h

h0
(2)

where V is the apparent volume of the gangue in the loose state, mL; V0 is the absolute
volume of the gangue in the absolute dense state, mL; r is the radius of the steel tube; h is
the residual height of the gangue after compression, m is the mass of the gangue before
and after compression; h0 is the initial backfill height of the gangue; ρ0 is the strain in the
compression process and the absolute density of the gangue.

As shown in Equation (1), when the mass and the inner diameter of the steel cylinder
are constant, the porosity in the compression process decreases with the decrease of the
residual height of gangue. At a given h0, the porosity decreases with the increase of strain.
If ε = 0, the initial porosity is positively correlated with the initial backfill height.

(3) Porosity-stress relationship

According to Equation (1), the porosity corresponding to different stresses is calculated.
Figure 4 shows the variation of porosity with stress. It can be seen that with the increase of
stress, the porosity decreases in different stages. Among them, the decline rate of porosity
is the largest in the range of 0–4 MPa, followed by that between 4 and 8 MPa, and the
slowest in the range of 8–16 MPa. This declining trend of porosity corresponds to the three
stages of macro deformation of gangue specimens. As the gangue is in uniform gradation,
the initial porosity is also the same. As the loading rate increases, the porosity decreases
rapidly in each stress stage, indicating that the greater the loading rate, the greater the
porosity change.

Figure 4. Porosity-stress curves of gangue specimens.
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3.2. AE Energy Characteristics of Gangue at Different Loading Rates

A large amount of friction and fragmentation can be generated in the loaded gangue,
leading to the generation of acoustic emission (AE) signals during this process. AE tech-
nology can detect the acoustic emission signal generated by gangue under compression.
Through analyzing the AE signal, the change of the internal state of gangue and the evolu-
tion of mechanical properties can be studied, and the failure mechanism of rock instability
can be inverted, which has important guiding significance for engineering applications.
AE energy can be obtained by the area enclosed by the acoustic signal envelope and time
axis, which can reflect the relative energy and intensity of the event. By monitoring the
AE energy, the change characteristics of gangue in different stages of compression can be
studied, so as to reveal the deformation and fragmentation mechanism of gangue [23–25].
Figure 5 shows the strain, energy, and cumulative energy curves of the gangue at different
loading rates under the confined compression.

Figure 5. AE energy-cumulative energy-strain-time curve of gangue at different loading rates:
(a) 0.25 kN/s. (b) 0.5 kN/s. (c) 1.0 kN/s. (d) t 1.5 kN/s. (e) 2.0 kN/s (f) 5.0 kN/s.
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As shown in Figure 5, it can be obtained that

(1) The changing trend of the cumulative energy curves and strain curves are consistent.
With the increase of loading rate, the cumulative AE energy of the gangue also
increases. Through the AE monitoring technology, the dynamic monitoring of AE
energy in the process of gangue fragmentation can reflect the damage process inside
the specimen. It shows that AE energy can effectively characterize the mechanical
properties of the gangue.

(2) When the loading rate is less than 1.0 kN/s, the AE energy and strain curve of the
specimen can be clearly divided into three stages: early loading stage, middle loading
stage, and later loading stage. In the early loading stage (Stage 1), strain and AE
energy increase slowly. This is because the pores between the gangues are compacted,
and the gangues are not broken under the low loading rate, and AE energy mainly
stems from the friction between the gangues. In the middle loading stage (Stage 2), the
crushing of gangue results in the release of a large amount of energy, which increases
the accumulated energy rapidly. Due to the low loading rate, a stable structure can be
easily formed by the gangue. Thus, the duration of the AE signal is short. In the later
loading stage (Stage 3), the AE signal intensity is low, and the accumulated energy
gradually tends to be stable.

(3) When the loading rate is more than 1.5 kN/s, the changing trend of AE signal energy
at the early loading stage is the same as that under the low loading rate. However, at
the middle loading stage, the gangue cannot adjust each other to form a stable carrier
under the higher loading rate, some gangue is further crushed and accompanied by
the energy release. This process lasts so long that the late stage of stress loading does
not appear. The deformation process of gangue and the generation process of the AE
phenomenon last for a long time, and the later loading stage (the accumulated AE
energy tends to stable state) is not significant.

(4) As shown in Figure 6, the maximum AE energy of gangue specimens under six
different loading rates during the whole compaction process are 1.1 × 103, 9.6 × 103,
10.8 × 103, 13.3 × 103, 14.3 × 103, and 14.4 × 103, respectively. Meanwhile, the
cumulative energy of gangue specimens are 2.11 × 106, 14.32 × 106, 20.79 × 106,
24.18 × 106, 23.28 × 106, and 24.33 × 106, respectively. It is found that under the low
loading rate, the damage of the gangue is smoother and the energy cycle is short,
and the cumulative energy is also smaller; under the high loading rate, the gangue is
broken, and the compaction process is more violent and the energy cycle is longer, the
accumulated energy is greater.
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3.3. Relationship Model of Macroscopic Deformation and AE Energy at Different Loading Rates

Through the loading control system and AE monitoring system, the maximum strain-
fragmentation rate-AE energy-cumulative energy curve (Figure 7) and macroscopic deformation-
cumulative energy curve (Figure 8) under different loading rates were obtained. Based on the
macroscopic deformation-AE cumulative energy curve, the linear fitting model of macroscopic
deformation and AE cumulative energy is established, as shown in Table 2.

Figure 7. Maximum strain-fragmentation rate-AE energy-cumulative energy curve.

Figure 8. Macroscopic deformation-cumulative energy curve.

Table 2. The linear fitting model between macroscopic deformation and cumulative energy.

Loading Rate/(kN/s) Stage 1 Stage 2 Stage 3

0.25 y = 9.288 x + 0.009 y = 13.209 x − 0.141 y = 2.639 x + 1.260
0.5 y = 4.747 x + 0.044 y = 94.252 x − 11.141 y = 25.233 x + 6.622
1.0 y = 11.592 x − 0.009 y = 50.115 x − 1.801 y = 6.128 x + 8.752
1.5 y = 11.881 x − 0.015 y = 75.086 x − 1.445
2.0 y = 22.670 x − 0.044 y = 72.071 x − 1.923
5.0 y = 12.298 x − 0.023 y = 75.696 x − 2.553
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From the above, it is concluded that:

(1) The variation trend of maximum strain, maximum energy, and accumulated energy
of gangue under different loading rates is consistent. With the increase of loading rate,
the maximum strain, AE energy, and cumulative energy rapidly increase first and
then become stable, but the fragmentation rate decreases. Other than that, when the
loading rate is less than 1.5 kN/s, the change of the loading rate has a large impact on
specimens; when the loading rate is more than 1.5 kN/s, the influence of the loading
rate change on specimens is decreased.

(2) At the low loading rate, the relationship between the macroscopic deformation and
energy change of gangue shows three stages, and the linear correlation coefficients
at different stages are higher than 0.96. However, at the high loading rate, the rela-
tionship between macroscopic deformation of the specimens and AE energy is mainly
reflected in the first two stages while the third stage is not obvious. It implies that
the macroscopic deformation of gangue specimens is closely related to the change of
energy, so the fragmentation process of gangue can be analyzed through the change
of AE energy.

3.4. Distribution Characteristics of Force Chain of Gangue Model under Different Loading Rates

Figures 9 and 10 show the distribution of the model force chain in the compression
process of gangue particles with different loading rates under the axial pressure of 4 MPa
and 16 MPa. Combined with the stress–strain curves, it can be found that in the early
stage, the loading rate accelerates the compaction and filling of the pores between gangue,
resulting in the gradual increase of the early strength chain with the increase of the rate. In
the figure, the compression height is reduced, the particle force chain is thickened, and the
color is deepened. In the later stage of axial pressure, the loading rate has little effect on the
distribution of the force chain in the gangue compression process. Thus, there is almost no
difference in the distribution of the force chain at each rate in the later stage [26,27].

Figure 9. Distribution of force chain of gangue model at different loading rates under the axial
pressure of 4 MPa.

Figure 10. Force chain distribution of gangue model at different loading rates under the axial pressure
of 16 MPa.
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To intuitively reflect the influence of loading rate on the force chain distribution of
gangue particles, the time-coordination number curves during gangue compression at
different loading rates are shown in Figure 11. It is found that the force chain increases
gradually with the increase of loading rate in the early loading stage (AB stage). The higher
the loading rate, the higher the slope of the coordination number curve. The process of
“instability-optimization” occurs continuously in the skeleton force chain structure, but
the stability of the skeleton force chain structure is gradually enhanced, and the bearing
capacity of the specimen is also gradually enhanced. In the later stage of compression
(BC stage), the loading rate has little effect on the force chain of the model, and there
is a rare change in the curve at the later stage. This finding can be used to explain the
macroscopic deformation process of gangue.

Figure 11. Step-coordination number curve in the compression process of gangue with different
loading rates.

3.5. Fracture Evolution Characteristics of Gangue Model under Different Loading Rates

Figures 12 and 13 show the fracture evolution of gangue particles at different loading
rates under the axial pressure of 4 MPa and 16 MPa. In the initial compaction stage,
the fracture increases obviously with the increase of loading rate, which represents the
improvement of fragmentation degree of gangue. The most intuitive manifestation in the
diagram is the increase of rate and the decrease of compression displacement. In the later
stage, the loading rate has little effect on the deformation of gangue, and there is almost no
difference in the evolution of cracks under different rates.

Figure 12. Fracture evolution of gangue models with different loading rates under the axial pressure
of 4 MPa.
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Figure 13. Fracture evolution of gangue models with different loading rates under the axial pressure
of 16 MPa.

To directly reflect the influence of loading rate on the fracture evolution of gangue
particles, the time-fracture number curves of gangue with different loading rates during
compression are obtained, as shown in Figure 14. It can be found that in the early stage
of compression (AB stage), the number of fractures increases with the increase of loading
rate, fractures constantly undergo a crushing-recombination process, which is consistent
to the coordination number curve. The higher the loading rate, the greater the slope of
the coordination number curve. In the later stage of compression (BC stage), the model
particles are broken to a certain extent, and the loading rate has little effect on the overall
model, resulting in almost overlapping curves in the later stage.

Figure 14. Step-crack number curves during compression at different loading rates.

4. Conclusions

In this paper, the acoustic emission monitoring technology is used to analyze the
deformation and acoustic emission characteristics of granular gangue under different
loading rates in the process of confined compression. Combined with the particle flow
numerical simulation method, the macroscopic deformation and failure mechanism of
gangue under different loading rates is revealed from the mesoscopic point of view. The
main conclusions are as follows:
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(1) Direct compression of pores under low stress is the main factor affecting macroscopic
deformation of the gangue. The porosity of the gangue decreases with the decrease of
residual height, and increases with the decrease of strain. The porosity is inversely
proportional to the stress, and the decreasing rate decreases gradually.

(2) With the increase of loading rate, the maximum energy and cumulative energy of
AE increase continuously, which is consistent with the macroscopic deformation
characteristics of gangue. In the early loading, there is less gangue fragmentation and
low AE signal; in the later loading stage, the gangue fragmentation is intensified, and
the AE signal strength and cumulative energy increase significantly.

(3) With the increase of loading rate, the influence of loading rate on deformation, frag-
mentation and AE signals of gangue is gradually weakened.

(4) In the early loading stage, the distribution of the force chain and the fracture develop-
ment of the gangue model are deepened. In the later loading stage, there is almost
no difference in the state distribution of each model. The macroscopic deformation
and failure mechanism of gangue under different loading rates is revealed from the
mesoscopic point of view.
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