
ORIGINAL PAPER

Combined prediction model for mining subsidence in coal mining
areas covered with thick alluvial soil layer

Dawei Zhou1,2 • Kan Wu1 • Xiexing Miao2 • Liang Li1

Received: 7 June 2016 / Accepted: 13 October 2016 / Published online: 7 November 2016

� Springer-Verlag Berlin Heidelberg 2016

Abstract The entire overburden stratum above a coal

mining area is considered to be composed of an alluvial

soil layer and a bedrock layer. In underground mining,

alluvial soil has a major effect on ground subsidence. This

effect is especially significant and not negligible when the

alluvial soil accounts for a large proportion in the entire

overlying stratum of coal mining areas covered with thick

alluvial soil (CMATASs). In this study, the applicability of

the most popular probability integral method (PIM) used

for CMATASs was analyzed, and it was found that the PIM

is not suitable for ground subsidence prediction in CMA-

TASs for two main reasons: (1) the subsidence basin range

predicted by the PIM was smaller than the measured range;

thus, the predicted basin converged more rapidly than the

measured basin at the edges. (2) Poor fitting results were

obtained at the subsidence basin edge. The mechanism of

mining subsidence in CMATASs and the reasons why the

PIM is not suitable for CMATASs were investigated in

terms of the internal deformation and crack (void) distri-

bution within the rock mass induced by underground coal

mining. The results indicate that the alluvial soil is com-

pacted and then subsides under vertical compression

deformation, which increases ground subsidence. The

bedrock is subjected to the weight/load of the thick alluvial

soil layer. Because of the vertical compression deformation

inside the rock, its internal voids (spaces) are compacted;

thus, the replaced voids (spaces) are transferred to the

ground surface, resulting in an increase in ground subsi-

dence. However, the effect of the alluvial soil on ground

subsidence cannot be detected by the PIM; moreover, the

PIM is unable to represent the mechanism of the mining

subsidence in CMATASs. Thus, the PIM cannot be used

for predicting subsidence in CMATASs. To precisely cal-

culate subsidence in CMATASs, we propose a combined

prediction model (CPM) for mining subsidence in CMA-

TASs based on soil mechanics and stochastic medium

theory. The new CPM was applied to the mining process in

the Huainan Coal Mining Area. The calculation results

show that subsidence predicted by the CPM better fits the

measured subsidence values, with a relative error of 4.9%,

and that the fitting accuracy is improved by 18% compared

to the relative error of the PIM (6.0%). Thus, the proposed

CPM is more suitable for predicting ground subsidence

caused by underground coal mining in CMATASs, and can

be used to provide more accurate predictions for ground

subsidence in similar coal mining areas.

Keywords Underground mining � Mining subsidence �
Alluvial soil layer � Prediction model/method � Soil
mechanics

Introduction

In mining, after sufficient useful minerals have been

extracted from a longwall panel, the original stress balance

of the rock mass overlying the stope is disturbed and the

overburden stratum displays various degrees of movement,

causing subsidence and caving of the overlying rock mass.

According to the movement characteristics, the fractured
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overburden stratum can be divided into four zones from the

bottom to the top (Fig. 1): the caving zone, fractured zone,

bending zone, and alluvial soil zone (Brady and Brown

2004; He et al. 1991; State Bureau of Coal Industry 2004;

Kratzsch 1983; Miao et al. 2011; Peng and Zhang 2007;

Peng 1992; Qian et al. 2003, 2010; Qian 1982; Yuan and

Wu 2003). As shown in Fig. 1, the caving zone and frac-

tured zone are jointly termed the fractured water-con-

ducting zone (FWCZ), and the bending zone and FWCZ

are jointly called the bedrock layer. Thus, the entire range

of the overlying strata includes the bedrock layer and

alluvial soil layer.

Alluvial soil plays an important role in ground subsi-

dence caused by coal mining and groundwater extraction.

Field-measured data show that when a coal mining area is

covered with thick alluvial soil, mining subsidence in

these areas shows some unique phenomena (Zhou 2014;

Zhou et al. 2015, 2016a). For example, the subsidence

factor is greater than 1.0 (the maximum subsidence is

greater than the extracted coal seam thickness), the scope

of ground subsidence is considerably wider, horizontal

displacement is greater than vertical subsidence at the

trough border, the active period of ground movement is

more intense and concentrated, and the duration of ground

movement is longer (Bureau et al. 1983; Ge and Yu 2006;

He et al. 1991; State Bureau of Coal Industry 2004; Sui

1992; Tan et al. 2002; Wu et al. 1998, 1999, 2002; Yuan

and Wu 2003). Consequently, studies on prediction

methods for mining subsidence in coal mining areas

covered with thick alluvial soil (CMATASs) have gained

considerable attention.

Because of these specific characteristics of ground

subsidence in CMATASs, subsidence prediction in these

areas using existing prediction methods is a very difficult

task. Existing prediction methods for strata and ground

movements can be classified into six categories (Alejano

et al. 1999; Asadi et al. 2004, 2005; Brady and Brown

2004; Cui et al. 2000b, 2001; Djamaluddin et al. 2011;

Holla 1997; Kratzsch 1983; Li et al. 2014; Sheorey et al.

2000; Singh and Yadav 1995; Wu et al. 1998):

• empirical methods

• influence function methods

• profile function methods

• numerical modeling methods

• theoretical modeling methods

• physical simulation methods

Although these methods have been researched by many

experts in the field of mining, not all of them can be used in

actual engineering projects. In China, an influence function

method called the probability integral method (PIM)

(Baochen and Ronggui 1981; Brady and Brown 2004; Cui

et al. 2000b, 2001 He et al. 1991; Huayang et al. 2010;

State Bureau of Coal Industry 2004; Kratzsch 1983; Peng

1992) is the prediction method most widely used for

ground subsidence caused by underground mining. How-

ever, field-measured data show that the PIM also encoun-

ters some problems in predicting the ground subsidence in

CMATASs because of its basic premise and hypothesis.

The basic hypothesis underlying the PIM is based on the

sandbox model, which views the large-area of broken rock

mass encountered during underground coal mining as sand.

Therefore, rock mass subsidence can be studied in terms of

an hourglass model. According to existing research results

(Baochen and Ronggui 1981; Brady and Brown 2004; Hao

1988; Hao and Ma 1985, 1986; He 1982; He et al. 1991;

State Bureau of Coal Industry 2004; Kratzsch 1983; Liu

1981; Sui 1992; Wu et al. 2013; Yuan and Wu 2003; Zhang

et al. 1999), the PIM is suitable for coal mining areas

covered with thin (non-)alluvial soil (N-CMATASs), and

the overall calculated accuracy of the method for such

areas is quite high. However, alluvial soil is different from

sand and rock mass; the compressible nature of alluvial soil

is in opposition to the basic premise and hypothesis of the

PIM. CMATASs are distributed widely in China, concen-

trated mainly in the Huaibei Coal Mining Area, Huainan

Coal Mining Area (HCMA), Yanzhou Coal Mining Area,

Datun Coal Mining Area, Jiaozuo Coal Mining Area,

Pingdingshan Coal Mining Area, Yongxia Coal Mining

Area, Kailuan Coal Mining Area, Xingtai Coal Mining

Area, and other mining areas in East China, Central China,
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Fig. 1 Cross-section of four

zones of strata movement above

longwall goaf (Zhou et al.

2016b)
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North China, and Northeast China (He et al. 1991; State

Bureau of Coal Industry 2004; Liu et al. 2012; Sui 1992;

Yuan and Wu 2003; Zhou 2014; Zhou et al. 2015).

Therefore, it is necessary to study the mechanism of min-

ing subsidence in CMATASs and build a more suit-

able prediction method for calculating subsidence in

CMATASs.

Therefore, in this study, we analyzed the applicability of

the PIM to CMATASs, and determined the reasons why the

PIM cannot be applied to the prediction of the ground

subsidence in CMATASs. Furthermore, based on the

results obtained, and the mechanism of mining subsidence

in CMATASs, we improved the PIM to establish a com-

bined prediction method for predicting mining subsidence

in CMATASs; this method can precisely calculate ground

subsidence, evaluate the damage to ground structures

caused by underground mining in CMATASs, and provide

suitable control measures to prevent such damage.

Analysis of applicability of PIM to CMATASs

The prediction model of the PIM is used to calculate the

movement of an arbitrary point on the surface and express

the surface subsidence trough caused by unit mining. The

model can be derived as follows (Brady and Brown 2004;

He et al. 1991; Kratzsch 1983; Peng 1992; Zhou et al.

2016a):

WeðxÞ ¼
1

r
e
�px

2

r2 : ð1Þ

For the three-dimensional situation shown in Fig. 2, the

subsidence of an arbitrary point A (x, y) on the surface

caused by coal mining in unit B(s, t) is as follows:

Weðx; yÞ ¼
1

r2
e
�pðx�sÞ2þðy�tÞ2

r2 : ð2Þ

When the mining area is O1CDE (Fig. 2), the prediction

equation for the subsidence of the arbitrary point (x, y)

caused by the entire mining process is as follows:

Wðx; yÞ ¼ W0

Z l

0

Z L

0

1

r2
e�pðx�sÞ2þðy�tÞ2

r2 dtds; ð3Þ

where W0 (=mqcosa) is the maximum subsidence value for

the entire mining process; m, q, and a represent the mining

thickness, subsidence factor, and coal seam dip angle,

respectively; r (=H0/tanb) is the main influence radius; H0

and tanb are the average mining depth and the tangent of

the main effect angle; l (=D3 - S3 - S4) and L (=(D1 -

S1 - S2) 9 sin(h0 ? a)/sin(h0)) are the strike calculation

length and dip calculation length, respectively; h0 is the

effect transference angle; and S1, S2, S3, and S4 are the left,

right, raise, and dip deviations of the inflection point,

respectively. The subsidence parameters are shown in

Fig. 2. Details of the inversion calculation method based

on the PIM can be obtained from a previous paper (Zhou

et al. 2016a).

Fig. 2 Space coordinate system (1 ground surface, 2 coal seam) (Zhou et al. 2016a)
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The PIM can be well applied to N-CMATASs; however,

it cannot precisely predict the ground mining subsidence in

CMATASs. We will take the HCMA as an example to

analyze the problems that occur when the PIM is applied to

CMATASs. The HCMA is divided into the south and north

mining areas (hereinafter referred to as the ‘‘South Area’’

and ‘‘North Area,’’ respectively) by the Huai River, a major

river in China located mid-way between the Yellow River

and the Yangtze River. The North Area is a CMATAS,

whereas the South Area is an N-CMATAS. Therefore, the

HCMA shows mining subsidence characteristics of both

the N-CMATAS and CMATAS (Zhou et al. 2015, 2016a).

Figure 3 shows the comparison results between the

measured ground subsidence in the South Area and the

fitting values obtained by the PIM. Figure 4 compares the

measured subsidence in the North Area and the fitting

values obtained by the PIM.

It can be seen from Figs. 3 and 4 that the prediction results

by the PIM fit well to the entire sunken basin in South

Huainan, but fit poorly to the edge region in North Huainan.

Moreover, the predicted basin size is smaller than the mea-

sured size, and the PIM converges rapidly at the edges.

To more exactly interpret the applicability of the PIM to

predict the mining subsidence in CMATASs, subsidence

data collected from 11 ground movement observation sta-

tions above the working faces in the North Area were

analyzed, and the prediction results obtained by the PIM

were compared with the field-measured values. The rela-

tive root mean square error was taken as the evaluation

index to analyze the fitting results from each observation

station (Table 1).

Root mean square error (RMSE):

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 D

2
I

n

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 ½WI � ðWfmÞI �

2

n

s
: ð4Þ

The relative RMSE, denoted by K, refers to the ratio of

the RMSE to the maximum measured subsidence value and

is given by
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K ¼ RMSE

Max½ðWfmÞI �
; I ¼ 1; 2; . . .; n; ð5Þ

where WI is the predicted subsidence at point I, (Wfm)I is

the measured subsidence value at this point, n is the

number of points, and Max[(Wfm)I] is the maximum value

among the measured subsidence values.

Table 1 indicates that the PIM fitting effect is poor at the

basin edges, with the maximum relative RMSE reaching up

to 66.53% but is relatively good in the middle region of the

subsidence basin, which indicates that the PIM is deficient in

predicting the ground mining subsidence in CMATASs and

thus cannot achieve the best fitting effect. The PIM suffers

from the following two main problems: (1) the predicted

basin range is smaller than the measured one; thus, the PIM

converges rapidly at the subsidence basin edges. (2) The

fitting results at the subsidence basin edges are poor.

Compared to the conventional geological condition [thin

(non-)alluvial soil layer], the alluvial soil mass accounts for

a larger proportion in the entire overlying stratum in

CMATASs, which affects the ground subsidence more

drastically, and hence, the effect cannot be neglected.

Therefore, it is difficult to precisely predict ground mining

subsidence in CMATASs. In addition, CMATASs are

widely distributed in China (Zhou et al. 2015, 2016a);

therefore, it is necessary to build an accurate prediction

model for CMATASs.

This study investigated the PIM with a view to solving

the problems of predicting mining ground subsidence in

CMATASs. A new combined prediction model (CPM) is

proposed based on the mechanism of mining subsidence in

CMATASs. The effect of alluvial soil on ground subsi-

dence is completely considered in this new model, which

further enhances the prediction accuracy for CMATASs.

Mechanism of mining subsidence in CMATASs
and reason for unsuitability of PIM for CMATASs

The alluvial soil layer has a major effect on the ground

subsidence caused by underground coal mining when the

alluvial soil layer accounts for a large proportion in the

entire overlying stratum above a coal mining face. How-

ever, the PIM widely used in China cannot precisely pre-

dict the ground subsidence in CMATASs. In this section,

we describe the inner mechanism of mining subsidence in

CMATASs, and present the reasons why the PIM is not

suitable for CMATASs.

Deformation inside rock mass and alluvial soil due

to underground mining

Measurement technique for vertical movements

Vertical movements in internal rock are monitored using

the borehole extensometer system (Wu et al. 1998; Yuan

and Wu 2003) shown in Fig. 5. The system consists of a

probe, a cable, a cable reel with an indicating device, test

tubes, an inductive loop, and a pedestal frame.

1. Main components

• Probe: comprising a radio frequency oscillator and

an electrical testing circuit.

• Cable: used for transmitting electrical signals

generated by the probe sensor. The outer surface

Table 1 Fitting effect between field measured data and predicted

data for different areas of subsidence trough

Number of

working faces

Different areas of subsidence trough

(ground points number)

Relative

RMSE/K

(%)

1 Entire region (58) 2.80

Middle region (23) 3.82

Edge region (35) 11.84

2 Entire region (23) 1.90

Middle region (14) 2.31

Edge region (9) 37.36

3 Entire region (118) 2.30

Middle region (41) 2.47

Edge region (77) 13.37

4 Entire region (72) 2.40

Middle region (39) 2.99

Edge region (33) 39.67

5 Entire region (103) 3.88

Middle region (62) 4.51

Edge region (41) 59.60

6 Entire region (20) 1.54

Middle region (11) 1.36

Edge region (9) 49.39

7 Entire region (17) 4.17

Middle region (14) 4.56

Edge region (3) 60.77

8 Entire region (20) 6.16

Middle region (16) 6.87

Edge region (4) 46.76

9 Entire region (36) 4.80

Middle region (23) 5.86

Edge region (13) 35.55

10 Entire region (55) 4.92

Middle region (32) 5.25

Edge region (23) 66.53

11 Entire region (48) 2.49

Middle region (16) 2.84

Edge region (32) 27.58

RMSE/K relative root mean square error
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is marked with a scale whose least count is 1 m.

The cable has an inner core, and the inner core has

a cable to ensure that the cable length is not

influenced by the raising or dropping of the probe.

• Cable reel with an indicating device: used for

raising or dropping the probe and indicating the

strength of the signal. When the probe approaches

the inductive loop, the buzzer raises an alarm.

• Inclinometer tube: acts as a carrier for the inductive

loop. First, an inductive loop is arranged on the test

tube at regular intervals; then, the tube is placed in

the borehole and filled with mortar, which causes

the tube to be glued to the interior perimeter of the

borehole and ensures that the inductive loop and

rock move together. During observations, the probe

is moved upward and downward in the test tube to

determine the location of the inductive loop.

• Inductive loop: a closed loop made of metal and

comprising the sensing system and probe.

• Pedestal frame: a mobile apparatus placed above

the hole. The frame is scored with a millimeter

scale to measure depths smaller than 1 m.

2. Installation

For observation holes constructed before 1992, the

inductive loop was installed on a hose; the hose moved

with the soil outside, as shown in Fig. 7 (2). After 1992, the

inductive loop installation method was improved. The top

of the inductive loop is a closed metal ring, with three

resilient metal bars in the lower part. The bottom of the

metal bar is folded parallel to the ring to form a small leg,

as shown in Fig. 6. With this inductive loop, the plastic

hose is no longer needed. During installation, the inductive

loop is placed outside the PVC inclinometer tube according

to the designed interval. The three legs of the induction

ring are tied to the inclinometer tube using water-frangible

paper rope and loaded onto the ground layer during the

installation of the inclinometer tube (see Fig. 6). Upon

reaching the ground layer, the paper rope breaks because of

underwater soaking and the elastic force of the inductive

loop legs. Thus, the inductive loop legs and the soil are

joined together.

3. Principle of measurement

When the probe approaches the inductive loop, the

sensing circuitry inside the probe triggers the buzzer to

sound an alarm and causes deflection of the indicator.

When the pointer reaches the peak value, i.e., when the

probe is aligned exactly with the center of the inductive

loop, the depth of the center of the probe can be measured

using the scales on the cable and frame. Based on two

measurement results obtained before and after a certain

time interval, the vertical displacement of the rock strata

and the vertical stretch or compression within each seg-

ment at different depths (inductive loop location) can be

calculated. To obtain the absolute displacement value, at

least one inductive loop (such as the one near the bottom of

the hole) should be buried in a stable rock or one inductive

loop (such as the one near the opening of the hole) should

be measured using another method.

Fig. 5 Installation diagram of subsidence measurement system

(extensometer). 1—pedestal frame, 2—reading device/cable reel,

3—slurry, 4—filling mortar, 5—inductive loop sealed with adhesives

and tape, 6—inductive loop, 7—inclinometer casing joints, 8—

inclinometer casing, 9—grouting valve, 10—hammer, 11—probe,

12——hoseconnector fitted with adhesive and tape, 13—hose con-

nector with nylon tape or clamp, 14—end of hose fixed with rigid tube

Elastic metal 
sheets

Metal ring

truss with
paper rope

Inclinometer tube

Inductive 
loop

Fig. 6 Improved inductive loop

and its installation method
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4. Accuracy of the borehole extensometer system

A skilled operator can measure vertical movements up

to a precision of 1.5 mm.

Partition of deformation inside rock mass

Figure 7 shows the deformation inside the bedrock and

alluvial soil in different regions (Brady and Brown 2004;

He et al. 1991; Kratzsch 1983; Peng 1992; Zhou et al.

2016b). As seen in Fig. 7 (2), the bedrock and soil defor-

mation induced by underground mining can be divided into

four zones:

• Zone A: a unidirectional tension–compression zone

where compressive deformation occurs in the horizon-

tal direction and tensile deformation occurs in the

vertical direction.

• Zone B: a unidirectional tension–compression zone

where tensile deformation occurs in the horizontal

direction and compressive deformation occurs in the

vertical direction.

• Zone C: a bidirectional compression zone formed by

support pressure; in this zone, compression deformation

occurs in both the horizontal and vertical directions.

• Zone D: a bidirectional tensile zone formed by pressure

relief; in this zone, tensile deformation occurs in both

the horizontal and vertical directions.

Based on the above analysis, the partition zone of ver-

tical deformation inside the bedrock and alluvial soil can

be obtained, as shown in Fig. 7 (3). The vertical defor-

mation inside the bedrock and alluvial soil is divided into

two regions fringed by the inflection point:

• Region I: vertical tensile deformation zone.

• Region II: vertical compression deformation zone.

Distribution of fracture interspace in rock mass

caused by underground mining

Figure 8a shows a binary image of only mining-induced

fracture interspaces in the overlying stratum. The image

was obtained by processing the original digital image using

binarization enhancement using the region histogram

method. Figure 8b shows the distribution of the fracture

interspace density along the direction of the coal seam

according to the fracture measurements, and statistics in

the horizontal and vertical directions shown in Fig. 8a.

According to the field-measured data, we drew a contour of

the fracture interspace distribution in the Taoyuan mine of

the Huaibei Coal Mining Area (Fig. 9) when the mining

distance of the working face is 250 m. The figure shows the

plane distribution feature of the internal space of the rock

mass (Qian et al. 2003). The following conclusions can be

obtained from Figs. 8 and 9:

1. The mining-induced fracture interspaces inside the

overlying rock are distributed mainly in three areas:

(a) Region � in Fig. 8a: inside the rock mass

located on the top of the mining start line.

(b) Region ` in Fig. 8a: the internal rocks located

on the top of the mining terminal line.

(c) Region ´ in Fig. 8a: the internal rocks located

in the middle and lower area above the goaf.

In addition, we can see region ˆ in Fig. 8a, which is in

the middle part of the mining area. However, the fracture

interspace located in the upper area above the goaf is

closed; therefore, no fracture interspaces appear in the area.

From the analysis in Sect. Deformation Inside Rock Mass

and Alluvial Soil Due to Underground Mining, we can

infer that regions � and ` in Fig. 8a are the same as region

II in Fig. 7 (3), namely, the vertical compression defor-

mation zone.

2. With an increase in the height to the coal seam, the

fracture interspace density gradually decreases. The

density of the fracture interspace on both the sides of

the goaf area is greater than that in the middle part

above the goaf area, as shown in Fig. 8b.

3. After underground mining, a horizontally connected

mining-induced fracture interspace region exists along

the different levels of rock mass around the goaf area.

The distribution of the projection to the ground surface

is shown in Fig. 9, which is called the ‘‘O’’ ring

distribution of the mining-induced fracture.

Comprehensive analysis and discussion

Compacting subsidence of alluvial soil mass

Alluvial soil is composed of loose particles and is a three-

phase medium consisting of soil particles, gas, and water

(Gong 1996), as shown in Fig. 10. According to the

effective stress principle (Gong 1996; Sui 1992; Yin 2007),

the water and gas in the alluvial soil are squeezed under the

additional compressive stress generated by the disturbance

due to underground mining, causing relative sliding and

displacement among soil particles (i.e., changes in the

arrangement of soil particles). Soil particles move close to

each other, causing pore volume changes and soil com-

pression deformation.

Under the influence of vertical compressive deformation

from region II shown in Fig. 7 (3), the water and gas in the

gaps of the alluvial soil mass are squeezed out; thus, soil

particles contact each other more closely and the volume of
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soil is reduced, causing vertical compacting subsidence of

the alluvial soil in region II. The compressed soil void is

transferred to the surface, which causes additional subsi-

dence, thus increasing the ground surface subsidence. Zone

B in Fig. 7 (2) indicates that the horizontal tensile defor-

mation corresponds to the vertical compression deforma-

tion. Therefore, the additional ground subsidence from the

compaction of the alluvial soil emerges at the subsidence

basin edge. The additional small basins from the com-

pacting subsidence are shown by the red curve in Fig. 7

(1). The figure indicates that the maximum compacting

subsidence value is reached at the maximum horizontal

deformation.

Synergy subsidence from compacted fracture interspace

According to the analysis results presented in Distribution

of Fracture Interspace in Rock Mass Caused by Under-

ground Mining, regions � and ` in Fig. 8a are almost the

same as region II in Fig. 7 (3). Moreover, the overlying

bedrock is covered by thick alluvial soil, and the thick

alluvial soil impacts the fracture interspace inside the rock

mass in the form of a load. Because of the alluvial soil load

and vertical compressive deformation in zone II shown in

Fig. 7 (3), the bedrock separates and the fracture inter-

spaces in regions � and ` shown in Fig. 8a are further

compacted. The compacted rock space is replaced and
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transferred to the ground surface in the form of subsidence,

thus increasing the ground surface subsidence. The synergy

subsidence mainly occurs in the overlying rock gap sur-

rounding the goaf.

The final ground surface subsidence basin can be

obtained based on the superposition principle and is shown

by the red curve in Fig. 7 (1). However, the PIM cannot

detect the additional small basins formed at the subsidence

basin edge. This is the intrinsic reason why the PIM con-

verges more rapidly at the edge of the subsidence basin and

has poor calculation accuracy in predicting the subsidence

in CMATASs.

Mechanism of mining subsidence in CMATASs

According to the above analysis and previous research

results (Zhou 2014; Zhou et al. 2015, 2016a, b), mining-

induced ground subsidence is the joint result of the

movements of the overlying bedrock and alluvial soil

masses. As two different media, the bedrock mass and

alluvial soil play different roles in affecting ground subsi-

dence (Zhou et al. 2015): (1) due to the bulking of broken

rock mass and its strong bearing capacity, rock masses

reduce subsidence to a certain extent. (2) Because of

compaction in shallow regions and consolidation caused by

water loss in deep regions, the alluvial soil mass increases

ground subsidence. (3) The synergy effect of the two media

increases ground subsidence to a certain extent. The

combined effect of these three movements eventually

causes the formation of the ground subsidence basin.

According to the analysis illustrated in Fig. 11, the ground

surface subsidence (W) in CMATASs consists of four

parts: (1) the subsidence of the alluvial soil following the

bedrock subsidence caused by coal mining (Wf), (2) the

subsidence due to groundwater loss and consolidation of

the alluvial soil in the coal mining area (Wl), (3) the

(a) Mining-induced fracture interspace in rock mass image obtained after binary processing
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compacting subsidence of shallow soil under the distur-

bance of coal mining (Wc), and (4) the synergy subsidence

between the alluvial soil and bedrock (Ws). Therefore, the

following formula is obtained:

W ¼ Wf þWl þWc þWs; ð6Þ

where Wl and Wc are together called the additional subsi-

dence of the soil itself and are caused by the deformation of

the soil layer under the influence of underground mining.

We define the ratio of the alluvial soil thickness to bedrock

layer thickness as the soil-to-rock ratio, and use it as a

standard to evaluate the effect of the alluvial soil on the

ground subsidence. If the alluvial soil layer is sufficiently

thin (i.e., generally, if the soil-to-rock ratio is approximately

0.05–0.1), the sum ofWl andWc will be too small to change

the ground subsidence, and the influence of the alluvial soil

layer on the ground subsidence can be ignored. However,

when the alluvial soil layer is sufficiently thick [i.e., when the

soil-to-rock ratio is greater than 0.5 (Zhou et al. 2016b)], the

subsidence of the soil itself (Wl and Wc) will be sufficiently

large to change the ground subsidence. In addition, thick

alluvial soil influences the goaf in the form of a load, which

makes the fractured rock mass in the goaf to become more

compacted and the separated layer to become more closed.

The displaced rock gap (space) is transferred to the bedrock

surface in the form of subsidence, which increases the bed-

rock surface subsidence and further increases the earth sur-

face subsidence; such subsidence is called the synergy

subsidence between the alluvial soil and bedrock (Ws) (Zhou

et al. 2016b). Therefore, the thick alluvial soil layer will

obviously affect the ground subsidence, including the value

and the shape of the subsidence. This is the reason why some

unique subsidence phenomena are expected to occur in these

CMATASs.

In this study, based on the mechanism of ground surface

subsidence in CMATASs, a CPM was established, in

which the influence of the alluvial soil on ground surface

subsidence has been sufficiently considered, so as to

improve the subsidence prediction accuracy for CMATASs

and similar mining areas.

Combined prediction model

Fundamental hypothesis

According to the actual situation of the alluvial soil and the

modeling needs, the following assumptions were made:

Notes: the data in the figure represents the ration of mining-induced fracture interspace / %.
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1. Assuming that the alluvial soil above groundwater

level is unsaturated and contains a three-phase

medium, within the scope of influence of underground

mining, the ground surface subsidence caused by water

and air being squeezed out by an increase in the

additional stress of the soil mass because of under-

ground mining is defined as the compacting subsidence

of the soil mass.

2. Assuming that the alluvial soil below groundwater

level is saturated and contains a two-phase medium

(consisting of soil particles and water), within the

scope of influence of mining, the consolidation subsi-

dence of the soil mass is defined as the subsidence

caused by the water loss contained in soil voids.

3. According to the above analysis, the PIM cannot detect

the additional subsidence of the alluvial soil layer.

When we predict the ground subsidence using the PIM,

which is equal to considering the thick alluvial soil

layer as a rock mass, the load of the alluvial soil is

approximately substituted by a rock mass load of the

same thickness. When we calculate the subsidence up

to the ground surface using the PIM, in the calculation

results, the predicted subsidence certainly contains the

following subsidence and synergy subsidence.

Calculation principle and method

The CPM should include the four parts of subsidence

considered in the analysis in ‘‘Comprehensive Analysis

and Discussion’’. The calculation principles are as follows:

the alluvial soil mass is regarded as an incompressible rock

mass, and the probability integral is used to predict the

ground surface subsidence. The prediction results include

the following subsidence (Wf) and synergy subsidence

(Ws). If we can deduce formulas and calculate the com-

pacting subsidence of the shallow alluvial soil mass (Wc)

and consolidation subsidence of the deep soil mass (Wl),

then, according to the superposition principle, the CPM

that contains the above four parts of subsidence can be

obtained.

1. Consider the alluvial layer as a rock mass; the ground

surface subsidence (Wfs = Wf ? Ws) is directly esti-

mated by the PIM.

2. Calculate the compacting subsidence of the shallow

soil mass (Wc) and consolidation subsidence of the

deep soil mass (Wl).

According to the superposition principle, the following

CPM for mining subsidence that includes all the above four

parts of subsidence is obtained:

W ¼ Wfs þWc þWl: ð7Þ

Establishment of CPM

Based on Eq. (7), Wfs can be calculated by the PIM using

Eq. (3) given in ‘‘Analysis of Applicability of PIM to

CMATASs’’. The calculation equations for the compacting

subsidence of the shallow soil mass (Wc) and consolidation

subsidence of the deep soil mass (Wl) are deduced as

follows.

Compacting subsidence of shallow soil under disturbance

of underground coal mining (Wc)

According to soil mechanics (Gong 1996; Yin 2007), by

employing the method for calculating layering summation,

the total compacting subsidence can be determined as the

sum of the compacting subsidence of each soil layer:
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Wc ¼
Z h

0

ezdz; ð8Þ

where ez is the vertical deformation and is a function of (x,

z), and h is the thickness of the alluvial soil above the

groundwater level.

Based on elastic mechanics (Xu 2006), the material

volumetric strain e can be presented as the sum of the

linear strains ex, ey, and ez along the three axes:

e ¼ ex þ ey þ ez: ð9Þ

Under a two-dimensional plane condition (Brady and

Brown 2004; He et al. 1991; Kratzsch 1983), Eq. (9) can be

changed into

ex þ ez ¼ 0: ð10Þ

According to the equation of elastic mechanics, we have

ex ¼
oUeðx; zÞ

ox
;

ez ¼ � oWeðx; zÞ
oz

:

ð11Þ

From Eqs. (10) and (11), we have

oUeðx; zÞ
ox

¼ oWeðx; zÞ
oz

: ð12Þ

Here, Ueðx; zÞ represents the horizontal displacement of

the internal point (x, z) of the rock-soil mass due to unit

mining, which is concisely called the unit horizontal dis-

placement. Weðx; zÞ is the unit subsidence trough at the z

level. ex represents the horizontal deformation, and ez
represents the vertical deformation; in the equation of ez,
‘‘-’’ represents the direction of the W axis, which is

opposite to that of the z axis.

According to stochastic medium theory (Brady and

Brown 2004; He et al. 1991; Kratzsch 1983),

Weðx; zÞ ¼
1

rz
e
�px

2

r2z : ð13Þ

According to Eqs. (12) and (13), the calculation equa-

tion for the internal compression deformation ezðx; zÞ of the
rock-soil mass along the z direction is

ez x; zð Þ ¼ 2pbzW0

r2z
xe

�px
2

r2z : ð14Þ

Therefore, Eq. (8) can be written as

Wc ¼
Z h

0

2pbzW0

r2z
xe

�px
2

r2z dz ð15Þ

Here, rz and bz represent the major influence radius and

horizontal displacement coefficient at the z level,

respectively.

By discretizing Eq. (15), the following equation is

obtained:

Wc ¼
Xn
i¼1

eIhI ¼
Xn
i¼1

2pbIðW0ÞI
r2I

xe
�px

2

r2
I hI ; ð16Þ

where Wc is the total compacting subsidence of the shallow

soil mass, n is the number of soil layers, hI is the thickness

of the Ith soil layer, bI and rI are the probability integral

parameters on the Ith soil layer, and W0I is the maximum

subsidence of the Ith soil layer.

Therefore, for the shallow soil mass above the ground-

water level, the horizontal deformation of the ground sur-

face can be used as the vertical compression deformation

value, and the soil layer number n = 1; thus, the equation

for the compacting subsidence of the shallow soil mass Wc

is

Wc ¼ eðxÞh ¼ 2pbW0

r2
xe�px

2

r2h; ð17Þ

where r is the main influence radius defined in ‘‘Analysis

of applicability of PIM to CMATASs’’, and b is the hori-

zontal coefficient of the ground surface.

Consolidation subsidence due to groundwater loss of deep

alluvial soil in CMATASs (Wl)

A decline in the groundwater level due to water loss causes

alluvial soil consolidation and thereby results in ground

surface subsidence; this phenomenon is observed in both

mining and non-mining areas, and has been confirmed by a

large number of measurements. Based on soil mechanics

(Gong 1996; Yin 2007) and stochastic medium theory

(Baochen and Ronggui 1981; Brady and Brown 2004; He

et al. 1991; Kratzsch 1983; Litwiniszyn 1956, 1974; Peng

1992; Reddish and Whittaker 2012), the calculation equa-

tion for the ground surface subsidence caused by water loss

and consolidation of deep soil masses has been deduced.

Compression characteristics of soil mass Assume that,

before the compressive stress Dp is applied, the height of a

specimen is H1 and the void ratio is e1; after applying the

compressive stress Dp, the compression deformation of the

specimen is S, the height is H2, and the void ratio is e2, as

shown in Fig. 12. Then, the soil particle size Vs1 before

applying the compressive stress and Vs2 after applying the

compressive stress are

Vs1 ¼
1

1þ e1
H1A1; ð18Þ

Vs2 ¼
1

1þ e2
H2A2 ¼

1

1þ e2
ðH1 � SÞA2: ð19Þ
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Throughout the deformation process before and after

compression, the soil particle size and basal area of the soil

sample remain unchanged, namely, A1 = A2 and Vs1 = Vs2;

thus, after summarization, we have

S ¼ �De
1þ e1

H1;

De ¼ e2 � e1:

ð20Þ

When the initial stress P is given, e1 and H1 can be

determined. De indicates the change in the void ratio of the

rock-soil mass; thus, S is a single-valued linear function of

De. After determining the value of De, the subsidence of

the soil mass can be calculated.

Figure 13 shows the e–p curve; the slope of any point on

the curve indicates the compressibility of soil under pres-

sure p.

a ¼ � de

dp
; ð21Þ

here, ‘‘-’’ indicates that e gradually decreases with an

increase in pressure p. In the compression curve, the secant

slope is used to represent the soil compressibility, which is

a ¼ � de

dp
� �De

Dp
¼ e1 � e2

p2 � p1
; ð22Þ

where a is the compression coefficient (KPa-1 or MPa-1)

of the soil mass; the void ratio change caused by a unit

pressure increment is used to represent soil compressibility.

Hence, Eq. (22) can be written as

�De ¼ a� Dp ¼ aðp2 � p1Þ: ð23Þ

Consolidation subsidence of deep soil mass As shown in

Fig. 14, let h be the groundwater level before water loss

due to underground mining, and assume that the rock-soil

masses below the groundwater level are saturated. For the

plane unit dfdg at the depth of g, the unit stress is

p ¼ hcs þ ðg� hÞcsat; ð24Þ

where cs is the bulk density of the unsaturated rock-soil

mass above the groundwater level, and csat is the bulk

density of the saturated soil-rock mass.

The void water pressure of the saturated soil mass is

pw ¼ ðg� hÞcw; ð25Þ

where cw is the bulk density of the void water.

The stress of the rock-soil particles is

r ¼ p� pw ¼ hcs þ ðg� hÞðcsat � cwÞ: ð26Þ

The void water pressure after water loss will be borne by

the rock-soil particles; consequently, the stress of the rock-

soil particles increases, and the stress increment of the

rock-soil particles is Dp ¼ pw ¼ ðg� hÞcw:

S
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Fig. 12 Sketch map of soil

compression
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Fig. 13 Sketch map of soil compression coefficient

Fig. 14 Model of consolidation due to water loss in deep saturated

soil (Cui et al. 2000a; Liang et al. 2007)
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According to the compression properties of the rock-soil

mass, the micro-compression produced by the unit dfdg
under the action of the stress increment Dp can be deduced

from Eq. (20) as

ds ¼ �De
1þ e1

dg: ð27Þ

Based on Eq. (23), we can obtain the following formula:

�De ¼ a� Dp ¼ aðg� hÞcw: ð28Þ

According to random medium theory (Baochen and

Ronggui 1981; Litwiniszyn 1956, 1974), after the water

loss of the soil mass, the micro-subsidence ds due to the

soil mass water loss will cause the displacement of the

rock-soil mass above its unit. Assume that the displacement

is dwater(x) and the displacement of the rock-soil mass

above the entire unit dg due to its subsidence is dwater(-

x) ? dw(x). Here, dw(x) indicates the micro-displacement

of the overlying rock-soil mass without considering the

ground surface subsidence caused by the water loss.

Therefore, the following equation is established:

dwaterðxÞ ¼
�De
1þ e1

ðdwaterðxÞ þ dwðxÞÞ: ð29Þ

The above equation can be summarized as

dwaterðxÞ ¼
�De

1þ e1 þ De
dwðxÞ: ð30Þ

By integrating both the sides of Eq. (30), we have

wwaterðxÞ ¼
�De

1þ e1 þ De
wðxÞ: ð31Þ

According to the PIM, the calculation equation for the

subsidence of any point A on the ground surface caused by

semi-infinite unit thickness mining is

weðxÞ ¼
Z 1

0

1

r
e
�pðx�sÞ2

r2 ds: ð32Þ

If the mining thickness is m, the calculation equation for

the subsidence of any point A on the ground surface caused

by semi-infinite mining is

wðxÞ ¼ W0

Z 1

0

1

r
e�pðx�sÞ2

r2 ds: ð33Þ

By substituting Eq. (33) into Eq. (31), we have

wwaterðxÞ ¼
�W0 � De
1þ e1 þ De

Z 1

0

1

r
e
�pðx�sÞ2

r2 ds: ð34Þ

By applying the probability integral function erf,

Eq. (34) can be written as

wwaterðxÞ ¼
�W0 � De

2ð1þ e1 þ DeÞ erf

ffiffiffi
p

p

r
x

� �
þ 1

� �
; ð35Þ

where W0 is the maximum subsidence of the ground sur-

face, a is the inclination of the coal seam, m is the mining

thickness, and erf is the probability integral function,

erf
ffiffi
p

p

r
x

� �
¼ 2ffiffi

p
p

R ffiffi
p

p

r
x

0
e�u2du, which can be solved by look-

ing up the probability integral table (He et al. 1991; State

Bureau of Coal Industry 2004; Peng 1992).

Therefore, the calculation equation for the ground sur-

face subsidence Wl as a reflection of the soil mass con-

solidation caused by deep soil mass dehydration is

Wl ¼
�W0 � De

2ð1þ e1 þ DeÞ erf

ffiffiffi
p

p

r
x

� �
þ 1

� �
: ð36Þ

Prediction formula of CPM

Through the above analysis, according to the principle of

superposition, the prediction formula of the CPM for the

subsidence in CMATASs along the major section of the

subsidence trough in the strike direction is

WðxÞ ¼ Wfs þWc þWl

¼ W0

2
erf

ffiffiffi
p

p

r
x

� �
þ 1

� �
þ 2pbhW0

r2
xe�px

2

r2

þ �W0De
2 1þ e1 þ Deð Þ erf

ffiffiffi
p

p

r
x

� �
þ 1

� �
:

By summarizing the above equation, we obtain

WðxÞ ¼ 2pbhW0

r2
xe�px

2

r2

þ W0 1þ e1ð Þ
2 1þ e1 þ Deð Þ erf

ffiffiffi
p

p

r
x

� �
þ 1

� �
; ð37Þ

where b is the horizontal displacement coefficient, h is the

shallow soil mass thickness (namely, the depth of the

groundwater level), e1 is the void ratio of the soil mass before

mining disturbance, and De is the change in the ratio of the

rock-soil mass before and after the mining disturbance.

Equation (37) is the prediction equation of the CPM,

which completely considers the influence of the alluvial soil

mass on mining subsidence. In addition to the three param-

eters related to alluvial soil, the CPM still uses the eight

parameters of the PIM. Although the parameters of the CPM

andPIMare the same,when applied toCMATASs, the actual

components of the parameters are different.

Application of CPM to CMATAS from HCMA
and associated analysis

General situation

The length along the strike direction of the 1212(3) working

face of the Pansan Mine in the HCMA is approximately

640 m, the length along the dip direction is approximately

140 m, and the elevation of the mine roadway ranges from
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-497.3 to-505.1 m. The elevation of the bedrock surface (a

rough interface between the alluvial soil layer and bedrock)

ranges from -396 to -411 m, the thickness of the alluvial

soil layer ranges from 420 m to 440 m, and the bedrock

thickness is approximately 100 m. Mining on this face,

which was launched on 21 April 1999, and closed on 18

October 1999, lasted for nearly 6 months. The average

mining speed was approximately 106 m per month, and the

average mining height was 2.9 m. Figure 15 is the borehole

log of the PansanMine in theHCMA, and shows the geologic

conditions of their examined area.

Mining subsidence monitoring using leveling

measurement

We built a ground observation station above the working

face and monitored the ground subsidence by leveling

measurement. The design principles of the ground obser-

vation station and measurement method (Zhou et al.

2015, 2016a) were as follows:

1. Design principles of observation station

To obtain more accurate, reliable, and representative

observation data, the design of observation stations should

follow these principles:

• The observation line should be located in the main

section of the basin ground movement.

• The observation line length should be greater than the

range of the ground basin movement.

• The measurement points of the observation line should

have a certain density, depending on the depth of the

mine and the purpose of the observation station.

• The control point of the observation stations should be set

outside the range of the moving basin and should be firmly

embedded. In permafrost regions, the bottom of the control

point should be below 0.5 m from the frozen soil line.

Based on the abovementioned criteria, a ground move-

ment observation station that included two observation

lines along the strike and dip directions was built on the

ground surface above the 1212(3) working face. The

observation line length along the strike direction was

1268 m, containing 38 observation points, and the obser-

vation line length along the dip direction was 1150 m,

containing 31 observation points, as shown in Fig. 16. By

comparing the observed affected area with the calculated

affected area, it can be verified that the reference points are

outside the mining sphere and are not affected by mining.

2. Leveling requirements and implementation

If both the ends of the observation line are set using

those control points, a leveling measurement is initiated

from a control point of one end of the observation station,

then matched to a control point at the other end of the

observation station. If there is only one control point at one

end of the observation line, a round trip measurement is

required. Because the platform of the 1212(3) working face

has only one control point, a round trip observation is

adopted. The precision of the observation was in accor-

dance with the third level of national accuracy require-

ments, and the elevation at each measurement point was

adjusted and calculated. Based on the first and last obser-

vations, a final subsidence value was obtained. The field

monitoring data are listed in Table 2.

Application analysis of CPM

According to the measured data, the PIM (Zhou et al.

2016a) and CPM wereused separately for the inverse

analysis to calculate the measured parameters, which are

listed in Table 2.

Geo-mining conditions and hydrogeological conditions

in the HCMA have been thoroughly explored by Huainan

Mining Industry (Group) Co., Ltd. In addition, through

outdoor sampling and indoor laboratory analysis, the

detailed structural hierarchy of the alluvial soil layer and

physical and mechanical parameters of the alluvial soil

mass after mining subsidence disturbance were obtained.

According to the field data from the HCMA, the depth of

the groundwater level in the HCMA was h = 3 m,

g ¼ 3� 400m, the void ratio of the alluvial soil mass after

mining subsidence disturbance was e2 = 0.85, and the void

ratio of the alluvial soil mass before mining disturbance

was e1 = 1.08. According to Eq. (20), De was calculated to
be �0:23.

According to the data listed in Table 2, the subsidence

coefficient obtained from the PIM (1.14) is greater than

that obtained from the CPM (0.90); the difference between

the two coefficients is 0.24. As mentioned previously, the

measured ground surface subsidence in CMATASs con-

tains four parts. However, because the PIM itself cannot

reflect the role of the soil mass in mining subsidence, it is

unable to separate the additional subsidence due to the

alluvial soil mass from the measured data. Because the

CPM already considers the compacting and consolidation

subsidence of the alluvial soil, its subsidence coefficient is

attributable solely to coal mining. Thus, it is reasonable for

the CPM to have obtained a smaller coefficient value than

the PIM.

The parameters and prediction models selected for the

calculation are listed in Table 3, the calculation results are

listed in Table 4, and the comparison of the prediction

results with the measured data is shown in Fig. 17.

As can be seen from the results listed in Table 4, there

are two small subsidence troughs caused by the compaction

of alluvial soil in the edge region. The maximum
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compacting subsidence of the shallow soil mass is 39 mm,

which accounts for 2.6% of the maximum subsidence, and

forms two small basins in the boundary zone of the entire

basin. The consolidation subsidence of the deep soil mass

is 204 mm, accounting for 13.8% of the maximum subsi-

dence. Therefore, the additional subsidence of the alluvial

soil mass is 243 mm, accounting for 16.4% of the total

ground subsidence; thus, the additional subsidence cannot

be ignored in the mining subsidence of CMATASs.

Moreover, larger additional subsidence of the alluvial soil

mass due to their relatively low groundwater levels exists

in the Pingdingshan Coal Mining Area and Yanzhou Coal

Consolidation of dense clay and fine sand, 
with more calcareous solid mass

Top: dark sandy clay, clay
Central: clayey sand and sand powder
Lower part: fine sand and sandy clay

Top: muddy gravel; Central: sandy clay and
clay locally containing gravel; Lower: gravel
and sandy clay layer including coarse clay.

Mainly consolidated clay, including a thin layer of 
sand and clay sand

Mainly consolidated clay, including a thin layer 
containing sand or clay

Piebald mudstone, sandy mudstone in gray
color, including thin-bedded fine-grained

sandstone; the top contains the
coal-bearing line or carbon shale

15th coal seam

14th coal seam

14th-1 coal seam

13th coal seam

Lime mudstone

Gray sandy mudstone or light gray fine sandstone

Upper part consists of gray sandy mudstone

Lower part consists of fine-grained sandstone

Mudstone, sandy mudstone and siltstone and fine inter-
bedded sandstone thin sandstone at the bottom

Alluvial soil 
layer

Bedrock 
mass

Mining coal 
seam

Floor of 
coal seam

The whole
overlying
strata

 

Fig. 15 Borehole log of Pansan Mine in Huainan Coal Mining Area (HCMA)
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Fig. 16 Layout of ground movement observation station on 1212(3) working face of Pansan Mine in North Area of HCMA

Table 2 Measured subsidence factors for 1212(3) working face

Subsidence

coefficient

Tangent of major influence

angle

Horizontal displacement

coefficient

Propagation angle of

extraction (�)
Deviation of

inflection point

S1 S2 S3 S4

PIM 1.14 1.5 0.35 90 -6 4 -5 8

CPM 0.90 1.6 0.33 90 0 0 0 0
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Mining Area of China. In addition, in the middle region of

the subsidence trough, the fitting effect of the CPM (rela-

tive error of 5.0%) is better than that of the PIM (relative

error of 6.5%). In the edge region of the subsidence trough,

the fitting effect of the CPM (relative error of 4.7%) is also

better than that of the PIM (relative error of 5.3%). Hence,

the accuracy is improved by 11.3%. Considering the

overall fitting effect in the entire region, the CPM

demonstrates a better fitting effect in terms of the measured

subsidence value, with a relative error of 4.9%, which is an

18% improvement over the relative error obtained when

using the PIM (6.0%).

Conclusions

In this study, we first analyzed the composition structure of

the overlying stratum above coal mining working faces.

The entire overburden stratum above the coal mining area

is considered to be composed of an alluvial soil layer and a

bedrock layer. In underground mining, alluvial soil has a

major effect on ground subsidence. This effect is especially

large and not negligible when the alluvial soil accounts for

a large proportion in the entire overlying stratum of

CMATASs.

In this study, the applicability of the most popular PIM

used for CMATASs was analyzed. The basic premise and

hypothesis of the PIM is based on the sandbox model.

Alluvial soil differs from sand and rock mass; the com-

pressible nature of alluvial soil is in opposition to the basic

premise and hypothesis of the PIM. In addition, according

to field-measured ground subsidence data collected from

11 working faces in the North Area, the PIM was found not

to be suitable for ground subsidence prediction in CMA-

TASs, for two main reasons: (1) the subsidence basin range

predicted by the PIM was smaller than the measured range;

thus, the predicted basin converged more rapidly than the

measured basin at the edges. (2) Poor fitting results were

obtained at the subsidence basin edge.

We thoroughly analyzed the mining-induced deforma-

tion inside the rock mass and alluvial soil and the crack

(void) distribution within the rock mass due to underground

coal mining. We obtained the mechanism of mining sub-

sidence in CMATASs and the reasons why the PIM is not

suitable for CMATASs. The research results indicate that

the alluvial soil is compacted and then subsides under

vertical compression deformation, which increases the

ground subsidence. The bedrock is subjected to the weight/

load of the thick alluvial soil layer. Because of the vertical

compression deformation inside the rock, its internal voids

(spaces) are compacted; thus, the replaced voids (spaces)

are transferred to the ground surface, resulting in an

increase in the ground subsidence. However, the effect of

the alluvial soil on the ground subsidence cannot be

detected by the PIM; moreover, the PIM is unable to rep-

resent the mechanism of the mining subsidence in CMA-

TASs. Thus, the PIM cannot be used for predicting

subsidence in CMATASs.

Based on the above research results, to precisely cal-

culate the subsidence in CMATASs, we proposed a CPM

for the mining subsidence in CMATASs based on soil

mechanics and stochastic medium theory. The new CPM

was applied to the mining process in the HCMA. The

calculation results show that the maximum compacting

subsidence of the shallow soil mass is 39 mm, which

accounts for 2.6% of the maximum subsidence, and forms

two small basins in the boundary zone of the entire basin.

The consolidation subsidence of the deep soil mass is

204 mm, accounting for 13.8% of the maximum subsi-

dence, and the additional subsidence of the alluvial soil

mass is 243 mm, accounting for 16.4% of the total ground

subsidence. The subsidence predicted by the CPM better

Table 3 Selected calculation parameters and prediction models

Model Parameters Results The contained contents of the results Different areas of

subsidence trough

Relative

RMSE/K (%)

CPM Parameters

of CPM

‘‘Subsidence calculated by

CPM’’ in Table 4

Contains all the aforementioned four parts of

subsidence

Entire region 4.9

Middle region 5.0

Edge region 4.7

PIM Parameters

of PIM

‘‘Subsidence calculated by

PIM’’ in Table 4

Not contain the compacting subsidence of

alluvial soil

Entire region 6.0

Middle region 6.5

Edge region 5.3

PIM Parameters

of CPM

‘‘Subsidence Wfs’’ in Table 4 Just contain the following subsidence and

the synergy subsidence
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Table 4 Measured subsidence and predicted subsidence
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Table 4 continued
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fits the measured subsidence values, with a relative error

of 4.9%, and the fitting accuracy is improved by 18%

compared to the relative error of the PIM (6.0%). Thus,

the proposed CPM is more suitable for predicting the

ground subsidence caused by underground coal mining in

CMATASs, and can be used to provide more accurate

predictions for ground subsidence in similar coal mining

areas.
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