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Abstract
The water-blocking property of clay at the bottom of the Cenozoic overburden is an important factor for mining safety and 
protecting underground latent water resources in thin bedrock coal seam mining. The failure mechanism of such a clay is 
studied based on the actual engineering background of the SanYuan Coal Mine. The failure of the overlying clay layer is due 
to the reduction in the supporting space of the clay layer with the progression of coal mining, and the overlying clay layer 
will subside due to the self-weight load. Therefore, the vertical stress, horizontal stress and shear stress of the soil change 
during subsidence, and the change in these stresses determine whether the clay layer fails. Then, the failure criterion of soil 
expressed by the vertical stress, horizontal stress and shear stress is derived based on Mohr–Coulomb shear failure theory. 
Next, the function relating the stress and subsidence magnitudes are established by fit analysis. Finally, a failure criterion 
expressed in terms of soil subsidence amount is presented. Based on the failure criterion expressed by soil subsidence amount, 
a method for soil failure discriminant is proposed, in which only the subsidence amount is necessary to judge the soil failure 
state. This method is applied to the engineering of the SanYuan Coal Mine to get the failure subsidence amount curve of clay 
layer I. The results show that the failure subsidence amount curve plots below the subsidence amount curves of clay layer 
I at any advancing distance; that is, the clay layer did not fail. An investigation of the source and amount of water inflow to 
the 3301 working face also verifies that the clay layer does not fail, and the failure discriminant method used to judge the 
failure state of the soil is appropriate and convenient for use in engineering applications.
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Introduction

Environmental problems, such as a shortage of water 
resources and surface degradation caused by coal mining, 
are becoming increasingly prominent as the intensity of coal 
mining in China increases. This is especially true in the mid-
west areas, where underground latent water resources are 
widely distributed in the Cenozoic overburden. The damage 
of underground latent water resources is particularly evi-
dent in the coal seam mining process (Zhang et al. 2010a, 
2017; Bai et al. 2013). Therefore, ideas and methods, such 

as “Green Coal Mining (Qian et al. 2003, 2006; Qian 2010)” 
and the “Coexistence of Coal and Water (Fan 2005, 2011; 
Fan et al. 2009)”, have been proposed. These ideas and 
methods have provided new methods for the protection of 
underground latent water resources (Ma et al. 2016a, 2017).

To find solutions to specific problems, such as main-
taining the safety of coal seam mining and researching the 
water-blocking mechanisms of rock or clay, scholars in 
China and abroad have carried out a series of useful stud-
ies by establishing safety assessment methods, conducting 
field measurements and running numerical simulations (Ma 
et al. 2016b). For example, put forward the concept of the 
risk coefficient of water inrush in loose porous aquifers and 
the clay at the bottom of the Quaternary system can be used 
as part of the mining protection layer (Meng et al. 2013; 
Sun et al. 2004; Dong and Cai 2006; Zhou et al. 2018a, 
2019; Du et al. 2013). These studies provide guidance to 
improve the extent of coal seam mining under thin bedrock. 
Simultaneously, the problem of mining subsidence in thick 
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loose overburden deserves attention, and some scholars have 
proposed new methods of subsidence prediction for thick 
unconsolidated layers based on field test data (Yang and Xia 
2013; Zhou et al. 2016).

Much research has also been conducted on the protec-
tion of water resources. The influence of coal mining on 
underground latent water resources was divided into four 
categories: serious, moderate, slight, and no water loss, and 
an aquifer-protection mining technique can be successfully 
applied by modifying a few mining parameters, such as min-
ing height or advance rate. Meanwhile, the key factor in pro-
tecting underground latent water resources is the thickness 
of the weathered bedrock located immediately below the 
aquifer (Zhang et al. 2011; Qiao et al. 2017; Xu et al. 2018). 
Mining activities can cause not only surface and subsurface 
water loss but also chemical, trace metal and microbiologi-
cal pollution of surface and subsurface water (Tiwary 2001; 
Dhakate et al. 2008; Ma et al. 2019; Arkoc et al. 2016).

The failure of bedrock in thin bedrock coal seam mining 
has obvious dynamic pressure and bench convergence char-
acteristics, which are different from the failure of coal seam 
mining under normal thickness bedrock, and the develop-
ment of water flowing fractured zone is also different from 
that of normal thickness bedrock (Du et al. 2013; Palchik 
2003; Xuan 2008; Yang and Xia 2018).

The clay layer at the bottom of the Cenozoic overburden 
is an important water-blocking structure in the case with 
water flowing fractured zone penetrate through the thin 
bedrock and plays an important role in preventing water in 
porous aquifers and phreatic aquifers from flowing to the 
working face (Ma et al. 2016b, 2018). In addition, the prop-
erties, distribution characteristics and mining failure char-
acteristics of clay have important influences on the water-
blocking performance of clay (Zhang et al. 2010b; Li et al. 
2017; Xu 2004a). Determining the failure law of clay layer 
over thin bedrock and the clay water-blocking mechanism 
are new problems that need to be solved (Zhou et al. 2018b). 
At present, the answers to these problems are still being 
explored by laboratory testing and numerical simulation. For 
example, one study found that the failure of clay aquifuge 
is a gradual process and it has a threshold effect, which is 
presented based on physical simulations (Zhang et al. 2018).

This paper analyses the failure mechanism of clay in coal 
seam mining under thin bedrock by combining theoretical 
analyses and numerical simulations based on the geological 
conditions of mining area No. 3 in the SanYuan Coal Mine. 
Additionally, the water inflow was observed during min-
ing of the 3301 working face, and a water quality test was 
performed, both of which were used as verifying methods.

General situation of engineering geology

The SanYuan Coal mine is located in the ChangZhi Basin, 
which is in the southeastern part of the QinShui Coal Field. 
The Quaternary overburden fully covers this area, and the 
dip angle of the stratum is generally less than 8°. The basic 
geological conditions of mining area No. 3 are as follows. 
First, the thickness of the No. 3 coal seam is 6.7–7.5 m, and 
the bedrock thickness is 36.0–75.1 m (Fig. 1). The thickness 
of the Quaternary overburden is 166.7–206.6 m (Fig. 2). 
Second, the bedrock is thinner in the east and thicker in the 
west, while the distribution of the Quaternary overburden is 
opposite to that of the bedrock.

The 3301 working face, which was the first to be 
exploited, is located in the eastern region of mining area No. 
3. The bedrock thickness is less than 50 m, while the thick-
ness of the Quaternary overburden is greater than 200 m 
in most areas of the 3301 working face. According to the 
classifications of bedrock thickness given in the relevant 
literature (Fang et al. 2008), (1) if the bedrock thickness is 

Fig. 1  The contour map of the bedrock thickness

Fig. 2  The contour map of the Quaternary overburden thickness
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less than the height of the caving zone, it is called ultrathin 
bedrock; (2) if the bedrock thickness is greater than the 
height of the caving zone and less than the height of the 
water flowing fractured zone, it is called thin bedrock; and 
(3) if the bedrock thickness is greater than the height of the 
water flowing fractured zone, it is called normal thickness 
bedrock. Therefore, the coal seam in the 3301 working face 
is exploited under the typical geological conditions of a thin 
bedrock and a thick overburden.

The Quaternary overburden in the mining area No. 3 is 
mainly composed of clay or silty clay and has a reddish 
brown or yellowish brown colour. The Quaternary overbur-
den has multiple porous aquifers that are moderately water-
rich and are mainly composed of sand. The clay layers and 
porous aquifers are stratiform interphase, as shown in Fig. 3. 
The porous aquifer near the surface is a phreatic aquifer and 
extremely water-rich, with a great capacity for water stor-
age. Therefore, surface water ponds, which are shown in 
Fig. 4, have formed in low-lying areas or by manual excava-
tion due to the subsurface water level emerge naturally. The 
catchment area of the largest water pond is approximately 
105,740 m2, and the volume of water is approximately 
191,682 m3.

Theoretical analysis of clay failure

Basic clay properties

According to the tests conducted on the samples, the soil 
of the Quaternary overburden has the following basic char-
acteristics. (1) This soil is mainly composed of clay with a 
plasticity index greater than 17 and, to a lesser degree, silty 
clay with a plasticity index between 10 and 17. (2) The coef-
ficient of the vertical permeability of the clay is less than 
10−4 cm/s and decreases to  10−6–10−8 cm/s as the burial 
depth increases, as shown in Table 1. That is, this clay is 
low-permeability or extremely low-permeability clay. (3) 
The liquidity index of most shallow clays are between 0 and 
0.75, which are in a plastic or hard plastic state. At the same 
time, the liquidity index of most deeper clays are less than 
or equal to 0, which are in a hard state (shown in Fig. 5).

According to related research (Li et al. 2017; Xu 2004b; 
Liu 2016; Chen 1997), clay with the above-mentioned prop-
erties is generally favourable to use in engineering geology 
because it has well water-blocking performance before 
failure.

The stress–strain relationship obtained by unconfined 
compressive strength tests are shown in Fig. 6; clearly, the 
unconfined compressive strength and the corresponding 
axial strain of the soil specimens vary with burial depth. 
The clay has a post-peak effect and still has considerable 
residual strength after reaching peak strength when the 

burial depth is less than 101.5 m. In contrast, when the 
burial depth is greater than 142.8 m, the strain that clay 
can bear decreases and the clay will rapidly undergo failure 
after reaching its peak strength. Therefore, shallow clay has 
obvious plastic characteristics and can withstand relatively 

Fig. 3  Stratigraphic column of No. 4 borehole
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strong deformation, while deeper clay exhibits brittle char-
acteristics and is unable to withstand large deformation. 
In addition, the unconfined compressive strength of the 
clay significantly improves with increasing burial depth; 
the unconfined compressive strength of the clay buried to 

162.9 m is 334.43 kPa, which is 5 times that of the clay 
buried to 42.7 m.

Failure mechanism of clay

The clay layer that overlies the thin bedrock will deform or 
even fail with the deformation and caving of the bedrock as 
the coal seam is continuously exploited, as shown in Fig. 7. 
The process of deformation or failure of the overlying soil 
layer can be divided into three stages. First, the coal seam 
is mined out. Second, the bedrock collapses or fractures. 
Third, the collapse or fracture of the thin bedrock leads to 
the reduction in the supporting space of the overlying soil 
layers, and the overlying soil layers will subside due to the 
self-weight load. Then, the overlying soil layers undergo 
deformation or failure. Consequently, the essential cause of 
the deformation or failure of the clay layer is the reduction 
in the supporting space in its lower part.

The overlying soil layer will subside due to the self-
weight load when the supporting space decreases; conse-
quently, the normal stress and shear stress in an arbitrary 
section at each point in the soil changes before the overly-
ing soil layer is re-compacted on the collapsed or cracked 
bedrock. Shear deformation occurs in the soil due to the 
shear stress, and shear failure occurs if the shear stress in a 
certain section plane of the soil reaches the shear strength 
(Su 2015).

Coulomb put forward a formula for the shear strength of 
soil based on direct shear test results.

where � is the shear stress acting on the shear failure plane, 
� is the normal stress acting on the shear failure plane, � is 
the internal friction angle of the soil, and c is the cohesion 
of the soil in Formula (1).

On the basis of Coulomb’s research, Mohr put forward 
the theory that materials fail by shear failure and that there 
is a certain functional relationship between shear stress and 
normal stress on the failure plane, which is described by 
Formula (2).

(1)� = � tan� + c,Fig. 4  Surface water ponds formed in low-lying areas or by manual 
excavation

Table 1  Properties of the clay 
samples

Samples number Burial depth (m) Density (g/cm3) Cohesion (kPa) Internal 
friction 
angle (°)

Vertical perme-
ability coefficient 
(cm s−1)

2–20 27.8 1.94 70.7 21.2 1.60 × 10−4

2–27 42.7 1.90 46.8 21.9 –
2–50 66.7 1.93 105.3 21.3 2.12 × 10−7

2–69 87.9 2.05 – – 4.85 × 10−7

2–80 121.8 2.03 162.0 28.6 –
2–83 142.8 1.98 – – 5.33 × 10−8

2–84 154.4 2.15 104.5 29.1 4.95 × 10−8
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The failure criterion of the above-mentioned Mohr–Cou-
lomb strength theory is based on whether the shear stress 

(2)� = f (�).

reaches the shear strength of soil. According to Mohr–Cou-
lomb strength theory, the Mohr–Coulomb shear strength 
envelope can be drawn in the same coordinate space as 
the Mohr stress circle. Then, it can be determined whether 
the soil fails on the basis of the relationship between the 
Mohr–Coulomb shear strength envelope and the Mohr stress 
circle, as shown in Fig. 8.

When the Mohr stress circle (round I in Fig. 8) plots 
below the shear strength envelope, that is, the shear stress at 
any section plane in the soil is less than the shear strength 
of the soil, the soil will not experience shear failure. If the 
Mohr stress circle is tangent to the shear strength envelope 
(round II in Fig. 8) at tangent point A, the shear stress acting 
on the section plane of point A is equal to the shear strength 
of the soil, and the soil is in the ultimate equilibrium state. 
The Mohr stress circle under this condition is called the ulti-
mate stress circle.

Failure criterion expressed by soil subsidence 
amount

The ultimate equilibrium conditions of shear failure 
expressed by the maximum principal stress �1 and minimum 
principal stress �3 can be established according to the geo-
metric relationship between the ultimate stress circle and the 
shear strength envelope, as shown in Fig. 9.

The shear strength envelope intersects the � axis at point 
O

′′ , and the shear failure ultimate equilibrium conditions 
expressed by the maximum principal stress �1 and minimum 
principal stress �3 can be obtained from geometric relations 
of the right triangle O′

AO
′′.
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Fig. 7  Sketch map of the deformation and failure of clay
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Simplifying Formula (3) gives

The trigonometric function transform of Formula (4) 
gives

Formula (5) represents the relationship between the 
maximum principal stress �1 , minimum principal stress �3 , 
internal friction angle � and cohesion c of a soil unit in 
its ultimate equilibrium state. Therefore, the relationship 
between �1 , �3 , � and c should satisfy the conditions shown 
in Formula (6) to ensure that the soil is not failing.

The geometric relationship between the stress compo-
nents in each section plane of a point in the soil can be 
expressed by the Mohr stress circle (Su 2015), and the 
stress state of the soil unit is shown in Fig. 10. Points A and 
B are drawn according to coordinates ( �z,�zx ) and ( �x,�xz ). 
The Mohr stress circle is drawn with the midpoint C along 
the line segment AB and the diameter of line segment AB 
(Fig. 10). �zx = −�xz by the shear stress reciprocity theorem.

The Mohr stress circle intersects the � axis at points D 
and E, and the shear stress at these two points is zero. Simul-
taneously, the positive stress at point D is the maximum 
principal stress �1 of the unit, and the positive stress at point 
E is the minimum principal stress �3 of the unit. Then, �1 and 
�3 can be calculated by Formulas (7) and (8) on the basis of 
the geometric relationship.

(4)�1 − �3
1 + sin�
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Substituting Formulas (7) and (8) into Formula (6), the 
relationship between �z , �x , �zx , � and c is obtained when the 
soil is not failing, as given in Formula (9).

Let tan
(

�

4
+

�

2

)

 be factor � ; then, Formula (9) can be 
simplified to Formula (10).

Formula (10) shows that the change of vertical stress �z , 
horizontal stress �x and shear stress �zx determine whether 
the soil is in failure. The soil subsidence, which is caused 
by coal seam mining, leads to the change of vertical stress 
�z , horizontal stress �x and shear stress �zx . Thus, the func-
tional relationship between soil subsidence amount Δz and 
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Fig. 9  Limit equilibrium conditions of soil failure

Fig. 10  Mohr stress circle of a soil unit: a stress state of the soil unit; 
b Mohr stress circle
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vertical stress �z , horizontal stress �x and shear stress �zx can 
be established:

Formula (12) can be obtained by substituting Formula 
(11) into Formula (10).

Formula (12) is the failure criterion of soil expressed by 
subsidence amount Δz and is a single-variable expression. 
This criterion can provide a new method for judge the failure 
conditions of the clay in thin bedrock coal seam mining.

Numerical analysis of the failure of clay

This section aims to establish the functional relationship 
between soil subsidence amount and the corresponding 
stress in thin bedrock coal seam mining by numerical analy-
sis, and the software used is  FLAC3D (ITASCA Consulting 
Group, USA). Then, the failure criterion that is expressed 
in terms of subsidence amount is established according to 
the fit functional relationship between subsidence amount 
and stress.

Build model

A model with brick units is generated, and the total number 
of units in the model is 501,760. The constitutive model 
of the geomaterials is the Mohr–Coulomb plastic model, 
which is a general constitutive model suitable for typical 
rocks and soils and is widely used in underground excavation 
design, slope stability analysis and other fields.  FLAC3D is a 
finite difference software that adopts the numerical calcula-
tion method of the fast Lagrangian analysis of a continuum. 

(11)�z = fz(Δz) , �x = fx(Δz) , �zx = f�(Δz).

(12)

(

1 − 𝜍2
) f

z
(Δz) + f

x
(Δz)

2

+
(

1 + 𝜍2
)

√

(

f
z
(Δz) − f

x
(Δz)

2

)2

+ f
2

𝜏
(Δz) − 2c𝜍 < 0.

Therefore, it does not allow unit separation and shedding, 
and the difference in the coordinate values of the unit mesh 
nodes is no greater than 1 × 10−7.

The size of the model in the x, y, and z directions, 
which were modelled on the basis of the stratigraphic 
column shown in Fig.  3, is 490 m × 320 m × 282 m 
(length × width × height), and the physical and mechanical 
parameters of each rock and soil layer are shown in Table 2. 
The mechanical parameters in Table 2 are derived partly 
from laboratory tests and partly from the existing literature. 
The mechanical parameters obtained from the laboratory 
tests are as follows: the cohesion, internal friction angle 
and density of the clay and the tensile strength and density 
of the rocks. Other mechanical parameters that cannot be 
obtained directly due to the limitation of the test conditions 
are obtained from relevant references (Du et al. 2013; Fang 
et al. 2008; Jiao et al. 2012), and the mechanical parameters 
recorded in the relevant literature were obtained from adja-
cent coal mines under the same geological conditions in the 
same mining area. Each rock and soil layer are built as a 
horizontal stratum because the dip angles of the strata are 
less than 8° (see Fig. 11). 

The x direction of the model is the advancing direction of 
the working face; the model has a length of 490 m, and the 
boundary is 50 m on both sides in x direction of the model. 
The y direction is the working face length direction, and 
its length is 320 m; however, because the actual length of 
the 3301 working face is 220 m, and the boundary is 50 m 
on both sides in y direction of the model. The z direction 
is vertical, and the model height is 282 m, which contains 
the 30 m floor, 7 m coal seam, 52 m bedrock and 193 m 
overburden.

Reserved boundaries are set between the front, back, left, 
right, bottom and research area (that is, the overlying soil 
layers) of the model; therefore, the front (Y = 0 m), back 
(Y = 320 m), left (X = 0 m), right (X = 490 m) and bottom 
(Z = 0 m) of the model are set as displacement boundaries 
that restrict the normal displacement, which is to prevent the 
overall movement of the model. The boundary conditions 

Table 2  Physical and mechanical parameters of the model

Lithology Modulus of elas-
ticity (GPa)

Poisson’s ratio Cohesion (MPa) Tensile strength 
(MPa)

Internal friction 
angle (°)

Density (kg/m3)

Sand 10 kPa – 200 Pa 200 Pa 20.0 1690
Clay 0.021 0.35 0.162 0.195 28.6 1990
Fine sandstone 38.0 0.25 5.91 1.98 24.4 2744
Medium sandstone 35.0 0.25 5.20 1.09 30.5 2672
Sandy mudstone 16.3 0.26 3.45 0.59 29.0 2548
Mudstone 12.1 0.28 2.30 0.47 20.9 2640
Coal 5.0 0.23 2.03 0.31 43.0 1600
Floor 35.00 0.25 5.20 1.52 30.5 2672
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are set as follows: (1) the bottom (Z = 0 m) of the model has 
a displacement boundary condition that restricts the nor-
mal displacement and the top (Z = 282 m) of the model is 
the surface, which is a free boundary, consistent with the 
real condition. (2) The front (Y = 0 m) and back (Y = 320 m) 
of the model have displacement boundary conditions that 
restrict the normal displacement. Similarly, the left (X = 0 m) 
and right (X = 490 m) of the model are have displacement 
boundary conditions that restrict the normal displacement.

In the simulated excavation, the open-off cut is at the left 
50 m of the model. One step is 15 m, and excavation gradu-
ally continues to the right along the x direction, 26 excava-
tion steps are applied in total. The measurement points are 
located along the x direction in each rock or clay stratum, 
and each measurement point is at the midpoint of the y direc-
tion. A diagram of the measurement point arrangement is 
shown in Fig. 12.

Analysis of the relationship between the clay 
subsidence amount and stress

The change of the clay stress is mainly caused by mining-
affected deformation; thus, a function relationship between 
subsidence amount Δz and its corresponding vertical stress 
�z , horizontal stress �x or shear stress �zx of the clay can be 
determined; then, the failure criterion formula expressed by 
subsidence amount Δz can be presented. The formula pro-
vides a new method for analysing whether clay is in a state 
of failure.

The subsidence amount curves of clay layer I, which is at 
the bottom of the Quaternary system, are shown in Fig. 13 
for different advancing distances.

Figure 13 shows that the subsidence amount of clay layer 
I has the following characteristics. First, the subsidence 
amount curve is relatively gentle when the advancing dis-
tance is less than 120 m, and the subsidence amount curve 

varies sharply when the advancing distance is greater than 
180 m. Second, the maximum subsidence point moves for-
ward as the advancing distance of the working face increases, 
and the final subsidence amount curve is U-shaped.

1. Relationship between the shear stress �zx and subsidence 
amount Δz

Fig. 11  Numerical simulation model

Fig. 12  Arrangement diagram of the measurement points: a 
Y = 250 m section plane; b section plane perpendicular to the z direc-
tion
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The shear stress �zx values of each measurement point 
in clay layer I are shown in Fig. 14 for different advancing 
distances.

As shown in Fig. 14, the variation laws of the shear 
stress distribution curves are basically the same at different 
advancing distances. Meanwhile, the shear stress at the left 
side of the model, when the x coordinate is less than 170 m, 
is negative, and the shear stress at each measurement point in 
the middle and right side of the model (x coordinate greater 
than 170 m) has a positive value or negative value. Another 
observation is that mining has a great influence on change 
in the shear stress, and the variation in shear stress affected 
by mining is in the range − 82.16 to 634.16%.

Taking the advancing distance as the abscissa and the 
subsidence amount Δz and shear stress �zx as the ordinates, 
the corresponding relation between subsidence amount Δz 
and shear stress �zx is shown in Fig. 15. This figure shows the 
corresponding relationship between the subsidence amount 
and the shear stress at the X = 110 m measurement point in 
clay layer I.

Hence, a scatter diagram is plotted, in which the subsid-
ence amount values Δz at the X = 110 m measurement point 
are independent variables and its corresponding shear stress 
�zx values are dependent variables. We can then fit and ana-
lyse their functional relation and establish their fit function 
expressions. For instance, the scatter diagram and best-fit 
curve between subsidence amount Δz and its correspond-
ing shear stress �zx at the X = 110 m measurement point are 
shown in Fig. 16. A quartic polynomial [as shown in For-
mula (13)] and GaussAmp nonlinear function [as shown in 
Formula (14)] are used for the fit analysis.

(13)y = A + B1 ⋅ x + B2 ⋅ x
2 + B3 ⋅ x

3 + B4 ⋅ x
4

(14)y = y0 + Ae
−(x−x0)

2

2W2 .

The adjusted determination coefficient R2
adj

 and residual 
scatter diagram of the Quartic polynomial fit and GaussAmp 
nonlinear fit analysis are shown in Fig. 17, which shows that 
the R2

adj
 determined by the quartic polynomial fit is greater 

than that of the GaussAmp nonlinear fit, while the residual 
values of the quartic polynomial fit are lesser than those of 
the GaussAmp nonlinear fit. This result illustrates that the 
quartic polynomial fit has a better fit effect than the 
GaussAmp nonlinear fit in the shear stress fit analysis.

The fit function expressions between the subsidence 
amount Δz and shear stress �zx at X = 110 m measurement 
point is shown in Formula (15) according to the quartic poly-
nomial fit results.

(15)
�
zx
= f�(Δz) = −17.25175 − 0.35747Δz + 0.00323Δz2

− 5.97083 × 10
−6Δz3 + 8.02662 × 10

−10Δz4.
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Similarly, the fit function expressions between the sub-
sidence amount Δz and its corresponding shear stress �zx of 
other measurement points of clay layer I can be calculated, 
as shown in Table 3.

2. Relationship between vertical stress �z and subsidence 
amount Δz

The vertical stress �z values of each measurement point 
in clay layer I are shown in Fig. 18 for different advancing 
distances.

As shown in Fig. 18, the variation trends of the vertical 
stress distribution curves at different advancing distances are 
basically the same and the curve distribution is characterized 
by a high point on both sides of the model and a dip in the 
middle of the model along the X direction. Meanwhile, the 
vertical stress increases at each measurement point in clay 
layer I under the influence of mining, and this increment 
is 0–10%. Another observation is that with the increase in 
the advancing distance, the vertical stress increases at both 
sides along the X direction of the model but decreases at 
intermediate measurement points.

Taking the advancing distance as the abscissa and the 
subsidence amount Δz and vertical stress �z as the ordinates, 
there is a corresponding relation between the subsidence 
amount Δz and vertical stress �z , as shown in Fig. 19. This 
figure shows the corresponding relation between the subsid-
ence and the vertical stress of the X = 110 m measurement 
point in clay layer I.

Hence, a scatter diagram in which the subsidence amount 
Δz values at the X = 110 m measurement point are independ-
ent variables and its corresponding vertical stress �z values 
are dependent variables can be plotted. We can then fit and 
analyse their functional relation and establish their fit func-
tion expressions. For instance, Fig. 20 shows the scatter 
diagram and best-fit curve between the subsidence amount 
Δz and its corresponding vertical stress �z at the X = 110 m 
measurement point. A quartic polynomial [shown in For-
mula (13)] and GaussAmp nonlinear function [shown in 
Formula (14)] are used for the fit analysis.

The adjusted determination coefficient R2
adj

 and residual 
scatter diagram of the quartic polynomial fit and GaussAmp 
nonlinear fit analysis are shown in Fig. 21. The results show 
that the R2

adj
 and residual values obtained by the quartic poly-

nomial fit and GaussAmp nonlinear fit are similar, illustrating 
that the fit effects of the quartic polynomial fit and GaussAmp 
nonlinear fit are similar in the vertical stress fit analysis.
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Table 3  Fit Function expressions of subsidence amount and shear stress

Measurement point Fit function expressions

X = 50 m �
zx
= f� (Δz) = −105.60559 − 0.27788Δz + 0.00402Δz2 − 1.23526 × 10−5Δz3 + 7.99761 × 10−9Δz4

X = 110 m �
zx
= f� (Δz) = −17.25175 − 0.35747Δz + 0.00323Δz2 − 5.97083 × 10−6Δz3 + 8.0266210−10Δz4

X = 170 m �
zx
= f� (Δz) = −126.97266 − 0.05471Δz − 0.00253Δz2 + 1.26672 × 10−5Δz3 − 1.42135 × 10−8Δz4

X = 230 m �
zx
= f� (Δz) = −144.97653 + 0.50521Δz − 0.00746Δz2 + 2.43962 × 10−5Δz3 − 2.209 × 10−8Δz4

X = 260 m �
zx
= f� (Δz) = 204.84406 + 0.7639Δz − 0.0092Δz2 + 2.88155 × 10−5Δz3 − 2.55047 × 10−8Δz4

X = 320 m �
zx
= f� (Δz) = −89.6546 + 1.98509Δz − 0.01792Δz2 + 4.98579 × 10−5Δz3 − 4.18311 × 10−8Δz4

X = 380 m �
zx
= f� (Δz) = −203.00296 + 0.74186Δz − 0.01141Δz2 + 3.55243 × 10−5Δz3 − 3.05209 × 10−8Δz4

X = 440 m �
zx
= f� (Δz) = −251.56741 − 1.2285Δz + 0.01179Δz2 − 4.02181 × 10−5Δz3 + 4.49153 × 10−8Δz4
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The fit function expressions between subsidence amount 
Δz and vertical stress �z at X = 110 m measurement point is 
shown in Formula (16) according to the quartic polynomial 
fit results.

In the same way, we can calculate the fit function expres-
sions between the subsidence amount Δz and its correspond-
ing vertical stress �z at other measurement points of clay 
layer I, as shown in Table 4.

(3) Relationship between horizontal stress �x and subsid-
ence amount Δz

The horizontal stress �x values of each measure point in 
clay layer I at different advancing distances are shown in 
Fig. 22.

As shown in Fig. 22, the horizontal stress at each meas-
urement point is basically constant when the advancing 
distance is less than 60 m, while it clearly varies when the 
advancing distance is greater than 120 m. Meanwhile, the 

(16)
�
z
= f

z
(Δz) = 3.5211 × 10

6 + 10.00473Δz + 0.01948Δz2

− 1.05448 × 10
−4Δz3 + 9.49403 × 10

−8Δz4.
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horizontal stress distribution is characterized by the lows 
on both sides of the model and a high in the middle along 
the X direction of the model. Another observation is that 
the horizontal stress increases at most of the measurement 
points in clay layer I under the influence of mining, and the 
variation is − 0.03–0.18%. In contrast, the variation in the 
vertical stress affected by mining is 0–0.10%, and the cor-
responding variation in the shear stress is − 82.16–634.16%, 
which illustrates that coal mining has the greatest influence 
on shear stress, followed by horizontal stress, with the small-
est effect on vertical stress.

Taking the advancing distance as the abscissa and the 
subsidence amount Δz and horizontal stress �x as the ordi-
nates, and there is a corresponding relation between sub-
sidence amount Δz and horizontal stress �x , as shown in 
Fig. 23. This figure shows the corresponding relationship 
between the subsidence amount and the horizontal stress at 
the X = 110 m measurement point in clay layer I.

Hence, a scatter diagram can be plotted in which the 
subsidence amount Δz values at the X = 110 m measure-
ment point are independent variables and its corresponding 

horizontal stress �x values are dependent variables. We can 
then fit and analyse their functional relation and establish 
their fit function expressions. For instance, the scatter dia-
gram and best-fit curve between subsidence amount Δz and 
its corresponding horizontal stress �x at the X = 110 m meas-
urement point are shown in Fig. 24. A quartic polynomial [as 
shown in Formula (13)] and GaussAmp nonlinear function 
[as shown in Formula (14)] are used for the fit analysis.

The adjusted determination coefficient R2
adj

 and residual 
scatter diagram of the quartic polynomial fit and GaussAmp 
nonlinear fit analysis are shown in Fig. 25. The R2

adj
 deter-

mined by the quartic polynomial fit is greater than that of the 
GaussAmp nonlinear fit, while the residual values of the 
quartic polynomial fit are lesser than those of the GaussAmp 
nonlinear fit, illustrating that the quartic polynomial fit has 
a better fit effect than the GaussAmp nonlinear fit in the 
horizontal stress fit analysis.

The fit function expressions between subsidence amount 
Δz and horizontal stress �x at the X = 110 m measurement 

Table 4  Fit Function expressions of subsidence amount and vertical stress

Measurement point Fit function expressions

X = 50 m �
z
= f

z
(Δz) = 3.52143 × 106 + 12.36031Δz + 0.02084Δz2 − 1.68502 × 10−4Δz3 + 2.15482 × 10−7Δz4

X = 110 m �
z
= f

z
(Δz) = 3.5211 × 106 + 10.00473Δz + 0.01948Δz2 − 1.05448 × 10−4Δz3 + 9.49403 × 10−8Δz4

X = 170 m �
z
= f

z
(Δz) = 3.52161 × 106 + 6.07338Δz + 0.05219Δz2 − 1.81654 × 10−4Δz3 + 1.46354 × 10−7Δz4

X = 230 m �
z
= f

z
(Δz) = 3.52116 × 106 + 6.12089Δz + 0.04968Δz2 − 1.6765 × 10−4Δz3 + 1.29934 × 10−7Δz4

X = 260 m �
z
= f

z
(Δz) = 3.52134 × 106 + 6.33927Δz + 0.04376Δz2 − 1.45122 × 10−4Δz3 + 1.08756 × 10−7Δz4

X = 320 m �
z
= f

z
(Δz) = 3.5213 × 106 + 7.46526Δz + 0.02831Δz2 − 9.62481 × 10−5Δz3 + 6.54297 × 10−8Δz4

X = 380 m �
z
= f

z
(Δz) = 3.52136 × 106 + 8.77866Δz + 0.00503Δz2 − 1.0412 × 10−5Δz3 − 2.22977 × 10−8Δz4

X = 440 m �
z
= f

z
(Δz) = 3.52117 × 106 + 26.55482Δz − 0.17188Δz2 + 5.30583 × 10−4Δz3 − 5.42645 × 10−7Δz4
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point is shown in Formula (17) according to the quartic poly-
nomial fit results.

Similarly, we can calculate the fit function expressions 
between the sudsidence amount Δz and its corresponding 
vertical stress �x at other measurement points in clay layer 
I, as shown in Table 5.

(4) Soil failure criterion expressed by subsidence amount Δz
The soil failure criterion expressed by subsidence amount 

Δz can be obtained if the �zx (shown in Table 3), �z (shown 
in Table 4) and �x (shown in Table 5) are substituted into 
Formula (12). For example, �z , �x and �zx at the X = 110 m 
measurement point are substituted into Formula (12). Then, 
the failure criterion expressed by Δz is obtained, as shown 
in Formula (18).

Formula (18) is a discriminant formula for the conditions 
that subsidence amount Δz should satisfy when the clay is 
not in a state of failure.

Procedure of the soil failure discriminant method

On the basis of the measured cohesion c and internal fric-
tion angle � of clay, the failure subsidence amount satisfies 
Formula (18) can be obtained, and the failure subsidence 

(17)
�
x
= f

x
(Δz) = 1.89597 × 10

6 + 25.47879Δz − 0.228Δz2

+ 7.19305 × 10
−4Δz3 − 6.88724 × 10

−7Δz4.

(18)

amount curve can be drawn. Then, the failure subsidence 
amount curve can be compared with the actual subsidence 
amount curve of the soil to judge whether the soil is in a 
state of failure.

Here, we summarize the above-mentioned methods and 
main steps. The procedure of the soil failure discriminant 
method is shown in Fig. 26.

The ultimate goal of this method is to establish the 
expressions of the soil failure criterion expressed by the 
subsidence amount; therefore, it is only necessary to deter-
mine the subsidence amount to judge the failure state of the 
overlying clay layer, and determining whether the overly-
ing clay layer fails or does not have a great influence on 
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the safe mining and protection of underground latent water 
resources. This study provides a new method to distinguish 
whether the overlying clay layer is fails, to better protect 
underground latent water resources.

Engineering application

Calculation of the failure subsidence amount 
of the clay

The 3301 working face was the first mining face and is 
located in eastern mining area No. 3, which is an area with 
the thinnest bedrock. In most areas of the 3301 working face, 
the bedrock thickness is less than 50 m, while the thickness 
of the Quaternary overburden is greater than 200 m. The 
cohesion c and internal friction angle � of the clay in mining 
area No. 3 have been obtained and are shown in Table 1. For 
instance, c = 104500 Pa and � = 29.1◦ are substituted into 
Formula (18) to obtain Formula (19).

(19)

Table 5  Fit Function expressions of subsidence amount and horizontal stress

Measurement point Fit function expressions

X = 50 m �
x
= f

x
(Δz) = 1.89632 × 106 + 27.66691Δz − 0.30947Δz2 + 0.00123Δz3 − 1.54434 × 10−6Δz4

X = 110 m �
x
= f

x
(Δz) = 1.89597 × 106 + 25.47879Δz − 0.228Δz2 + 7.19305 × 10−4Δz3 − 6.88724 × 10−7Δz4

X = 170 m �
x
= f

x
(Δz) = 1.89623 × 106 + 27.28579Δz − 0.19953Δz2 + 5.23625 × 10−4Δz3 − 4.2069 × 10−7Δz4

X = 230 m �
x
= f

x
(Δz) = 1.89588 × 106 + 27.33263Δz − 0.1743Δz2 + 4.10634 × 10−4Δz3 − 3.01609 × 10−7Δz4

X = 260 m �
x
= f

x
(Δz) = 1.89573 × 106 + 23.98683Δz − 0.14627Δz2 + 3.38771 × 10−4Δz3 − 2.44225 × 10−7Δz4

X = 320 m �
x
= f

x
(Δz) = 1.89598 × 106 + 16.87587Δz − 0.08424Δz2 + 1.76222 × 10−4Δz3 − 1.11778 × 10−7Δz4

X = 380 m �
x
= f

x
(Δz) = 1.89616 × 106 − 3.74586Δz + 0.10828Δz2 − 3.75082 × 10−4Δz3 + 3.78956 × 10−7Δz4

X = 440 m �
x
= f

x
(Δz) = 1.89595 × 106 + 19.64234Δz − 0.19309Δz2 + 7.17097 × 10−4Δz3 − 8.33489 × 10−7Δz4

Fig. 26  Procedure of the soil failure discriminant method

Table 6  Failure subsidence amount of clay layer I

Measurement point Failure subsidence amount

X = 50 m 1050.33 mm ≤ Δz

X = 110 m 1310.64 mm ≤ Δz

X = 170 m 1480.74 mm ≤ Δz

X = 230 m 1664.74 mm ≤ Δz

X = 260 m 1671.35 mm ≤ Δz

X = 320 m 1966.71 mm ≤ Δz

X = 380 m 2223.62 mm ≤ Δz

X = 440 m 1475.92 mm ≤ Δz
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Solving Formula (19) obtains − 785.14 mm < Δz <

1310.64 mm , which means that clay layer I will not fail at 
X = 110 m if the subsidence amount Δz satisfies the con-
dition Δz < 1310.64 mm . That is, clay layer I will fail at 
X = 110 m when the subsidence amount is greater than or 

equal to 1310.64 mm . Similarly, the calculated failure sub-
sidence amount at the other measurement points of clay layer 
I are shown in Table 6.

The failure subsidence amount in Table 6 are plotted in 
Fig. 27 to obtain the failure subsidence amount curve of clay 
layer I. Then, the failure state of clay layer I can be judged 
according to the relative relation between the failure subsid-
ence amount curve and the subsidence amount curve. If the 
failure subsidence amount curve plots below the subsidence 
amount curves at any advancing distance, that is, the mining 
subsidence amount of the clay layer is less than its failure 
subsidence amount, the clay layer will not fail. When the 
failure subsidence amount curve plots above the subsidence 
amount curves at any advancing distance, the mining sub-
sidence amount of the clay layer is greater than its failure 
subsidence amount, and the clay layer will fail.

According to Fig. 27, the subsidence amount at each 
measurement point of clay layer I is less than the failure 
subsidence amount. This result indicates that clay layer I at 
the bottom of the Quaternary system in mining area No. 3 is 
within the safe subsidence amount range and that clay layer 
I does not fail during coal seam mining.
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Fig. 27  Discrimination diagram of clay failure

Table 7  Water quality test results of the Quaternary cover layer water sample

Cation Content (mmol/L) Proportion (%) Anion Content (mmol/L) Proportion (%)

K+ 0.021 0.119 Cl− 7.990 45.154
Na+ 4.249 24.012 SO4

2− 4.103 23.187
Ca2+ 8.031 45.386 HCO3

− 5.187 29.313
Mg2+ 5.394 30.483 CO3

2− 0.202 1.142
Fe3+ 0.000 0.00 NO3

− 0.210 1.187
Fe2+ 0.000 0.00 NO2

− 0.003 0.017
NH4

+ 0.000 0.00 PO4
3− 0.000 0.00

Total 17.695 100 Total 17.695 100
Total hardness 671.81 mg/L Total dissolved solid 982.00 mg/L
Total alkalinity 2.538 pH value 8.15

Table 8  Water quality test results of the bedrock section water sample

Cation Content (mmol/L) Proportion (%) Anion Content (mmol/L) Proportion (%)

K+ 0.046 0.360 Cl− 3.601 28.192
Na+ 1.467 11.485 SO4

2− 3.882 30.392
Ca2+ 7.679 60.119 HCO3

− 5.284 41.369
Mg2+ 3.581 28.036 CO3

2− 0.000 0.00
Fe3+ 0.000 0.00 NO3

− 0.000 0.00
Fe2+ 0.000 0.00 NO2

− 0.006 0.047
NH4

+ 0.000 0.00 PO4
3− 0.000 0.00

Total 12.773 100 Total 12.773 100
Total hardness 563.43 mg/L Total dissolved solid 705.00 mg/L
Total alkalinity 2.644 pH value 7.89
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Source and amount of water inflow in the working 
face

1. Source of water inflow in the working face

It is more accurate and appropriate to verify the above-
mentioned soil failure discriminant method with field meas-
urement data of stress and deformations. Because of the 
large amount of work and the long time required for field 
testing of the internal subsidence and stress of the soil, at 
present, only the water quality test and water inflow amount 
results from the 3301 working face were used to identify 
the source of water gushing into the working face, thus indi-
rectly verifying whether the soil is in a state of failure.

The water samples from the porous aquifers 
(6.05–188.78 m) in the Quaternary cover layer and the 
fractured aquifers (188.78–245.00 m) in the bedrock sec-
tion were collected before mining of the 3301 working face. 
Then, the samples were sent to the 212 Geological Labora-
tory of the Geological and Mineral Resources Bureau of 
Shanxi Province to carry out the water quality laboratory 
tests, and the results are shown in Tables 7 and 8.

The water samples from the water gushing point in the 
3301 working face were collected when the 3301 working 
face was being mined (as shown in Fig. 28), and the water 
quality test results are shown in Table 9.

Tables 7, 8 and 9 list the results of the indicators, such 
as the pH value, total hardness, and ion content, at differ-
ent specimen sites. According to the test results, the water 
quality types of the porous aquifers in the Quaternary cover 
layer, fractured aquifers in the bedrock section and gush-
ing point in the 3301 working face are Cl ⋅ HCO3−Ca ⋅Mg , 
HCO3 ⋅ SO4 ⋅ Cl−Ca ⋅Mg , and HCO3 ⋅ SO4 ⋅ Cl−Ca , respec-
tively. The water quality of the water from the gushing point 
in the 3301 working face is similar to that from the frac-
tured aquifers in the bedrock section but is different from the 
porous aquifers in the Quaternary cover layer according to the 
indicator values of the water quality and water quality type.

These results show that the main source of water gush-
ing in the 3301 working face is the fractured aquifers in 
the bedrock section and that the clay layer at the bottom of 
the Quaternary overburden blocks the hydraulic connection 
between the Quaternary cover layer porous aquifers and the 
working face. Moreover, this indirectly indicates that the 
clay layer of the Quaternary cover layer did not fail under the 
condition of thin bedrock (the coal seam thickness is 7.0 m, 
and the bedrock thickness ranges from 48.84  to  52.73 m).

2. Amount of water inflow in the working face

During the 3301 working face mining process, the amount 
of water inflow from the working face is observed, and the 
results are shown in Fig. 29.

Figure 29 shows that the amounts of water inflow at the 
3301 working face are relatively small in each month, and 
there is no obvious change with the increase in the work-
ing face advancing distance. Therefore, there is only one 
source of water (water in fractured aquifers in the bedrock 
section) gushing into the 3301 working face, illustrating that 
the water from the Quaternary cover layer porous aquifers 
and from the surface ponds are not greatly gushing into the 
working face. This indirectly indicates that the clay layer in 
the Quaternary cover layer did not fail under the condition 
of thin bedrock (the coal seam thickness is 7.0 m, and the 
bedrock thickness ranges from 48.84 to 52.73 m).

Fig. 28  Source of water specimens: a water sample taken from the 
Quaternary cover layer; b water sample taken from the bedrock sec-
tion; c water sample taken from the working face
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Conclusion

1. The soil failure criterion expressed by vertical stress, 
horizontal stress and shear stress is derived based on the 
Mohr–Coulomb shear failure theory. Under the condi-
tion of thin bedrock, the mining of coal seam results in 
the reduction in the supporting space in the lower part 
of the overlying soil layers, which will subside due to 
the self-weight load. Consequently, the vertical stress, 
horizontal stress and shear stress of the soil changed 
before the overlying soil layers were re-compacted on 
the collapsed or cracked thin bedrock, and the change of 
vertical stress, horizontal stress and shear stress deter-
mined whether the soil was failing.

2. The fit function relation between the soil subsidence 
amount and vertical stress, horizontal stress, and shear 
stress is established through numerical analysis. Then, 
the expressions of the soil failure criterion expressed 
by the soil subsidence amount are derived. Based on 
this work, a procedure of the soil failure discriminant 
method is proposed, in which only the soil subsidence 
amount is necessary to judge the failure state of soil, 

providing a new method to distinguish whether the soil 
is in a state of failure.

3. Soil failure subsidence amount is calculated accord-
ing to the actual geological conditions of the SanYuan 
Coal Mine, and the failure subsidence amount curve 
is drawn. The results show that the failure subsidence 
amount curve plots below the subsidence amount curves 
at any advancing distance; that is, the mining subsidence 
amount of the clay layer is less than its failure subsid-
ence amount, and the clay layer is not failing. Combined 
with information on the source and amount of water 
inflow at the 3301 working face, it is also verified that 
the clay layer did not fail, and the soil failure discrimi-
nant method used to judge the failure state of the soil is 
appropriate.
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