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Abstract Alluvial soil plays an important role in ground
subsidence caused by coal mining and groundwater
extraction. Coal mining areas covered with thick alluvial
soil (CMATASs) are widely distributed in China, and
ground subsidence in these areas exhibits unique features—
for instance, the maximum subsidence is greater than the
extracted coal seam thickness. Consequently, studies on the
regularity and mechanism of mining subsidence in CMA-
TASs have gained much attention. However, current
research methods mainly involve numerical/physical sim-
ulation and theoretical analysis, while convincing verifi-
cation using field data is lacking, leading to limited
research results and weak practicability. This paper pro-
poses a new approach for studying the spreading process of
mining subsidence in rock mass and alluvial soil, as well as
the response of alluvial soil to mining subsidence in these
areas, through the use of field data. This approach includes
the following steps and assumptions: First, the overlying
rock mass and alluvial soil are regarded as a dual medium;
subsidence data obtained in coal mining areas covered with
thin (non-)alluvial soil (N-CMATASSs) are taken as the
bedrock surface subsidence in the CMATASs (the lower
boundary condition of thick alluvial soil). Second, ground
subsidence data obtained in CMATASSs are taken as the
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upper boundary condition of the thick alluvial soil. And
lastly, by considering the measured mining-induced over-
burden fracture datum and geo-mining conditions in
CMATASS, we can study the spreading process of mining
subsidence in rocks and soils and determine the underlying
mechanism as well as the response of the soil to mining
subsidence in CMATASSs. A major feature of the proposed
approach is that the overlying rock mass and alluvial soil
can be separated and the measurement data can be obtained
in different boundaries, thus compensating for the shortage
of measured data in current study methods. This approach
was successfully applied in the Huainan coal mining area
in China, and can provide a basis for accurate calculation
of ground subsidence in similar mining areas.

Keywords Thick alluvial soil - Overlying strata - Mining
subsidence - Borehole logs - Probability integral model

Introduction

Alluvial soil plays an important role in the process of
ground subsidence caused by coal mining (He et al. 1991;
Huayang et al. 2010; Kratzsch 1983; Peng and Zhang 2007,
Peng 1992; Ronning et al. 1995; Tan et al. 2002; Wang
et al. 1997; Yuan et al. 2001; Zhang et al. 1999, 2002;
Zhou 2014; Zhou et al. 2015) as well as groundwater
extraction (Caro Cuenca et al. 2013; Chai et al. 2004; Li
and Yu 1997; Ortega-Guerrero et al. 1999; Phien-wej et al.
2006; Xu et al. 2007; Xue et al. 2005). In China, coal
mining areas with quaternary alluvial soil layers less than
50 m, more than 100 m, and more than 300 m thick are
called thin (the usual geological condition), thick, and
mega-thick alluvial mining areas, respectively (He et al.
1991; Industry SBoC 2004; Liu et al. 2012; Zhou 2014;
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Zhou et al. 2015). In studies of ground subsidence caused
by underground mining, current field measurement proto-
cols and research methods are quite capable of providing
accurate results in usual geological conditions. Some of
these results have been used in production (Alejano et al.
1999; Baochen and Ronggui 1981; Brady and Brown 2004;
Cui et al. 2000; Djamaluddin et al. 2011; Donnelly et al.
2001; Guéguen et al. 2009; He et al. 1991; Holla 1997,
Kratzsch 1983; Li et al. 2010, 2014; Marschalko et al.
2011; Nicieza et al. 2005; Oconnor and Dowding 1992;
Peng and Zhang 2007; Qian et al. 2003; Sheorey et al.
2000; Singh and Yadav 1995; Wu et al. 2000, 2012a, b,
2013, 2014). In coal mining areas covered with thick
alluvial soil, however, mining subsidence exhibits certain
unique phenomena. For example, the subsidence factor is
greater than 1.0, i.e., the maximum subsidence is greater
than the extracted coal seam thickness, and the scope of
ground subsidence is much wider, and the horizontal dis-
placement is greater than the vertical subsidence at the
trough border. In addition, the active period of ground
movement is more intense and concentrated, and the
duration of ground movement is longer (Ge and Yu 2006;
Sui 1992; Sui and Di 1999; Tan et al. 2002; Wang et al.
1997; Wu et al. 1998, 1999, 2002; Yang et al. 1994; Yuan
and Wu 2003; Yuan et al. 2001).

Coal mining areas covered with thick alluvial soil
(CMATAS:S) are widely distributed in China, concentrated
mainly in mining areas of Huaibei, Huainan, Yanzhou,
Datun, Jiaozuo, Pingdingshan, Yongxia, Kailuan, and
Xingtai, as well as mining areas in East China, Central
China, North China, and Northeast China (He et al. 1991;
Industry SBoC 2004; Liu et al. 2012; Sui 1992; Yuan and
Wu 2003; Zhou 2014, 2015). Various research methods
have been employed to date for the study of ground sub-
sidence in CMATASs. For example, Wu et al. (1999, 2002)
adopted a physical simulation method to study the mode of
transfer and transfer range of mining subsidence in the soil
mass. Sui (1992; Sui and Di 1999) and Di (Sui 1992; Sui
and Di 1999) used a centrifugal model test and finite ele-
ment method (FEM) to analyze the particularities of sub-
sidence caused by soil consolidation and secondary
consolidation from an engineering geology perspective.
Zhang et al. (1999) deduced a movement equation of the
bedrock surface based on the principle of elastic—plastic
deformation. Liu et al. (2012) obtained differences between
bedrock and surface basin movement using a physical
simulation method. In addition, some scholars (Alejano
et al. 1999; Cundall 1990; Gao and Yu 2007; Huayang
et al. 2010; Kidybinski and Babcock 1973; Lu and Wang
2015; Oconnor and Dowding 1992; Ren et al. 2010; Wu
et al. 2002; Yasitli and Unver 2005) have employed
numerical simulations including the distinct element
method (DEM), FEM, and similar-material simulation (i.e.,
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physical simulation) to investigate ground movement and
deformation in CMATAS:S.

There is general consensus that mining subsidence in
CMATASSs is affected by the overlying rock mass, the
alluvial soil, and the interaction between rocks and soils
(He et al. 1991; Huayang et al. 2010; Liu et al. 2012; Wang
et al. 1997; Zhang et al. 1999; Zhou 2014; Zhou et al.
2015). Thus it is appropriate to consider the entire over-
lying strata as a dual medium: rock mass and alluvial soil.
However, observational data inside rock mass and soil is
sparse. The methods currently in use largely involve
physical/numerical simulation and theoretical analysis, and
each has shortcomings and limitations, leading to weak
practicality of the research results.

In view of these problems, and in order to make full use
of measured data, in this study we have proposed a new
methodology: first, regarding the overlying rock and allu-
vium as a dual medium and separating the processes of
mining subsidence spreading in rocks and soils, and then
conducting comprehensive research on the influence of the
rocks and soils on mining subsidence. With the adoption of
the new methodology, we can study the mechanism of
mining subsidence in CMATASs in detail and provide a
basis from which to fully explain the particularities of the
subsidence and obtain an accurate estimation of ground
subsidence that occurs in CMATASs.

The new methodology and its implementation
The methodology

As mentioned above, because of the inherent difficulties of
observation inside rock mass and soil, little observational
data have been obtained. The monitoring of ground surface
subsidence, on the other hand, is more convenient, and
there is a vast amount of field measurement data on ground
subsidence in China. Therefore, this data can be used as a
substitute for subsidence inside the rock mass when certain
conditions are fulfilled, as described below.

According to coal mining subsidence theory, for any two
mining areas, if the lithology of the overlying rock, stratum
structure, and geo-mining conditions such as the height/
width of the mining seam, seam inclination, mining
methods, and roof control methods are the same or similar,
the ground subsidence between the two should be identical/
similar. Furthermore, we can conveniently obtain accurate
geo-mining conditions from the coal mining company,
making it easy to ensure that the geo-mining conditions are
the same or similar between CMATAS and N-CMATAS.
However, it is difficult to judge the similarity of the
lithology of the overlying rock and stratum structure. In
this study, therefore, we put forward a method for
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Fig. 1 Generalized model of the new methodology

determining the lithological similarity between two coal
mining areas.

Based on the premise that the geo-mining conditions are
the same or similar when the lithology of the overlying
rocks of CMATAS—the overlying rock is referred to as the
bedrock part after removal of the alluvial soil above—and
N-CMATAS are assumed to be the same or similar, we can
use the measured ground subsidence in CMATAS to sub-
stitute the bedrock surface subsidence (the bottom of thick
alluvium or the interface between the alluvium and bedrock
as shown in Fig. 1) in N-CMATAS. Alluvium thickness is
large in relation to mining depth, and it may affect the field
stress and thus the caving behavior of strata. Based our
research (Zhou 2014), however, the subsidence error
caused by differences in field stress between CMATAS and
N-CMATAS is within an acceptable range.

The new concept explained in detail

Figure 1 illustrates a generalized model of this novel
method based on the abovementioned concept. The details
are explained as follows. After a comprehensive determi-
nation of the geological and mining factors and the over-
lying rock mass structure (referring mainly to borehole logs
of rock structure after removing alluvial soil) of the
CMATAS, we can select an N-CMATAS with similar
characteristics. We verify that the height/width of the
mining seam, seam inclination, mining method, and the
method of roof control are similar between CMATAS and
N-CMATAS. We then take the measured ground subsi-
dence (or the measured subsidence parameters) of the
selected N-CMATAS as the bedrock surface subsidence in
the CMATAS (the lower boundary condition of the thick

Difference between the two
alluvium soil layers

Similarity in the
overlying bedrock

The measured ground
subsidence (or the measured
subsidence parameters) in the N-
CMATAS are taken as the bedrock
surface subsidence (or the bedrock
urface subsidence parameters) i H

e CMATAS ! The alluvium

soil layer

)/

Borehole The ground su

Floor strata

The selected N-CMATAS

alluvial soil), and take the observed ground subsidence data
in the CMATAS as the upper boundary condition of the
thick alluvium. Considering the measured mining-induced
overburden fracture datum and geo-mining conditions
during underground mining in the CMATAS, we can sep-
arate the entire overlying rock—soil mass into rock mass and
alluvium in the CMATAS. Simultaneously, we can obtain
measured data of different boundaries. Finally, we can
implement a more detailed and accurate study of the process
of mining subsidence spreading in rock mass and alluvium
and can determine the underlying mechanism and the
response of the soil to mining subsidence in the CMATAS.
The implementation steps are presented in detail in the
following section, “Detailed steps of implementation.”
Detailed steps of implementation
Step 1  First we must acquire or gather geological and
mining factors of the CMATAS, including
alluvial layer thickness, thickness of the bedrock
(removing the alluvial part), coal mining method,
roof control method, coal seam thickness, dip
angle of coal seam, and borehole logs of the rock
structure obtained by drilling boreholes from the
ground down to the rock strata. These provide
essential data for selecting the most similar
N-CMATAS from alternative N-CMATASs and
for a follow-up study. A ground movement
observation station (GMOS; He et al. 1991; Tan
et al. 2002) should be established on the ground
surface of the CMATAS to obtain ground
subsidence data, which are taken as the upper
boundary condition of the thick alluvium
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Step 2 Based on the acquired geological and mining
factors and the overlying rock structure in step 1,
we determine an N-CMATAS with similar
characteristics. This selection method is described
in the section “Method of determining the
similarity in the overlying rock structures
between CMATAS and N-CMATAS”

We establish the GMOS in the selected
N-CMATAS and monitor the ground subsidence
data (or measured subsidence parameters). In this
manner, we acquire the lower boundary
conditions of the thick alluvial layer

Based on the upper and lower boundary
conditions of the thick alluvium in the CMATAS,
the response of the soil to mining subsidence in
the CMATAS can be determined through further
analysis and calculation, and the results elucidate
the particularities of mining subsidence in the
CMATAS in detail and provide a basis for
establishing a prediction model

Step 3

Step 4

The implementation of the specific steps is shown in Fig. 2.

Method of determining the similarity
in the overlying rock structures between CMATAS
and N-CMATAS

We adopt an analogy of borehole logs from the ground
down to the rock strata for judging the similarity in the
overlying rock structures between N-CMATASs and
CMATAS. First, we take a borehole log (remove the
alluvial part) of the overlying rock mass in the CMATAS
as a standard sample and take the borehole logs of the
N-CMATASSs as samples to be identified. We then digitize
these samples (borehole logs) and extract the lithology
eigenvalues from the digitized samples. Based on the
lithology eigenvalues of the standard samples and the
samples to be identified, we select a coal mining area with
thin (non-)alluvial soil (N-CMATAS) with characteristics
similar to the CMATAS, taking into account the geo-
mining conditions and rock mass structure. A number of
thin (non-)alluvial mining areas can be collected as sam-
ples for comparison to the standard samples, and the
N-CMATAS with the highest similarity to the CMATAS
can be selected. Suitable samples can be identified through
the following three steps:

Step 1: Digitization and eigenvalue extraction of bore-
hole logs

Assume that there are m layers of different strata in the
overlying rock structure shown in the borehole log. The coal
seam in the borehole log is regarded as the origin point, the
m layers of different strata are divided into n sections,
the thickness of each layer is S; (j = 1, 2,...,m), and the
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lithology eigenvalue of each section is calculated using the
lithology comprehensive evaluation coefficient method (P
coefficient method; He et al. 1991; Wu et al. 1998; Yuan
and Wu 2003; Zhou 2014). The equation is as follows:

i = Y]
> My,

where P; (i = 1, 2,..., n) is the lithology comprehensive
evaluation coefficient of the ith section, M;; is the normal
thickness of the jth layer of the strata in the ith section, and
>-M; = S,, Q;is the lithology evaluation coefficient of the
jth layer of strata, which can be set according to Table 1.

Step 2: Evaluation of membership degree in the over-
lying strata structure

Assume that the lithology eigenvalue of each section of
standard samples is Pyj, Pi2, ..., Pi(k =1, 2,..., r), and
that there are r samples (number of alternative samples) to
be identified. The lithology eigenvalues of the samples to
be identified are Py, Pk, - - ., P, and the lithology mem-
bership degree (marked as u;) of each section strata is then
calculated as follows:

|P; — Pl
MAX(P,-,Pki) ’

(1)

u; = 1.0 —

where, MAX(P;, P;;) is the maximum value between P;
and Py;. For example, if P; > Py;, then MAX(P;, Py;) = P;.
Step 3: Evaluation of similarity in the overlying strata
structure
General similarity between the standard sample and the
samples to be identified is calculated using the following
equation:

c,{:%, k=1,2,....r), (3)
where Cj is the general similarity between the standard
sample and the kth samples to be identified. Here,
0 < G, <1, and the higher the C value, the greater the
similarity; similarity will be highest when C =1 and
lowest when C = 0.

Case study of the CMATAS of the Xieqiao mine
in the Huainan coal mining area

General situation
Huainan coal mining area

The Huainan mining area in China is divided into the south
(hereinafter referred to as “south area”) and north (here-
inafter referred to as “north area”) mining areas by the
Huai River, a major river in China located midway
between the Yellow and Yangtze rivers (He et al. 1991;
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Fig. 2 Detailed steps for implementing the proposed method
Table 1 Lithology evaluation .
. Lithol Strat;
coefficients for reference 1thotogy rata name ’
Hard Hard limestone, hard sandstone, hard marble, non-hard granite 0.0
Relatively hard limestone, sandstone, marble 0.05
Medium-hard Ordinary sandstone, iron ore 0.1
Sandy shale, flake sandstone 0.2
Hard clay schist, non-hard sandstone and limestone, soft conglomerate 0.4
All kinds of shales (non-hard), dense marl 0.6
Soft Soft shale, soft limestone, anthracite, ordinary marl 0.8
Broken shale, bituminous coal, clay (dense) 0.9
Soft sandy clay, loess, soft gravel, loose sand layer 1.0

@ Springer



1072

D. Zhou et al.

Wu et al. 1998; Yuan and Wu 2003; Zhou 2014). The
distribution of the Huainan coal mine is shown in Fig. 3.
The north area is a CMATAS, where alluvial thickness is
160-500 m, and the south area is an N-CMATAS, with
alluvial thickness of only 2040 m. Thus the Huainan coal
mining area exhibits mining subsidence characteristics of
both the N-CMATAS and the CMATAS.

CMATAS of the Xiegiao mine and its GMOS

The Xieqiao mine is located in the north area of the
Huainan mining area. The average thickness of coal seams
in working face A is 3 m, and the average dip angle is 15°.
It features a fully mechanized coal mining technology and
longwall full caving for roof control. Mining speed is 34 m
per month on average. The actual horizontal length along
the strike of working face A is 620 m, and the horizontal
length along the dip is 171.8 m. The mining depth is about
550 m, with an alluvial thickness and bedrock thickness of
about 400 and 150 m, respectively. The overlying strata
structure and lithology are shown in the borehole log in
Fig. 5. Mining in working face A started in January 1996
and was finished on June 20, 1997, lasting 18 months.

By the end of December 1995, a ground movement
observation station comprising 145 points was established
on the ground surface above the aforementioned working
face. Strike and dip observation lines were set, as shown in
Fig. 4. The first comprehensive field measurement was
made in early 1996, and the last was made in March 1998.
In total, four comprehensive field measurements (levelling
and plane coordinates) and 18 levelling measurements
were conducted. The curves (1) of Figs. 12 and 13 show
field-measured subsidence profiles along the strike and dip
between the first and last measurements, respectively.

Determination of similarity in the overlying rock
structures between the Xieqiao mine
and the alternative N-CMATASs

Using the proposed research concept and implementation
steps, we take the geological and mining conditions of
working face A of the Xieqgiao mine as a standard sample.
The stratigraphic structure or the overlying rock structure
refers to the borehole log shown in Fig. 5. In addition, we
provide five different working faces from different
N-CMATASSs (alternative N-CMATASSs) as samples to be
identified [i.e., r = 5; k = 1, 2, 3,4, 5 in Egs. (2) and (3)].
The corresponding strata structures and detailed geo-min-
ing conditions are shown in Figs. 6, 7, 8, 9, and 10, and in
Table 2, respectively.

Each borehole log (including the standard sample and
the alternative samples) demonstrating the overlying rock
structure or stratigraphic structure is evenly divided into 50
sections [n = 50 in Eq. (2)], as shown in Figs. 5,6, 7, 8, 9,
and 10.

According to Eq. (1), we digitized each borehole log,
and the lithology eigenvalue of each section was calculated
as shown in Figs. 6, 7, 8, 9, and 10. We calculated the
membership degree of each section, which isshown in
Figs. 6, 7, 8, 9, and 10, using Eq. (2). We then calculated
the general similarity between each of the alternative
samples (five different working faces of different coal
mining areas) and the standard sample (i.e., the Xieqiao
mine of the Huainan coal mining area), which is shown in
Table 3, using Eq. (3).

As shown in Table 3, among the five alternative sam-
ples, the Xinzhuangzi mine in the south area of the Huai-
nan coal mining area had the highest similarity to the
standard samples, and the Xieqiao mine in the north area of

Huainan Mining /

Industry Grou

Anhui
province,hina

Industry Group

North mining areas
of Huainan Mining

ansan colliery

The tributary of Huaihe River

Huaihe River

South mining areas
Ciont——of Huainan Mining
Industry Group

)

b 4

T,
i

Fig. 3 Distribution of north area and south area of the Huainan coal mining area
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R1, R2—— the control points
Z1, Q1——The observation points

Fig. 4 Layout of the ground movement observation station on the working face A of the Xieqiao mine in the north area of the Huainan coal

mining area

the Huainan coal mining area had a general similarity
reaching 0.82.

From a stratigraphic perspective, both the Xieqiao and
Xinzhuangzi mines belong to the same coalfield (see
Fig. 3), namely the Huainan coal mining area, and their
coal measurement strata are basically similar. Therefore,
the overlying rock structure of the two coal mines is highly
similar, and it is reasonable to take the ground subsidence
measurement data (or field-measured parameters) of
working face B2 in the Xinzhuangzi mine in the south area
as the bedrock surface subsidence (or subsidence parame-
ters) of working face A in the Xieqiao mine in the north
area.

Table 2 shows that the bedrock height of the selected
sample is 200 m, while the bedrock height of the standard
sample is 150 m after removing the alluvial layer. While
the subsidence profiles should be influenced by the height
of the bedrock to a certain extent, in our special case, the
selected sample is the best given the various factors,
including the general similarity in the overlying rock
structure, coal measurement strata, and same coalfield.
Based on the premise that the lithology of the overlying
rock and stratum structure is most similar—the general
similarity in the overlying rock structure is the highest—

after a comprehensive comparison of various factors, we
determined that the influence of differences in bedrock
height on the subsidence profile was within an accept-
able range. Bedrock with the same thickness is ideal, and
we suggest to readers that consistent bedrock thickness be
maintained in applying this method.

Finally, the Xinzhuangzi mine was selected as the
N-CMATAS for study because its overlying rock structures
were similar to those of the CMATAS of the Xieqiao mine.
Using the proposed approach, therefore, we can take the
measured ground subsidence (or the measured ground
subsidence parameters) of the N-CMATAS of the Xinz-
huangzi mine as the bedrock surface subsidence (or the
bedrock surface subsidence parameters) of the CMATAS
of the Xieqiao mine.

Determination of bedrock surface subsidence
in the CMATAS of the Xieqiao mine

According to the theory of mining subsidence, based on the
premise that the geo-mining conditions are the same or
similar, when the overlying strata lithology and strati-
graphic structure of two mining working faces are the same
or similar, the ground subsidence parameters of the two
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the lithology
Number of Buried Thick | Section | The lithology
Name of rocks evaluation coefficient
rock layers depth -ness No. cigenvalue / p
Q

50 0.60
49 0.60
1 Mudstone 415 0.60 15 48 0.60
47 0.60
46 0.60
45 0.50
2 Sandy mudstone 423 0.50 8 44 0.50
43 0.47
3 Siltstone 429 0.40 6 42 0.40
41 0.37
4 Fine Stone 435 0.30 4 40 0.30
39 0.10
5 Sandstone 443 0.10 8 38 0.10
37 0.17
6 Fine stone 448 0.30 5 36 0.30
35 0.43

7h Sand mudstone 453 0.50 5
34 0.50
33 0.60
8 Mudstone 464 0.60 1 32 A
31 0.60
30 0.57
9 Sandy mudstone 472 0.50 8 29 0.50
28 0.50
27 0.23
26 0.10

10 Sandstone 483 0.10 11
25 0.10
24 0.10
23 0.30
11 Fine sandstone 492 0.30 9 22 0.30
21 0.30
20 0.50

12 Sandy mudstone 499 0.50 7
19 0.50
18 0.43

13 Siltstone 504 0.40 5
17 0.40
16 0.60

14 Mudstone 511 0.60 7
15 0.60
14 0.53
13 0.33

15 Sandy mudstone 522 0.50 11
12 0.00
11 0.00
10 0.60
16 Mudstone 530 0.60 8 9 0.60
8 0.57
17 Sandy mudstone 537 0.50 7 7 0.50
6 0.50
18 Sundstone 542 0.10 5 5 0.10
4 0.25
19 Fine sandstone 546 0.30 4 3 030
20 Sandy shale 549 0.20 3 2 0.20
21 Carbonaceous mudstone 552 0.30 3 1 0.30

Coal 555 3

Fig. 5 The borehole log of working face A of the Xieqiao mine in the north area of the Huainan coal mining area
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Number of Name of Buried the lithology evaluation | Thick | Section The lithology membership
rock layers rocks depth coefficient /Q -ness No. eigenvalue / p degree/ u
50 0.80 0.75
49 0.80 0.75
48 0.80 0.75
1 Gray mudstone 37 0.80 22 47 0.80 0.75
46 0.80 0.75
45 0.80 0.63
44 0.70 0.71
2 Sandy mudstone 40 0.50 3 43 0.53 0.88
3 Mudstone 45 0.60 5 42 0.60 0.67
41 0.40 0.92
4 Fine sandstone 56 0.30 11 40 0.30 Lo
39 0.30 0.33
38 0.27 0.38
5 Medium sandstone 60 0.20 4 37 0.20 0.83
36 0.50 0.60
6 Sandy mudstone 66 0.50 6
35 0.50 0.87
34 0.23 0.47
7 Sandstone 71 0.10 i
33 0.10 0.17
8 Medium sandstone 77 0.20 6 £z $.20 033
31 0.20 0.33
30 0.30 0.53
9 Fine sandstone 85 0.30 8 29 0.30 0.60
28 0.40 0.80
27 0.60 0.39
10 Mudstone 95 0.60 10
26 0.60 0.17
25 0.42 0.24
11 Limestone 103 0.05 8 4 0.0 00
23 0.05 0.17
22 0.35 0.86
21 0.50 0.60
12 Sandy mudstone 115 0.50 12
20 0.50 1.00
19 0.50 1.00
13 Fine sandstone 120 0.30 5 18 030 0.69
: L 17 0.40 1.00
=) Aluminous
14 127 0.60 7 16 0.60 1.00
mudstone 15 0.60 1.00
15 Mudstone 131 0.60 4 14 0.60 0.89
= 13 0.60 0.56
s 16 Shale 136 0.60 5
- 12 0.60 0.00
11 0.20 0.00
17 Sandy shale 144 0.20 8 10 0.20 0.33
9 0.17 0.28
18 Suntstone 151 0.10 7 8 0.10 0.18
g 7 0.10 0.20
e P~ 19 Siltstone 155 0.40 4 6 0.40 0.80
5 0.33 0.30
20 Fine sandstone 160 0.30 <3
4 0.30 0.83
21 Medium sandstone 165 0.20 5 3 0.20 0.67
2 0.47 0.43
22 Shale 170 0.60 5
1 0.60 0.50
Coal 173 3

Fig. 6 The borehole log of working face B1 of the No. 4 mine of the Pingdingshan coal mining area

mining areas are also the same or similar. The size and mine are different. Therefore, to make full use of the
number of ground observation points of working face B2 in ~ measured ground subsidence data of working face B2, we
the Xinzhuangzi mine and working face A in the Xieqiao  first obtained field-measured ground subsidence parameters
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Number of Name of | Buried the lithology evaluation | Thick- | Section The lithology membership
rock layers rocks depth cocfficient /Q ness No. eigenvalue / p degree/

50 0.50 0.83
1 s 43 0.50 13 49 0.50 0.83
rdetone 48 0.50 0.83
47 0.57 0.94
46 0.60 1.00
45 0.60 0.83
2 Mudstone 66 0.60 23 44 0.60 083
43 0.60 0.78
42 0.60 0.67
. Saxfay o %0 7 41 0.50 0.73
R 40 0.37 0.82
4 Sandsione 80 0.10 7 39 0.10 1.00
p 38 0.10 1.00
5 o 87 0.10 7
. sandstone ; 37 0.10 0.60
) e o 030 . 36 0.30 1.00
% - ? 35 0.30 0.69
34 0.43 0.87
7 S 11 0.50 15 2 — o83
udstone : 32 0.50 0.83
31 0.50 0.83
8 Modstone 18 0.60 7 30 9.60 0.94
29 0.57 0.88
Sandy
9 ’ 125 0.50 7 28 0.50 1.00
mudstone
27 0.23 1.00
26 0.10 1.00
10 Sandstone 138 0.10 13
25 0.10 1.00
24 0.17 0.60
3 23 0.30 1.00
Fine
1 151 0.30 13 22 0.30 1.00
sandstone
21 0.30 1.00
20 0.40 0.80
12 Siltstone 165 0.40 14 19 0.40 0.80
18 0.40 0.92
17 0.43 0.92
Sandy
13 172 0.50 7 16 0.50 0.83
mudstone
15 0.57 0.94
14 0.60 0.89
14 Mudstone 187 0.60 15 m 360 056
12 0.60 0.00
L 1 0.50 0.00
Sandy
15 198 0.50 1 10 0.50 0.83
mudstone
9 0.47 0.78
8 0.40 0.71
16 Siltstone 211 0.40 13 2 0.40 0.80
6 0.40 0.80
5 0.10 1.00
17 Sandstone 219 0.10 8
4 0.10 0.40
7 3 0.30 1.00
18 e 231 030 12 2 030 0.67
sandstone
1 0.30 1.00
Coal 234 3

Fig. 7 The borehole log of working face B2 of the Xinzhuangzi mine in the south area of the Huainan coal mining area
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Number of Buried the lithology cvaluation Thick- Section The lithology membership
Name of rocks
rock layers depth coefficient /Q ness No. eigenvalue / p degree/u
2 50 0.50 0.83
s
T 49 0.50 0.83
48 0.50 0.83
1 Sandy mudstone 59 0.50 39 47 0.50 0.83
46 0.50 0.83
45 0.50 1.00
44 0.37 0.73
2 SR L4 L L 43 0.13 0.29
> . 3 Medium sandstone 77 0.20 11 42 0.20 0.50
‘;— 41 0.47 0.79
P
‘ s 4 Shale 95 0.60 18 30 60 =
e ’ 39 0.60 0.17
o 38 0.47 0.21
5 Sandy shale 103 0.20 8 37 0.20 0.83
36 0.20 0.67
6 Medium sandstone 117 0.20 14
35 0.20 0.46
34 0.27 0.53
7 Fine sandstone 127 0.30 10
33 0.30 0.50
8 Sandy mudstone 139 0.50 12 32 0:50 62
31 0.50 0.83
30 0.60 0.94
9 Mudstone 160 0.60 21 29 0.60 0.83
28 0.47 0.93
27 0.20 0.86
10 Sandy shale 178 0.20 18
26 0.20 0.50
25 0.17 0.60
11 Sandstone 194 0.10 16 . 910 1.00
23 0.10 0.33
22 0.17 0.56
21 0.20 0.67
12 Medium sandstone 216 0.20 22
20 0.20 0.40
19 0.20 0.40
13 Finesandsione | 228 0.30 12 18 0.30 063
17 0.37 0.92
14 Sandy mudstone 241 0.50 13 16 0.50 0.83
15 0.50 0.83
15 Mudstone 249 0.10 8 14 0.10 0.19
S f,.,-‘:\%'\ 2y 13 0.43 0.77
ey R 16 Shale 258 0.60 9
T 12 0.60 0.00
P 1 0.20 0.00
17 Sandy shale 274 0.20 16 10 0.20 0.33
9 0.33 0.56
18 Mudstone 287 0.60 13 8 0.60 0.94
7 0.60 0.83
19 Sandy mudstone 295 0.50 8 6 0.50 1.00
5 0.30 0.33
20 Medium sandstone 305 0.20 10
4 0.20 0.80
21 Fine sandstone 312 0.30 7 3 0.30 1.00
2 0.23 0.86
22 Sandy shale 322 0.20 10 ) 020 0.67
b el ' '
57 Coal 325 3

Fig. 8 The borehole log of working face B3 of the Yuanzhuang mine of the Huaibei coal mining area
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Number of Name of Buried the lithology evaluation Thick- | Section The lithology membership
rock layers rocks depth coefficient /Q ness No. cigenvalue/ p degree/ u
50 0.20 0.33
49 0.20 0.33
1 Sandy shale 30 0.20 13
48 0.20 0.33
47 0.20 0.33
46 0.13 0.22
2 Sandstone 40 0.10 10 45 0.10 0.20
44 0.10 0.20
43 0.27 0.57
3 Siaie 48 0.60 8 42 0.60 0.67
41 0.60 0.61
40 0.47 0.64
4 Sandy shale 54 0.40 6 39 0.40 0.25
38 0.53 0.19
5 Mudstone 59 0.60 5
37 0.60 0.28
36 0.30 1.00
6 Fine sandstone 66 0.30 7
35 0.30 0.69
34 0.50 1.00
7 Shale 71 0.60 5
33 0.60 1.00
8 Sandy shale 77 0.20 6 32 0.20 0.33
31 0.20 0.33
30 0.30 0.53
9 Fine sandstone 85 0.30 8 29 0.30 0.60
28 0.27 0.53
Medium 27 0.20 0.86
10 94 0.20 9
sandstone 26 0.20 0.50
25 0.17 0.60
1 Sandstone 102 0.10 8 24 0.10 100
23 0.10 0.33
22 0.17 0.56
21 0.20 0.67
12 Sandy shale 113 0.20 11
20 0.20 0.40
19 0.20 0.40
13 Sandstone 118 0.10 5 18 0.10 0.23
17 0.08 0.21
14 Limestone 125 0.05 7 16 0.05 0.08
15 0.05 0.08
15 Sandy shale 129 0.20 4 14 0.20 0.38
13 0.47 0.71
16 Shale 134 0.60 5
12 0.60 0.00
11 0.20 0.00
17 Sandy shale 142 0.20 8 10 0.20 0.33
9 0.17 0.28
18 Sandstone 149 0.10 7 8 0.10 0.18
il 0.10 0.20
19 Fine sandstone 153 0.30 4 6 0.30 0.60
5 0.23 0.43
20 Madium sandstone: 158 0.20 5
4 0.20 080 |
21 Coarse sandstone 162 0.10 4 3 0.10 0.33
2 0.17 0.83
22 Sandy shale 167 0.20 5
1 0.20 0.67
Coal 170 3

Fig. 9 The borehole log of working face B4 of the Quantai mine of

of the working face using the inversion of the probability
integral method. The measured ground subsidence param-
eters of the N-CMATAS of the Xinzhuangzi mine were
taken as the bedrock subsidence parameters of the CMA-
TAS of the Xieqiao mine, and then on the basis of these

@ Springer

the Xuzhou coal mining area

parameters, the bedrock subsidence of working face A of
the Xieqiao mine was obtained using the probability inte-
gral method, which is an influence function method. In this
manner, the lower boundary condition of the thick alluvium
in the Xieqiao mine was determined.
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Number of Name of | Buried the lithology evaluation | Thick- | Section The lithology membership
rock layers rocks depth coefficient /Q ness No. eigenvalue / p degree/ u
Fine 50 0.30 0.50
1 18 030 S 49 0.30 0.50
sandstone
48 0.27 0.44
Medium 47 0.20 0.33
2 28 0.20 10 46 0.20 033
sandstone
45 0.20 0.40
44 0.10 0.20
3 Sandstone 38 0.10 10 43 0.10 0.21
42 0.10 0.25
5 41 0.23 0.64
Sandy
2 4 conglomerate 43 =0 1 40 0.30 1.00
39 0.23 0.43
5 Sandstone 52 0.10 7 38 0.10 1.00
37 0.10 0.60
Sandy 36 0.50 0.60
6 ey 59 0.50 7
mudstone 35 0.50 0.87
34 0.20 0.40
7 Quariz 64 0.05 5
sandstone 33 0.05 0.08
8 S ) 0.20 6 32 (.20 i
31 0.20 0.33
> Medium 30 0:20 0.35
= ? s 8 020 8 29 0.20 0.40
28 0.23 0.47
e 27 0.30 0.78
10 87 0.30 9
sandstone 26 0.30 0.33
25 0.23 0.43
11 Sandstone 95 0.10 8 24 0.10 1.00
23 0.10 0.33
22 0.17 0.56
Medium 21 0.20 0.67
12 106 0.20 11
P 20 0.20 0.40
19 0.20 0.40
13 Sandy shale 11 0.20 5 18 0.20 0.46
17 0.30 0.75
14 ey 18 0.50 7 16 0.50 0.83
mudstone Is 050 083
15 Sundstone 122 0.10 4 14 0.10 0.19
13 0.17 0.50
16 Sandy shale 127 0.20 5
i 12 020 0.00
e i Aluminum 135 0.40 3 1l 040 0.00
- = ) 10 0.40 0.67
9 0.30 0.50
18 Dolomite 142 0.10 7 8 0.10 0.18
7 0.10 0.20
19 (.ﬂlc:]mm 146 0.40 4 6 .40 0.80
shale
S 0.20 0.50
20 Dolomite 151 0.10 5
4 0.10 0.40
21 Quartzite 155 0.05 4 3 0.05 0.17
2 0.05 0.25
22 Limestone 160 0.05 5
1 0.05 0.17
Coal 163 3

Fig. 10 The borehole log of working face B5 of the Fengfeng coal mining area

An influence function method and its inversion method

The probability integral method is a mining subsidence
prediction model based on a flat-seam ore body (such as a
coal seam), and overburden strata subsidence caused by
unit mining is taken as a stochastic event in the model.

Event probability is represented by subsidence possibility
and strata subsidence. The probability integral method
model was named for its prediction formula containing the
probability integral, and its basis is the theory of the ran-
dom medium (Baochen and Ronggui 1981; Brady and
Brown 2004; Cui et al. 2000, 2001; He et al. 1991;
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Table 2 Geological and mining conditions in different mining areas

Working face Overlying  Geo-mining factors
rock
structure Coal Dip Avg Al.luvial Mining method ~ Method
seam angle mining  soil of roof
thickness () depth layer control
(m) (m) (m)
Standard sample Working face A of the Xieqiao Borehole 2.3 15 550 400 Longwall mining Full
mine in the north area of the  log of on the strike caving
Huainan coal mining area Fig. 5
Samples to be Working face B1 of the No. 4 Borehole 2.6 13 170 15 Longwall mining Full
identified (working mine of the Pingdingshan log of on the strike caving
faces of thin (non- coal mining area Fig. 6
Jalluvium) Working face B2 of the Borehole 2.0 15 230 30 Longwall mining Full
Xinzhuangzi mine in the log of on the strike caving
south area of the Huainan Fig. 7
coal mining area
Working face B3 of the Borehole 2.0 16 320 20 Longwall mining Full
Yuanzhuang mine of the log of on the strike caving
Huaibei coal mining area Fig. 8
Working face B4 of the Borehole 2.1 20 160 17 Longwall mining Full
Quantai mine of the Xuzhou log of on the strike caving
coal mining area Fig. 9
Working face B5 of the Borehole 2.4 11 160 10 Longwall mining Full
Fengfeng coal mining area log of on the strike caving
Fig. 10
Table 3 The general similarity between the samples to be identified and the standard sample
Working face Overlying rock General

structure

similarity (C)

Standard sample

Working face A of the Xieqiao mine in the north

area of the Huainan coal mining area

Samples to be identified
[working faces of thin
(non-)alluvium]

Pingdingshan coal mining area

Working face B1 of the No. 4 mine of the

Working face B2 of the Xinzhuangzi mine in the

south area of the Huainan coal mining area

Working face B3 of the Yuanzhuang mine of the

Huaibei coal mining area

Working face B4 of the Quantai mine of the Xuzhou

coal mining area

Working face B5 of the Fengfeng coal mining area

Borehole log of Fig. 5

Borehole log of Fig. 6
Borehole log of Fig. 7
Borehole log of Fig. 8
Borehole log of Fig. 9

Borehole log of Fig. 10

0.59

0.82

0.68

0.46

0.46

Huayang et al. 2010; Industry SBoC 2004; Kratzsch 1983;
Peng 1992). It has become the most widely used prediction
method in China (He et al. 1991; Industry SBoC 2004).

The probability integral prediction model The probability
integral model is used to illustrate the prediction model of
an arbitrary point on the surface and to express the trough
of surface subsidence caused by unit mining. It can be
derived as follows:

(4)

@ Springer

Considering the three-dimensional situation in Fig. 11,
subsidence of arbitrary point A (x, y) on the surface caused
by coal mining in unit B (s, 7) is as follows:

We(xyy) = _26

—T

(a=s)?

J

+(=1?
)

(5)

When the mining area is O;CDE as shown in Fig. 11,
the prediction formula for subsidence of the arbitrary point
(x, y) caused by the full mining process is as follows:

_ a9 n? +<\ -2
W(x,y) WO r2 7 drds,
0

(6)



A new methodology for studying the spreading process of mining subsidence in rock mass and...

1081

F! /

Y 7&@( 1
|o /A( S,t)
!’ ‘B(S‘,t)
0] | !
/ } / -
Pl ¥
} Ground surface
i
|
\
H,
|
[
|
D -
E 1 D
T4 :
t D,
ﬂ B(s,t)
| S i
0, : g
Coal scam
mgqcosa

Fig. 11 Space coordinate system (/ ground surface, 2 coal seam)

where W, = mg cosa, W, is the maximum subsidence
value for full mining, and m, g, and a stand for mining
thickness, subsidence factor, and coal seam dip angle,
respectively; in r = Hpytan 5, r is the main influence
radius, H, is the average mining depth, and tan f is the
tangent of main effect angle; in the strike calculation length
l=D;—S;—S, and dip calculation length

= (D, — S| — S,y)-sin(8y + a)/sin(fy), 0y is the effect
transference angle, and Sy, S,, S5, and S are the left, right,
raise, and dip deviation of the inflection point, respectively.
The subsidence parameters are shown in Fig. 11.

The inversion calculation method based on the probability
integral model Here, n observation points are set on the
ground movement observation station above the working
face, and the field-measured subsidence of an arbitrary
observation point i (i =1, 2, 3,..., n) is denoted as
Wi-measured- According to the probability integral method
[Eq. (6)], the predicted subsidence, Wi predictea» Of the
arbitrary point i can be expressed as a function of the
independent variable X (x, y) (coordinates of observation
points) and the subsidence prediction parameters (g, f, Si,
S5, 83, S4, 0p), and so Eq. (6) can be expressed as:

Wifpredicled :f(Xiv q,tan ﬁa S1, 82,83, 84, 00) (7)

To build an inversion calculation model of subsidence
parameters, we expand Eq. (7) into the Taylor series (Caro

|

r r |

|
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___________________________ 1
F-F' Section

Cuenca et al. 2013; Ronning et al. 1995). The first
derivative item is taken, and the initial subsidence param-
eters and coordinates of observation points are substituted
into the equation. Therefore, Eq. (7) can be rewritten as
follows:

Wi predicted =flX;, (@)gs (tan B)g, (S1)g, (S2)gs (S3)g» (Sa) s (00)0}

of o, of of
T2t Fan gt P as A T A%

o o o
+§A53 +6S4AS4+69 Aby, (8)

where (g)o, (tan B)o, (S1)o, (S2)0, (S3)0, (S4do, (Oo)o are the
initial approximation subsidence parameters.

According t0 Wi measurea and Wipredicied> an error equa-
tion can be obtained as follows:

Vi= Wi—predicled — Wi_measured
of of
= (Wifpredicted)o + a_ Aq + dtan ﬁ ﬁ + _ASI
of of of o4
TSy + L ASs + T ASy + T AOy — Wi measureds
+6S2 2+6S3 3+6S 4+600 0~ easured

©)
where (Wz predlcted)O = f[Xza (61)0» (tan ﬂ)Oa (51)07 (SZ)Oa (S"&)O’

(S4)(), (90)0] Assumlng that l - (Wl predlcted)() - l measured
(i=1,2,3,...,n), the matrix form of Eq. (9) is as follows:
V=B Z+L (10)
nxl nx77x1 nx1
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of of of
(6 tan ﬁ) 1 <6_S1> 1 <6_52> 1
o o of o
(6 tan ﬁ) 2 (6_51) 2 (6_52) 2 (6_53> 2

of 5\ () (o
(eann), (), (5), (),

although we know that the maximum subsidence W in the
influence function (Eq. 6) is fixed, in order to obtain the
most realistic parameters, we still take subsidence ¢ as a
variable in the inversion calculation method. When the
subsidence parameters (g, f5, S, Sa, S3, S4, ) are viewed
as variables, Eq. (6) can be expressed as Eq. (7) and fur-
ther rewritten as Eq. (8).

o
(65,

Using the principle of least squares, i.e., V'V = min, we
can obtain the normal equation:

B'™BZ +B'L=0

(11)

Solving Eq. (11), parameter correction can be achieved;
by adding the correction to the initial approximation
parameters, we can obtain accurate parameters.

The maximum subsidence W, is fixed for a mine. Based
on the function W, = mq cosa, we can obtain the subsi-
dence factor g. In this study, however, we did not use the
maximum subsidence to obtain the subsidence factor ¢, for
two main reasons. First, the maximum subsidence appears
only by extending the range of extraction to the critical
area, and the subsidence factor g can be obtained using the
maximum subsidence. At present, it is difficult for the size
of a working face to reach the critical area. Second, if we
use only maximum subsidence W, to obtain the subsi-
dence factor ¢, the fit is good at the location of the
maximum subsidence and poor in other areas. A good
overall fit is vital in mining subsidence theory, so the
subsidence factor ¢ is taken as a variable. Through the
circle variation of subsidence factor g and other parame-
ters such as those in Eq. (7), we can use the principle of
least squares to fit the predicted subsidence of the moni-
tored sample and obtain more realistic subsidence
parameters, including subsidence factor ¢q. Therefore,

Using the aforementioned inversion calculation method,
we obtained the ground subsidence parameters of working
face B2 of the Xinzhuangzi mine (Table 4). The calculated
subsidence parameters are also considered as the bedrock
surface subsidence parameters of the CMATAS of the
Xieqiao mine.

Calculation results

Based on the field-measured subsidence parameters of
working face B2 (Table 4) and Eq. (6), the bedrock sur-
face subsidence of working face A can be predicted using
the probability integral prediction model. The bedrock
surface subsidence profile of the CMATAS of the Xieqiao
mine is shown in curves (2) of Figs. 12 and 13, which are
taken as the lower boundary conditions of the thick
alluvium.

The field-measured ground subsidence of working face
A (Fig. 4 is the GMOS, and we use levelling to monitor the
ground subsidence of observation points) is shown in
curves (1) of Figs. 12 and 13, which is taken as the upper
boundary conditions of the thick alluvium.

We have determined the geological and mining condi-
tions of the CMATAS of the Xieqiao mine during under-
ground mining and obtained the upper and lower boundary
conditions of the thick alluvium in the Xieqiao mine.

Table 4 Field-measured ground subsidence parameters of the Xinzhuangzi mine in the south area

Subsidence  Tangent of main  Effect Left deviation of Right deviation of Raise deviation of Dip deviation of
factor (g) effect angle (tan transference inflection point S; inflection point S, inflection point S; inflection point S,
P angle, 0, (°) (m) (m) (m) (m)

0.81 1.9 82 10 —4 8 —6
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Fig. 13 Subsidence of working surface A in the Xieqiao mine in the north area along the dip direction

Consequently, we can carry out analysis of the spreading
process of mining subsidence in the rock mass and alluvial
soil.

Spreading of mining subsidence in rock mass
and alluvial soil

Spreading inside rock mass

As shown in curves (2) of Figs. 12 and 13, the underground
mining space (goaf) is shaped after coal is mined out; when
the space/goaf is large enough, the overlying strata is
damaged, and caving, fracture, and bend zones form in the
strata from the bottom to the top. Meanwhile, the under-
ground space is transferred up through the rock mass, and

the subsidence trough is first formed on the bedrock sur-
face. The curves (2) illustrate bedrock subsidence profiles
along the strike and dip directions.

According to the data obtained, the thickness of the coal
seam is about 3.0 m after mining; however, from curves
(2), the maximum subsidence of the bedrock surface is
about 2.3 m (2300 mm). In other words, during the
spreading process of mining subsidence inside the rock
mass, subsidence weakens. After the bedrock over the coal
mining panel is broken, the broken rock mass will expand
and the rock fracture will increase (Brady and Brown 2004;
Hao 1988; He et al. 1991; Peng 1992). In this way, the
extraction space underground is fixed; when the gap
(space) contained inside the rock mass increases, the bed-
rock surface subsidence should decrease. Therefore, the
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expansion of broken rocks and increasing gaps (space)
inside broken rocks are responsible for the weakening of
the bedrock surface subsidence.

Spreading inside alluvial soil

The thickness of alluvium in the Xieqiao mine is about
400 m. The bedrock surface subsidence space (i.e., the
bedrock surface subsidence trough) spreads continually to
the alluvial mass, and eventually a ground subsidence
trough is formed. Based on the field-measured ground
subsidence of the Xieqiao mine (GMOS in Fig. 4), the
ground subsidence profiles along the strike and dip direc-
tions are shown in the curves (1) of Figs. 12 and 13. The
maximum ground subsidence is about 2.0 m (2000 mm).

If alluvium of 400-m thickness is taken as rock mass, the
degree of ground subsidence when the bedrock surface
subsidence spreads to the ground through the rock mass is
unknown. However, we can calculate the subsidence using
the influence function, i.e., the probability integral pre-
diction method:

e The primary premise and hypothesis of the probability
integral prediction method is based on the sandbox
model, which considers large areas of broken rock mass
from underground coal mining as sand; therefore, rock
mass subsidence behaves in a manner similar to the
hourglass model. According to current data (Baochen
and Ronggui 1981; Brady and Brown 2004; Hao 1988;
Hao and Ma 1985, 1986; He 1982; He et al. 1991;
Industry SBoC 2004; Kratzsch 1983; Liu 1981; Sui
1992; Wu et al. 2013; Yuan and Wu 2003; Zhang et al.
1999), the probability integral prediction method is
suitable for the N-CMATASSs, and the overall accuracy
of the calculation is quite high. Based on the features of
the influence function, we can obtain the ground
subsidence after the 400-m alluvium is taken as rock
mass.

e According to the field-measured subsidence parameters
of working face B2 (see Table 4), we calculate
subsidence up to the ground surface—coal mining
depth increased by 400 m from the coal mining face to
the bedrock surface—using the probability integral
prediction model to obtain the ground subsidence
transferred from the bedrock surface subsidence of
the Xieqiao mine. The final calculated ground subsi-
dence profiles are shown in curves (3) of Figs. 12 and
13 (taking alluvium as rock mass). From curves (3), the
calculated maximum ground subsidence is about
1.22 m (1220 mm).

From curves (1) and (3) in Figs. 12 and 13, we can see
that the ground subsidence value transferred from the
bedrock surface subsidence through the thick alluvial mass
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is greater than that transferred from the bedrock surface
subsidence through the rock mass. The maximum differ-
ence in the ground subsidence formed while spreading
between the thick alluvium and the rock mass reaches
780 mm. Curve (4) shows the difference between curve (1)
and corresponding curve (3). Alluvium exhibits compres-
sion and consolidation characteristics, while rock mass
features broken expansions. The different properties of the
alluvium and rock mass cause differences in ground
subsidence.

The thick alluvium is disturbed during the progression
of bedrock surface subsidence spreading through the allu-
vium to the ground surface, and the disturbance can alter
the internal structure of the alluvium, resulting in addi-
tional stress. For example, pore water inside the alluvium is
extruded and pore pressure in the disturbed location
increases, adding stress inside the alluvium (Brady and
Brown 2004; He et al. 1991; Huayang et al. 2010; Industry
SBoC 2004; Kratzsch 1983; Peng 1992; Zhou 2014; Zhou
et al. 2015). Under this additional stress, the thick alluvium
experiences compression deformation, which causes addi-
tional subsidence inside the alluvium. This additional
subsidence would increase the ground subsidence in the
CMATAS in the Xieqiao mine. This is the first reason that
the ground subsidence in a CMATAS is greater than that in
an N-CMATAS.

The influence of the thick alluvium on the goaf in the
form of load results in compact fractured rock mass, and
more closed separated layers are formed, thus inhibiting
developments in the height of the fractured water-con-
ducting zone. The rock gap (space) displaced is transferred
to the bedrock surface in the form of subsidence, which
increases the subsidence of the bedrock surface and further
increases the ground surface subsidence. Such subsidence
caused by the influence of thick alluvium on the goaf is
referred to as synergy subsidence between the thick allu-
vium and goaf. This is the second reason for the greater
surface subsidence in a CMATAS than in an N-CMATAS.

The additional subsidence inside the thick alluvium and
the synergy subsidence between the thick alluvium and
goaf are together defined as the response of soil to mining
subsidence, which is different from mining subsidence
under conventional geological conditions (N-CMATASS).
Therefore, it is clear that the field-measured ground sub-
sidence [curves (1) of Figs. 12 and 13] includes the
response of soil to mining subsidence, which explains why
mining subsidence in coal mining areas with thick alluvium
is so complex.

According to the analysis above, curves (1) of Figs. 12
and 13 is the field-measured ground subsidence curve,
which is a composite subsidence curve integrating the
response of the soil to mining subsidence. Therefore,
curves (4) of Figs. 12 and 13 acquired by curves (3)
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subtracted from curves (1) reflect all additional subsidence
of the alluvial mass—the response of the soil to mining
subsidence. Curves (4) of Figs. 12 and 13 show that the
maximum additional subsidence of working face A in the
Xieqiao mine amounts to 780 mm (the total amount of the
response of the soil to mining subsidence).

What is the extent of vertical subsidence induced by
thick alluvium? In other words, to what degree does the
response of thick alluvium to mining subsidence account
for of the total ground subsidence? It is difficult to answer
this question using existing methods. In this study, there-
fore, we put forward a new approach to solving the prob-
lem. Using this approach, we can determine the response of
soil to mining subsidence. This novel method can be uni-
versally applied, supports new ideas and technical
approaches for researchers in the field, provides measured
data for research on mining subsidence in areas covered
with thick alluvium, and promotes more comprehensive
development of the subject. The proposed method was
successfully applied in the Huainan coal mining area in
China (3).

Conclusions

In this work, we have analyzed the unique features and the
results of the present research on ground subsidence in
CMATASS. In addition, we have identified the shortcom-
ings of current research methods, which mainly involve
numerical/physical simulation and theoretical analysis, and
lack convincing verification in the form of field-measured
data, which limits the applicability of the research results
and leads to weak practicability.

In this study, from the perspective of fully utilizing
field-measured data, we have proposed a new approach to
compensate for the shortfalls and to study the response of
soil to mining subsidence in CMATASs, and we have
presented an overview of the research and methodology of
the approach. A prominent feature of the proposed
approach is that the overlying rock mass and alluvium are
regarded as a dual medium, and can be separated through
the measured data of the upper and lower boundaries of the
thick alluvium, which compensates for the shortage of
measured data in current study methods. The proposed
method was successfully applied in the Huainan coal
mining area in China.

The method proposed in this study, with its universal
applicability, provides a new conceptual and technical
approach for researchers in the field. In addition, it can
provide measured data for research of mining subsidence in
areas covered with thick alluvium, promoting a more
comprehensive development of the subject.
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