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Abstract: Coal mine backfilling can effectively prevent large-scale movement of rock formations,
not only improving the overall production capacity of the mine but also protecting the surface from
destruction and maintaining the original ecological environment. Backfilling extent and backfills
compactness are two factors determining the supporting effect on the overburdens in underground
coal mines. To make full use of the aeolian sand as the backfill materials in underground coal mines in
the desertification areas, Northwest China. Then, vibratory compaction was proposed to enlarge the
compactness of these sand-gabion backfills by considering the limited working space. After that, the
movement law of the sand particles during vibratory compaction, the influencing law of the vibratory
parameters, and the gabion constraint on the ultimate compactness of the sand-gabion backfills were
studied using the discrete element software PFC3D from the microscopic point of view. It was found
that the aeolian sand particles are more likely to inter-squeeze under vibration than under static load.
Furthermore, there are a series of optimal vibratory compaction parameters to the inner aeolian sand
for each external gabion constraint strength. The optimal vibration parameters were frequency 50 HZ,
excitation force 0.3 MPa, amplitude 40 KPa, and vibration time 4 s. Conclusions of this study can
provide references for enlarging the compactness of the sand-gabion backfills in the underground
goaf in the desertification area of Northwest China.

Keywords: desertification area; aeolian sand filling materials; PFC numerical simulation;
vibration compaction

1. Introduction

There are a lot of coal resources in northwest China, but the ecological environment
in the above areas is severely fragile, and the contradiction between coal mining and
ecological, environmental protection is considerably prominent (Figure 1). Xinjiang is the
14th large coal base of the original batch approved by China, and it is estimated that the
resource share of Xinjiang is about 40 percent of the whole country [1,2]. Moreover, the coal
resources in Xinjiang are mainly shallow and thick coal seams. The damage and movement
of the overburden are more violent when the cave-in method is used to treat the gorges than
under ordinary conditions of depth and mining height [3–8]. Large-scale mining activities
are bound to cause serious impact and damage to surface vegetation and groundwater
resources and endanger the fragile ecological balance of this region (Figure 2a) [9–12].
Consequently, fill-in mining has emerged as a key to resolving this contradiction [13–15].
Aeolian sand, the most common raw material in Xinjiang’s desertified mining areas, has
a wide range of sources and a low price. It is an ideal solid-filling material for targets
in this region. However, the approximately zero cohesion of the aeolian sand results in
the inability to effectively join the roof during the dry filling of the aeolian sand, which
considerably weakens the control effect of the filling on the roof formation [16,17]. In order
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to solve the problem of difficulty in connecting the top of aeolian sand in the dry filling, the
closed outer constraints composed of metal cage and geotextile are used to overcome the
fluidity of aeolian sand, reduce the amount of interconnecting the top of aeolian sand in
dry filling, and ensure the effect of connecting the top of filling body (Figure 2b) [18].

Figure 1. Distribution of coal resources in China.

Figure 2. Overburden movement of underground coal mining; (a) without backfills; (b) with sand-
gabion backfills.

The compactness of this kind of loose backfill material is a critical parameter affecting
its bearing performance. The bearing properties of the sand-gabion backfill will be divided
into three phases. In the early stage of filling, aeolian sand has low compactness and a
large number of internal pores, which has a weak supporting effect on the roof and a severe
overburden movement [19,20]. In the intermediate stage of backfilling, the internal pores
of the aeolian sand are further compressed, and the mesh gabion supports the aeolian
sand, resulting in an additional increase in density. The density of the aeolian sand is at
its highest during the later stages of backfilling, which gives the roof the best support.
Therefore, it is considerably valuable to study the compactness of sand cage material in
the early stage of filling, to improve the deformation modulus of the filling body, increase
the bearing capacity of the filling body and reduce the compression deformation of the
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filling body in the later stage (Figure 3) [21]. Scholars have done a lot of research on this,
and the main conclusions are as follows: Zhang et al. revealed the developmental rule of
the hysteresis curves of waste tire rubber-mixed-sand samples under cyclic loading [22].
Chang et al. found the load-response mechanism of a surface raft foundation model in clay
and in sand subjected to vertically uniform loads using the 3D FE analysis [23]. Liu et al.
used the filling coefficient, different structural types of mixture composition were verified,
and the California Bearing Ratio was used to test and analyze the specimens with different
mixtures, grading, and structural classification. The results show that the porosity of the
main skeleton calculated with the model established using the discrete element software
Particle Flow Code and the porosity obtained with the tamping test fit well [24]. In Wang
et al., a number of large-scale cyclic triaxial tests were performed on saturated gravelly soil
reinforced. The test results reveal that the cumulative axial strain decreases as the number of
reinforcement layers increases with loading frequency [25]. Zhang et al. conducted surface
vibration and shaking table compaction tests on aeolian sand in the Tengger Desert and
believed that the maximum dry density obtained by the surface vibration method was close
to the field test results and proposed vibration compaction parameters and construction
technology of eolian sand [26].

Figure 3. Sand-gabion backfill at different stages.

Loose filling materials are affected not only by internal physics and mechanics but
also by external constraints. Although there has been a lot of valuable research on the
compaction of loose filling materials (coal gangue, etc.), they have not been conducted
under the condition of lateral restraint, and there is still little research on loose filling
materials under the constraint of fixed force. In this paper, the influence law of vibration
parameters and gabion constraint on the compactness of the aeolian sand are researched
using the PFC3D numerical simulation method. In addition, it is of great significance
to study the confined compression deformation characteristics of sand-gabion backfill
with different initial densities in mined-out areas of desertification mining areas for the
prediction and evaluation of the overburden control effect of sand-gabion backfill mining.

2. Materials and Methods

The experiments in this paper consist of three parts (Figure 4). The first part is
a physical consolidation test to obtain the consolidation curve. The second part is the
numerical simulation of the physical consolidation test, which leads to the matching of
the consolidation curve with the corresponding microscopic parameters. In the third
section, the microscopic parameters obtained from the consolidation numerical simulation
experiments are applied to the sand-gabion packing body, which is tested for vibration and
static load.
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Figure 4. Process of aeolian sand experiment; (a) Physical consolidation test; (b) Numerical simulation
of consolidation test; (c) Numerical simulation experiment of sand-gabion.

2.1. Consolidation Test of Aeolian Sand

A ring cutter with a standard size of D = 79.8 mm × H = 20 mm was selected for the
aeolian sand consolidation experiment [27]. The pressure levels applied in the experiment
were 12.5 KPa, 25 KPa, 50 KPa, 100 KPa, 200 KPa, 300 KPa, 400 KPa, 800 KPa, 1600 KPa,
and 2000 KPa, respectively. The standard experimental process is as follows (Figure 5):

1. The aeolian sand is put into the consolidated container, and the protective ring, filter
paper, permeable plate, and pressurized cover are placed on the sample successively;

2. Place the consolidation container in the pressure frame of the consolidation instrument,
install the dial indicator, and apply 1 KPa pre-pressure to set the dial indicator to zero;

3. Apply the primary load of 12.5 KPa, record the reading, and then load step by step;

Figure 5. Physical consolidation test model and results; (a) Physical consolidation test model;
(b) Physical consolidation test results.

2.2. Numerical Simulation of Consolidation Experiment

In the range of D = 79.8 mm × H = 20 mm, 4358 particles were rapidly generated using
PFC3D software [28,29]. Second, after the particle unbalances force tends to be stable, the
aeolian sand sample is compressed under a natural environment of 0.1 MPa. Ultimately, a
primary load of 12.5 KPa was applied to the upper wall of the model, followed by pressure
to 2000 KPa. The microscopic parameters of aeolian sand selected by the trial-and-error
method are shown in Figure 6 and Table 1.
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Figure 6. Numerical simulation model and results of consolidation experiment; (a) Numerical
simulation model of consolidation experiment; (b) Numerical simulation results of consolidation
experiment (x-axis shows the force applied, y-axis shows the amount of compaction).

Table 1. Microscopic parameters of aeolian sand [30].

Contact
Model

Normal Stiffness
of Wall/N·m−1

Tangential Stiffness
of Wall/N·m−1

Particle Normal
Stiffness/N·m−1

Tangential Stiffness
of Particles/N·m−1 Friction Damp Density

(Kg/m3) Porosity

Linear
contact 1.8 × 108 1.8 × 108 1.8 × 108 1.8 × 108 0.3 0.7 2600 0.35

2.3. PFC3D Numerical Simulation of Sand-Gabion Backfill Unit
2.3.1. Vibration and Static Load Test

The PFC3D software was used to generate 8704 particles in the range of
D = 50 mm × H = 100 mm, and the model was subjected to bidirectional vibration loading
under different sand-gabion constraints [31–33]. The experimental vibration scheme is
shown in Figure 7 and Table 2. Five factors, including frequency, amplitude, excitation
force, vibration time, and sand-gabion binding force selected, and four levels are set for
each factor (Frequency f: 20 HZ, 30 HZ, 40 HZ, 50 HZ [34]; Excitation force F: 0.1 MPa,
0.2 MPa, 0.3 MPa, 0.4 MPa; Amplitude A: 10 KPa, 20 KPa, 30 KPa, 40 KPa; Vibration time t:
1 s, 2 s, 3 s, 4 s; sand-gabion G:10 KPa, 20 KPa, 30 KPa, 40 KPa), and a single experiment
was conducted for each factor. The static load experiment, however, is a modification of the
vibrational test model to a bidirectional static load. Four groups of static load tests with
different loads (0.229 mm, 0.233 mm, 0.24 mm, 0.25 mm) were carried out on the samples.

Table 2. Vibration experiment scheme.

Component Frequency
/HZ

Excitation Force
/MPa

Amplitude
/KPa

Vibration
time/s

Sand-
Gabion/KPa

1 20,30,40,50 0.1 10 1 10

2 20,30,40,50 0.2 20 2 20

3 20,30,40,50 0.3 30 3 30

4 20,30,40,50 0.4 40 4 40
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Table 2. Cont.

Component Frequency
/HZ

Excitation Force
/MPa

Amplitude
/KPa

Vibration
time/s

Sand-
Gabion/KPa

5 20 0.1,0.2,0.3,0.4 10 1 10

6 30 0.1,0.2,0.3,0.4 20 2 20

7 40 0.1,0.2,0.3,0.4 30 3 30

8 50 0.1,0.2,0.3,0.4 40 4 40

9 20 0.1 10,20,30,40 1 10

10 30 0.2 10,20,30,40 2 20

11 40 0.3 10,20,30,40 3 30

12 50 0.4 10,20,30,40 4 40

13 20 0.1 10 1,2,3,4 10

14 30 0.2 20 1,2,3,4 20

15 40 0.3 30 1,2,3,4 30

16 50 0.4 40 1,2,3,4 40

17 20 0.1 10 1 10,20,30,40

18 30 0.2 20 2 10,20,30,40

19 40 0.3 30 3 10,20,30,40

20 50 0.4 40 4 10,20,30,40

Figure 7. Numerical simulation scheme of sand-gabion; (a) Vibration test (x-axis shows the time,
y-axis shows the excitation force); (b) Static load test (x-axis shows the compaction amount, y-axis
shows the Static load).

2.3.2. Monitoring Methods and Indicators

1. Compaction degree

The pressure propagates in the longitudinal direction inside the aeolian sand. It
produces different velocities of particles at various locations under its action. In the presence
of static or dynamic loading, minute internal particles fill the pores of the aeolian sand. The
net velocity V due to loading will lead to a corresponding cumulative plastic deformation
of the aeolian sand, reducing the compactness of the aeolian sand to varying degrees.
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2. Porosity and particle transport

To study the effect of parameters on porosity during compaction, measurement balls
were set at the upper and middle positions of the model to measure the variation law
of porosity under different parameters. The location of the measuring ball is shown in
Figure 8a.

Figure 8. Eolian sand slicing process; (a) Overall sample and measurement ball of position; (b)
Sample section; (c) Selected position; (d) ImageJ processing.

To have a more intuitive understanding of the movement of particles in aeolian sand,
the samples of aeolian sand were first sectioned. Two circular regions with different depths
were selected. Finally, the area occupied by particles was identified by using ImageJ fractal
software. The slicing process is shown in Figure 8b below.

3. Contact force chain

Aeolian sand is an aggregate of particles with different particle size gradations com-
position, which transmits force through contact between particles and forms a force chain
network. Consequently, the force chain network between particles can not only represent
the meso-structural characteristics of aeolian sand but also have a significant influence on
the macroscopic mechanical properties of aeolian sand [35,36]. Both the particle size and
color of the force chain are proportional to the magnitude of the contact force. Researching
the variation of the force chain of aeolian sand can disclose the interaction of vibration
parameters on the force between aeolian sand particles from the microscopic level.

3. Results and Discussions
3.1. Comparison between Static and Vibratory Compaction

As can be seen from Table 3, the required load for vibration is 0.1 MPa for cumulative
compaction of 0.229 mm, and the required load for static force is 1.36 times the vibration
load. The load required for vibration is 0.4 MPa for cumulative compaction of 0.25 mm,
and the load required for static force is 1.22 times the load required for vibration. As
seen in Figure 9, the particle displacement in the static load mode is mainly concentrated
in the upper and lower parts of the sample under the same accumulated compaction
amount, and there is no sign of particle movement in the middle position. Although
particle displacement by vibration is mainly concentrated in the upper and lower parts, the
particles also show apparent movement in the middle position. In addition, the static load
energy is larger than the vibration energy when the accumulated compaction increases
from 0.229 mm to 0.25 mm.

This phenomenon is because the static mode forces aeolian sand to generate permanent
deformation and achieve the purpose of compaction. Under the action of static pressure, the
aeolian sand overcomes the friction between the particles and causes damage to the original
structure. When the amount of compaction is comparatively tiny, the particles overcome
a limited amount of friction and do not require much load. As the compacting gradually
increases, the friction between particles increases, making it more difficult for particles
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to move, requiring larger loads to overcome friction [37]. In this process, the required
static load energy increases with the increase of particle friction. The vibration method
makes the aeolian sand particles transition from the initial static state to the motion state.
It passes through a series of pressure waves to the aeolian sand particles. This pressure
wave spreads and propagates downward inside the particle, producing cumulative plastic
deformation. Under the action of the vibrating pressure wave, the friction between the
wind-accumulated sand particles also transitions from the initial static friction state to the
dynamic friction state. Nevertheless, there are many gaps of different sizes between the
particles in these non-dense states [38]. The decrease of internal friction force between the
particles makes the aeolian sand particles rearrange, squeeze, and embed, resulting in a
corresponding increase in the amount and density of the particles in the unit volume.

Table 3. The vibration and static loads required by the same cumulative compaction.

Accumulated Compaction/mm 0.285 0.6 0.75 0.87

Vibration load/MPa 0.1 0.2 0.3 0.4

Static load/MPa 0.136 0.265 0.380 0.491

Figure 9. Comparison diagram of vibration and static loading (x-axis shows the load, y-axis shows
the compaction amount).

Figure 10 shows that the porosity of the upper position decreases more than that of
the middle position due to the same amount of accumulated compaction. The porosity
reduction in vibration mode is more significant than that in static mode in the same
position. When the accumulated compaction is 0.25 mm, the reduction of porosity in the
upper position of the vibration method is 0.147%, which is 4.36 times that of the static
method, and the reduction of porosity in the middle position of the vibration method is
0.14%, which is 9.1 times of static method.
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This phenomenon occurs because compaction in a static way mainly acts on the plane
and presents a suspended structure. The static pressure method cannot make the particles
move effectively and fill the gap, and the improvement of compactness is at the cost of the
mutual extrusion of sand particles [39]. The compaction depth of the static load is restricted
for aeolian sand. Moreover, under the action of vibration, the aeolian sand presents a
skeleton-dense state, and the transfer of stress waves makes the particles at each place of
aeolian sand can fill the internal voids. The particle skeleton has a more robust embedding
and squeezing effect between them, and the depth of compaction is considerable.

It is clear from the above that the compaction mechanisms of different compaction
methods differ. Static compaction relies on the squeezing and destruction of particles
to make permanent deformation of aeolian sand, but there is a limit to the compaction
effect and the depth influence [40]. Improving the static load infinitely cannot get the
corresponding compaction effect but will damage the surface structure of aeolian sand.
Vibratory compaction relies on stress waves to change the friction between the particles,
and the friction between the particle changes from initial static friction to dynamic friction
under the transmission of stress waves. The internal particles are rearranged, extruded,
and embedded, resulting in an increase in the number of particles per unit volume and an
improvement in compactness.

Figure 10. Porosity changes at different locations; (a) Upper position porosity changes (x-axis shows
the compaction amount, y-axis shows the porosity reduction); (b) Middle porosity changes (x-axis
shows the compaction amount, y-axis shows the porosity reduction).

The compaction process is particularly emphasized in aeolian sand. The results show
that the vibrational method is better than the conventional static method and is the ideal
method for the compaction of aeolian sand. The vibrational compaction approach addresses
the problem of finite space and small mechanical forces in subsurface goaves, which is of
particular interest for the filling of goaves in desert regions.

3.2. Movement Law of the Sand Particles during Vibratory Compaction
3.2.1. Compactness Process

As can be seen in Figure 11, the longitudinal height of the sand-gabion decreases
continuously from 0 s–12 s and the longitudinal height decreases at the same rate after 12
s. However, the lateral displacement of the sand-gabion does not shift significantly from
0 s–3 s. Still, it increases from 3 s–12 s later, and the longitudinal height increases at the
same rate after 12 s.
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Appeal case because the sand-gabion filling body is different in the process of com-
paction stage, and the characteristics of each stage are different, the following the stages
respectively: the first stage: Initial stage of compaction of sand-gabion backfill, because of
aeolian sand exists a lot of space inside when the vibration load was carried out on the
sand-gabion, mainly for the decrease of the longitudinal height. The lateral compaction
of the accumulation of sand on the sand-gabion will not be noticeable at this stage, and
the compaction will be better [19,20]; Phase 2: Middle stage of compaction of sand-gabion
backfill, the compression of the smaller voids requires the reinforcement of the lateral
confinement of the sand-gabion since the larger voids inside the aeolian sand are filled by
minute grains. In this phase, the vertical height of the sand-gabion decreases. At the same
time, the transverse displacement gradually becomes apparent, and the compaction effect
diminishes in the third stage. In the late stage of compaction of sand-gabion backfill, the
longitudinal compression volume of the sand-gabion filling body will be exclusively offset
by the transverse external extrusion volume because the lateral constraint provided by the
sand-gabion is not sufficient to allow the internal void to continue to reduce. At this point,
the compactness of the aeolian sand in the sand-gabion does not increase.

Figure 11. Diagram of compaction stage of sand-gabion (x-axis shows the vibration time, y-axis
shows the compaction amount).

3.2.2. Movement Law of the Sand Particles

1. The influence of vibration parameters on the porosity and particle transport of Sand-
gabion backfill material

Figure 12a shows that porosity reduction in the upper and middle positions of aeolian
sand increases with the frequency increase at different frequencies in the same component.
The maximum reduction of porosity in the upper and middle positions was 0.076% and
0.04%, respectively, under the same frequency of different components.

This phenomenon is because the transfer of stress wave energy decreases step by step
from top to bottom. When the resonance effect affects the wind accumulation of sand
particles, the upper particles’ equilibrium state is first broken [41]. The upper particles
overcome the friction and start to move relative to each other, the small particles fill the
gaps between the large particles, and the porosity of the upper position decreases rapidly.
However, when the vibration energy is transferred to the middle position, due to the
reduction of energy, the particles can only move in a small range, and the porosity changes
are relatively small.
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Figure 12b shows that the porosity reduction in the upper and middle positions of
aeolian sand increases with the force when the excitation force in the same component is
between 0.1 MPa and 0.3 MPa. When the excitation force is between 0.3 MPa–0.4 MPa, the
porosity reduction in the upper and middle positions of aeolian sand increases with force.
The maximum reduction of porosity in the upper and middle positions was 0.11% and
0.053%, respectively, under the same amplitude of different components.

The reason for the above phenomenon is that the vibration pressure destroys the
occlusion force between the particles so that the aeolian sand particles can move freely. The
particles close to the vibration source produce a more significant acceleration; at the same
distance, the acceleration of small particles is greater than that of large particles. Thus, the
particles inside the aeolian sand are in perpetual relative motion, making it easier for small
particles to enter the gap between large particles [42]. As the excitation force increases, the
greater the vibration pressure generated, the faster the relative movement of the particles
in the aeolian sand and the corresponding increase in porosity reduction [43]. Nevertheless,
when the excitation force reaches a certain level, the inertia force on the particle increases,
thus offsetting part of the vibration pressure, resulting in smaller particle acceleration and
a corresponding decline in porosity reduction.

Figure 12c shows that the reduction of porosity in the upper and middle positions of
aeolian sand increases with the increase of amplitude at different amplitudes in the same
component. The maximum reduction of porosity in the upper and middle positions was
0.068% and 0.064%, respectively, under the same amplitude of different components.

The reason for the above phenomenon is that the larger the vibration energy is, the
stronger the rearrangement effect of aeolian sand particles will be, and the more significant
the porosity reduction will be. The vibration energy decreases along the longitudinal depth,
and the energy transmitted down by the vibration source has a more significant effect
on the rearrangement of the particles at the upper position [44]. Due to the reduction of
energy when transferring to the middle, the rearrangement effect of aeolian sand particles
in the middle position is not strong, and the reduction of porosity in the middle position is
reduced accordingly.

Figure 12d shows that the porosity reduction in the upper and middle positions of
aeolian sand increases with the increase of vibration time at different vibration times in the
same component. The maximum reduction of porosity in the upper and middle positions
was 0.047% and 0.0366%, respectively, under the same amplitude of different components.

The reason for the above phenomenon is that, with the increase of time, the particles’
movement range is broader, and the gap of different positions in aeolian sand is continu-
ously filled so that the sample is more compact [45]. The reduction of porosity is constantly
increasing. As the lower particles are hindered and buffered by the upper particles, the
particles are not easy to move, and the movement range of particles is small, so the porosity
reduction is correspondingly reduced.
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Figure 12. Cont.
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Figure 12. Variation of porosity at different locations; (a) Porosity varies with frequency at different
locations (x-axis shows the frequency, y-axis shows the porosity reduction); (b) Porosity varies with
excitation force at different locations (x-axis shows the excitation force, y-axis shows the porosity
reduction); (c) Porosity varies with amplitude at different locations (x-axis shows the amplitude,
y-axis shows the porosity reduction); (d) Porosity varies with vibration time at different locations
(x-axis shows the vibration time, y-axis shows the porosity reduction).

From Figure 13a, the area occupied by aeolian sand particles increased from 9.684% to
29.66% during the process of frequency increase from 20 HZ to 50 HZ at the position of
2 cm of the specimen, an increase of 300%. In the frequency increase from 20 HZ to 50 HZ
at the position of 4 cm of the sample, the area occupied by aeolian sand particles increases
from 25.296% to 34.989%, with an increase of 138%.

This phenomenon is because the particles in the upper position are subjected to
more energy, making it easier to overcome the friction between the particles. More small
particles fill the gap between large particles, resulting in the apparent movement of upper
particles. Moreover, the more downward to overcome the friction between the particles is
more complex; the aeolian sand particles reduce the range of movement, resulting in the
phenomenon of particle movement is not apparent [46].

Figure 13b shows that the area occupied by aeolian sand particles increased from
21.43% to 30.221% during the excitation force increase from 0.1 MPa to 0.3 MPa at the
position of 1 cm of the specimen, an increase of 141%. When the excitation force increases
from 0.3 MPa to 0.4 MPa, the area occupied by aeolian sand particles is reduced from
30.221% to 17.839%, a reduction of 169%. In the frequency increase from 0.1 MPa to 0.3 MPa
at the position of 4 cm of the sample, the area occupied by aeolian sand particles increases
from 20.91% to 20.91%, with an increase of 118%. When the excitation force increases from
0.3 MPa to 0.4 MPa, the area occupied by aeolian sand particles decreases from 24.737% to
10.967%, a reduction of 226%.

This phenomenon occurs because as the excitation force increases, the stress wave
transmitted from the vibration source gradually increases. The upper position is closer
to the vibration source so that the small particles in the wind-deposited sand get more
excellent acceleration, which leads to the apparent movement of the upper particles [47].
However, when the excitation force reaches a certain degree, the acceleration obtained by
the particles is not enough to move in the aeolian sand in a large area because the inertia
force and part of the vibration stress cancel each other, resulting in no apparent signs of
particle movement.

From Figure 13c, the area occupied by aeolian sand particles increased from 28.202% to
35.998% during the process of the amplitude increase from 10 KPa to 40 KPa at the position
of 1 cm of the specimen, an increase of 128%. In the process of the amplitude increase from
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10 KPa to 40 KPa at the position of 3 cm of the sample, the area occupied by aeolian sand
particles increases from 31.157% to 34.502%, with an increase of 111%.

This phenomenon is because as the amplitude gradually increases, the vibration
energy also increases. The tiny particles in aeolian sand have more energy to move to
the gap between the large particles, leading to a significant increase in signs of particle
movement at different locations [48]. The energy decreases from top to bottom, and the
particles at the bottom do not have enough speed to move to other, more distant gaps. Thus
the signs of particle movement are not very obvious.

From Figure 13d, the area occupied by aeolian sand particles increased from 10.019%
to 28.334% during the vibration time increase from 1 s to 4 s at the position of 2 cm of the
specimen, an increase of 283%. In the process of vibration, time increases from 1 s to 4 s at
the position of 4 cm of the sample, and the area occupied by aeolian sand particles increases
from 17.691% to 31.419%, with an increase of 176%.

The reason for this phenomenon is that the particles move over a wide range over time
so that the pores of aeolian sand are filled. The particles’ upper part is due to moving for a
long time to make the upper pore filling denser, which hinders the downward movement of
other small particles [49]. Only a tiny part of the particles’ downward movement, resulting
in the central location of the particle movement phenomenon, is not apparent.

Figure 13. Particle movement and variation; (a) Particle area varies with frequency (x-axis shows the
frequency, y-axis shows the change in particle area); (b) Particle area varies with excitation force



Minerals 2022, 12, 1428 15 of 22

(x-axis shows the excitation force, y-axis shows the change in particle area); (c) Particle area varies
with frequency (x-axis shows the amplitude, y-axis shows the change in particle area); (d) Particle
area varies with vibration time (x-axis shows the frequency, y-axis shows the change in particle area).

2. The influence of vibration parameters on the contact force chain of sand-gabion
backfill material

From Figure 14a, the weak force chain looks more uniform in spatial distribution
during the growth of frequency from 20 to 50 HZ. The number of solid force chains does
not decrease, but the contact force continuously decreases. In terms of spatial distribution,
the overall structure of the force chain does not change and is still a long strip.

The reason for this phenomenon is that the resonance action breaks the force chain
skeleton supported by several strong force chains, causing the weak force chains to detach
from the strong force chains, thus reducing the weak force chains. At the same time, the
resonance action removes the closed state of particles between the two strong force chains,
making the particle position change faster and the force chain more uniformly distributed
in space [50].

Figure 14b shows that both the strong and weak force chains increase during the
increase of the excitation force from 0.1 MPa to 0.3 MPa in the process. The strong chain
is distributed more evenly and densely in terms of spatial distribution. The strong force
chain decreases during the growth from 0.3 MPa to 0.4 MPa, and the weak force chain
gradually increases.

This phenomenon is because the gradually increasing excitation force destroys the
original force chain, and the newly formed force chain has higher strength than the original
force chain. When the excitation force reaches a certain level, the inertia force offsets part of
the vibration pressure, slowing down the force chain formation.

From Figure 14c, in the process of increasing the amplitude from 10 KPa to 40 KPa,
the weak force chain located in the middle position keeps decreasing, and the strong force
chain located in the upper and lower positions gradually increases. In spatial distribution,
the weak chains cross each other and fill in the strong chains.

This phenomenon is because as the amplitude increases, the vibration energy breaks
the strong force chain and the weak force chain inside the aeolian sand. Closer to the
vibration source, the energy is more extensive, making the force chain more fully destroyed,
and the newly formed force chain network is more uniform and firmer [35]. While the
transmission of vibration energy is decaying downward, the middle position of the weak
force chain by the energy transfer gradually evolves from the weak force chain to the strong
force chain.

As seen in Figure 14d, the number of weak force chains has decreased from 1 s to 4 s,
and the long strip structure composed of solid force chains has also partially disappeared.
In the spatial distribution, the vital force chain in the middle position is broken more, while
the small part of the vital force chain in the upper and lower positions slowly increases.

This phenomenon is because the blockade state between particles is opened as time
increases, and a relatively stable state cannot be formed. Hence, the number of force chains
and contact forces decreases [51]. Due to the wide range of particle movement in the upper
and lower positions, the force chain is reduced the most, while in the middle position, the
particle movement is limited, so the force chain is reduced less.
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Figure 14. Variation diagram of force chain network; (a) Force chain varies with frequency; (b) Force
chain varies with excitation force; (c) Force chain varies with amplitude; (d) Force chain varies with
vibration time.

By the propagation of vibrational waves, the aeolian sand particles in the range of
the action can be rearranged and squeezed. The mechanism of vibrational compaction
of aeolian sand has been observed and analyzed through the migration of aeolian sand
particles, porosity changes, and force chain relations. The relationship between micro and
macro is used to guide the filling of goaf under the aeolian manhole.

3.3. Influence Law of the Vibratory Parameters on the Ultimate Compactness

From Figure 15a, the cumulative compaction of aeolian sand increases with the increase
of frequency at different frequencies of the same component. At the same frequency of
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different components, the maximum compaction is 0.78 mm, which occurs in the group
F = 0.3 MPa, A = 30 KPa, t = 3 s, G = 30 KPa, and f = 50 HZ.

The reason for the above phenomenon is that aeolian sand is a loose aggregate com-
posed of different grain sizes and contains many internal voids. As the frequency of the
vibration source increases, it causes the resonance effect of the particles inside the aeolian
sand. The resonance effect breaks the original equilibrium of aeolian sand itself so that the
small particles and the vibration source have the same frequency motion. As a result of the
external force change, the aeolian sand’s small particles produce a corresponding velocity
change, resulting in a small-scale movement of small particles to fill the gap.

Figure 15b shows that the cumulative compaction of aeolian sand increases with the
increase of excitation force in the excitation force between 0.1 MPa–0.3 MPa in the same
component. When the excitation force is between 0.3 MPa–0.4 MPa, the accumulative
compaction of aeolian sand decreases with the excitation force. At the same excitation force
of different components, the maximum compaction is 1.32 mm, which occurs in the group
f = 50 HZ, A = 40 KPa, t = 4 s, G = 40 KPa, and F = 0.3 MPa.

The reason for the above phenomenon is that with the increase of the excitation force,
the internal stress of the aeolian sand changes and loses its initial equilibrium state. The
excitation force acting on the aeolian sand gradually increases, and the internal small-sized
particles reorganize, arrange, and accumulate to form a new skeleton structure, filling the
internal voids of aeolian sand. The greater the load applied to the aeolian sand within
a certain range, the greater the energy of the particle’s relative motion and the filling
space [52]. The inner space of the aeolian sand is denser. When the external excitation force
reaches a certain level, it no longer promotes the compaction of aeolian sand but reduces
the degree of compaction.

Figure 15c shows that the cumulative compaction of aeolian sand increases with
amplitude at the different amplitudes of the same component. At the same amplitude of
different components, the maximum compaction is 0.82 mm, which occurs in the group
F = 0.3 MPa, f = 40 HZ, t = 3 s, G = 30 KPa, and A = 40 KPa.

The reason for the above phenomenon is that with the gradual increase in amplitude,
the vibration energy, and vibration intensity increase. The huge vibration energy destroys
the original internal structure of the aeolian sand. It rearranges it, and the gaps between the
large particles are filled more fully by the small internal particles. The gradually increasing
vibration energy makes the particles rearrange more strongly, the rearrangement effect of
the original ordering structure is better, and the compactness corresponds.

From Figure 15d, the cumulative compaction of aeolian sand increases with the
increase of vibration time at different vibration times of the same component. At the same
vibration time of different components, the maximum compaction is 1.04 mm, which occurs
in the group F = 0.3 MPa, f = 40 HZ, A = 30 KPa, G = 30 KPa, and t = 4 s.

The reason for the above phenomenon is that as the vibration time increases, the
particles adjust their spatial position by continuously transforming, rotating, and colliding
to fill the voids in the aeolian sand. The vibration causes serious damage to the interior of
the aeolian sand so that the movement range of small particles increases and the interior of
the aeolian sand becomes more uniform.



Minerals 2022, 12, 1428 18 of 22

Figure 15. Change of accumulated compaction; (a) Amount of compaction varies with frequency
(x-axis shows the frequency, y-axis shows the compaction amount); (b) Amount of compaction
varies with excitation force (x-axis shows the excitation force, y-axis shows the compaction amount);
(c) Amount of compaction varies with amplitude (x-axis shows the amplitude, y-axis shows the
compaction amount); (d) Amount of compaction varies with vibration time (x-axis shows the vibration
time, y-axis shows the compaction amount).

The optimal vibrational parameters suitable for aeolian sand were obtained by per-
forming a large number of vibrational numerical tests on aeolian sand, which avoids
the problem of insufficient compactness of aeolian sand due to spatial and mechanical
limitations in the filling of a goaf.

3.4. Influence Law of the Gabion Constraint on the Ultimate Compactness

From Figure 16, the cumulative compaction of aeolian sand reduces with the increase
of constraint strength at different constraint strengths of the same component. At the same
confinement strength for different components, the maximum compaction is 1.22 mm,
which occurs in groups F = 0.3 MPa, A = 30 KPa, t = 3 s and F = 40 HZ, G = 10 KPa.
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The reason for the appeal phenomenon is that the sand-gabion exerts different degrees
of reaction force on the aeolian sand particles with different lateral restraint strengths. In
the process of vibration, when the aeolian sand particles collide, the minute aeolian sand
particles will fill the pores and produce large compression deformation to generate large
contact stress and reaction force between the particles, which directly acts on the side
wall of the sand-gabion and gradually transfers energy. When the strength of the lateral
confinement is changed, the maximum variation of the vibrational force on the compaction
transfer process of the aeolian sand is mainly reflected in the lateral displacement of the
aeolian sand particles by the confinement. The larger the transverse confinement strength,
the larger the lateral displacement of the sand-gabion wall from the aeolian sand particles
bound to it. The greater energy wastage and strong reaction forces due to vibrational
processes make the compaction of the aeolian sand poor [53].

Figure 16. Change of cumulative compaction under constraint strength (x-axis shows the sand-gabion
restraint strength and y-axis shows the compaction amount).

The distribution characteristics and evolution law of the stress and deformation in the
gabion on the compaction of aeolian sand were analyzed, and the external mechanism of
the box constraint on the compaction of aeolian sand was revealed. Instruct the strength,
cost, and size of gabion in the production process.

4. Conclusions

In this paper, only the numerical simulation experiment of sand-gabion is carried out
without laboratory verification, and the sand-gabion filling body with a large enough size
is not considered. We focus on the macroscopic and microscopic analysis of the vibrational
process and confinement strength of the sand-gabion and reveal the mechanism of the
vibration of the sand-gabion in terms of the degree of compaction and particle motion. In
this paper, physical experiments and numerical simulation experiments are conducted on
aeolian sand-gabion backfill, which mainly leads to the following conclusions:

• The compaction effect of aeolian sand under vibration conditions is better than its
compaction effect under static load conditions. Under sand-gabion constraints, to
obtain compaction of 0.25 mm for a cylindrical aeolian sand specimen with a diameter
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of 5 cm and a height of 10 cm, the load required for the static method is 1.22 times the
excitation force for the vibratory method.

• The typical evolution process of particle contacts force chain network, particle trans-
port, porosity, and other mesoscopic structural characteristic indexes of the aeolian
sand samples was quantitatively analyzed. The influence law of frequency, excitation
force, amplitude, and vibration time of the sand particles during vibratory compaction
has been revealed from the mesoscopic view level. It is considered that when the
frequency is 50 HZ, the excitation force is 0.3 MPa, the amplitude is 40 KPa, and the
vibration time is 4 s, the denseness of the sand-gabion backfill is the highest.

• Influencing law of the vibration parameters and gabion constraints on the ultimate
compactness of the sand-gabion backfills are as follows: The compactness of the
sand-gabion showed an increasing trend when the frequency was 20 HZ–50 HZ,
the amplitude was 10 KPa–40 KPa, and the time was 1 s–4 s. For excitation forces
of 0.1 MPa–0.4 MPa, the compactness of the sand-gabion first increases and then
decreases. The compactness of the sand-gabion exhibits a decreasing trend from
10 KPa to 40 KPa in the confinement strength of the cage.

However, there are still various shortcomings in numerous aspects that need to be
further improved in subsequent work. (1) The compaction characteristics of square and
hexagonal need to be further analyzed and studied. Different sand-gabion (material, size,
mesh number) and geotextile types all affect the compaction characteristics of sand-gabion.
(2) The stability of the accumulation body of multiple sand-gabion can be considered on
this basis in the future.
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