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Abstract
Intensive and massive coal mining causes a series of geological hazards and environmental problems, especially surface subsi-
dence. In recent years, backfill-strip mining has been applied to control mining subsidence in order to realize sustainable
development of the mining environment. To accurately predict the surface subsidence of backfill-strip mining, a prediction
method of subsidence superposition of backfill-strip mining is proposed on the basis of the traditional probability integral method
prediction model. In analyzing the distribution of the actual subsidence space, the surface subsidence problem of backfill-strip
mining can be regarded as the superposition of surface subsidence caused by backfill mining and strip mining. Then, the
appropriate prediction parameters will be chosen, and the surface subsidence caused by the backfill mining and strip mining
will be predicted separately. The surface subsidence values of the backfill-strip mining are equal to the superposition subsidence
values predicted by the backfill mining and strip mining prediction method at the same surface location. A similar material model
and a numerical simulation model have been built to verify the feasibility and accuracy of the superposition prediction method.
The comparison results of the surface subsidence values show that the superposition surface subsidence prediction method is
reasonable. The average relative error of this superposition prediction method is less than 6.7%, and its accuracy is 3.9%~11.4%
higher than that of the conventional prediction method. The superposition prediction method can satisfy the precision require-
ment of engineering applications. This study provides a scientific technical reference for safe mining engineering design and
surface disaster protection for backfill-strip mining.

Keywords Backfill-strip mining . Coal underground mining . Surface subsidence . Prediction method . Probability integral
method

Introduction

China is a major coal mining country, and its coal production
reached 3.41 billion tons in 2016. However, intensive and

massive coal mining causes a series of geological hazards
and environmental problems (Bian et al. 2012; Chen et al.
2018; Salmia et al. 2017), such as surface subsidence, ground
fissures, landslides, land occupation, and groundwater pollu-
tion. Among these, coal mining subsidence considerably im-
pacts on the environment and societies, and can lead to dam-
age of infrastructures, buildings, roads, and drainage systems
(Lamich et al. 2016; Rošer et al. 2018). In recent decades,
associated surface subsidence problems have become progres-
sively serious with increased mining activities. Statistical data
show that the total mining subsidence area in China is around
6 × 103 km2, and that it increases annually by approximately
240 km2 (Guo et al. 2011). Therefore, mining subsidence has
become a severe social and environmental problem.

Many technologies can be applied to control mining sub-
sidence to ensure mining safety and achieve environmental
protection goals. Subsidence control technologies can be di-
vided into two classes, namely, partial mining (Ghasemi et al.
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2014) and backfill mining (Abdelhadi et al. 2016; Huang et al.
2017). However, the cost of backfill mining is high (Zhu et al.
2016) and strip mining has a low recovery ratio. Given the
high cost of backfill mining and the shortage of backfill ma-
terial, the concept of backfill-strip mining (Xie et al.
2004; Chen et al. 2011; Xu et al. 2007; Chen et al. 2016;
Huang and Lai 2016) was proposed to solve problems such
as expensive filling costs, low recovery rates and surface
subsidence.

Backfill-strip mining is a partial backfilling technology that
combines the advantages of backfill mining and strip mining. In
this technology, longwall partial backfill mining is conducted
first. After the backfill materials achieve a certain bearing ca-
pacity, the residual coal pillar is recycled. A schematic of the
backfill-strip mining process is shown in Fig. 1. This mining
process eventually forms a combined support structure of the
filling body and the coal pillar to support the overlying strata
and achieve the goal of subsidence control. Since the coal
seams are shallow and the surface is covered with thick sandy
soils, shallow coal seam mining usually causes more severe
surface subsidence compared to deep coal seam mining
(Huang 2002), and buildings are more vulnerable to damage.
So, backfill-strip mining can be applied in shallow coal seam
extraction under buildings due to the subsidence control effect.

In underground mining, surface subsidence prediction is an
integral part of mine design. It can be used to assess possible
influences of subsidence on the surface structures and the sur-
rounding environment, and to improve mine design and thus
reduce the severity of the subsidence effects. Meanwhile, the
prediction methods are the most important factors for the pre-
diction accuracy. Backfill-strip mining technology can be used
to excavate coal resources under important buildings because it
efficiently controls subsidence (Zhu et al. 2015). However, im-
portant buildings are sensitive to ground deformation, and even
a small deformation can result in damage to buildings, which
might cause a negative influence for society. So, the accuracy of
backfill-strip mining subsidence prediction is significant to con-
trol building deformation and reduce mining damage.

In this paper, the superposition prediction method for
backfill-strip mining was established based on the proba-
bility integral prediction model. This paper is organized as
follows: Section 2 describes the conventional prediction
methods for surface subsidence in backfill-strip mining.
Section 3 presents a new prediction method proposed by
this paper and the parameter selection principle of the
prediction method. Section 4 uses the subsidence moni-
toring data of the similar material model and the numeri-
cal simulation model to verify the correctness of this pre-
diction model, and a comparison between the convention-
al and the superposition prediction model is analyzed.
Section 5 presents the conclusions.

Conventional prediction methods for surface
subsidence in backfill-strip mining

Backfill-strip mining technology is composed of backfill
mining technology and caving mining technology,and a
conventional subsidence prediction method, which has
been proposed based on the implementation process of
backfill-strip mining technology, has been used to predict
the surface subsidence in backfill-strip mining (Wang
et al. 2015; Zhang et al. 2017; Dong et al. 2018). The
calculation steps for this conventional prediction method
are as follows: the backfill-strip mining area is divided
into several small caving mining working faces and back-
fill working faces from the transverse perspective (Fig. 2).
Then, the appropriate prediction parameters are chosen,
and the surface subsidence caused by these small working
faces predicted separately based on the probability inte-
gral method. Finally, the surface subsidence value of sev-
eral small caving mining working faces and backfill work-
ing faces are added together. The sum value is the surface
subsidence prediction result of the backfill-strip mining
(Fig. 3).
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Fig. 1 Schematic of backfill-strip
mining
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This conventional prediction method can be easily im-
plemented in computer programming and be applied for
different geological mining conditions. However, the pre-
diction parameters of this method are hard to determine
accurately because the width of the working faces is small
and cannot reach the critical mining size. These prediction
parameters need to be modified based on the coefficient
of mining degree (Wu et al. 1998; Zhai et al. 2012).
However, the study of the parameter correction method
is insufficient and the accuracy of the final subsidence
prediction is low (Guo et al. 2004a, b). Meanwhile, the
deformation characteristics of strata movement and the
subsidence control mechanism of backfill-strip mining
are different from those of other mining methods because
the combined forms of the overlying strata, filling body,
and coal pillars are specific (Zhu et al. 2018). Thus, the
surface subsidence prediction of backfill-strip mining can-
not directly use the prediction method of caving mining or
backfill mining.

Therefore, the conventional subsidence prediction model
of backfill-strip mining needs to be improved. An improved
surface subsidence prediction method of backfill-strip mining
is proposed in this paper based on the released process of
actual subsidence space and so solving the problem of difficult
parameter selection.

A superposition surface subsidence
prediction method and parameter selection

The superposition surface subsidence prediction
method

From the formation process of surface subsidence, the subsi-
dence gradually spreads in the vertical direction from the goaf
to the surface when coal is excavated. Finally, a subsidence
basin on the surface is formed, and its extent is greater than
that of the goaf. The difference in surface subsidence formed
between varying mining methods is caused by the difference
of the actual subsidence space and its location. The actual
subsidence space of backfill-strip mining is released from
the exploitation space of coal seams except for the space oc-
cupied by filling material (Zhu et al. 2018). This subsidence
space consists of two parts, from top to bottom (Fig. 4). The
upper part is released from the compressive deformation of the
filling material during the backfill mining stage, and the bot-
tom part is released from the roof caving during the caving
mining stage.

From this perspective of the release process of the actual
subsidence space, a superposition surface subsidence pre-
diction method is proposed. The subsidence space of
backfill-strip mining can be regarded as the superposition
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Fig. 2 Section schematic of the
actual subsidence space of
backfill-strip mining in the con-
ventional method
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of the subsidence space of the backfill mining and the strip
mining in the whole area (Fig. 4). Meanwhile, the actual
mining height of the backfill mining in the whole area is
equivalent to the compressive height of the filling material,
and the actual mining height of the strip mining is equiva-
lent to the difference between the mining height and the
compressive height of the filling material. Then, the surface
subsidence caused by the hypothetical subsidence space of
the backfill-strip mining and the strip mining can be sepa-
rately predicted by the probability integral method. The
calculation formula of this superposition prediction method
based on the probability integral method is described in
Section 3.1.1–3.1.4. The selection principle of the predic-
tion parameters has been shown in Section 3.2. Finally, the
surface subsidence of the backfill-strip mining is the sum of
the two prediction results.

Brief overview on the probability integral method

The superposition surface subsidence prediction method for
backfill-strip mining is developed on the basis of the proba-
bility integral method (Cui and Deng 2017), which is an in-
fluence function method, based on the extraction of the infin-
itesimal elements of an area. It is also one of the most widely
applied methods for subsidence prediction of mining areas in
China.

In Fig. 5, assuming that the inclined width of the working face
has reached a critical size, the mining thickness is M, and the
depth isH. The original point of the coordinate system is s and z
is located directly above the coal wall, and x is the horizontal
distance of a monitored point on the surface with respect to the
coal wall. Theworking face advances along the positive direction
of the s axis.

The extraction of a unit area of coal seam causes the surface
to subside as follows:

We xð Þ ¼ 1

r
e−

πx2

r2 : ð1Þ

Integrating the whole mining space, the formula for surface
subsidence of any point is as follows:

W x; yð Þ ¼ Mqcosα
r2

∫D3

0 ∫D1

0 e−π
x−sð Þ2þ y−tð Þ2

r2 dtds; ð2Þ

where W(x, y) is the subsidence at the surface point with
coordinates x and y, M is the mining height, α is the seam
inclination, r is the radius of major influence (r =H/tanβ),
and D3 and D1 are the computed width and length of the
panel, respectively. The five prediction parameters of this
method are the subsidence coefficient (q), horizontal dis-
placement coefficient (b), tangent of major influence angle
(tanβ), offset of inflection point (s), and main propagation
angle (θ).

Surface subsidence caused by backfill-strip mining can be
regarded as the superposition of the influence of backfill min-
ing and strip mining (Fig. 6).

Surface subsidence of backfill mining and strip mining can
be calculated by using the principle of the following two sub-
sidence prediction methods based on the probability integral
method.

Surface subsidence prediction of the backfill mining

The surface subsidence and strata deformation processes of
the backfill mining differ from those of caving mining. The
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backfill materials in backfill mining are initially loose
when they are used to fill in goaf and are then rapidly
compressed to achieve compaction under the roof
pressure. The thickness of the backfill mining is not the
thickness of the coal seam, and the traditional probability
integral prediction model of caving mining cannot be
applied in backfill mining. To solve this problem, Guo
et al. (2014) proposed the concept of equivalent mining
height in solid backfill mining and assumed that the subsi-
dence basin induced by solid backfill mining is the same as
the deformation caused by caving mining with an

equivalent height (Fig. 7). The equivalent mining height
is the difference between the actual mining height of the
filling working face and the compaction of the solid filling
material in the mined-out area; that is, the equivalent min-
ing height is the mining height of the working face minus
the height of the filling material after compaction.
Therefore, the subsidence induced by backfill mining can
be converted to predict the deformation induced by caving
mining. The surface subsidence prediction of backfill min-
ing in the entire area can be calculated by using the prob-
ability integral method based on equivalent mining height.

Fig. 6 The superposition
prediction method based on the
probability integral method

Roof
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Fig. 7 Equivalent height mining
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The equivalent mining height can be computed by Eq. (3):

Me ¼ M−δ−Δð Þηþ δ þΔ; ð3Þ
where Me is the equivalent mining height, δ is the initial roof
displacement,Δ is the unfilled height in the goaf, and η is the
compression rate of the filling body.

Substituting the equivalent mining height Eq. (3) into Eq.
(2), the surface subsidence of backfill mining can be calculat-
ed as follows:

Wb x; yð Þ ¼ M−δ−Δð Þηþ δ þΔ½ �qbcosα∬
D

1

rb2
e
−π η−xð Þ2þ ξ−yð Þ2

rb
2 dηdξ; ð4Þ

where Wb(x, y) is the surface subsidence of the point in
(x, y), qb is the subsidence coefficient in backfill mining
and a prediction parameter of the probability integral
method, rb is the radius of major influence in backfill
mining and is equal to H0/ tan βb, H0 is the average
mining depth, and tanβb is the tangent of the major
influence angle and also a prediction parameter of the
probability integral method.

Surface subsidence prediction of strip mining

The mining thickness of strip mining is that of the original
coal seam minus the roof subsidence value after the mining
stabilizes. The calculatedmining height of strip miningMs can
be computed by using Eq. (5):

Ms ¼ M−Me ¼ M−δ−Δð Þ 1−ηð Þ: ð5Þ

The coal pillar width of strip mining is the sum of the width
of the coal pillars and the backfill working face in backfill-strip
mining. The mining width of strip mining is the same as that of
the caving mining working face during backfill-strip mining.
The surface subsidence of strip mining can be calculated by Eq.
(6):

Ws x; yð Þ ¼ M−δ−Δð Þ 1−ηð Þqscosα∬
D

1

rs2
e−π

η−xð Þ2þ ξ−yð Þ2
rs2 dηdξ;

ð6Þ
where Ws(x, y) is the surface subsidence of the point in (x, y)
caused by the strip mining, qs is the subsidence coefficient in
strip mining, and rs is the radius of major influence in
backfilling mining.

Surface subsidence superposition prediction of backfill-strip
mining

Surface subsidence of backfill-strip mining can be regarded as
the sum of the surface subsidence of backfilling and strip
mining (Fig. 6). A surface subsidence prediction model of

backfill-strip mining can be established in accordance with
the superposition principle. This model is referred to as a
superposition prediction method based on the probability in-
tegral method, and its surface subsidence value includes two
parts:

W ¼ Wb þWs

¼ M−δ−Δð Þηþ δ þΔ½ �qbcosα∬
D

1

rb2
e
−π η−xð Þ2þ ξ−yð Þ2

rb
2 dηdξþ

M−δ−Δð Þ 1−ηð Þqscosα∬
D

1

rs2
e−π

η−xð Þ2þ ξ−yð Þ2
rs2 dηdξ:

ð7Þ

Determination of parameters of the superposition
subsidence prediction model

The superposition subsidence prediction model is established
on the basis of the probability integral method. Thus, the su-
perposition subsidence prediction model consists of the same
five subsidence prediction parameters: subsidence coefficient
q, horizontal movement coefficient b, tangent of major influ-
ence angle tanβ, offset of the inflection point S, and main
propagation angle θ. The measured data of surface subsidence
are inadequate for backfill-strip mining. Thus, obtaining pa-
rameters directly from the measured data is infeasible.
Backfill-strip mining combines the advantages of backfilling
mining and strip mining. Researchers have conducted many
field observations in China for backfill mining and strip min-
ing. Thus, numerous parameters for the probability integral
method have been obtained. The superposition subsidence
prediction model of backfill-strip mining can use the parame-
ter selection principle of backfill mining and strip mining for
reference.

Parameter selection principle of backfilling mining

Guo et al. (2014) analyzed the parameters of the probability
integral method based on equivalent mining height of
backfilling in accordance with theoretical research and the
results of similar material simulations. A slight difference is
observed between the parameters of backfill mining and those
of caving mining with the same mining height. The parame-
ters are described below.

(1) The subsidence coefficient qb in the backfill mining is
nearly equal to that in thin-seam caving mining, which
has the same mining height as the equivalent mining
height of backfill mining. Thus, qb in solid backfill min-
ing can be determined with reference to the subsidence
coefficient in thin-seam caving mining.

X. Zhu et al.6240



(2) The tangent of major influence angle tan βb is used to
assess the range of the surface subsidence basin. The tan
βb is smaller than that of thin-seam caving mining under
similar geological conditions from 0.2 to 0.5. In general,
tan βb ranges from 1.2 to 1.6.

(3) The main propagation angle θ is used to specify the
distance of the inflection point toward the lower side
of the panel and depends on the angle of the seam in-
clination. θb in backfill mining is slightly smaller than θ
for caving mining under similar geological conditions.

(4) The offset of the inflection point is denoted by S. During
caving mining, cantilevers form on the boundary of the
goaf, and thus reduce the actual subsidence space for
collapsed strata. Therefore, the inflection point is intro-
duced in the prediction method to correct the computed
size of the goaf. For backfill mining, the equivalent min-
ing height is the virtual height, and the overburden strata
supported by the filling material is difficult to break.
Thus, Sb in backfill mining does not relate to the char-
acteristics of S in caving mining. From a security stand-
point, the offset of the inflection point can be set to 0 in
the subsidence prediction of backfill mining.

(5) The horizontal movement coefficient b is the ratio be-
tween the maximum horizontal and vertical movement.
bb of the backfill mining is the same as b of caving
mining.

Parameter selection principle of strip mining

The probability integration method can still be applied in the
surface subsidence prediction of strip mining and is divided
into two classes.

When the number of the strips in strip mining is few or the
shapes of the strip mining working face are irregular, every
working face of the strip mining can be considered a super-
subcritical working face. The surface prediction subsidence of
the strip mining is equal to the superposition prediction sub-
sidence of all the super-subcritical working faces. For the pre-
diction parameters of the super-subcritical working face, we

can refer to those of the probability integration method of
caving mining.

When the shapes of the strips and coal pillars are regular
and the mining area is large, the entire strip mining area, in-
cluding coal pillars, is considered the mining scope for
predicting surface subsidence, and its parameters are revised
on the basis of the probability integral method parameters of
caving mining.

For the second case, the empirical formulae of the predic-
tion parameters are established by scholars on the basis of a
large amount of measured and numerical simulation data on
strip mining. Guo et al. (2005) established the predicting pa-
rameter relationship between the strip mining and caving min-
ing methods based on a large amount of field measured data
(Table 1).

Verification of surface subsidence prediction
method

Backfill-strip mining technology is still in the industrial test
stage and has not been widely applied. Thus, the surface sub-
sidence data of the similar material and the numerical simula-
tion models are applied to verify the feasibility and accuracy
of the superposition prediction method for backfill-strip min-
ing in this study.

Numerical simulation experiment

The numerical simulation analysis software, Flac3d, has been
adopted to verify the feasibility of the subsidence superposi-
tion method and the correctness of subsidence prediction
method in backfill-strip mining. Yangzhuang coal mine,
which is located in Huaibei City, Anhui Province, China,
has been selected as the verification case in this study.
Numerous residential buildings are located above this mining
area. Statistics indicate that the estimated recoverable coal
reserves under the residential buildings are 20.8 million tons,
thereby severely limiting the active period of the coal mine. In
the original design of the coal mine, backfill mining was

Table 1 Parameters of probability integral method in strip mining

Prediction
parameters

Formulae

qs
qs
q ¼ 0:2663e−0:5753Mρ2:6887ln bH

a

� �þ 0:0336

bs
bs
b ¼ −0:0002 H aþbð Þ

b þ 0:8786

tanβs
tanβs
tanβ ¼ 0:7847e−0:0012PH

Ss Ss ¼ 0:0673 b2H
a aþbð Þ þ 2:564

ρ is the mining rate, b is the mining width, and a is the retaining width of the coal pillar. qs, bs, tan βs, and Ss are the prediction parameters of strip mining.
q, b, tan β, and S are the prediction parameters of caving mining.
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applied to exploit the coal seam under the buildings and pre-
vent damage to them. However, the filling cost is relatively
high. Relocating the buildings above the mining area would
be costly. Therefore, backfill-strip mining has been used to
extract the coal resources under the buildings and so reduce
the filling cost.

The simulated structure of the overlying strata is appropri-
ately simplified on the basis of the actual site situation and test
conditions. The graphic log of the simplified strata structure is
shown in Fig. 8. The immediate roof and the floor are made of
medium-grained sandstone, and the No. 6 coal seam, with an
average thickness of 2.7 m and an average depth of 400 m, has
been used to simulate the excavation. The model has a size of
1600 m × 1600 m and is divided into 294,400 units. The

panels extract coal from the No. 6 coal seam with an average
thickness of 2.7 m and an average depth of 400 m. Five
backfilli working faces with a size of 60 m × 600 m and four
caving mining working faces with a size of 60 m × 600 m are
simulated. The coal pillars with a width of 10 m are retained.
The horizontal displacement is fixed along the boundaries of
the model, and horizontal and vertical displacements are fixed
along the bottom. However, the top is a free surface. The
surrounding rock is isotropic medium, and the reactions be-
tween the strata are superimposed by their own gravity. The
Mohr–Coulomb model is adopted for the overlying strata,
coal seam, and filling body. Figure 9 shows the simulation
model. Table 2 shows the mechanical parameters of strata,
coal, and filling body, which are calibrated in accordance with
the surrounding rock conditions and the field-measured sub-
sidence data in cavingmining. The surface subsidence value is
calculated by the numerical model.

To verify the superposition prediction method for backfill-
strip mining, the surface prediction result by the prediction
method in this study, the conventional prediction method and
the simulation results have been compared. In the subsidence
prediction process of backfill-strip mining, the prediction pa-
rameters of backfilling mining refer to the corresponding pa-
rameters of the thin-seam longwall caving mining. The subsi-
dence coefficient qb is 0.9, the horizontal movement coefficient
bb is 0.35, the tangent of major influence angle tanβb is 1.8, and
the offset of the inflection point Sb is 0 m. These values were
selected by consulting the measured parameters of an adjacent
caving working face in the Yangzhuang coal mine.

Strip mining involves few strips. Thus, themining area can be
considered to have three caving working faces. The prediction
parameters should be modified in accordance with the mining
degree coefficient (China National Bureau of Coal Industry
2017). The subsidence coefficient qs is 0.49, the horizontal
movement coefficient bs is 0.35, the tangent of major influence
angle tanβs is 1, and the offset of the inflection point Ss is 0 m.

The prediction results of surface subsidence in the inclined
main section obtained by this paper’s method and the conven-
tional prediction method, and the final subsidence results
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obtained from the numerical model, have been compared. The
comparison curves are shown in Fig. 10.

The comparison shows that the predicted subsidence curve
by this study’s prediction method is close to the simulated one
The maximum prediction subsidence value is 700 mm, which
is 25 mm greater than the simulation subsidence value in the
center of the subsidence basin, and the predicted subsidence
values are smaller than the simulated subsidence value at the
edge of the subsidence basin. Every prediction subsidence
value has been compared with the simulation subsidence re-
sult. The mean square error is 40 mm according to the formula

m ¼ � ffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔΔ=n

p
where Δ is the difference between the pre-

dicted subsidence value and the simulated subsidence value, n
is the number of prediction points, and the relative error is
5.7%. However, the predicted subsidence curve by this con-
ventional prediction method is different from the simulation
subsidence curve. The maximum predicted subsidence value

is 159 mm smaller than that of the numerical simulation. The
mean square error is 89 mm and the relative error is 17.1%.

Similar material modeling experiment

Similar material modeling (Mitchell et al. 1983; Peng 2013) is
one of the most effective methods for studying ground and
strata destruction induced by underground coal exploitation.
A similar material scale model is constructed by using simu-
lation material on the basis of scale model theory. The model
can realistically simulate surface subsidence and overlying
strata movement processes, much like that observed in under-
ground coal mines. The strata movement data of the model
were measured and converted into actual values for compara-
tive and critical analysis (Gao et al. 2008). This simulation
method is easier and faster than field measurements and can
compensate for the limitations of field measurements with its
advantages of short experimental period, low cost, and visual
results.

Geological and mining conditions simulated by the similar
material model are the same as those by the above numerical
model. However, the similar material model only simulates
the two-dimensional displacement and deformation of strata
in backfill–strip mining along the direction of the dip section,
under the assumption that the strike length of the working
faces has reached a critical size. The actual widths of the
backfilling working face, caving mining working face, and
barrier pillar are 60, 60, and 10 m, respectively. The simula-
tion mining process of the model can be divided into two
stages. In Stage I, the similar material model adopts backfill
mining from left to right, with each working face being filled
immediately after being mined. In Stage II, residual pillars are
mined using caving mining after Stage I, and 10-m-wide

Table 2 Mechanical parameters of rock strata in simulation

Rock mass Thickness (m) Density (kg·m−3) Bulk modulus (GPa) Shear modulus (GPa) Angle of internal
friction (°)

Cohesion (MPa)

Topsoil 80 1800 0.03 0.03 10 0.02

Siltstone 80 2453 4.27 2.56 39 3.47

Medium grained sandstone 24 2484 8.20 4.92 37 3.4

Shale 38 2400 6.67 3.26 39 2

Arenaceous shale 50 2408 5.83 3.67 39 3.48

Shale 26 2400 6.67 3.26 39 2

Sandstone 36 2842 5.78 4.33 37 3.8

Shale 20 2400 6.67 3.26 39 2

Siltstone 15 2453 4.27 2.56 39 3.47

Mudstone 18 2410 4.21 2.87 30 3.8

Sandstone 12 2842 5.78 4.33 37 4.5

Medium grained sandstone 12 2484 8.20 4.92 37 3.4

Coal seam 2.7 1400 2.17 1.00 25 0.55

Medium grained sandstone 15 2484 8.20 4.92 37 3.4
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Fig. 10 Contrast analysis diagram of the predicted and simulated
subsidence values
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barrier pillars are reserved between the caving mining and
backfill working faces (Fig. 11).

On the basis of the simulation stratum diagram and
experimental conditions, an experimental modeling with the
similar materials has ben conducted on iron shelves with
dimensions of 300 mm× 300 mm× 1400 m (length, width,
and height). In reflecting the important physical properties
of the prototype (e.g., mechanical and kinetic characteristics),

the similar material model and the actual geological environ-
ment must follow three similarity theorems (Ghabraie et al.
2015), namely, geometric similarity, kinematic similarity,
and mechanical similarity, to ensure that the physical model
is proportional to the prototype system. In accordance with
the simulation mining scope and the sizes of the panel shelves,
the geometric similarity ratio of model αl is set to 1:300, and
the time similarity ratio is ct ¼ ffiffiffiffi

cl
p ¼ 17:3. The similar

Medium grained sandstone 4cm

Sandstone 4cm
Mudstone 6cm
Siltstone 5cm

Shale 7cm

Sandstone 12cm

Shale 9cm

Arenaceous shale 17cm

Shale 13cm

Medium grained sandstone 8cm

Siltstone 27cm

Topsoil 27cm

70cm 20cm 20cm

Medium grained sandstone 5cm

caving mining working faces

Backfilling working faces

Coal Seam 1cm

mining sequence

Fig. 11 Design chart of the similar material model

Table 3 Mechanical parameters of the model

Rock type Prototype parameters Model parameters

Thickness
(m)

Compressive strength
(MPa)

Tensile strength
(MPa)

Thickness
(cm)

Compressive strength
(MPa)

Tensile strength
(MPa)

Topsoil 80 3.26 0.40 27 0.0068 0.0008

Siltstone 80 35.87 2.80 27 0.0747 0.0058

Medium grained
sandstone

24 40.36 1.40 8 0.0841 0.0029

Shale 38 18.60 0.98 13 0.0388 0.0020

Arenaceous shale 50 26.47 0.9 17 0.0551 0.0019

Shale 26 18.60 0.98 9 0.0388 0.0020

Sandstone 36 42.50 1.40 12 0.0885 0.0029

Shale 20 18.60 0.98 7 0.0388 0.0020

Siltstone 15 35.87 2.80 5 0.0747 0.0058

Mudstone 18 10.44 0.80 6 0.0218 0.0017

Sandstone 12 42.50 1.40 4 0.0885 0.0029

Medium grained
sandstone

12 30.36 0.84 4 0.0633 0.0018

Coal 2.7 11.50 0.60 1 0.0240 0.0013

Medium grained
sandstone

15 52.50 1.80 5 0.1094 0.0038
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material is composed primarily of sand and has a density of
1500 kg/m3. Thus, the density similarity ratio cρ = 1:1.6, and
the mechanical similarity ratio cδ is 1:480. Mechanical param-
eters of the model are determined (Table 3) on the basis of the
strength parameters of the various strata and the similarity
ratio.

The similar materials used in the model are compounds and
mainly composed of dry sand, mica powder, plaster, light
calcium carbonate, and water. The different compressive
strength and tensile strength of the similar materials can be
obtained by changing the proportioning of these raw mate-
rials. According to the calculation of mechanical parameters
of the model and the empirical formula of the tensile and
compressive strengths of the different similar material

proportion in reference literature, the dosage of various kinds
of materials can be calculated (Table 4).

In obtaining the surface subsidence of the similar material
model of backfill-strip mining, a digital close-range photogram-
metry system (Zhang 2010) has been used to monitor the sur-
face subsidence of the similar material model of backfill-strip
mining (Fig. 12). The monitoring accuracy of this system is
0.03–0.1 mm. The actual monitoring accuracy is 9–30 mm,
which can be calculated in accordance with the 1:300 geometric
similarity ratio. The monitoring points in this model can be
divided into two classes, namely, code and non-code marked
points. The codemarked points are pasted with a certain density
distribution on the surface of the model for a multiple image
mosaic. The non-code marked points are pasted to monitor the

Table 4 Similar material proportion of the model

Rock type Material proportioning

Sand (%) Mica powder (%) Plaster (%) Calcium carbonate (%)

Topsoil 94 4 0.6 1.4

Siltstone 93 4 2.1 0.9

Medium grained sandstone 92 4 2.8 1.2

Shale 92 5 1.2 1.8

Arenaceous shale 93 4 1.5 1.5

Shale 92 5 1.2 1.8

Sandstone 92 4 2.8 1.2

Shale 92 5 1.2 1.8

Siltstone 92 4 2.4 2.4

Mudstone 91 6 1.8 2.1

Sandstone 92 4 2.8 1.2

Medium grained sandstone 93 4 1.5 1.5

Coal 93 4 2.1 0.9

Medium grained sandstone 89 3 5.6 2.4

Non-code marked points

backfilling mining

caving mining

Fig. 12 Layout of the model
monitoring points for close-range
photogrammetry system
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displacement of the survey points. The final surface subsidence
of the backfill-strip mining can be obtained by calculating the
position difference of the surface survey points before and after
the similar material model excavation.

Similarly, the simulation results of the similar material
model were compared with the surface prediction result by
the prediction method in this study to verify the prediction
method for backfill-strip mining. The subsidence prediction
parameters selected here were the same as that in
Section 4.1, because the two verifications are performed
under the same geological and mining conditions. The sub-
sidence coefficient qs is 0.4, the horizontal movement coef-
ficient bs is 0.35, the tangent of major influence angle tanβs
is 1, and the offset of the inflection point Ss is 0 m.

The prediction results of surface subsidence in the inclined
main section obtained by the prediction method in this study,
the conventional prediction method and the final subsidence
results obtained from the similar material model have been
compared. The comparison curves are shown in Fig. 13.

The comparison shows that the predicted results in backfill-
strip mining are slightly greater than the similar material sim-
ulation results, and the range of the subsidence basin of the
predicted results is wider. The maximum predicted subsidence
value is 17 mm greater than that of the similar material simu-
lation. The subsidence value of each monitoring point in the
similar material model is compared with the predicted result in
this study’s method: the MSE is 47 mm, and the RE is 6.7%.
The predicted subsidence curve by this paper’s prediction
method is different from the subsidence curve obtained by
the similar material model. The maximum predicted

subsidence value is 166 mm smaller than that of the similar
material model: the MSE is 74 mm and the RE is 10.6%.

Discussion

The backfill–strip mining method is proposed on the basis of
the Bthree-step^ mining subsidence control (Guo et al. 2004a,
b) to solve the problems of high backfill costs and backfill
material shortage. Although backfill-strip mining is a partial
filling mining method, it is different from backfill mining.
First, the backfill-strip mining is composed of backfill mining
working faces and caving mining working faces (Fig. 1). The
mining technology of the backfill-strip mining is different
from that of the backfill mining. Second, some scholars have
studied the strata movement process and the surface subsi-
dence characteristics of the backfill mining and backfill-strip
mining based on the field-measured data and simulation data
(Guo et al. 2014; Zhu et al. 2018). The result shows that there
is a great difference between the strata structural process and
surface subsidence characteristics movement process in the
backfill-strip mining and backfill coal mining. Thus, the sur-
face subsidence prediction method and the subsidence moni-
toring data of the backfill mining are not very suitable for
backfill-strip mining. The superposition prediction method is
proposed in this paper in order to provide a scientific design
reference for backfill-strip mining.

As backfill-strip mining technology is still in the industrial
test stage and has not been widely applied, no suitable field
data can be used to verify the prediction model of the backfill-
strip mining. To verify the feasibility and accuracy of the
superposition prediction method for backfill-strip mining,
the surface subsidence data of the numerical simulation and
the similar material models have been obtained. Comparing
the two kinds of predicted results and the two kinds of simu-
lation results, the prediction subsidence results predicted by
this study’s superposition method are close to the results of the
simulation experiments: the mean square errors are 40 mm
and 47 mm, and the relative errors are 5.7% and 6.7%, respec-
tively (Table 5). However, the results of the conventional pre-
diction method are very different from the results of the sim-
ulation experiments: the mean square errors are 89 mm and
74 mm, and the relative errors are 17.1% and 10.6%, respec-
tively. It can be seen from the above data that the average
prediction error of this superposition prediction method is less
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Fig. 13 Contrast analysis diagram of the prediction values and similar
material model simulation values

Table 5 Errors between the two
kinds of predicted results and the
two kinds of simulation results

Superposition prediction method Conventional prediction method

Mean square error Relative error Mean square error Relative error

Numerical simulation result 40 mm 5.7% 89 mm 17.1%

Similar material model result 47 mm 6.7% 74 mm 10.6%
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than 6.7% and its prediction accuracy is 3.9%~11.4% higher
than that of the conventional prediction method.

Why is there a difference in the prediction accuracy of the two
methods? We suspect that the difference in the division form of
the subsidence space between the two methods results in a dif-
ferent accuracy of the prediction parameters and results. The
excavation scope of backfill-strip mining is sufficiently large
and reaches critical mining size. However, the conventional pre-
diction method divides the entire mining area into several small
working faces, which cannot reach critical mining size. Thus, the
prediction parameters of the small working faces will be smaller
than normal. In the superposition prediction method, the size of
the actual subsidence space reaches critical mining size.
Therefore, the superposition prediction method is more reason-
able than the conventional prediction method.

Furthermore, there is a little difference between the super-
position prediction and the simulation subsidence results. Two
possible reasons can explain these differences. First, the pre-
diction method of backfill-strip mining is proposed based on
the traditional probability integral method prediction model.
The integral method prediction model has a problem that the
subsidence prediction value is relatively small at the edge of
the subsidence basin (Wang et al. 2012), especially in thick
alluvium coal mines. Second, the overlying strata in the nu-
merical model and similar material model are equivalent to the
continuum medium due to the limitation of the simulation
method, whose mechanical behavior is different from that of
the actual broken rock in the process of mining. So, the error
of the mining subsidence value gradually forms in the process
of simulation. Although a slight difference exists between the
predicted and simulated subsidence results, the result predict-
ed by the equivalent superposition probability integral method
can satisfy the precision requirement of engineering applica-
tions (the relative errors are less than 10%) and thus is
reasonable.

Consequently, the superposition surface subsidence predic-
tion method is reasonable. Its accuracy is higher than that of
the conventional prediction method and can satisfy the preci-
sion requirement of engineering applications.

Conclusion

To accurately predict the surface movement and deformation
of backfill-strip mining, a superposition prediction model of
backfill-strip mining is proposed based on the traditional prob-
ability integral method prediction model. In this method, the
surface subsidence problem can be regarded as the superposi-
tion of the surface subsidence caused by backfill mining and
strip mining. The similar material and the numerical simula-
tion models have been built to verify the prediction accuracy
of this method. The comparison results of the surface subsi-
dence values show that the relative error of the superposition

prediction method is less than 10%. Meanwhile, its accuracy
is higher than that of the conventional prediction method and
can satisfy the precision requirement of engineering applica-
tions. This prediction method provides a scientific technical
reference for safe mining engineering design and surface di-
saster protection for backfill-strip mining.
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