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Abstract In recent years, solid waste backfill mining has
developed rapidly and widely used to control surface
subsidence and reduce accumulation of solid waste. As
crushed materials are used to backfill goafs, the particle
size of backfill materials becomes a key factor influencing
the control of surface subsidence. To analyse the influences
of particle size of backfill materials on surface subsidence,
the compaction properties of crushed gangue backfill
materials (CGBM) with different particle sizes were tested
by using the YASS5000 testing machine and a self-made
compacting device. Moreover, based on the strain hard-
ening behaviour of CGBM in the process of compaction, a
method of simulating CGBM using double-yield model
was put forward. By employing this method in simulation,
the influence of particle size of CGBM on surface subsi-
dence was studied. The research results are demonstrated
as follows: with the increase in particle size of the backfill
materials, these maximum values such as the maximum
surface subsidence, horizontal movement, inclination,
curvature, and horizontal deformation increased gradually.
Little difference was found in the surface subsidence and
movement while using CGBM with particle sizes in the
ranges of 2.5-16 and 2.5-50 mm with uniform gradation.
However, both values were obviously smaller than those
using CGBM with particle sizes of 20-31.5 and
31.5-50 mm. In terms of samples with particle sizes of
2.5-50 mm, the gradation of particles was uniform. By
using large particles to form frame structures and small
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particles to fill fractures, such structures with strong anti-
deformation abilities produced a small amount of defor-
mation under the load from overlying strata. Therefore, this
structure exerted a good controlling effect on surface
deformation.

Keywords Crushed gangue - Backfill materials - Surface
subsidence - Particle size - Under buildings

Introduction

In China, as the coal mine goaf is usually not to be back-
filled, sudden, significant strata movement and large-scale
surface subsidence are inevitable (Unver and Yasitli 20006;
Wang et al. 2008; Cui et al. 2014), which results in various
problems such as damage to buildings, village relocation,
depletion of water resources, and land desertification
(Loupasakis et al. 2014; Oparin et al. 2014; Guo et al.
2017). Statistics indicates that the subsiding areas induced
by caving coal mining annually amount to about
40,000 hm? and the financial losses caused are about 2
billion RMB every year. At present, in China, the total area
of coal mining-induced surface subsidence has reached
700,000 hm?. Additionally, the unexploited coal under
buildings, under railways, and under water bodies amounts
to 13.79 billion tons, among which the unexploited coal
beneath buildings accounts for about 9.468 billion tons,
making up 69% of all unexploited coal and involving 2030
villages in mining areas (Zhang et al. 2011; Li et al. 2014).
Furthermore, in the process of coal mining, a large amount
of solid waste is produced and accumulated on the ground,
taking up significant land resources and polluting the
environment (Brake et al. 2001; Skierszkan et al. 2016). In
recent years, with the intensification and deepening of coal
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mining works, consequent environment problems (Jirina
and Jan 2010; Fan et al. 2014) have become increasingly
serious including surface subsidence and the accumulation
of solid waste, especially for those mines with significant
amounts of the aforementioned coal mining issues.
Therefore, it has become a research focus for those seeking
to develop an effective technique for controlling surface
subsidence while simultaneously disposing of the resulting
solid waste. Under this background, some techniques such
as paste backfill (Belem and Benzaazoua 2008; Orejarena
and Fall 2010), grout injection into the overburden
(Palarski 1989; Xuan and Xu 2014; Xuan et al. 2016), and
solid waste backfill mining (SWBM; Junker and Witthaus
2013; Zhang et al. 2014) have been proposed to solve the
aforementioned problems.

Because of its low costs and good backfill effects, the
SWBM technique has been developed rapidly and it has
been more widely used in recent years. This technology is
developed based on fully mechanised coal mining. Solid
wastes are transported into shafts using a vertical feeding
system (Zhang et al. 2017), and then, the crushed wastes in
the shafts are directly poured into goafs on backfill panels
to support the overlying strata on a permanent basis. In this
way, the strata movement and surface subsidence are better
controlled: because granular materials are used as backfill
materials in this technology, the rules governing surface
subsidence are completely different from those governing
paste backfill (Guo et al. 2014). Moreover, the particle size
of backfill materials, as a key factor, affects the surface
subsidence. Pouring backfill materials with different par-
ticle sizes into goafs can result in different controlling
effects being exerted on surface subsidence. Therefore, the
influence of particle size of backfill materials on surface
subsidence needs to be investigated.

The 13,080 backfill panel in the No. 12 coal mine of the
Pingmei Group (Pingdingshan, China) was investigated. As
there is a high density of surface buildings on this backfill
panel and a lot of gangues were stockpiled on the ground,
the SWBM technique was adopted to solve these problems.
In this research, by testing the compaction properties of
crushed gangue backfill materials (CGBM) with different
particle sizes, a method of simulating of CGBM was pro-
posed to study the influences of particle sizes of CGBM on
surface subsidence.

Study site

The No. 12 coal mine, Pingmei Group, which is located in
Pingdingshan mining area, China, was selected as a case
study. As the coal resources in the coal mines are exploited
gradually, a large amount of coal resources has been found
beneath the village and its buildings. Thus, those buildings
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overlying the coal reserves have been affected adversely by
the mining activity of the No. 12 coal mine. Meanwhile,
around 8 million tons of gangues is produced every year,
which are stockpiled on the ground surface. To solve the
aforementioned problems, the SWBM technique was
adopted during mining to protect these buildings from the
influence of coal mining. The SWBM technique was first
applied to the 13,080 longwall mining panel, where the
recoverable reserves amounted to 124,000 tons. This panel
is overlain by three villages, and the corresponding build-
ings are mainly masonry structures (Fig. 1). Given the
mining regulations for exploiting the coal under buildings
and the density of buildings above the panels, the maxi-
mum fortification indices for the displacement and defor-
mation of the ground were determined. Hence, the
maximum subsidence is expected to be smaller than
500 mm, and the maximum values of horizontal com-
pressive and stretching deformations need to be larger than
—2 mm/m and smaller than 1.5 mm/m, respectively.
Additionally, the maximum curvature and inclination are
supposed to be smaller than 0.2 and 2 mm/m, respectively.

The layout of the 13,120 backfill panel is shown in
Fig. 1. The panel has an overburden depth of 360 m and is
350 m long in the strike direction and 100 m wide in the
dip direction. The mining seam is about 3.3 m thick. The
geological core log of the surrounding rocks indicates that
the immediate roof of the panel is shale with an average
thickness of 5.3 m, the main roof is sandstone with an
average thickness of 31.5 m and the immediate floor of the
panel is mudstone with an average thickness of 15.9 m. To
protect the environment, and dispose of the gangues in the
meantime, they were crushed to serve as backfill materials
in the 13,080 backfill panel.

Effect of CGBM on surface subsidence

The SWBM technique, developed from fully mechanised
coal mining methods, can realise coal mining and backfill
at the same time under the cover of a backfill support.
Compared with fully mechanised coal mining, SWBM has
the same coal mining system but uses a vertical feeding
system which can safely and efficiently convey solid waste
to the goaf in the panel and a compaction system behind
the backfill support, as illustrated in Fig. 2.

The fundamental principle of the SWBM technique is
used to convey solid waste such as gangues, construction
waste, coal ash, and mineral waste residues to a storage bin
in the shaft by using a vertical feeding system. Then, using
an underground transportation system, the backfill materi-
als in the storage bin are transported to a backfill conveyor
hanging in the back top beam of the backfill support
(Fig. 3a). Afterwards, the backfill materials are poured into
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Fig. 1 Distribution of surface
buildings and layout of the
13,080 backfill panel
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Fig. 2 Fundamental principle of the SWBM technique
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Fig. 3 Photograph of underground backfill conditions. a Backfill support, b backfill conveyor, ¢ no gap with roof

the goaf through a discharging hole in the backfill conveyor For traditional fully mechanised coal mining, with the
(Fig. 3b) and then compacted by a compactor until they  advance of the panel, the roof caves and breaks under the
make contact with the roof, leaving no gap (Fig. 3c). load of the overlying rock strata, and then, the caving and
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breakage extend to the overlying strata, generating caving,
fracture, and bending zones, which form a large-scale
subsidence basin (Fig. 4a), while in SWBM, as the work-
ing face was advanced, backfill materials filled the goaf
and then made contact with the roof. In this case, the
overlying strata mainly bent and subsided with fractures
only appearing in local areas and no caving zone is found,
which validates the idea that the SWBM technique is
effective in controlling surface subsidence (Fig. 4b).

According to rules of coal mining-induced surface
subsidence, the surface subsidence after mining coal seams
is directly related to mining height. The smaller the mining
height, the smaller the surface subsidence, and vice versa.
When the backfill materials are backfilled into goafs, it
means that the mining height has decreased. As a result,
under the load from the overlying strata, the stiffer the
backfill material, the lower the deformation. This results in
a good controlling effect being exerted upon the surface
subsidence.

Compaction properties of CGBM
Sample preparation

The samples used for testing compaction properties were
taken from the gangue hills in the No. 12 coal mine of the
Pingmei Group. The gangues were sandy mudstones and
the samples were prepared in the laboratory. First of all, the
sandy mudstones were crushed into particles with a
diameter of less than 50 mm by using steel hammers.
Afterwards, according to the particle size, the crushed
sandy mudstones were sieved stepwise to those with par-
ticle sizes of 2.5, 10, 16, 20, 31.5, and 40 mm using
standard stone screens.

To investigate the influences of particle size on com-
paction properties of samples, the prepared samples were

5 3 Immediateroof‘:v: o,
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classified into four groups A (2.5-16 mm), B
(20-31.5 mm), C (31.5-50 mm), and D (2.5-50 mm)
according to the particle size.

Experimental apparatus

As shown in Fig. 5, the experimental system mainly con-
sists of a YAS5000 electro-hydraulic servo testing machine
and a self-made compaction device. The maximum axial
force provided by the test machine was 5000 kN. Equipped
with data acquisition software, the system can obtain the
mechanical parameters such as load and displacement. The
compaction device comprised a steel chamber, a base, a
dowel bar, and a loading plate. The internal radius, external
radius, height, and wall thickness of the steel chamber were
125, 137, 305, and 12 mm, respectively. The steel chamber
and base were connected by flanges. In addition, with a
radius and a height of 124 and 40 mm, respectively, the
loading plate was able to apply a uniform force to the
samples. Meanwhile, a strain gauge was used to monitor
the strain in the chamber walls during compaction.

Experiment methods and procedures

During compaction, lubricating greases were smeared over
the inner wall of the chamber to reduce the friction
between the chamber wall and the samples. Meanwhile,
four pairs of strain gauges were arranged on the outer wall
of the chamber to monitor the strains in the chamber walls,
so as to inversely compute the friction forces thereon.
Then, the pressure on the samples was obtained by sub-
tracting the friction forces from the total pressure produced
by the testing machine.

In the compaction process, Ah represents the com-
paction deformation of samples and A indicates the height
of samples before compaction. The strain in a sample is
defined as:

Main roof

-~ . ] Immediate roof

<NMim’ng space“‘

Fig. 4 Characteristics of strata movement. a Caving mining, b SWBM
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Fig. 5 Experimental system
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In Eq. (1), before compacting the samples, their initial
height was calculated. When the samples were placed into
the compaction device, according to the height /; of the
steel chamber, the height 4, of the dowel bar, the thickness
hs of the loading plate, and the height s, of the dowel bar
exceeding the steel chamber, the height of samples before
being compacted was thus hy = hy + hy — hy — h3.
However, as shown in Fig. 6, hy, h,, and h; were given;
thus, hg = hy + 145.

Specific experimental steps were as follows:

1. Samples were weighed and put into the compaction
device. Samples of 9 kg were weighed for each group
and then placed into a compaction device in several
layers.

Afterwards, the sample surface was struck off until
smooth.

2. We calculated the height &, of samples before

compaction.
After the samples were put into the chamber, the
loading plate was placed on the surface of samples so
as to make contact with the samples, and then, the
height of the sample before compaction was
calculated.

3. We placed the compaction device into the testing
machine to apply load to the samples.
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Fig. 6 Calculation of the sample height before compaction

X

Before loading, the positions of the top pressure plate
and the dowel bar of the test machine were adjusted to
align the dowel bar with the centre of the top pressure
plate and let it make contact with the top pressure
plate. Meanwhile, the displacement, load, and strain of
the chamber walls were recorded during the com-
paction of the samples.
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Experimental results

The stress—strain curves of samples with different par-
ticle sizes were obtained (Fig. 7). The stress—strain
relationship of each group of samples showed nonlinear
compaction and deformation properties. In addition, with
increasing axial stress, the strain in the samples
increased gradually, while the increasing amplitude was
reduced and it was eventually stabilized. Thus, strain
hardening (Pappas and Mark 1993) therefore could be
deemed to have occurred.

As shown in Fig. 7, the whole compaction process
was divided into three stages including rapid com-
paction, slow compaction, and stable compaction. In the
first stage, due to the existence of large voids between
particles, the samples presented a low stiffness, resulting
in rapid deformation, while during the slow compaction
stage, a large number of particles were crushed with the
increasing strain; thus, the pores were filled with crushed
small particles so as to reduce the porosity. In this way,
the stiffness of the samples increased, leading to a
decrease in the rate of increase in strain. Moreover, at the
stage of stable compaction, the samples became well
compacted.

With respect to the samples in group A, they had small
particle sizes and few pores between particles as well as a
high stiffness. With the growth in particle size, the samples
were more deformed during compaction. However, the
deformation of samples in group D was similar to group A.
Such results were explained by considering that, as the
frame structure was formed by the large particles, the small
particles in group D samples filled the pores between the
frame structures; thus, the stiffness increased.

20
18 L ® 25-16mm
® 20-31.5mm
16 4 31.5-50mm
*  2.5-50mm
1k Fitting curve @ 0.0518(0.184-2)
R'=0.999
< 12F
[aW)
S 10t
172]
w
g sl
& =6.4726/(0.186-8)
6 R*=0.999 0=5.3812/(0.245-8)
R'=0.999
4+
5L 0=5.7186/(0.234-¢)
R'=0.998
0 1 1 1 1 1 1 1
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200

Strain

Fig. 7 Stress—strain curves of backfill materials with different
particle sizes
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Numerical simulation
CGBM simulation methods

When CGBM was poured into goafs, under the load
imposed by the overlying strata, the backfill materials were
gradually hardened through compaction and showed typi-
cal strain hardening behaviour. The double-yield (DY)
model (Yavuz 2004) developed using FLAC® could be
used to simulate this strain hardening, and this model was
intended to represent a material in which there was sig-
nificant irreversible compaction. Therefore, based on the
compaction properties of CGBM, the double-yield model
was used to simulate the compaction behaviour of backfill
materials. The input parameters for the DY model can be
divided into two parts: material properties and stress—strain
data. Thereinto, the material properties included bulk
modulus, shear modulus, friction angle, and dilation angle.
The stress—strain data were obtained from the compaction
trials (Fig. 7). To determine the properties of CGBM, a
simple model was  built  which measured
Imx I mx 1m. A velocity was applied to the top of
the model with confined sides to simulate the loading. The
material properties were obtained by changing the bulk and
shear modulus, friction angle, and dilation angle in the DY
model iteratively to match the stress—strain curve to that
found experimentally. Figure 8 shows the comparison of
the stress—strain curves solved by numerical model and
experimental data: they were well matched and the final
properties of CGBM are listed in Table 1.

Establishment of the model and simulation program

The FLAC?P software was used to build the numerical
model based on the geological conditions of the 13,080

20

—m— 2.5-16mm experimental data
—g— 2.5-16mm simulated data
16F —— 20-31.5mm experimental data
—o— 20-31.5mm simulated data
14 —a— 31.5-50mm experimental data
—A— 31.5-50mm simulated data
[ —*— 2.5-50mm experimental data
| —#%— 2.5-50mm simulated data

Stress/MPa
=

0 <. 1 1 1 1 1
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
Strain

Fig. 8 Comparison of the stress—strain curves obtained by numerical
models and experimental data
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Table 1 Final mechanical properties of CGBM with different particle sizes

No. Properties

Stress—strain data

Bulk modulus (MPa)

Shear modulus (MPa)

Dilation angle (°)

Friction angle (°)

A 0 = 6.472¢/(0.186—¢) 1933.08
B o = 5.718¢/(0.234—¢) 1357.54
C o = 5.381¢/(0.245—¢) 1220.17
D o = 6.051¢/(0.184—¢) 1826.67

11.62 5 28
8.16 6 30
7.33 8 32

10.98 5 29

backfill panel, as shown in Fig. 9. The dimensions of the
model are 1350 m x 900 m x 375 m. The Mohr-Cou-
lomb criterion was used to simulate the rock strata, and the
DY model was adopted to simulate the CGBM, respec-
tively. In total, the model is composed of 931,500 elements
and 963,380 grid points. Due to computation time con-
sumption and capacity restrictions, elements are fined in
mining area with the size of 1.0 m. The rock strata prop-
erties used in this numerical model are summarised in
Table 2: they have been scaled and adjusted following the
work of Mohammad et al. (1997) and Xu (2001).

Four simulation programs were developed so as to
investigate the effects of particle size of CGBM on surface
subsidence. After the backfill panels were mined, the
backfill materials, with their different mechanical param-
eters (Table 1), were adopted to backfill the goafs. In
addition, the surface subsidence was simulated when the
particle sizes were 2.5-16 mm, 20-31.5 mm, 31.5-50 mm,
and 2.5-50 mm, respectively. The specific simulation steps
are demonstrated in Fig. 10. Firstly, based on the con-
structed numerical model, the states of virgin stress in the

Fig. 9 Numerical simulation
model

model that were not influenced by mining were simulated.
Afterwards, the coal seams of the backfill panels were
mined at a certain advance distance /, (for example, 5 m)
and the model was run through 50 iterations. Finally, by
using the DY model to backfill the mining areas, the cal-
culation was continued until the model reached equilib-
rium. The above steps were repeated until the whole
backfill panel was excavated and filled.

Model verification

To verify the feasibility of the model, the simulation results
were compared with the measured in situ results. In prac-
tical application, backfill materials graded to 2.5-50 mm
were poured into the 13,080 backfill panel, so the
mechanical parameters of samples in group D in Table 1
were adopted to simulate the backfill materials. When
mining and filling the backfill panel, the internal stress of
the backfill materials and the roof subsidence were moni-
tored, as shown in Fig. 11. The instrumentation measuring
the stress and the roof subsidence was fixed in the centre of

Sandstone

Coal seam

Shale

Sandstone
Mudstone

Sand mudstone 1
Sand mudstone 2
Mudstone
Sandstone

Soil layer
Backfill materials
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Table 2 Rock strata properties used in the numerical model

Rock strata Bulk modulus Shear modulus

Tensile strength Cohesion (MPa) Friction angle (°)

(GPa) (GPa) (MPa)
Soil layer 0.25 0.1 0.001 0.02 22
Sandstone 11.3 8.4 1.8 33 35
Mudstone 5.6 3.8 0.8 1.9 26
Sand mudstone 1 7.3 5.2 1.1 2.2 28
Sand mudstone 2 7.5 54 1.2 2.3 30
Mudstone 53 3.6 0.8 1.8 25
Sandstone 10.8 8.1 1.6 3.1 33
Shale 8.5 6.4 14 2.6 31
Coal seam 2.8 1.5 0.4 0.9 20
Sandstone 11.2 8.3 1.5 32 34

( Building model )

Simulating the original rock
stress

v

Excavating the first area
Excavation distance: /, (e.g. S5m)

v

—»| Running 50 steps

v

Filling the excavation area with DY
model and assigning material
properties and stress-strain data

v

Running until unbalanced
force ratio < 10”

v

Excavating next area

v

Circulating until the whole panel
is excavated and model reach
equilibrium

Fig. 10 Specific simulation steps

the backfill panel and 40 m away from the position of the
open-off cut to monitor the internal stress on the backfill
materials and the roof subsidence dynamically. Figure 12
shows the comparison of field measurements and simulated
values of internal stress of backfill materials and roof
subsidence. The red lines denote the simulated stress on the

@ Springer

backfill materials, while green lines indicate the simulated
roof subsidence, while the internal stress and roof subsi-
dence of backfill materials obtained through actual mea-
surement are represented by black and blue squares,
respectively. With the advance of the backfill panel, the
measured values changed consistently with those simu-
lated. This indicated that the model can be used to obtain
strata movement and stress distribution characteristics
during both the mining and filling processes.

Discussion of simulation results

The curves of surface subsidence and horizontal movement
are drawn when the backfill materials with different par-
ticle sizes were poured into backfill panels, as displayed in
Fig. 13. With increasing particle size, the lower the stiff-
ness of the backfill materials, the larger the deformation,
the greater the values of surface subsidence, and the greater
the horizontal movement. Figure 13 shows that the maxi-
mum values of surface subsidence when employing sam-
ples in groups A, B, C, and D were 57.04, 78.61, 80.53, and
58.32 mm, respectively, while those of the horizontal
movement were 13.75, 20.02, 20.61, and 14.17 mm,
respectively.

Samples in group D had particle sizes ranging from 2.5
to 50 mm with uniform gradation; therefore, slight defor-
mation occurred under the load imposed by the overlying
strata. Furthermore, the surface subsidence and horizontal
movement when samples in group D were used differed
less compared with those of samples in group A, but was
less than those when using samples in groups B and C.

Figure 7 shows that the stiffness of samples in group B
is significantly superior to that in group C. Nevertheless,
few differences were found on the ground surface with
regard to its subsidence and horizontal movement. This is
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because, after the backfill materials were poured into goafs,
the strata did not cave owing to their abilities to resist
deformation and the support of backfill materials. More-
over, as the deformation of backfill materials was trans-
ferred from the bottom to the top of the strata, the strata
prevented some of the deformation in the backfill
materials.

The surface inclination, curvature, and horizontal
deformation are the main indicators reflecting the charac-
teristics of surface subsidence and movement. Based on the
values of surface subsidence and horizontal movement in
Fig. 13, the curves of surface inclination, curvature, and
horizontal deformation are obtained, as shown in Fig. 14.
Table 3 lists the maximum values of surface subsidence
and movement.

Figure 14 shows that, in terms of samples in groups A,
B, and C, the values of surface inclination, curvature, and
horizontal movement increased with the particle size of the
CGBM. Moreover, the larger the particle size and porosity,
the greater the deformation under the load imposed by the
overlying strata, resulting in larger values of surface
inclinations, curvature, and horizontal movement. As for
samples in group D, owing to their uniform gradation, the
particles with larger particle sizes were used as frame
structures and those with smaller particle sizes filled the
gaps. Consequently, only slight deformation occurred
under the load imposed by the overlying strata, and the
surface inclination, curvature, and horizontal movement
exhibited few differences when samples in group A were
used, but were less than those found while applying sam-
ples in groups B and C. The maximum surface inclination
when using samples in groups A, B, C, and D was 0.165,
0.233, 0.241, and 0.171 mm/m, and the maximum curva-
tures were 0.00164, 0.00205, 0.00222, and 0.00178 mm/
m?, respectively. Furthermore, the maximum horizontal
deformations were found to be —0.101, —0.145, —0.149,
and —0.103 mm/m, respectively. The maximum surface
inclination, curvature, and horizontal deformation are less
than the destruction extrema of surface buildings on the
13,080 backfill panel.

Due to the mining of coal seams, CGBM are poured into
goafs. In this way, the surface subsidence and movement
were controlled effectively; thus, the surface buildings
were protected. Studying the influence of particle size of
CGBM on surface subsidence provides guidance to engi-
neers seeking a better understanding of surface subsidence
trends while using this SWBM technique.
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Fig. 13 Surface subsidence and horizontal movement for CGBM with different particle sizes
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Fig. 14 Inclination, curvature, and horizontal deformation for CGBM with different particle sizes

Conclusions

The SWBM technique uses crushed materials to fill goafs.
The particle size of backfill materials is seen as the key
factor influencing the controlling effects of surface

@ Springer

subsidence. To analyse the influence of particle size of
backfill materials on surface subsidence, this study used a
YAS5000 testing machine and a self-made compaction
device to test the compaction properties of CGBM with
different particle sizes. Furthermore, the stress—strain
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Table 3 Maximum surface subsidence and movement after CGBM with different particle sizes were used

Particle size Subsidence Horizontal movement Inclination Curvature Horizontal deformation
(mm) (mm) (mm) (mm/m) (mm/mz) (mm/m)
2.5-16 57.04 13.75 0.165 0.00164 —0.101
16-20 78.61 20.02 0.233 0.00205 —0.145
20-31.5 80.53 20.61 0.241 0.00222 —0.149
31.5-50 58.32 14.17 0.171 0.00178 —0.103

curves of CGBM with different particle sizes were
obtained and strain hardening of the CGBM was found
during compaction. Based on the compaction properties, a
method of simulating CGBM using a double-yield model
was proposed. By using this method, the authors explored
the effect of particle size of CGBM on the surface subsi-
dence. Key results revealed that with an increase in the
particle size of the backfill materials, the maximum surface
subsidence, horizontal movement, inclination, curvature,
and horizontal deformation increased gradually. The sur-
face subsidence and movement after using CGBM with the
particle sizes in the range 2.5-50 mm and a uniform gra-
dation show little differences to those when using CGBM
with particle sizes in the range 2.5-16 mm. However, the
former values were smaller than those obtained after using
samples with particle sizes ranging from 20 to 31.5 mm
and 31.5-50 mm. This is because the CGBM with a par-
ticle size of 2.5-50 mm had a uniform gradation. By using
large particles to form frame structures and small particles
to fill fractures, the structure was endowed with a high
stiffness and underwent only small amounts of deformation
under the load imposed by the overlying strata. Therefore,
this structure can effectively control the surface
deformation.
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