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Abstract: Coal mine waste rocks, mainly broken gangue, can be used as filling materials to backfill
into goafs. Under the overburden load, the backfill body is vulnerable to compressive deformation
and particle breakage. With the increase in mining depth, the overlying strata will impose different
loads on waste rock filling materials at different loading velocities, which further affect the material
compressive deformation and particle breakage. In this paper, an experimental scheme and a
loading device are designed to study the influence of loading stress and velocity on the compressive
deformation and particle size distributions of the backfill materials before and after compression.
The results show that the axial strain of the gangue filling materials increases rapidly with the axial
stress and then gradually stabilizes, showing a logarithmic functional relationship. Increasing the
loading velocity will destroy the contact structures among the gangue particles and cause a larger
deformation to the filling materials. When the loading stress is relatively low (5 MPa), the gangue
particles with a size larger than 20 mm have a stronger bearing capacity compared with particles of
16-20 mm, which are the first particles to be crushed under these conditions. Further increasing the
loading velocity will increase the breakage degree of the filling materials. The breakage ratio (Byy)
has a logarithmic functional relationship with the loading stress and the loading velocity. When the
ground stress is lower than 5 MPa, the content of coarse particles should be increased to enhance the
bearing capacity of the gangue materials; when the ground stress is higher than 10 MPa, the content
of fine particles should be increased to reduce the porosity ratio and the particle breakage ratio.

Keywords: backfill materials; backfill mining; compression behaviour; particle breakage; loading
stress; loading velocity

1. Introduction

Large-scale excavations of coal resources provide energy for social development, but
simultaneously cause a variety of ecological and environmental problems that require
mitigation and management [1-3]. Coal mining causes instability in rock strata, with
ground deformation resulting in a caving zone, a fractured zone, and a bending zone
that may also result in subsidence at the ground surface. Ground deformation can also
impact aquifers and surface water bodies above the coal seam, increasing the risks of slow
seepage, water inrush incidents, and damage to the surface structure [4-6]. Additional
environmental concerns during coal mining and washing arise due to large quantities
of waste rocks and gangue that are produced, which occupy valuable land area, release
harmful gases into the atmosphere, and potentially pollute groundwater resources with
toxic elements. Furthermore, spontaneous combustion, landslides, or other disasters may
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be triggered because of long-term exposure of these waste materials to the air. These
materials detrimentally affect mine safety and the ecological environment [7,8].

The backfill of coal mines with waste rock material and gangue can mitigate many of
these environmental concerns. However, familiar recycling and utilization methods, such
as using a coal gangue for power generation and brick fabrication, do not use sufficient
volumes of waste that has accumulated on the surface at mine sites [9-11]. To this end,
the waste rock backfill mining method has been proposed. The gangue waste problem
could be addressed through backfilling the solid waste rocks into underground goafs and
controlling subsidence to limit effects on infrastructure and water resources near the ground
surface [12-15]. However, after the fragmented coal gangue is poured into a goaf as an
active ground support, particle breakage due to the overlying pressure and deformation of
the gangue backfill body may complicate the backfill process and compromise its effective-
ness. The overburden load at varying burial depths has different impacts on the gangue
backfill materials. In addition, the settlement velocity of the overlying strata affects the
compressive deformation and internal particle breakage of the gangue backfill materials.

Numerous studies examined the deformation and particle breakage behaviour of
gangue backfill materials during the compression process. Early studies focused on the
mechanical properties of coal gangue during compression. Pappas and Mark [16] inves-
tigated the mechanical properties of collapsed rock masses in the goaf and obtained a
relationship between tangent modulus, secant modulus, and stress during rock mass com-
paction. Arasteh et al. [17] developed a computational model for predicting changes in
the porosity and permeability of gangue in the goaf under the pressure of the surrounding
rock formation. Benarchid et al. [18] studied the breakage performance of the gangue
concrete during the compression process and concluded that its compressive strength
and particle breakage were approximate to those of concrete made of natural gravel and
sand. Arulrajah et al. [19,20] used gangue materials for pavement subbases and performed
triaxial compression tests on these materials. They considered that the breakage degree and
grading evolution results of the gangue in the pavement subbases were within the limits
specified by the local national highway administration. Moreover, they found that the
preparation and processing of gangue materials for pavements was significantly increased
by mixing a certain proportion of broken glass into these materials.

Subsequent studies focused their attention on the particle size variations of gangue
before and after compression. Hane et al. [21] used gangue materials with three sizes
(0~10, 0~15 and 0~20 mm) as the aggregates to prepare paste filling materials. They
analysed deformation characteristics through unconfined compression tests and found
that the waste rocks with a particle size of 0~15 mm, as aggregates of the paste filling
materials, had the largest compressive strength. Zhang et al. [22] examined the fractal
dimensions of coal gangue particles during compressive loading and found that the fractal
dimensions were greatly affected by the axial stress and strength of the waste rocks. By
using 3D scanning and other methods, Li et al. [23] investigated the influences of different
particle shapes on gangue particle breakage under compression and revealed that cubic
gangue particles had a stronger bearing capacity. Salguero et al. [24] replaced partial
fine aggregates with gangue to prepare a new concrete, recoding less deformation in
the new concrete with a higher compressive strength (56.44 MPa) than in traditional
concrete (41.03 MPa). Li et al. [25,26] analysed the deformation behaviours of gangue
particles with different sizes when placed under different axial and lateral stresses. In
addition, some scholars also tested the effect of the water environment on the compression
deformation of crushed gangue [27-32] and further explored the environmental effect
of the gangue under compression [33-38]. In summary, studies to date have focused on
the influence of material strength on the compressive deformation of waste rock filling
materials and the particle morphological variation during the compression process by
numerical simulation. However, few studies are concerned with the effects of loading stress
and velocity on the compressive deformation of waste rock filling materials. Moreover, the
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evolution mechanism of the particle breakages of gangue filling materials before and after
compression remains vague and poorly quantified.

Therefore, in this paper, an experimental system is designed consisting of two modules:
sieving and compressive loading modules. Detailed test schemes and procedures are also
devised. Quantitative models of compressive deformation and particle breakage of the
gangue backfill materials are determined. The effects of different loading stresses and
velocities on the compressive deformation and particle breakage behaviour of the gangue
backfill materials are investigated and the reasons for such effects are analysed.

2. Experimental Descriptions
2.1. Experimental Apparatus

The complete experimental system is composed of two modules: the compressive
loading module and the sieving module. The former is used to compress the gangue speci-
mens and record the data for analysing the compression features of the gangue particles.
The breakage degree of the compressed gangue particles is quantitatively analysed based
on the sieving system to reveal the particles’ fractal characteristics.

The loading module comprises a WAW-1000D electro-hydraulic servo universal test
machine as the control centre and a self-developed steel barrel holding the gangue materials.
As shown in Figure 1, the test machine can offer a maximum axial force of 1000 kN and
has a stroke range of 0~250 mm. It is equipped with data acquisition software by which
mechanical parameters such as load and displacement can be measured. The steel barrel
has a square cross-section and an inner cuboid chamber of 200 mm x 200 mm x 300 mm
(length x width X h eight). Mesh-shaped reinforcing bars with a thickness of 10 mm and a
height of 28 mm are arranged at the outer sidewalls of the barrel to prevent deformation
and limit the lateral displacement of the gangue materials. The outer dimensions of the
barrel are 304 mm x 304 mm x 322 mm.

Upper cover | |
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Figure 1. Compressive loading module and the test system.
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The sieving module mainly consists of a sieving device and weighing device. The
sieving device includes standard square-holed sieves and a vibrating classifier. According
to the national industry standard JGJ52-2006 “Standard for technical requirements and
test method of sand and crushed stone (or gravel) for ordinary concrete” [39], and in
combination with the test scheme, sieves screens with different nominal diameters (1.25,
2.5,5, 10, 16, 20, 25 mm) were used in this experiment. The weighing device is an electronic
scale with a measuring range of 0~3000 g and a precision of 0.01 g.

2.2. Specimen Preparation

The gangue materials used in this experiment were sampled from the underground
working face of Xinjulong Coal Mine (Figure 2). To ensure the amount of the test materials,
about 3 tons of raw materials were collected. The gangue was used to fill the goaf, thus
dealing with the gangue waste and reducing the subsidence of the strata and ground
surface. The physical and mechanical parameters of the gangue were measured, and the
results show that the elastic modulus (E) was 15.21 GPa, the Poisson’s ratio (i) was 0.28,
the uniaxial compressive strength (c) was 72.23 MPa, the density was 2530 kg/m®* and
the moisture content by weight was 0.93%.

» gl Original Rock Sample
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Figure 2. Specimen collection site and gangue particles: (a) is the location of the specimen collection
site for Xinjulong coal mine; (b) is a schematic diagram for the application of gangue in the working
face; (c) is the original specimen collected; and (d) is the gangue specimen in the test of this paper.

The minimum inner diameter of the steel barrel size is 200 mm. In order to reduce the
boundary effect in the test, the gangue materials should be broken into particles smaller
than 1/5 of the steel barrel size, that is, 30 mm particles. The specific preparation processes
are as follows: (1) Weigh 12.8 kg gangue raw materials; (2) crush the raw materials into
small particles less than 30 mm using a hammer or a crusher; (3) sieve the gangue particles
into eight size grades (0~1.25, 1.25~2.5, 2.5~5, 5~10, 10~16, 16~20, 20~25, and 25~30 mm)
and record the mass of each grading particle; (4) place the gangue specimen with different
size grades into the steel barrel; and (5) complete the specimen preparation.

2.3. Experimental Scheme

The objective is to disclose the influence mechanism of the axial loading stress and the
loading velocity on the compression and particle breakage behaviour of the gangue filling
materials under confined lateral displacement. Considering that the coal seam in the filling
working face of Xinjulong Coal Mine is about 800 m depth and the vertical ground stress at
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this depth is about 20 MPa, the maximum loading stress is determined to be 20 MPa in this
experiment.

To carry out the experiment, the loading stress and the loading velocity are taken as
the main control factors, and each main control factor is divided into 4 levels. Single-factor
rotation tests are designed, and a total of 8 groups of tests are performed (Table 1). The
loading stress is set at 5, 10, 15, or 20 MPa, and the loading velocity is set at 1, 5, 10, or
15 kN/s.

Table 1. Single-factor rotation test scheme.

Numbered

Main Control Factor . Loading Stress Loading Velocity
Specimen
i-1 5 MPa
. i-2 10 MPa
Loading stress i3 15 MPa 1kN/s
i-4 20 MPa
i-5 1kN/s
. . i-6 5kN/s
Loading velocity 7 20 MPa 10 kN/s
i-8 15kN/s

2.4. Experimental Procedures

To reveal the influences of loading stress and loading velocity on the compression and
particle breakage behaviours of the gangue backfill materials, each test was repeated three
times according to the test scheme. The mean value of the three test results was taken to
eliminate test errors. Specific experimental procedures are as follows:

1.  Prepare the specimen and place it into the steel barrel

The specimen preparation methods are described in Section 2.2. After each group of
specimens had been thoroughly mixed with different particle sizes, they were each loaded
into the steel barrel several times, and the surface of the specimens was then levelled by
hand after all of them have been loaded into the steel barrel. Before loading the specimen
into the steel drum, lubricant was applied to the inner wall of the steel drum to reduce
the error caused by friction. The particle size grades of the specimens are illustrated in
Figure 3.

0~1.25 mm 1.25~2.5 mm

10~16 mm 16~20 mm 20~25 mm 25~30 mm
Figure 3. Gangue particles with different sizes.

2. Weigh each specimen and record the initial height in the chamber
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After the specimen was placed into the steel barrel, it was covered by the loading
plate. The height of the inner chamber (H; = 300 mm) and the thickness of the loading
plate (H, = 40 mm) are given, and the distance (H3) between the surface of the cover plate
and the upper edge of the steel barrel can be measured. The initial height of the particle
packing (Ho) can then be calculated by the equation: Hy = Hy — Hy — H3. The values of Hy
should be recorded for calculating the axial strain.

3. Load and compress the specimen

The steel barrel was placed in the centre of the test platform; hereafter, the test was
carried out according to the loading velocity designed in the test scheme. The test was
stopped when the set maximum stress was reached. Loads and displacements were
recorded until the specimen was unloaded. The compaction process for this test is in
accordance with the Energy Industry Standard of the People’s Republic of China “Method
of compaction testing of solid backfilling materials (NB/T 51019-2014)” [40].

4. Remove the specimen and sieve the particles

After the loading process was completed, the steel barrel was disassembled to remove
the specimen. The aggregates, having been compressed, were taken out and screened grade
by grade. The mass of each grading particle in the specimen was recorded for subsequent
analysis. Similarly, the compressed particles are classified into eight grades, i.e., 0~1.25,
1.25~2.5,2.5~5, 5~10, 10~16, 16~20, 20~25, 25~30 mm.

3. Calculation of Compressive Deformation and Particle Breakage
3.1. Calculation Model of Gangue Compressive Deformation

The loading stress is controlled by the load when the specimen is compressed by the
test machine. The loading stress in the specimen (¢) is the ratio of the axial load to the
area of the cover plate. The dimensions of the plate are 200 mm x 200 mm, and the area is
0.04 m?. Therefore, the formula for calculating the loading stress is [41,42].

P
= — 1
o= M
where P is the axial load upon the specimen and A is the area of the caver plate, 0.04 m?.
The axial strain (¢) generated in the specimen is the ratio of the axial displacement to
the initial material height in the barrel (Hy), then [43,44].

Y

€= ﬁo )

In the equation, Al is the axial displacement of the specimen after compression, and
the data are collected by a test system. H is the initial material height that is measured
after being placed in the barrel.

3.2. Quantitative Model of Gangue Particle Breakage

The breakage ratio (Byj) proposed by Marsal Radl J. [45,46] is used to calculate the
change in the mass proportion of each particle group before and after compression and to
quantify the breakage degree of the gangue particles before and after compression. By is
defined as the positive sum of the mass difference of each particle group before and after
the test, i.e.,

Bm = Z(Wki - ka) ®3)

where W; denotes the content of the particles with a particular size grade before compres-
sion, and Wjs represents the content of the particles with such size grades after compression.
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4. Results and Discussion
4.1. Compressive Deformation Evolution

Figure 4 provides the stress—strain curves of the gangue specimens in the loading
process. It is observed that, as stress increases, the strain sharply increases at first and then
gradually stabilizes. The deformation process of each specimen can be mainly divided into
three stages: (D the rapid deformation stage, @) the slow deformation stage, and (3 the
stable deformation stage.

3
03F
i
202}
g E
2 &
—5— 1-1(5 MPa) 5 i-5(1 kNJs)
0.1 —£—i-2 (10 MPa) ol A i6(5 kNKS)
r ~ & i-3(15MPa) & i-7 (10kNJs)
7 1-4 (20 MPa) —— i-8 (15 kN/s)
5 10 15 20 5 10 15 20
Stress (MPa) Stress (MPa)
Figure 4. Stress—strain curves of the specimens during the test: (a) is the stress—strain curve for
specimens i-1 to i-4; (b) is the stress—strain curve for specimens i-5 to i-8.
The axial stress applied to the specimen is the immediate cause of the axial deformation
of the specimen, and the loading stress is the factor directly affecting the axial strain.
Theoretically, the stress—strain curves of the three specimens i-1 to i-3 partially display the
stress—strain curve of Specimen i-4. It can be seen in Figure 4a that the four curves almost
coincide. A good fitting effect is obtained when a logarithmic function is used to describe
the stress—strain relationship of samples i-1 to i-4. The fitting equation is y = 0.074 In(4.95x +
0.99), and the details are given in Figure 5a.
0.4 0.40
@ 00741 (495X +099) (®)
)
R=09999 L 39
03r 0.38
0.29 : 0.383
c c ~ v — _
£ o2 g y =0.0085 In (x — 0.98) + 0.37
) & 036} R==0.9985
0.1 O Dataof i-1~i-4 O Dataof i-5~i-8
— Fitting curve — Fitting curve
99% Confidence Band 0.34F 85% Confidence Band
0.00 99% Prediction Band 0.338 85% Prediction Band
0 5 10 15 20 0 5 10 15
Loading Stress (MPa) Loading Velocity (kKN/s)

Figure 5. Fitting curves between the main control factors and strain: (a) is the fitted curve of loading
stress with strain for specimens i-1 to i-4; (b) is the fitted curve of loading velocity with strain for

specimens i-5 to i-8.

As shown in Figure 4b, the loading velocity has a significant influence on the com-
pressive deformation of the specimen. With increasing loading velocity, the strain in the
specimen increases, but it gradually stabilizes when the loading velocity is larger than
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5 kN/s. Meanwhile, the corresponding stress amplitudes in stages (D) and (2) also increase.
This is mainly because, under a small loading velocity, the relative movement among
the particles is relatively slow, a stable contact structure can be easily generated, and the
supporting force of the specimen is increased as a whole. However, under a large loading
velocity the relative movement becomes faster due to the impact effect, which destroys
the contact structures among the particles and increases the overall deformation of the
specimen. When the loading velocity is larger than 5 kN/s, its influence on the overall
deformation of the specimen is gradually weakened. Therefore, the loading velocity of
5 kN/s can cause greater damage to the contact structures among the particles. A logarith-
mic function is used to describe the relationship between loading velocity and strain (at the
stress level of 20 MPa). The fitting equation is y = 0.0085 In(x — 0.98) + 0.37, as illustrated in
Figure 5b.

Generally, the loading stress directly affects the axial strain of the gangue specimen,
and the axial strain gradually increases with loading velocity and eventually stabilizes.

4.2. Particle Breakage Evolution

Figure 6 shows the accumulated mass proportions of the particles in different size
grades and the mass change of each grading particle before and after compressive loading.

( ) —B- initial cumulative content curve (b) —#- initial cumulative content curve
a —-8— cumulative content curve after compression -e— cumulative content curve after compression
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Figure 6. Mass percentage change in particles in different size grades before and after compression
graph. CPPAC is the change of particle percentage after compression. If n is the initial mass of the
particles in a particular size grade before compression, and m is the mass of the particles in such size
grade after compression, then CPPAC = (m — n)/n x 100%. (a) is a graph for specimens i-1 to i-4;
(b) is a graph for specimens i-5 to i-8.

Figure 6a highlights the significant effects of loading stress on particle breakage. When
increasing loading stress, the shaded area between the cumulative content curves of the
particles before and after compression remarkably increases. The curve for the specimen
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after compression tends to gradually become smooth, indicating that the particle content of
each specimen becomes more uniform and continuous and that there is a better effect of
particle breakage in the specimen. In the process of axial compression, when the loading
stress increases, particles with a size of 16~20 mm are first crushed in large quantities (at
the stress level of 5 MPa), and their CPPAC reaches —65.29%. During this period, particles
with a size of more than 20 mm have a stronger bearing capacity than those of 16~20 mm.
A large number of gangue particles with a particle size larger than 20 mm are crushed
when the loading stress is equal to or greater than 10 MPa. Under the loading stress of
20 MPa, lots of particles over 20 mm are crushed, which compensates for the consumption
of particles with a size of 16~20 mm and causes the particles with a size of 0~1.25 mm to
have the maximal CPPAC (174.74%).

Figure 6b shows that the loading velocity has a limited influence on the degree of parti-
cle breakage, but it regulates the particle size distribution of the specimen after compression
to a certain degree. Holding the maximum loading stress at 20 MPa, the cumulative content
curves of the specimens under different loading velocities are smooth, and the distribution
tendency of the CPPAC is the same for different specimens, that is, the CPPAC is always
largest for the particles with a size of 0~1.25 mm and smallest for particles with a size
of 25~30 mm. However, as loading velocity increases, the gangue particles are subject
to a higher impact effect; the contact structures among the particles are damaged and
the amount of crushed particles also increases. Taking the particles of 0~1.25 mm as an
example, when the loading velocity increases from 1 kN/s to 15 kN /s, the CPPAC grows
from 175.14% to 187.47%, with an increment of 7.04%. On the contrary, regarding the
particles with the size of 16~20 mm, the CPPAC declines from —16.16% to —44.86% and
the change amplitude is 177.59%.

The breakage ratio (Byy) is used to quantify the breakage degree of the gangue particles.
With the increase in loading stress and loading velocity, the By of gangue filling materials
rapidly increases at first and then stabilizes. Therefore, a better fit can be obtained when
logarithmic functions are used to describe the relationships between the breakage ratio and
loading stress and between the breakage ratio and loading velocity. The fitting equations
are y = 5.07 In(1.88x + 0.99) and y = 41.76 In(0.013x + 1.52), respectively, as depicted in

Figure 7.
20 24
(a) O Dataof i-5~i-8 (b)
— Fitting curve O
7 50% Confidence Band 2.90
15¢ 221 50% Prediction Band
< @) o8 y =5.07 In (1.88 x + 0.99) <
<~ 10 < L
s pros R=2:=0.9842 =20
o o
O Dataof i-1~i-4 18} N y = 41.76 In (0.013 x + 1.52)
— Fitting curve
80% Confidence Band P R==0.9492
] ] 80% Predliction Band 16 ] ] ]
0 5 10 15 20 5 10 15
Loading Stress (MPa) Loading Velocity (kN/s)

Figure 7. Trend of breakage ratio (By) with main control factors: (a) is the trend of By with loading
stress for specimens i-1 to i-4; (b) is the trend of By with loading velocity for specimens i-5 to i-8.

In general, the loading stress greatly affects the particle breakage, and the degree of
breakage will continue to increase with an increased loading velocity when the maximum
loading stress remains unchanged.
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By combining the loading stress and loading velocity to explain their influences on
the compressive deformation and particle breakage of the waste rock specimens, it can
be deduced that both the axial strain and the particle breakage ratio have a logarithmic
functional relationship with these two main control factors. The breakage degree of the
waste rock filling materials is therefore closely linked to the compressive deformation
under loading. The linear fitting equation for the axial strain and the breakage ratio is
y =54.83x — 0.45. The correlation coefficient (R?) is 0.9771, suggesting a highly linear
relationship, as depicted in Figure 8.

25

O Dataof i-1~i-8 o
— Fitting curve
20 95% Confidence Band
95% Prediction Band

—~ 15+

&

mE 10 O
y=54.83x-0.45
R==0.9771

0.0 0.1 0.2 0.3 0.4
Strain

Figure 8. The fitting relationship between the breakage ratio and the strain.

5. Conclusions

Laboratory experiment procedures were designed to quantify the influence of loading
stress and velocity on the deformation and particle breakage behaviour of the gangue
backfill materials. Factors that lead to these influences were also analysed. The following
conclusions can be drawn:

1. Loading stress and strain have a logarithmic relationship. Increasing the loading
velocity destroys the contact structures among the gangue particles and leads to a
larger deformation of gangue filling materials.

2. With the increase in stress, the particles of 16~20 mm size were the first to be crushed
in large quantities, and their CPPAC reached —65.29%. At this time, the large-size
gangue particles above 20 mm showed a stronger bearing capacity, and were mainly
crushed after a loading stress greater than 10 MPa.

3. Further increasing the loading velocity increases the breakage of the gangue filling
materials. The particle breakage ratio has a logarithmic functional relationship with
the loading velocity.

4. The compression deformation of gangue backfill materials and particle breakage has
a high correlation. When ground stress is lower than 5 MPa, the content of coarse
particles should be increased to enhance the bearing capacity of the backfill body.
When the ground stress is higher than 10 MPa, the content of fine particles should be
increased to reduce the particle fragmentation rate.
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