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Abstract: The deformation and re-crushing characteristics of different lithological caving crushed
gangues in mine goaf directly affect the overburden strata movement, which significantly affects
the surface subsidence of mining goaf. The effect of particle size on the re-crushing characteristics
of different lithological caving crushed gangues in mine goaf is investigated in this study based
on an innovative compression-AE (acoustic emission) measuring method. The results showed the
following: (1) The compression deformation was divided into three stages: rapid, slow, and stable
compaction. With the increase in axial pressure, the large particle skeletons were destroyed, medium
particles were displaced and slid, and small particles filled the pores. (2) For singular lithologies,
stress was positively correlated with pressure, and porosity was negatively correlated with stress. The
composite sample was between the singular gangue samples. (3) The fractal dimension of crushed
gangue samples was exponentially related to the proportion of gangue in singular and combined
lithologies. (4) The cumulative AE count and energy of the combined lithological gangue samples
were between those of the singular samples. The research results provide a theoretical foundation
for further research into the characteristics of the overlying strata, surface movement, and safety
management of the goaf.

Keywords: combination lithology; compaction characteristics; rebreaking characteristics; acoustic
emission

1. Introduction

Many coal mines in China have caused damage to the land, buildings, bodies of water,
and other protected objects in mining areas [1-4]. At the same time, after the mining of
coal seams, the overlying strata are deformed and damaged. In the overburden, many
fissures are produced and a “two zone” or “three zone” failure pattern will be formed [5-8].
Layer by layer, the broken rock layer rises to the surface and serves as a force transmission
beam [9]. The control of goaf conditions in underground mines directly affects the degree
of surface subsidence. Many countries use tailing backfilling methods for treatment, not
only treating tailings but also reducing surface subsidence. The compaction of crushed
gangue in the caved zone, and its influence on the overlying strata and surface movement,
has significant impact on and plays an important part in the formation of goaf conditions in
underground mines and the control of surface subsidence [3,10,11]. Therefore, investigating
the compaction characteristics of fractured rocks in mine goaf is vital for understanding the
mechanism of overlying rock instability.

Numerous academics have investigated the compaction-induced deformation proper-
ties of crushed coal rock, which is crucial for the accurate porosity estimation of the mining
goaf and safe and efficient production for coal mining [12]. Relatively early research was
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conducted on the connection between coal gangue compaction properties and particle size
distribution by Jiang et al. [13] and Ma et al. [14]. Huang et al. [15,16] revealed that the rock
movement was regulated by the compactness of various gangue and fly ash filling bodies.
Crushed particles under axial loading display a more complicated compression deforma-
tion process and pore structure evolution than intact coal and rock [17,18]. Yu et al. [19]
discovered that more rock particles undergo re-crushing during compression the higher the
power index n of the gradation. Liu et al. [20], using uniaxial compression tests on rocks,
determined the link between the strain, compaction, and axial stress of crushed rock. The
testing of cyclic uniaxial compression loading on sandstone samples was performed by
Yang et al. [21], who also reported on the materials” deformation process during the loading
cycle. Through testing, Zhou et al. [22] were able to determine the pattern of variation for
parameters including the strain rate, Poisson’s ratio, and the elastic modulus of sandstone.
They discovered that the degree of rock damage caused a positive correlation between
the pre-stress and the degree of sample fragmentation. Zhang et al. [23] established that
the bearing capacity decreases with rising ambient humidity and, the higher the grading
index, the faster the rate of change of the fragmentation rate. In terms of compaction char-
acteristics, Liu et al. [24] found that the breaking rate of crushed rock gradually increased
with the increase in the intermediate principal stress ratio during true triaxial compression.
Li et al. [25,26] conducted compression tests using a unique large diameter compression
steel chamber and an SANS material testing machine and compared and analyzed the
relationship between the deformation modulus and compactness, resulting in a linear
growth relationship between the deformation modulus and the stress of coal gangue sam-
ples. Zhang et al. [27-29] unanimously discovered that the compression characteristics of
crushed media were affected significantly by the axial loading stress and rock type.

To investigate the tiny internal deformation and re-crushing law of crushed coal rock,
Wau et al. [30] used PFC2D-based numerical simulation software to study the mechanical
bearing characteristics, particle breakage, force chain structure, and other micro aspects of
different particle-sized gravel. Wang and Li [31] conducted a quantitative analysis of the
impact of internal particle re-crushing on macro deformation using the CT reconstruction
approach. Cheng et al. [32] built a discrete element model of cemented calcareous sand
to examine the microscopic mechanical behavior under two-dimensional shear circum-
stances. Moreover, a number of researchers have attempted to investigate the evolutionary
properties of the particle skeleton and porosity structure of crushed coal rocks using three-
dimensional (3D) computed tomography (CT) reconstruction. After analyzing CT scan
data, Yang et al. [33] computed the volume porosity and pore size distribution. Feng
et al. [34] quantitatively characterized coal particles with layered re-crushing behaviors
using a self-designed CT visual compacting device.

Acoustic emission (AE), a non-destructive monitoring method, offers important data
on the dynamic degradation of coal rocks and material quality detection [35-37]. Mao
et al.,, Michlmayr et al., and Johnson et al. [38—41] detected them during the shearing
process of spherical granular glass beads, and analyzed the typical frequency range of
AE during the shearing process. Feng et al. [42,43] investigated the effect of particle
size on the re-crushing characteristics based on an innovative compression-AE (acoustic
emission) positioning method. The result showed that the deformation and re-crushing
characteristics of the crushed coal and rock directly affected the porosity and permeability
distribution of the mining goaf and overburden strata movement. Li [44,45] conducted an
AE experimental study on crushed gangue under different loading conditions and analyzed
the corresponding relationship between AE parameters and strain-stress curves. According
to Xin et al. [46], there were notable differences in each compression stage of the crushed
coal rock, as indicated by the cumulative AE counts. The maximum and cumulative AE
energies were found to grow continuously with the loading rate by Qin et al. [47]. The
effects of particle gradation and loading circumstances on the crushed rock’s AE parameters
during compression were also reported in other investigations [48].
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The research described above offers a wealth of resources for comprehending how
lithology, gradation, particle size, and loading rate affect the properties of crushed rock
and coal during compression. The main focus is on the compaction of gangue and the
comparison of the compaction characteristics of a single particle size and crushed rocks
of the same lithology. Studies on the compaction characteristics of combined lithology
and mixed particle sizes are rare, while studies on crushed gangue in goaf are mostly
composed of gangue formed after two or more kinds of crushed lithology. The research
on AE characteristics mainly focuses on the topic of crushed coal rock, with studies on
combined lithology crushed rocks in goaf being less common. The evolution law of
the micro and macro structure of combined lithology crushed rocks in mine goaf and
the mechanism of pressure bearing deformation are still unclear. In light of this, this
paper conducted a confined compression AE monitoring test of mixed particle sizes and
combined lithology through an independently designed gravel compression device. The
compression deformation characteristics of crushed rocks in mine goaf with different
single and combined lithologies will be touched upon, as well as the energy and fracture
evolution law of the compaction process of crushed rocks in mine goaf. The pressure
bearing deformation mechanism of crushed rocks in mine goaf from the micro level will be
revealed, providing a basis for the study of overburden and surface movement.

2. Materials and Methods
2.1. Test Materials

Many physical and numerical simulations and field monitoring all show that from the
boundary between the caved zone and the fracture zone to the direction of the floor of the
working face, the degree of fragmentation of the caved gangue gradually increases, and
the thickness of the caved gangue gradually decreases to a certain extent. The lithological
distribution of caved gangues is the same as that of the direct roof of the coal seam, generally
including at least two kinds of lithological gangues. The gangues in mine goaf have two
characteristics: (1) the particle size of the gangue increases from bottom to top, and it is not
a single particle size distribution, but a combined one; (2) the lithology of the caved zone is
not a single form of lithology, but a combined one, as shown in Figure 1.

Figure 1. Schematic diagram of “three vertical zones” of overlying gangue in longwall cave mining.

The crushed particle size came from the complete caved zone gangue in the longwall
goaf of a mine. The maximum thickness of the caved zone was about 20 m, and the
container was prepared to contain a 200 mm high crushed gangue. Then, the geometric
similarity ratio, l, was 1:100. The maximum thickness of the gangue in the caved zone
was 4.7 m. According to al, the maximum particle size of the compaction test sample was
47 mm, the maximum particle size was 45 mm, and the different crushed particle sizes
were 5-15 mm, 15-25 mm, 25-35 mm, and 35-45 mm.

2.2. Testing of Physical and Mechanical Parameters of Crushed Gangue

As shown in Table 1, the recovered bulk gangue sample was taken as the standard
gangue sample, and the mechanical property parameters of the two samples, sandstone
and sandy mudstone, were measured.
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Table 1. Physical and mechanical parameters of crushed gangue in caved zone.

. Compressive . Tensile Elastic Internal Friction
Lithology Strength/MPa Cohesion/MPa Strength/MPa Modulus/GPa Angle/(°)
Sandstone 67.29 28.65 3.28 23.02 37.1

Sandy mudstone 38.25 3.99 0.97 9.5 33.82

2.3. Test System

Manual crushing was conducted in the laboratory, and the gangue was crushed ac-
cording to the particle size. The samples were sealed to protect the gangue from weathering.
The gangue samples were sieved with a round hole grading screen (Figure 2) to obtain the
four samples with particle sizes of 5~15 mm, 15~25 mm, 25~35 mm, and 35~45 mm. The
four samples with different particle sizes were mixed to an equal ratio to obtain two single
mixed-particle-size loose gangue samples, and then these were combined in equal volumes
to obtain combined lithology gangue samples (Figure 3). We took out the compacted
sample and then screened and weighed it again.

Figure 2. Round hole sieves of different sizes: (a) 15 mm; (b) 25 mm; (c) 35 mm; (d) 45 mm. Gangue
of different sizes: (e) 5~15 mm; (f) 15~25 mm; (g) 25~35 mm; (h) 35~45 mm.

Sandstone 5—45
mixed particle

. Sandstone sandy
size :

mudstone 5—45
particle size
combination

Sandy mudstone lithology

5—45 mixed
particle size

Figure 3. Schematic diagram of combined particle size and lithology.

The prepared loose gangue sample was placed into a cylinder with an inner diameter
of 175 mm. The cylinder on an electro-hydraulic servo universal testing machine was placed
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on top, and the sample was compressed. The self-designed broken rock—coal compression
device, which is made of a high-strength steel alloy, can provide the test conditions for
axial loading and hoop displacement constraints. In this test, the loading rate of the electro-
hydraulic servo universal testing machine was 1 KN/s. The loading ended when the
stress reached 25 MPa, and the loading height was 200 mm. The test apparatus is shown
in Figure 4.
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Figure 4. Schematic of testing system for caving crushed gangues of mine goaf.

The sampling frequency of this test system was 1IMSPS, and the pre amplifier type was
40 dB. After re-adjustment, the fixed threshold value of the AE threshold was set to 40 dB
and the surrounding noise was effectively shielded. Therefore, in this experiment, the AE
threshold was set to 40 dB. The AE probe used in the test was Nano30, and its spatial layout
is shown in Figure 4.

The corresponding sampling frequency of the probe was 20-200 KHz. The acquisition
and processing software was AE win for PCI-2, which is included in the AE acquisition
system. In order to ensure a good coupling effect during the test, the following measures
were taken: (1) eight probes were used for AE monitoring; (2) the couplant was applied
evenly to the surface of the probe, and the probe was stuck to the wall of the test cylinder
with insulating tape and pressed firmly; and (3) a constant initial loading stress of 100 N
was applied. To properly reduce the amount of AE data processing, the test did not consider
the friction between the steel column of the compaction equipment and the mold.

3. Results

3.1. Confined Compression Deformation Characteristics of Fractured Gangues with
Different Lithologies

3.1.1. Time-Strain

The strain times of sandstone, sandy mudstone, and a combination of both were
recorded during compression, and the strain time change curves of all three crushed
gangues were taken (Figure 5).

It can be seen from Figure 4 that in less than 50 s, the strain curves of the individual
and combined lithological gangue samples showed a dramatic upward trend. After that,
the three curves separated and showed different change characteristics. In the strain-time
curve of sandy mudstone, the strain rose for the longest time and the largest strain was
produced. Conversely, the sandstone produced the smallest strain. The lithology of the
sandstone-sandy mudstone was a combination of the two and closer to the sandstone
strain. After the initial rise in the three curves, all showed the characteristics of increasing
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strain with time, rising sharply first and then with a gentle increase. The results suggested
that the softer the gangue, the more dramatic the preliminary growth rate of the crushed
gangue’s strain, and the greater the final strain value reached at the end.

0.40

sandystone
Sandstone-sandy mudstone
sandy mudstone

0.10

0.05

0.00 . . 1 1 . 1
0 100 200 300 400 500 600

Time/s
Figure 5. Strain-time curves of sandstone, sandy mudstone, and composite lithological crushed
gangue samples during confined compression.

3.1.2. Stress—Strain

The stress and strain data during the compression of crushed gangue samples were
recorded, and the stress—strain curves of sandstone, sandy mudstone, and a combination of
both under confined compression were obtained (Figure 6).
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15 F "
Rapid compaction stagq': '

Stress/MPa

(stageD) ::: "
10 m 11 Stable
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Figure 6. Stress—strain curves of sandstone, sandy mudstone, and composite crushed gangue samples
during confined compression.

The following can be seen from Figure 6:

(a) The stress and strain of the crushed singular gangues and a combination of both
were nonlinear during confined compression. As the strain increased, the axial stress
increased steadily, while the strain growth rate decreased toward the end. However, in
different stress stages, the variation in the strain was different. According to the evolution
process of the slope change rate of the stress—strain curve of fractured gangue samples, the
compaction deformation process of fractured gangue samples was divided into three stages:

() The rapid compaction stage.
(II) The slow compaction stage.
(II) The stable compaction stage.

Specifically, in Stage I, the crushed gangue was in a loose state, with many voids
inside the crushed gangue, and the overall bearing capacity was very weak. The block
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was extremely prone to deformation under axial pressure. In Stage II, the pores between
crushed gangue blocks in mine goaf were gradually filled with crushed blocks as the axial
stress increased, their resistance gradually increased, they were not prone to deformation
after being stressed, and the strain growth rate gradually decreased. The boundary between
Stage I and Stage II gradually shifted to the right as the elastic modulus of the lithology
decreased; in Stage I1I, the blocks mainly meshed with each other at the point of contact.
As the stress continued to increase, the strain value decreased due to the sliding, fracturing,
and structural reorganization between the blocks. The larger the block particle size, the
smaller the strain value, and the longer the duration. The pores between the blocks were
filled by the crushed blocks. As the stress increased, the pores between the blocks decreased,
and the blocks were gradually compacted to form a more stable overall structure. The
strain curve gradually trended to a constant value. The boundary between Stages Il and III
gradually shifted to the right as the strength of the original gangue increased.

(b) The compression deformation characteristics of different crushed gangue samples
varied. In the rapid compaction stage, the strain curves of single and combined litholo-
gies were close. In the slow compaction stage, the strain curves of single and combined
lithologies gradually separated. Under the same stress conditions, the strain of sandy
mudstone was greater than that of the combination and that of sandstone. In the stable
compaction stage, the strain of the confined compaction of crushed single and combined
lithological gangues gradually increased, and the increase amplitude gradually decreased.
After basic compaction, the strain of crushed sandstone was 0.33, that of the composite
was 0.34, and that of sandy mudstone was 0.36. This indicated that the combined lithology
of fractured sandstone and sandy mudstone improved its overall strength compared to
a single lithology of sandy mudstone, changing the compaction characteristics of sandy
mudstone to a certain extent and affecting the evolution process of sandy mudstone strain
with stress.

(c) The strength values obtained in lateral compression tests for crushed gangue
samples with higher hard crushed gangue content are also higher than those of gangue
samples with lower hard gangue contents. Under lateral compression conditions, the
compression deformation of the crushed gangue combination samples in goaf will decrease
with an increase in the hard crushed gangue content. The aforementioned occurrence
suggests that the structural properties of the composite gangue sample alter as the amount
of hard crushed gangue rises. The crushed gangue in the sample will come into local mutual
touch when the amount of hard crushed gangue grows to a specific point. The formation of
a stable crushed gangue skeleton between the crushed gangue under lateral compression
conditions increases the compressive strength of the composite gangue sample.

In conclusion, the strength of various crushed gangue types and the friction strength
between them make up the majority of the strength of composite rock samples. The
percentage of crushed gangue in various rock types and the lithology of the crushed
gangue affect how much of an influence these two strength composition elements have on
the overall strength of composite gangue samples. In combination lithology, the proportion
of weak gangue samples is comparatively low, and the blocks are closely spaced to form
the combination's framework. The spaces created between the massive pieces that make
up the framework are partially filled in by small blocks. At this point, the biting force and
friction force produced between the blocks are what primarily determine the macroscopic
mechanical strength. The total strength mostly depends on the weak crushed gangue
when there is less hard crushed gangue present. The block's existence barely influences the
macro-scopic deformation and failure properties of the material.

3.1.3. Fractal Dimension

Many studies have shown that the particle size distribution of crushed gangue mass
has a fractal structure. Fractal theory is widely used in the study of particle size distribution
and the grading evolution characteristics of crushed gangue, which can comprehensively
reflect the particle size distribution and fragmentation of crushed gangue before and after
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loading [49]. The fractal dimension, expressed by D, is the representation of the complexity
of the composition of a material and how it is self-organized. Under the action of a certain
stress level, the particles in the crushed gangue sample move and slide, which changes its
spatial arrangement and pore distribution. Because the cylinder used in the test had a large
stiffness, the radial deformation of crushed particles was not considered in the loading
process [50]. According to fractal theory in gangue crushing, the total mass of the crushed
gangue is set as M;, where the mass of particles smaller than the particle size di is M;(d;),
and the mass of particles larger than the particle size d; is M(d;), where

M; = My (d;) + My (d;) )

The relationship between the volume V and the fractal dimension D of the fractured
gangue in mine goaf is as follows:

4.\3D
V= 1— (= 2
c, [ ( Ay) ] @
where C, and Ay are constants, and their size depends on the shape and distribution of the
crushed gangue particle size.

According to Tyler and Wheatcraft’s assumptions [51], if the density of each particle
in the crushed gangue is the same, then

Ma(d;) = oCo l1 - (j)wl ©)

From the above formula, when d; = 0, there is
Mi = My(d;) = pCo (4)
When d; = dmax and Mp(dmax) = 0, substituting Equation (3), we can obtain
Av = dimax (5)

From Formula (2) to Formula (6), the fractal relationship between the particle quality
and particle size of crushed gangue can be obtained:

Mi(di)/ My = [1 = Ma(d)]/ My = (@i dmax)” ™" ©®)
The logarithm of the two sides of the equation can also be obtained:
Ig[Mi (d;)/Mi] = (3 — D)lg(d;/dmax) = Klg(d;/dmax) 7)

The relationship between the linear slope and fractal dimension is seen from Equation (8).
The crushed gangues before and after compaction were screened and weighed. The
logarithmic relationship between the mass ratio and particle size ratio was calculated
according to Equation (8).

The different combinations of crushed gangue were graded by particle size. All gangue
samples were sieved to the particle size ranges of 0~2, 2~5, 5~10, 10~15, 15~20, 20~25,
25~30, 30~35, and 35~40. The gangue samples in each particle size range were weighed
and the mass proportion was calculated. Each particle size range contained sandstone and
sandy mudstone. The gangue samples of single lithology and combined lithology after
crushing were compared. The proportion of sandy mudstone in the large range (35~40 mm)
gradually decreased after compression. It further showed that the high-strength gangue
block was mainly skeleton-bearing, while the low-intensity gangue block was mainly pore-
filling for the combined gangue sample. According to the gradient of the linear equation
and the fractal dimension, the fractal dimension of single and combined gangues under
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pressure was calculated, as shown in Figure 7 and Table 2. The compaction, crushing, and
rescreening processes of crushed gangue samples from mine goaf are shown in Figure 8.
The fractal dimension, D, of different lithologies was 2.277~2.349, and the correlation
coefficient was above 0.98.

234 F Fractal dimension P
------- Fitting curve /,,--—""'
233} T
g§232f o
;5 ",’
3
g231F
EPR /7 y=-0.06767exp(-x/0.40344)+2.34467
£ S R=0.99885
229
228F
2 27 1 1 1

0.0 0. 2 0. 4 0 6 0.8
The proportion of sandy mudstone to the combined llthology

Figure 7. Relationship between fractal dimension and different lithological ratios.

Table 2. Particle size composition and fractal dimension of different single and combined lithology
samples after compression.

Crushed Gangue Mass

Initial Particle Size Correlation Fractal
15~25 mm Coefficient Dimension
after compaction 0~2 mm 2~5 mm 5~10 mm 10~15mm  15~20mm  20~25mm
sandstone proportion/% 15.53 9.25 21.85 19.1 19.68 14.59 0.985 2.237
sandstone-sandy | 16.9 10.42 2037 2327 18.27 10.77 0.986 2.265
mudstone proportion/%
sandy mudstone 20.47 1125 23 16.78 18.52 9.97 0.99 2.349

proportion/%

compaction

J— Resaeenmg

//\\?

B e % £35 &:

10~15mm 15~20mm 20~25mm

5~10mm

2~5mm

0~2mm

Figure 8. Diagram of compaction, crushing, and rescreening of crushed gangue samples in goaf.



Appl. Sci. 2024, 14, 1682

10 of 17

Figure 7 shows that the fractal dimension increases exponentially with the variation in
different lithologies. The fitted result is

y = —0.06767 exp(—2x/0.40344) + 2.34467
R? = 0.99885

In the process of loading and compression, the breakup of the composite gangue
samples increased with the increase in sandy mudstone, with the rate gradually decreasing.
This was due to the small proportion of sandy mudstone effectively filling the ground pores
between sandstone blocks after fracturing, which improved the structural stability. As the
proportion of sandy mudstone continues to increase, the stability of the formed framework
structure continues to decrease, and after compression, it will enter a cycle of “instability
fracture recombination stability re instability”.

3.2. AE Characteristics and Analysis of Crushed Gangue Compaction
3.2.1. Evolution of AE Parameters during Axial Compression

During the compression of the crushed gangue in the caved zone, the fracture of
blocks and the friction between them produced AE signals. The AE strain time, ring count,
and cumulative ring count curves for singular and combination crushed gangues during
compression are shown in Figures 9-11. The AE parameter evolution properties are quite
consistent with the three stages of stress—strain curves.

The following can be seen from Figures 9-11:

(a) The AE ring count and cumulative energy of the crushed sandstone, sandy mud-
stone, and sandstone-sandy mudstone combination gangue samples showed different
variation characteristics at different strain stages. Their evolution law with time corre-
sponded to the three stages of compaction characteristic tests. The AE ringing count and
the evolution law of energy with time were used to characterize the different stages of the
axial compression of crushed gangue samples under lateral constraint: In the sliding flow
deformation stage of the crushed gangue sample (the strain was 0~0.1), the AE ring count,
cumulative ring count, energy, and cumulative energy all showed a trend of rapid increase.
With the increase in stress, the ring count and energy decreased sharply, and the rate of
the cumulative count and cumulative energy tended to increase gently; when the crushed
gangue entered the fracturing deformation filling stage (the strain was 0.1~0.25), the AE
ring count and energy increased rapidly after the previous stage, and the cumulative ring
count and energy showed an upward trend. In the compression elastic deformation stage
of crushed gangue samples (where the strain was greater than 0.25), the AE ring count
and energy showed a gradual decrease with continuous loading, while the cumulative AE
count and cumulative energy curve increased gradually, and the late compression period
showed a nearly linear growth.

(b) The cumulative ringing count of crushed sandstone was 1.1 x 10° and the cumu-
lative energy was 28 x 10° J; the cumulative ringing count of crushed sandy mudstone
was 9.7 x 10° and the cumulative energy was 92 x 10° J; the cumulative ringing count of a
combination of crushed sandstone and sandy mudstone was 3.2 x 10° and the cumulative
energy was 49 x 10° J. The cumulative ringing count of crushed sandy mudstone > the cu-
mulative ringing count of crushed combination lithology > the cumulative ringing count of
crushed sandstone and the cumulative energy of crushed sandy mudstone > the cumulative
energy of crushed combination lithology > the cumulative energy of crushed sandstone.



Appl. Sci. 2024, 14, 1682

11 of 17

6 , ) ! 14 040
h Ring count '
:—Cur.nulalive ring count} di2e H03s
5+ +—— Stain H o
H =
Slip flow deformation stage H Z4030
- H 108
=4 =
=k 54025
X [ - - - - H0.8 2
= [Fracturing deformation filling stage] g £
23r i T 51020 8
3 ; 0.6.Z iz
EJ : E < 0.15
=2 g
: "4 E oo
9]
1
02 Joo0s
0 0.0 <0.00
0 100 200 300 400 500 600
Time/s
(a)
40 ! Energy ' 135 4 0.40
~ ! Accumumated energy:
B 1+ — Strain 1 J30> 1035
1 ' =
30 |-[Slip fidw deformation stage| , X 4030
] ' 125 5
L oe =4
=251 {Fracturing deformation filling stage| 20 g 102
% ' | B it £
Z20 F B 0208
w15 |Con1pr:ssiun elastic deformation stage é’ 1015
7 =10 3
10 5 4010
<
5 5 005
0 0 = 0.00
0 600

Time/s

(b)

Figure 9. AE parameter curves of crushed sandstone. (a) AE ring count-cumulative ring count-strain-
time. (b) AE energy—cumulative energy-strain—time.
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Figure 11. AE parameter curves of crushed sandstone and sandy mudstone. (a) AE ring count—
cumulative ring count-strain-time. (b) AE energy—cumulative energy—strain-time.

3.2.2. Analysis of AE of Crushed Gangue Compaction Deformation

The number of AE ringing counts and energy can represent the number of crushed
gangue samples. The AE characteristic curves of the sandstone, sandy mudstone and
sandstone-sandy mudstone combination are shown in Figure 12.

The following can be seen from Figure 12:

(a) In the sliding flow deformation stage (which corresponded to the rapid compaction
stage), the particles overcame the friction between them under the axial pressure to produce
a wide range of dislocations and sliding. The pores between the blocks were compressed,
the blocks and the crushed ones showed the adjustment of the contact state and the rapid
closure of the interspace between them, the contact was relatively dense, the deformation
speed was fast, the ringing count showed a significant increase, and the cumulative ringing
count increased sharply. With the increase in axial stress, the gap between the crushed
blocks continued to be filled and closed, and the blocks continued to rotate and move.
During this period, the crushed gangue sample blocks formed a relatively dense skeleton
as edges and corners met. The ring count decreased sharply, and the cumulative ring count
increased slowly. Throughout the whole stage, there were crushed AE signals caused by a
small number of irregular block corner breakages as well as friction AE signals caused by
rotation, friction, and dislocation between the particles. Overall, the AE counts in this stage
were relatively small.

(b) In the fracturing deformation filling stage (which corresponded to the slow com-
paction stage), the crushed blocks formed a combination with a relatively dense skeleton
structure compared to that in the previous stage, with a slightly improved deformation
resistance. Compared to the slip flow deformation stage, with the increase in stress, the AE
count and energy generated by fracturing and crushing between the blocks, as well as the
frictional AE count and energy caused by the denser skeleton, all gradually increased. At
the initial stage of gangue block fracturing deformation and filling, the growth trend of the
AE count was gentle, and as the axial stress increased, the cumulative AE count and energy
curves showed a “convex” growth trend before being flattened.
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(c) In the compaction elastic deformation stage (which corresponded to the stable
consolidation stage), the crushed sandstone gangue sample block assembly had a “strain
enhanced” skeleton structure, with relatively stronger deformation resistance than before,
due to the stress in the early fracturing, deformation, and filling stages. In this stage, the
work performed by the universal servo machine was converted into particle crushing and
friction energy consumption, and the total amount of energy consumption decreased as
the axial stress increased. Therefore, the whole AE cumulative count curve presented a
convergent growth trend, as did the strain curve.
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Figure 12. AE characteristics of sandstone, sandy mudstone, and sandstone-sandy mudstone
crushed gangue samples during confined compression. (a) Sandstone. (b) AE energy—cumulative
energy-strain-time. (c) Sandstone—sandy mudstone.

In conclusion, as the stress increased, the evolution characteristics of the AE of singular
and combined crushed gangues in the caved zone showed a stage change and similar
evolution laws. The evolution process of AE corresponded to the compaction process of
the same samples.
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4. Discussion

By comparing the strain conditions of different lithologies at the same time, we found
that the softer the lithology, the faster the deformation rate of the overburden in the rising
stage. In actual mining work, if the lithology of the overburden in the goaf is relatively soft,
there may be significant residual deformation in the surface subsidence area in the early
stage after the mining work is completed. Due to the faster compaction and maximum
subsidence of this type of crushed gangues, the surface may reach a stable state faster. In
addition, based on the analysis of stress and strain in different lithologies, if there is a hard
interaction in the lithology of crushed gangues in goaf, their structural performance will
be improved. Therefore, in goaf with harder gangue characteristics, the potential residual
settlement in the goaf is greater, and we need to pay special attention to reinforcement
treatment. These views are consistent with existing research findings [9,52].

The experimental results that were obtained are limited to the laboratory level and do
not demonstrate a significant correlation with the compaction properties of the rock layers
found on the site. However, there has not been much thought given to how water affects
the process of compaction in cracked rocks. These represent the research constraints of this
study and will be the main subject of my upcoming research.

The AE equipment used in the paper is a precision instrument, especially the AE
probe, which is a vulnerable component and is only suitable for indoor testing. Through
this research method and means, the compaction characteristics of small-sized fractured
gangues sampled on site can be obtained based on the existing literature in the laboratory.
Through similarity ratios, the failure law of overlying gangues in a large-sized goaf on site
can be preliminarily determined. For on-site in situ monitoring, methods similar to the
principles of AE equipment, such as wave velocity testing, shear wave testing, and seismic
wave testing, can be used to obtain the movement and failure patterns of fractured gangues
in the goaf. The monitoring cost is higher than that with commonly used monitoring
methods such as RTK and total station, which will also be my future research focus.

5. Conclusions

(1) Under the condition of confined compression, the change curve of the axial strain of
the crushed gangue sample in the caved zone with time showed a straight upward
trend at the beginning of the test, which increased with time, showing a sharp rise at
first before slowing at the end. The softer the lithology, the greater the initial rate of
growth, and the greater the final strain value reached at the end of the test.

(2) The stress—strain curves of crushed gangues with different lithologies in the caved
zone showed nonlinear growth. The difference was that the lower the strength of
the gangue sample, the slower the initial rise of the curve, and the greater the final
strain. The stress—strain curves showed typical characteristics, which were divided
into the rapid compaction stage, slow compaction stage, and stable compaction
stage. The strain of the combined samples were somewhere between those of the
individual samples.

(3) In confined compression, the AE characteristics of crushed gangue were different
at different deformation stages. Based on the AE test, the compaction process was
divided into the sliding flow deformation stage, fracturing deformation filling stage,
and compaction elastic deformation stage, corresponding to the stress and strain in
the compression of the samples. The failures of the large particle skeleton, the sliding
flow of medium particles, and the filling of pores by small particles were the main
reasons for the compression deformation of crushed gangue samples, respectively.

(4) There was a positive correlation between the fractal dimension and the proportion
of gangue samples with singular and combined lithologies, with the fitting degree
above 0.98. Based on the compaction characteristics of crushed gangue samples and
AE tests, the crushing stage characteristics of crushed gangue during compaction
were summarized.
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