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In China, gas and oil reserves are very scarce, but coal resources are abundant in the energy architecture, which decides that coal
will remain the dominant energy source for a long time in the future. Te accurate prediction of the size and extent of surface
movement after coal seam mining is of great signifcance for the safe promotion of production activities in the mine area and the
safety of people’s lives and properties in the mine area. Te surface movement deformation under thick loose seam conditions
indicates the phenomenon of a large subsidence value and infuence range. To predict the size and range of surface movement
deformation under thick loose layer conditions accurately, a hyperbolic secant model is constructed based on the hyperbolic
secant function. For high nonlinearity of the model parameters, the adaptive step fruit fy algorithm (ASFOA) is introduced into
the process of solving the model parameters. Simulation experiments are conducted in three aspects: monitoring point anti-
defciency, antigross error, and parameter stability.Te simulation results show that the ASFOA algorithm achieves high accuracy
in fnding the parameters of the hyperbolic secant model. Te hyperbolic secant model was applied to the 11111 working face
under the mining conditions of thick loose layer geology in the Huainan mine. Te engineering application results indicate that
the hyperbolic secant model performs well on the prediction of surface movement deformation under thick loose layer conditions.

1. Introduction

In China, the current energy structure of more coal, less gas,
and poor oil have made coal the dominant energy source for
a long time [1–3]. In the past decades, coal has made great
contributions to the rapid development of China’s economy,
but the large-scale mining of coal resources has caused a
series of environmental problems such as surface subsi-
dence, damage to arable land, water pollution, and air
pollution [4–7]. How to accurately predict the surface

movement deformation caused by coal mining is important
for guiding coal production activities, rebuilding the eco-
logical environment of mining areas, and ensuring the safe
use of mining structures.

Te loose layer is generally composed of quaternary as
well as neotertiary associated sediments or accumulations.
When the thickness of the loose layers exceeds 50m, they are
called thick loose layers [8]. Tick loose layers of diferent
thicknesses exist in northeast, north, central, and east China
[9, 10]. Compared with the general geological conditions, the
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mining subsidence characteristics under the geological
conditions of thick loose layers show signifcant diferences.
Tey mainly include large subsidence values, slow conver-
gence of surface subsidence basin boundaries, larger sub-
sidence infuence range, and more intense movement
deformation during the active surface movement period
[11–13].Te form of movement and compressive capacity of
the loose and rocky layers under the infuence of mining are
quite diferent. Te rock layers are harder and can play a
signifcant role in supporting internal stresses when they are
damaged. Te hardness of the loose layer is less, which
makes the loosened layer act as a huge load on the rock layer
without supported capacity when the internal stress of the
loose layer changes [14]. Te huge diference between the
nature of the rock and the loose layer makes the surface
movement deformation show special characteristics such as
a larger subsidence value and slow convergence of surface
subsidence basin boundaries.

Te stress state of the surrounding rock is disrupted, and
the stress is redistributed after the coal is extracted [15, 16].
During this process, the ground surface moves and deforms.
Mining subsidence prediction is one of the core elements of
mining subsidence. Te current related research on pre-
dicting mining subsidence mainly has three categories. Te
frst category is the empirical method based on actual
measurement information. It established an empirical for-
mula suitable for the mine by preprocessing and analyzing a
large amount of actual measurement data, such as using the
typical curve method and the profle function method
[17, 18]. Although it achieved high accuracy, the empirical
formula established by this method is constrained within
this mining area instead of other areas. Te second category
is the theoretical model method. It generalizes the overlying
rock layers into some type of mathematical or mechanical
model. Baryakh et al. formulated the rock layers into a
viscoelastic model and constructed a dynamic prediction
model of surface movement deformation by considering
time as the independent variable [19]. Salamon proposed the
surface element theory based on the elasticity theory [20].
Hao et al. construct a surface full-section prediction model
based on the elastic plate theory [21]. Te model established
by this method is more general but has lower accuracy with
unclear physical meaning of the parameters. Te third
category is the infuence function method. Tis method is
based on the distribution function and the principle of equal
infuence superposition to construct the surface movement
deformation formula [22, 23]. Liu developed the probability
integral method based on the stochastic medium, which is
most widely used in China because of its good universality,
the clear physical meaning of parameters, and high accuracy
[24]. However, the probabilistic integral method for pre-
dicting surface movement deformation under special geo-
logical mining conditions (such as multiple coal seams, steep
coal seams, and thick loose layers) is not applicable [25–29].

Due to the peculiarities exhibited by the ground
movement deformation under the action of thick loose
layers, the existing prediction models are difcult to accu-
rately predict the ground movement deformation under
thick loose layer conditions. In this paper, we propose a

prediction method based on the hyperbolic secant function
suitable for surface movement deformation under the
condition of the thick loose layer. Te prediction formulas
for themovement and deformation of the fnite miningmain
section and any point of the main section are derived. For
the high nonlinearity of the prediction equation, the ASFOA
algorithm is proposed to be introduced into the parameter
acquisition. Te applicability of the hyperbolic secant model
proposed is evaluated through simulation experiments and
engineering applications.

2. Hyperbolic Secant Model Construction and
Parameters Acquisition

2.1. Construction of Hyperbolic Secant Model. Hyperbolic
functions belong to one class of functions similar to circular
functions. Hyperbolic functions are widely used in areas
such as hanging chain lines and Laplace equations [30]. Te
hyperbolic secant function expression is shown in equation
(1). Te hyperbolic secant function curve is like a semi-
infnite mined probability integral function curve. Using the
hyperbolic secant function as the infuence function of unit
mining, the expression of the hyperbolic secant function of
unit mining can be obtained as shown in equation (2).

sech x �
2

e
x

+ e
− x , (1)

We(x) �
1
R
sech2

2x

R
􏼒 􏼓, (2)

where R is the major infuence radius.
Te plot of the subsidence value of the unit mining

versus the parameter R is shown in Figure 1. As the value of
R increases, the boundary convergence becomes slower, and
the maximum subsidence value becomes smaller.

Te hyperbolic secant function curve form and the
surface movement deformation curve form have high
similarity. Te hyperbolic secant function is introduced into
the feld of mining subsidence to construct a new model to
predict surface movement deformation. First, we con-
structed a unit mining subsidence prediction formula based
on a hyperbolic secant function. Ten, we derived a semi-
infnite mining prediction formula followed by a prediction
formula for fnite mining strike and inclination in the main
section. In the end, a prediction formula for any point in the
moving basin was applied. Te derivation fow is shown in
Figure 2.

2.1.1. Prediction of Surface Subsidence during Unit Mining.
In practical production activities, when thick loose layers
and bedrock have the same medium, the movement de-
formation values calculated theoretically will have large
deviations from the actual ones. In this paper, two hyper-
bolic secant subsidence basins with diferent parameters R
are superimposed and combined based on a certain ratio, in
order to construct a new model for surface movement de-
formation prediction. Te formula for the projected
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subsidence of the unit mining after the superposition and
combination is shown as follows:

We(x) � (1 − P)
1

R1
sech2

2x

R1
􏼠 􏼡 + P

1
R2

sech2
2x

R2
􏼠 􏼡, (3)

where P is the ratio factor, R1 and R2 are the major infuence
radii of main infuence radii of two subsidence basins, and R1
and R2 can be obtained by the following equations:
R1H/4.13 tan β1 and R2H/4.13 tan β2, where H is the mining
depth, tan β1 is the tangent of the main infuence angle
corresponding to R1, and tan β2 is the tangent of the main
infuence angle corresponding to R2.

From Figure 3, the constructed surface movement de-
formation prediction model is able to describe the subsi-
dence basin formed by unit mining.

2.1.2. Prediction of Surface Movement Basin Strike Main
Section Movement Deformation during Semi-Infnite Mining.
Te establishment of the surface coordinate system, the coal
seam coordinate system, the surface coordinate system, and
the coal seam coordinate system are shown in Figure 4.
Taking the surface point above the working face boundary as
the coordinate origin O, the positive direction of the x-axis
points to the side of the mining area, the horizontal
movementU(x) upward is positive, and the subsidenceW(x)
downward is positive. Te top plate at the coal wall of the
working face is the coal seam coordinate originO1, the s-axis
points to the side of the mining area along with the top plate
of the working face, and the vertical coordinate axis Z-axis is
vertically upward. Te subsidence of any point A on the
ground caused by unit mining is We(x− s), and the hori-
zontal movement is Ue(x− s).

From Figure 4, the mining unit with the horizontal axis
causes the subsidence of any point A on the surface as
We(x− s) and the horizontal movement as Ue(x− s). Te
formula for subsidence is given in equation (4) and the
formula for horizontal movement is given in equation (5).

dWe(x) � (1 − P)
1

R1
sech2

2x

R1
􏼠 􏼡ds + P

1
R2

sech2
2x

R2
􏼠 􏼡ds, (4)

Ue(x) � B
dWe(x)

dx
, (5)

where B is a constant.
In semi-infnite mining, the subsidence value of any

point A on the ground is the sum of the subsidence values
caused by the mining of each unit in the range s� 0⟶+∞.
Te subsidence of point A is obtained by the integral
transformation as shown in the following formula:

W(x) � W0 􏽚
+∞

0
dWe(x)ds �

(1 − P)W0

1 + e
−4x/R1

+
PW0

1 + e
−4x/R2

. (6)

Te integral transformation of (5) can be derived from
the semi-infnite mining strike of the horizontal movement
of the main section U(x), the horizontal movement formula
is shown in the following formula:

U(x) � W0 􏽚
+∞

0
B
dWe(x)

dx

ds �
4BW0(1 − P)e

− 4x/R1

R1 1 + e
− 4x/R1􏼐 􏼑

2 +
4BW0Pe

− 4x/R2

R2 1 + e
− 4x/R2􏼐 􏼑

2 .

(7)

Simplifying equation (7), let

b �
4B

R1

�
4B

R2
.

(8)
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Figure 1: Te relationship between the subsidence value and the
parameter R.
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Simplifed as

U(x) �
bW0(1 − P)e

− 4x/R1

1 + e
− 4x/R1􏼐 􏼑

2 +
bW0Pe

− 4x/R2

1 + e
− 4x/R2􏼐 􏼑

2 . (9)

Te tilt i(x) is the frst-order derivative of the subsidence
W(x) and the tilt equation is given in the following formula:

i(x) �
dW(x)

dx

�
4W0(1 − P)e

− 4x/R1
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2 +
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2 .

(10)

Te curvature K(x) is the frst-order derivative of the tilt
i(x) and the curvature equation is given in the following
formula:
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dx
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Figure 3:Te relationship between the unit mining subsidence value and R1, R2, and P parameters. (a)When P� 0.7, R1 � 40, R2 is 20, 30, 40,
50, and 60, respectively, for unit mining subsidence value. (b) When P� 0.7 and R2 � 40, R1 is 20, 30, 40, 50, and 60, respectively, for unit
mining subsidence value.
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Te horizontal deformation ε(x) is the frst-order de-
rivative of the horizontal movement U(x) and the horizontal
deformation equation is given in the following formula:

ε(x) �
dU(x)

dx

�
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− 4x/R1􏼐 􏼑e
− 4x/R1
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3

+
−4bW0(1 − P) 1 − e

− 4x/R2􏼐 􏼑e
− 4x/R2

R2
2 1 + e

−4x/R2􏼐 􏼑
3 .

(12)

2.1.3. Prediction of Surface Movement Basin Strike Main
Section Movement Deformation during Limited Mining.
Te schematic diagram for calculating the moving defor-
mation of the main section of the moving basin strike during
limited mining is shown in Figure 5. Te actual mining
length of the main section of the working face is D3, and the
infection ofset distance is S3 and S4 due to the cantilevering
efect of the overlying rock layer. Te formula for calculating
the moving deformation of the main section of the working
face during fnite-element mining is calculated by super-
position, and the formula is shown as follows:

W°(x) � W(x) − W(x − l),

i°(x) � i(x) − i(x − l),

K°(x) � K(x) − K(x − l),

U°(x) � U(x) − U(x − l),

ε°(x) � ε(x) − ε(x − l),

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(13)

where l is the efective mining length of the main section of
the strike, and the efective mining length is l�D3 − S3 − S4.

2.1.4. Prediction of Surface Movement Basin InclinationMain
Section Movement Deformation during Limited Mining.
Te principal diagram for calculating the moving defor-
mation of the inclined main section of the mobile basin
during limited mining is shown in Figure 6. Due to the
cantilevering efect of the overlying rock layer, the infection
point ofset distance is S1 and S2 for the infection point ofset
distance of the lower mountain and the infection point
ofset distance of the upper mountain, respectively. Te
moving deformation of the inclined main section during
limited mining is calculated according to the principle of
equal infuence, as shown in equations (14) and (15), where
before the comma represents the variable and after the
comma represents the parameter, i.e., y represents the
variable, G1 represents the relevant parameter corre-
sponding to the downhill direction, and G2 represents the
relevant parameter corresponding to the uphill direction.

W°(y) � W y, G1( 􏼁 − W y − L, G2( 􏼁,

i°(y) � i y, G1( 􏼁 − i y − L, G2( 􏼁,

K°(y) � K y, G1( 􏼁 − K y − L, G2( 􏼁,

U°(y) � U y, G1( 􏼁 − U y − L, G2( 􏼁,

ε°(y) � ε y, G1( 􏼁 − ε y − L, G2( 􏼁.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(14)

Of which

U y, G1( 􏼁 � U(y) + W(y) cot θ0,

U y − L, G2( 􏼁 � U(y − L) + W(y − L)cot θ0,

ε y, G1( 􏼁 � ε(y) + i(y) cot θ0,

ε y − L, G2( 􏼁 � ε(y − L) + i(y − L)cot θ0,

L � D1 − S1 − S2( 􏼁
sin θ0 + α( 􏼁

sin θ0
,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(15)

where D1 is the inclination length of the working face, α is
the coal seam inclination angle, and θ0 is the mining in-
fuence propagation angle.

2.1.5. Prediction of Surface Any Point Movement Deforma-
tion during Movement Basin. Any point space coordinate
system is shown in Figure 7, O1 is the origin of the coal seam
coordinate system, O is the origin of the ground coordinate
system, and the horizontal projections of the two coordinate
systems overlap. Te mining of unit B causes the subsidence
of any point A on the ground surface as shown in the
following equation:

dW(x, y) � W0We(x − s)We(y − t)

� W0(1 − P)
1

R1
sech2

2(x − s)

R1
􏼠 􏼡

+ W0P
1

R2
sech2

2(x − s)

R2
􏼠 􏼡

+W0(1 − P)
1

R1
sech2

2(y − t)

R1
􏼠 􏼡

+ W0P
1

R2
sech2

2(y − t)

R2
􏼠 􏼡.

(16)
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Figure 5:Te schematic diagram for calculating themovement and
deformation of the main section of the surface strike during limited
mining.
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As shown in Figure 7, if the mining area is the area
enclosed by D1, D3, s-axis, and t-axis, then the entire mining

causes the subsidence of A as shown in the following
equation:

W(x, y) � W0 􏽚
D3

0
􏽚

D1

0
dW(x, y) �

1
W0

W(x) − W x − D3( 􏼁􏼂 􏼃 W(y) − W y − D1( 􏼁􏼂 􏼃. (17)

In view of the expected derivation process for the
movement deformation of the strike and inclination main

sections during fnite mining, equation (17) can be trans-
formed as follows:
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Figure 6: Te schematic diagram for calculating the movement and deformation of the main section of the surface inclination during
limited mining.
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W(x, y) �
1

W0
[W(x) − W(x − l)][W(y) − W(y − L)]

�
1

W0
W°(x)W°(y).

(18)

Te tilt i(x, y, φ) of any point A(x, y) along the φ-di-
rection is the directional derivative of the sinkW(x, y) in the
φ-direction, and the formula is given in the following
equation:

i(x, y,φ) �
zW(x, y)

zφ

�
zW(x, y)

zx
cosφ +

zW(x, y)

zy
sinφ

�
1

W0
i°(x)W°(y) cosφ + W°(x)i°(y) sinφ􏼂 􏼃.

(19)

Similarly, the curvature calculation formula can be
obtained as follows:

K(x, y,φ) �
zi(x, y)

zφ

�
zi(x, y)

zx
cosφ +

zi(x, y)

zy
sinφ

�
1

W0
K°(x)W°(y)cos2 φ + W°(x)K°(y)sin2 φ + i°(x)i°(y) sin 2φ􏽨 􏽩.

(20)

Te horizontal movement calculation formula is as
follows:

U(x, y,φ) �
1

W0
U°(x)W°(y) cosφ + W°(x)U°(y) sinφ􏼂 􏼃. (21)

Te horizontal deformation calculation formula is as
follows:

ε(x, y,φ) �
1

W0
ε°(x)W°(y)cos2 φ + W°(x)ε°(y)sin2 φ􏽨 􏽩 +

sin 2φ
2W0

U°(x)i°(y) + i°(x)U°(y)􏼂 􏼃. (22)

2.2. ASFOA Algorithm for Hyperbolic Secant Model
Parameters Acquisition

2.2.1. ASFOA Algorithm. Te hyperbolic secant model is a
highly nonlinear function. Obtaining the globally optimal
model parameters is a difcult research problem. Te fruit
fy algorithm (FOA) is a global optimization search method
based on the characteristics of fruit fies searching for food
[31–33]. Te step size of the FOA algorithm is fxed in the

process of searching for the global optimal solution. If the
step size is set too large, the global optimal solution can be
missed easily. If the step size is set too small, the locally
optimal solution can be trapped easily as well. For the FOA
algorithm, it is difcult to determine the search step length.
Te ASFOA algorithm is proposed to improve the search
step length of the FOA algorithm, and the ASFOA algorithm
can realize the adaptive change of the search step length with
the number of iterations and the change of the search result.
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Te adaptive search step can efectively avoid the blind
search of each fruit fy and overcome the difculty that the
FOA algorithm failed to execute because of the local
optimum.

2.2.2. Parameters Acquisition Procedure of Hyperbolic Secant
Model Based on the ASFOA Algorithm. Te ASFOA algo-
rithm is introduced into the process of obtaining the pa-
rameters of the hyperbolic secant model. Te process of
hyperbolic secant model parameters acquisition based on
the ASFOA algorithm is shown in Figure 8. Te main
process is as follows:

(1) Initializing the location (X-axis, Y-axis), the maxi-
mum number of iterations (Gmax), population size
(N), and search step length (S) of the fruit fy
population. Te initial iteration values of the pa-
rameters are determined based on the empirical
values of the mining area.

Xi � X−axis + 2S∙rand() − S,

Yi � Y−axis + 2S∙rand() − S.
􏼨 (23)

(2) Calculating the favor concentration value. First, the
distance (Di) between the individual fruit fy and the
origin is calculated, then the favor concentration (fi)
determination value is obtained. Te predicted
values are calculated based on the initialization
parameters of the hyperbolic secant model and the
information on the working surface.

Di �

������������������������

Xi − X− axis( 􏼁
2
+ Yi − Y− axis( 􏼁

2
􏽱

,

fi �
1

Di

.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(24)

(3) Establishing the ftness function (F). We assume that
the predicted subsidence and horizontal movements
are Wi and Ui, the measured subsidence and hori-
zontal movement are Wm and Um, respectively, and
the minimum sum of squares of the diferences
between the predicted and measured values are used
as the criterion for a determination as shown in the
following formula:

F �
1
vv

�
1

Wi − Wm( 􏼁
2

+ Ui − Um( 􏼁
2

􏽨 􏽩
.

(25)

(4) Let the current number of iterations be g, the search
step of g iterations be Sg, and the optimal concen-
tration value of g iterations be Fg.Ten the adaptive
step formula is

Sg+1 � Sg 1 +
Fg−1

Fg

􏼠 􏼡, Fg >Fg−1,

Sg+1 � Sg 1 −
Fg

Fg−1
􏼠 􏼡, Fg <Fg−1.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(26)

(5) Te optimal model prediction parameters and fruit
fy locations at the current number of iterations are
updated and recorded.

(6) Te relationship between the current number of
iterations g and the maximum number of iterations
Gmax is judged, and the optimal solution is the output
when the set condition is satisfed, else, we skip from
step 6 to step 2 and continue the iterative loop
operation.

ASFOA parameters
initialization

Model parameters
initialization

Generating Fruit Fly
populations

Calculate favor
concentration

Calculate the
predicted value

Workface
information

Calculate the
ftness function

Observatory
data

Step length
update

Prediction parameters
and location update

g>Gmax

Y

N

Iterative
search

End

Start

Figure 8: Te parameters acquisition process of the hyperbolic
secant model is based on the ASFOA algorithm.
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3. Simulation of Experiments

3.1. Overview of the Simulated Working Face. Geological
mining conditions of the simulated working face: the
working face is a rectangular working face with a strike
length D3 of 800m, an inclination length D1 of 200m, an
average mining depth H of 400m, an average mining
thickness m of 3m coal seam, and an inclination angle α of
4°. According to the experience of the thick loose seam mine
area, the parameters of the hyperbolic secant model are
selected as follows: ratio factor P is 0.3, subsidence factor q is
1.1, horizontal movement factor b is 0.3, main infuence
angle tangent tanβ1 and tanβ2 are 4.5 and 1.5, respectively,
mining infuence propagation angle θ is 86°, and the in-
fection point ofset distance S1 � S2 � S3 � S4 � 30m. A
monitoring line is designed for each strike and the incli-
nation above the mining area. Te strike observation line is
1500m long, and the inclination observation line is 780m
long. Tere are 51 and 27 monitoring points along the strike
and inclination direction, respectively, accumulating 78
monitoring points with a distance of 30m between the
adjacent monitoring points. Te maximum number of it-
erations (Gmax) was set to 100 and the population size (N) of
the fruit fy was 10. Te relationship between the working
face and the monitoring points is shown in Figure 9.

Based on the geological mining conditions and the
predicted parameters of the hyperbolic secant model, the
measured subsidence and horizontal movement values of
the simulated working face can be obtained as shown in
Figure 10.

3.2. Multiview Analysis

3.2.1. Monitoring Point Antidefciency Analysis.
Monitoring point data collection typically lasts for a long
period. Continuous data collection for a long period requires
monitoring points to be stored for a long period. However,
in the production process, it is common that some of the
monitoring points are damaged due to natural or human
factors. Te damage caused by monitoring points is con-
sidered as data missing, which afects the results of pa-
rameter acquisition to a great extent.

We used the data as new monitoring point data after
missing 10%, 20%, and 30% of the data randomly, respec-
tively. Te FOA algorithm and the ASFOA algorithm are
used to investigate the efect of missing monitoring points.
Te absolute error (AE) and relative error (RE) of the pa-
rameter acquisition results were calculated.Te results of the
parameter acquisition are shown in Table 1.

As shown in Table 1, in the case of random missing
monitoring point data, the AE error and RE error of the
parameters obtained by the FOA algorithm and the ASFOA
algorithm increased with the increase in the missing point
data. In the cases of 10%, 20%, and 30% missing monitoring
point data, respectively, the AE error and RE error of the
parameters obtained by the ASFOA algorithm are better
than those of the FOA algorithm. In the case of 30% missing
monitoring point data, the RE errors of the parameters

obtained by the FOA algorithm and the ASFOA algorithm
are higher and can hardly meet the needs of engineering
practice. Terefore, the ASFOA algorithm should not be
used to obtain the hyperbolic secant model parameters when
the missing rate of monitoring point data exceeds 20%. In
the case of 20% missing monitoring point data, the maxi-
mumRE of the parameter obtained by the ASFOA algorithm
is 9.2553%, which is mainly due to the small parameter value
of parameter tanβ1. Currently, the AE error of parameter
tanβ1 is only 0.1388. Te maximum RE of the parameter
obtained by the ASFOA algorithm is 4.9001% for a 10%
missing data rate at monitoring points, which is mainly due
to the small parameter value of parameter tanβ1. Currently,
the AE error of parameter tanβ1 is only 0.0624. Terefore, in
comparison to FOA, the ASFOA algorithm has a better
ability to resist the missing error of monitoring points.

3.2.2. Antigross Error Analysis. Since the errors at the in-
fection point and the maximum subsidence value have the
greatest infuence on the results, 200mm of gross error is
added at the infection point and the point of maximum
subsidence point, respectively. Te parameters of the hy-
perbolic secant model were obtained using the gross error
processed data as shown in Table 2.

As shown in Table 2, the accuracy of hyperbolic secant
parameters obtained by both the FOA algorithm and the
ASFOA algorithm is reduced under the premise of adding
errors at the infection point and maximum subsidence
point. However, the results obtained by the ASFOA algo-
rithm are more accurate than the FOA algorithm. In the case
of adding 200mm roughness at the infection point, the RE
error of the obtained parameters is within 0.3598%∼
6.1267%. And in the case of adding 200mm roughness at the
maximum subsidence value point, the RE error of the ob-
tained parameters is within 0.0217%∼5.8163%, which in-
dicates that the roughness afects the diference of the results.
But the AE error of the parameters is smaller, which indi-
cates that the ASFOA algorithm has a stronger ability to
resist gross error.

3.2.3. Parameter Stability Analysis of the Hyperbolic Secant
Model Obtained Using the ASFOA Algorithm. To further
illustrate the stability of the ASFOA algorithm to obtain the
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Figure 9:Working face andmonitoring point location relationship
map.
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hyperbolic secant model parameters, the FOA algorithm and
the ASFOA algorithm were used to obtain the hyperbolic
secant model parameters based on the measured subsidence

and horizontal movement values of the simulated working
face. To avoid the infuence of random errors, 60 parameter-
fnding experiments were conducted under the same
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Figure 10: Measured movement deformation value of working face: (a) measured subsidence value and (b) measured horizontal movement
value.

Table 1: Results for antipoint missing analysis.

Parameters
FOA ASFOA

10% 20% 30% 10% 20% 30%
AE RE AE RE AE RE AE RE AE RE AE RE

P 0.0184 8.5411 0.0507 16.9000 0.0963 32.1333 0.0091 3.4452 0.0206 6.8667 0.0575 19.1667
q 0.0208 2.2554 0.0453 4.1182 0.1203 10.9364 0.0154 1.3047 0.0292 2.6545 0.0732 6.6545
b 0.0109 4.5584 0.0259 8.6333 0.0503 16.7667 0.0071 2.1007 0.0147 4.9000 0.0293 9.7667
tanβ1 0.1153 8.2446 0.2408 16.0533 0.3737 24.9133 0.0624 4.9001 0.1388 9.2533 0.2693 17.9533
tanβ2 0.2137 6.4571 0.5417 12.0378 1.0892 24.2044 0.1146 3.3752 0.3259 7.2422 0.7193 15.9844
S1 3.1028 15.5472 6.9431 23.1437 9.0428 30.1427 0.8845 2.6044 1.7138 5.7127 3.3449 11.1497
S2 2.0884 10.3541 5.9356 19.7853 8.1278 27.0927 1.0027 3.0049 2.2119 7.3730 4.1207 13.7357
S3 1.0475 2.4527 1.7419 5.8063 2.9095 9.6983 0.2108 0.9011 0.5724 1.9080 2.1982 7.3273
S4 2.2484 4.0116 3.2083 10.6943 5.9217 19.7390 0.5166 1.6422 1.1771 3.9237 3.1723 10.5743
θ 1.4175 1.0027 1.9910 2.3151 2.9781 3.4629 0.8375 1.0013 1.7997 2.0927 2.4787 2.8822

Table 2: Results for antigross error analysis.

Parameters

FOA ASFOA

Infection point Maximum subsidence
point Infection point Maximum subsidence

point
AE RE AE RE AE RE AE RE

P 0.0451 15.0333 0.0313 10.4333 0.0157 5.2333 0.0076 2.5333
q 0.0247 2.2455 0.1147 10.4273 0.0067 0.6091 0.0204 1.8545
b 0.0236 7.8667 0.0259 8.6333 0.0038 1.2667 0.0049 1.6333
tanβ1 0.1751 11.6733 0.1037 6.9133 0.0919 6.1267 0.0296 1.9733
tanβ2 0.3325 7.3889 0.3775 8.3889 0.1043 2.3178 0.1191 2.6467
S1 5.7739 19.2463 5.8429 19.4763 1.4579 4.8597 1.7449 5.8163
S2 5.0438 16.8127 3.7843 12.6143 1.8338 6.1127 1.0424 3.4747
S3 1.2739 4.2463 1.8643 6.2143 0.4532 1.5107 0.5564 1.8547
S4 2.9717 9.9057 4.3342 14.4473 0.9862 3.2873 0.7205 2.4017
θ 1.7805 2.0703 1.1735 1.3645 0.3094 0.3598 0.0187 0.0217
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experimental condition. Te fuctuation in parameters ob-
served by the FOA algorithm and the ASFOA algorithm is
shown in Figures 11 and 12.

From Figure 11(a), it can be seen that the ratio factor P
obtained by the ASFOA algorithm basically fuctuates within
±0.2, while the ratio factor P obtained by the FOA algorithm
basically fuctuates within ±0.4. From Figure 11(b), it can be
seen that the subsidence factor q obtained by the ASFOA
algorithm basically fuctuates within ±0.05, while the sub-
sidence factor q obtained by the FOA algorithm basically
fuctuates within ±0.1. From Figure 11(c), it can be seen that
the horizontal movement factor b obtained by the ASFOA
algorithm basically fuctuates within ±0.01, while the hori-
zontal movement factor b obtained by the FOA algorithm
basically fuctuates within ±0.05. From Figure 11(d), it can
be seen that the main infuence angle tangent tanβ1 obtained
by the ASFOA algorithm basically fuctuates within ±0.1,
while the main infuence angle tangent tanβ1 obtained by the
FOA algorithm basically fuctuates within ±0.2. From
Figure 11(e), it can be seen that the main infuence angle
tangent tanβ2 obtained by the ASFOA algorithm basically
fuctuates within ±0.1, while the main infuence angle tan-
gent tanβ2 obtained by the FOA algorithm basically fuc-
tuates within ±0.3. From Figure 11(f ), it can be seen that the
infection point ofset distance S1 obtained by the ASFOA
algorithm basically fuctuates within ±5m, while the in-
fection point ofset distance S1 obtained by the FOA al-
gorithm basically fuctuates within ±8m.

From Figure 12(a), it can be seen that the infection point
ofset distance S2 obtained by the ASFOA algorithm basically
fuctuates within ±4m, while the infection point ofset
distance S2 obtained by the FOA algorithm basically fuc-
tuates within ±9m. From Figure 12(b), it can be seen that the
infection point ofset distance S3 obtained by the ASFOA
algorithm basically fuctuates within ±3m, while the in-
fection point ofset distance S3 obtained by the FOA al-
gorithm basically fuctuates within ±8m. From Figure 12(c),
it can be seen that the infection point ofset distance S4
obtained by the ASFOA algorithm basically fuctuates within
±3m, while the infection point ofset distance S4 obtained
by the FOA algorithm basically fuctuates within ±8m. From
Figure 12(d), it can be seen that the mining infuence
propagation angle θ obtained by the ASFOA algorithm
basically fuctuates within ±0.02°, while the mining infuence
propagation angle θ obtained by the FOA algorithm basically
fuctuates within ±0.1°.

In summary, the hyperbolic secant model parameters
obtained by the ASFOA algorithm are signifcantly better
than the result obtained by the FOA algorithm. Te hy-
perbolic secant model parameters obtained by the ASFOA
algorithm have a smaller fuctuation range, and the hy-
perbolic secant model parameters obtained using the
ASFOA algorithm have better stability.

4. Engineering Applications

4.1. Overview. Pansidong coal mine well feld is in Huainan
City, Anhui Province, China. Te ground elevation is
normally between +21.00∼+23.00m. A 11111 working face

is in the Pansidong mine. Te working face has an incli-
nation length of 145m, a strike length of 411m, and a re-
trieval area of 59,595m2. Te average mining depth of the
working face is 394m, the thickness of the loose seam is
336m, the inclination of the coal seam is 6°, and the mining
thickness is 4.8m. Half of the strike observation line and half
of the inclination observation line are set on the surface
above the 11111 working face along the direction of strike
and inclination. Tere are 24 monitoring points in the strike
observation line and 26 monitoring points in the inclination
direction. Te diagram of monitoring points on the working
face is shown in Figure 13.

4.2. Hyperbolic Secant Model Parameter Acquisition. Te
inversion of the parameters of the probability integral
method and hyperbolic secant model was carried out based
on the surface movement observation data of themonitoring
stations. Te parameters obtained are shown in Table 3, and
the predicted value of the probability integral model, the
predicted value of the hyperbolic secant model, and the
measured value are shown in Figure 14.

As shown in Figure 14, the subsidence and horizontal
movement values predicted by the hyperbolic secant model
are closer to the measured values compared to those pre-
dicted by the probability integral model.

5. Discussion

As shown in Figure 14, there is still some variability and
discrepancies between the measured values and predicted
values of the hyperbolic secant model. Te possible reasons
for these discrepancies are shown in and mainly in.

(1) Te superimposed infuence of the surrounding
working face. Because in the process of mining
practice, the surface monitoring station is often af-
fected by the superposition of multiple working faces
or the superposition of overlying working faces. Tis
superposition on working faces makes it very dif-
cult to acquire the surface movement observation
value of the working face as it increases the obser-
vation error of the monitoring point.
According to the geological mining information
provided by the mine, the mining situation around
the 11111 working face is shown in Figure 15. A
11113 working face is above the 11111 working face.
Te 11113 working face was completed on May 30,
2013. Te 11213 working face is to the north of the
11111 working face. Te 11213 working face was
completed on December 30, 2015. Te presence of
mining activities on the 11113 and 11213 workings
makes it impossible to obtain accurate values of
surface movement deformation caused by mining on
the 11111 workings.

(2) Temeasurement error of themonitoring point. Due
to the complexity of the site observation environ-
ment (high-diving level collapse area, cultivation
area, mountainous area, etc.), there are some
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inevitable errors in the process of measurement of
monitoring points.
Pansidong coal mine is located in the eastern part of
China and is a typical coal-grain complex area. Te
monitoring points placed above the working face are
often disturbed by farmers’ farming. Some moni-
toring points are even damaged or directly dug out
by farmers. Te 11111 working face part of the
damaged monitoring points is shown in Figure 16.
Te 11111 working face surface movement defor-
mation measurement process of monitoring point
disturbance damage makes the measurement results
inevitably biased.

(3) Te error of the hyperbolic secant model itself. In the
process of formula derivation, the default engi-
neering geology is homogeneous, but the actual
mining environment is complex and variable (faults
and water-richness, etc.), which is a complex and
variable environment that is not considered. Te
complexity of the mining environment makes it the
hyperbolic secant model hard to predict the accurate
value of surface movement deformation caused by
mining activities.

Te hyperbolic secant model in this paper does not
consider the water loss consolidation settlement of the
aquifer.Te 11111 working face of the lower part of the loose
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Table 3: Probability integral method parameters and hyperbolic secant model parameters.

Models Parameters
Probability integral
method q� 1.2201, b� 0.1439, tanβ� 2.5512, S1 � −20.0103m, S2 � −20.0435m, S3 � 27.6014m, S4 � 27.0315m, θ� 85.9203°

Hyperbolic secant
model

P� 0.3145, q� 1.5313, b� 0.1742, tanβ1� 4.5561, tanβ2�1.3929, S1 � −10.5479m, S2 � −15.1824m, S3 � 25.5831m,
S4 � 27.3741m, θ� 85.1779°
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Figure 14: Continued.
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Figure 15: Te mining situation around the 11111 working face.
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Figure 14: Comparison of predicted and measured values: (a) comparison of subsidence values; (b) enlarged view of region A; (c) enlarged
view of region B; (d) comparison of horizontal movement values.
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layer is composed of aquifer and water barrier interaction,
which is typical of a work face of the thick loose aquifer. Te
following research work can be taken into account the
subsidence generated by water loss consolidation based on
the research in this paper.

6. Conclusions

(1) Constructing unit mining impact function based
on hyperbolic secant function. Te hyperbolic
secant model is proposed based on the unit mining
impact function and the idea of the combined
model. Based on the principle of superposition of
equal infuence of mining subsidence, the pre-
diction formulas of the main section are derived at
semi-infnite mining, the main section at fnite
mining, and any point.

(2) Te simulation experimental results show that the
parameters of the hyperbolic secant model using
the ASFOA algorithm have good stability and
accuracy. Te engineering application examples
show that the hyperbolic secant model has high
accuracy for the prediction of the thick loose layer
mining area.

(3) Te superimposed infuence of the surrounding
working surface, the measurement error of the
monitoring point, and the error of the model itself all
afect the accuracy of the prediction results. Te
following research work can take into account the
subsidence generated by water loss consolidation
based on the research in this paper.
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