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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. The accurate prediction of the size and extent of surface
movement after coal seam mining is of great significance for the safe promotion of production activities in the mine area and the
safety of people’s lives and properties in the mine area. The surface movement deformation under thick loose seam conditions
indicates the phenomenon of a large subsidence value and influence 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 fly algorithm (ASFOA) is introduced into
the process of solving the model parameters. Simulation experiments are conducted in three aspects: monitoring point anti-
deficiency, antigross error, and parameter stability. The simulation results show that the ASFOA algorithm achieves high accuracy
in finding the parameters of the hyperbolic secant model. The hyperbolic secant model was applied to the 11111 working face
under the mining conditions of thick loose layer geology in the Huainan mine. The 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.

The loose layer is generally composed of quaternary as
well as neotertiary associated sediments or accumulations.
When the thickness of the loose layers exceeds 50 m, they are
called thick loose layers [8]. Thick loose layers of different
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 significant differences.
They mainly include large subsidence values, slow conver-
gence of surface subsidence basin boundaries, larger sub-
sidence influence range, and more intense movement
deformation during the active surface movement period
[11-13]. The form of movement and compressive capacity of
the loose and rocky layers under the influence of mining are
quite different. The rock layers are harder and can play a
significant role in supporting internal stresses when they are
damaged. The 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]. The huge difference 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.

The 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. The current related research on pre-
dicting mining subsidence mainly has three categories. The
first 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 profile 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. The 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]. The model established
by this method is more general but has lower accuracy with
unclear physical meaning of the parameters. The third
category is the influence function method. This method is
based on the distribution function and the principle of equal
influence 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 difficult to accu-
rately predict the ground movement deformation under
thick loose layer conditions. In this paper, we propose a
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prediction method based on the hyperbolic secant function
suitable for surface movement deformation under the
condition of the thick loose layer. The prediction formulas
for the movement and deformation of the finite mining main
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. The 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]. The
hyperbolic secant function expression is shown in equation
(1). The hyperbolic secant function curve is like a semi-
infinite mined probability integral function curve. Using the
hyperbolic secant function as the influence function of unit
mining, the expression of the hyperbolic secant function of
unit mining can be obtained as shown in equation (2).

2
sechx = ——, (1)
e +e

sech2<2—x>, (2)

W, (x) = R

1
R
where R is the major influence radius.

The 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.

The hyperbolic secant function curve form and the
surface movement deformation curve form have high
similarity. The hyperbolic secant function is introduced into
the field 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. Then, we derived a semi-
infinite mining prediction formula followed by a prediction
formula for finite mining strike and inclination in the main
section. In the end, a prediction formula for any point in the
moving basin was applied. The derivation flow 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 different parameters R
are superimposed and combined based on a certain ratio, in
order to construct a new model for surface movement de-
formation prediction. The formula for the projected
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FIGURE 2: Hyperbolic secant model derivation flow.

subsidence of the unit mining after the superposition and
combination is shown as follows:

1 2 1 2
W,(x)=(1-P) —sech2<—x) + P—sech2<—x), (3)
R, R )R, R,

where P is the ratio factor, R; and R, are the major influence
radii of main influence radii of two subsidence basins, and R;
and R, can be obtained by the following equations:
R,H/4.13 tan 3, and R,H/4.13 tan f3,, where H is the mining
depth, tanf, is the tangent of the main influence angle
corresponding to R, and tan f3, is the tangent of the main
influence angle corresponding to R,.

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-Infinite Mining.
The 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
movement U(x) upward is positive, and the subsidence W(x)
downward is positive. The top plate at the coal wall of the
working face is the coal seam coordinate origin Oy, 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. The subsidence of any point A on the
ground caused by unit mining is W (x—s), and the hori-
zontal movement is U,(x —s).

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

- e 2 Vs 4 p Lot ( 2
dw, (x) = (1 P)Rlsech <R1>ds+Pstech <R2>ds, (4)
U, (x) = 3 (5)
dx

where B is a constant.

In semi-infinite 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—+o00.
The subsidence of point A is obtained by the integral
transformation as shown in the following formula:

+00 (1- P)W0 PW,
W(x) =W, Jo dw, (x)ds = L1 o R, + L+e "R (6)

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

w0 dW, (x)
Ux)=W B——
W=w, [ B
_ - (7)
do = ABW, (1= P)e IR 4BW Pe” PR
S = .
R,(1+ e*‘*"”‘l)2 Ry(1+ e*“”‘z)2
Simplifying equation (7), let
4B
b=—
Rl
(8)
_4B
"X,
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FIGURE 3: The relationship between the unit mining subsidence value and Ry, R,, and P parameters. (a) When P=0.7, R; =40, R, is 20, 30, 40,
50, and 60, respectively, for unit mining subsidence value. (b) When P=0.7 and R, =40, R; is 20, 30, 40, 50, and 60, respectively, for unit

mining subsidence value.

FIGURE 4: Surface subsidence and horizontal movement during semi-infinite mining. (1-coal wall, 2-mining unit, 3-assumed the position of
the top plate after subsidence, 4-the original position of the top plate before subsidence).

Simplified as
bW, (1 - P)e N . bW Pe” 'R

U(x) (l n e—4x/R1)2 (1 N e—4x/R2)2'

)

The tilt i(x) is the first-order derivative of the subsidence
W(x) and the tilt equation is given in the following formula:
w
() =
dx

AW Pe” 4x/R, ( 10)
0

+ -
Ry(1+e %)

AW, (1 - P)e R
R (1+e Y’

The curvature K(x) is the first-order derivative of the tilt
i(x) and the curvature equation is given in the following
formula:

_—16W, (1 - P)(1 - e—‘llel)e—ébc/Rl
- R12(1 +e—4x/R1)3

(11)

—16W, (1 - P)(1— e ™/ )™/
+

R22 (1 + e BB, )3
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The horizontal deformation &(x) is the first-order de-
rivative of the horizontal movement U(x) and the horizontal
deformation equation is given in the following formula:

du
e(x) = dJ(CX)

_ —4bW, (1 - p)(1 _ e*4x/R,)e—4x/Rl
) R12(1 + e_4X/R1)3 (12)

—4bW (1 - P)(1 - /R )e Wik
+

R22 (1 4o R )3

2.1.3. Prediction of Surface Movement Basin Strike Main
Section Movement Deformation during Limited Mining.
The 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. The actual mining
length of the main section of the working face is D3, and the
inflection offset distance is S; and S, due to the cantilevering
effect of the overlying rock layer. The formula for calculating
the moving deformation of the main section of the working
face during finite-element mining is calculated by super-
position, and the formula is shown as follows:

W (x) =W (x) =W (x -D),

i'(x) =i(x)-i(x-1),
K'(x)=K(x)-K(x-1), (13)
U'(x)=Ux)-U(x-1),

e (x) =¢e(x)—e(x—1),

where [ is the effective mining length of the main section of
the strike, and the effective mining length is /=D; — S5 - S,.

2.1.4. Prediction of Surface Movement Basin Inclination Main
Section Movement Deformation during Limited Mining.
The 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 effect of the overlying rock layer, the inflection
point offset distance is S; and S, for the inflection point offset
distance of the lower mountain and the inflection point
offset distance of the upper mountain, respectively. The
moving deformation of the inclined main section during
limited mining is calculated according to the principle of
equal influence, 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, G, represents the relevant parameter corre-
sponding to the downhill direction, and G, represents the
relevant parameter corresponding to the uphill direction.

(W (y) =W (1.G,) -W(y-LG,),
i (»)=i(»Gy)~i(y-LG,),
1 K'(y)=K(».G,)-K(y-L,G,), (14)
U =U(G)-U(y-LG,),
£ (»)=¢(0G)-e(y-LG,).

W =

Wo(x) >
/W(X) cemeee e

Wy

1

Coal seam S,

Mining area S4

F1GURE 5: The schematic diagram for calculating the movement and
deformation of the main section of the surface strike during limited
mining.

Of which
[ U(y,G,) =U(y) + W () cot b,

U(y-LG,)=U(y-L)+W(y-L)cot b,
] £(1,G)) = e(y) +i(y) cot b, (s

e(y-LG,)=¢e(y-L)+i(y— L)cotb,,

sin (6, + «)
sin 0,

Lz(Dl_Sl_SZ)

where D; is the inclination length of the working face, « is
the coal seam inclination angle, and 0, is the mining in-
fluence 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, O, 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. The mining of unit B causes the subsidence
of any point A on the ground surface as shown in the
following equation:

dW(x, y) = W W, (x - )W, (y - t)

=W,(1-P) Risech2<2 ();_ 5))
1 1

1 2(x—5s)
+W,P R—zsech2< R )

(16)

1 2(y —
+W,(1-P) —sech2<u>
R, R,

1 2(y—t
+ WOP—sech2< & )).
R, R,
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W (-, G,) '

FIGURE 6: The schematic diagram for calculating the movement and deformation of the main section of the surface inclination during
limited mining.

FIGURE 7: Any point space coordinate system.

As shown in Figure 7, if the mining area is the area  causes the subsidence of A as shown in the following
enclosed by D, Ds, s-axis, and t-axis, then the entire mining equation:

D,

D,
W (xy) = WOJ JO AW (x, y) = Wio [W(x) - W (x - D;)] [W(») - W (y - D,)]. (17)

0

In view of the expected derivation process for the  sections during finite mining, equation (17) can be trans-
movement deformation of the strike and inclination main ~ formed as follows:
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W () = o W () = W (= DIIW () = W (3 = 1)
0

(18)
= W W)

0

oW (x, y)

i(x,y,¢) = 99

The tilt i(x, y, ¢) of any point A(x, y) along the ¢-di-
rection is the directional derivative of the sink W(x, y) in the
@-direction, and the formula is given in the following
equation:

oW (x, y) ow
= cos @ +

ox

a(x’ Y) sin ¢ (19)

= L [i" )W’ (y) cos ¢ + We (x)i°(y) sin ¢].

Wo

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

0i(x, y)
K(x,y,9) =
V9 99
= %ilx,y) (ax’ b cos ¢ + sin ¢ (20)
X
1 o o
= [K" ()W’ (y)cos” ¢ + We (x)K° (y)sin® ¢ + i° (x)i° (y) sin 2]
0
The horizontal movement calculation formula is as
follows:
1 o o .
U(x, y,¢) = W [U (x)W (y) cos g + We (x)U°(y) sin ¢]. (21)
0
The horizontal deformation calculation formula is as
follows:
1 R o 2 .2 sin2¢ - . o .
e(x, 9, 9) = A [s (X)W (y)cos” ¢ + We(x)e° (y)sin go] + W [U (x)i (y) +i° (x)U°(y)]. (22)
0 0

2.2. ASFOA Algorithm for Hyperbolic Secant Model
Parameters Acquisition

2.2.1. ASFOA Algorithm. The hyperbolic secant model is a
highly nonlinear function. Obtaining the globally optimal
model parameters is a difficult research problem. The fruit
fly algorithm (FOA) is a global optimization search method
based on the characteristics of fruit flies searching for food
[31-33]. The step size of the FOA algorithm is fixed 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 difficult to determine the search step length.
The 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.



The adaptive search step can effectively avoid the blind
search of each fruit fly and overcome the difficulty 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. The ASFOA algo-
rithm is introduced into the process of obtaining the pa-
rameters of the hyperbolic secant model. The process of
hyperbolic secant model parameters acquisition based on
the ASFOA algorithm is shown in Figure 8. The main
process is as follows:

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

1 X; = X _ s +2Serand () - S,

(23)
Y, =Y + 2Serand () - S.

—axis

(2) Calculating the flavor concentration value. First, the
distance (D;) between the individual fruit fly and the
origin is calculated, then the flavor concentration (f;)
determination value is obtained. The predicted
values are calculated based on the initialization
parameters of the hyperbolic secant model and the
information on the working surface.

D; = \/(Xi - X—axis)2+(Yi Y axis)2 >
(24)
1
fi = D.

1

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

F=—
14

I (25)

T [W-w, )+ U -U)

(4) Let the current number of iterations be g, the search
step of g iterations be S, and the optimal concen-
tration value of g iterations be F ;. Then the adaptive
step formula is
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FIGURE 8: The parameters acquisition process of the hyperbolic
secant model is based on the ASFOA algorithm.

F, |
Sg+1=Sg 1+Tg 5 Fg>Fg71,

(26)

Fﬂ
Sp1 =Sy( 1-55 ) Fy<Fyr.
g-1

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

(6) The relationship between the current number of
iterations g and the maximum number of iterations
Gomax 18 judged, and the optimal solution is the output
when the set condition is satisfied, else, we skip from
step 6 to step 2 and continue the iterative loop
operation.
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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 D; of 800 m, an inclination length D; of 200 m, an
average mining depth H of 400m, an average mining
thickness m of 3 m coal seam, and an inclination angle & 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 g is
1.1, horizontal movement factor b is 0.3, main influence
angle tangent tanf; and tanf, are 4.5 and 1.5, respectively,
mining influence propagation angle 0 is 86", and the in-
flection point offset distance S§;=5,=8;=5,=30m. A
monitoring line is designed for each strike and the incli-
nation above the mining area. The strike observation line is
1500 m long, and the inclination observation line is 780 m
long. There 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. The maximum number of it-
erations (G,.x) Was set to 100 and the population size (N) of
the fruit fly was 10. The 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

3.21.  Monitoring  Point  Antideficiency =~ 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. The damage caused by monitoring points is con-
sidered as data missing, which affects 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. The FOA algorithm and the ASFOA algorithm are
used to investigate the effect of missing monitoring points.
The absolute error (AE) and relative error (RE) of the pa-
rameter acquisition results were calculated. The 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
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F1GUure 9: Working face and monitoring point location relationship
map.

obtained by the FOA algorithm and the ASFOA algorithm
are higher and can hardly meet the needs of engineering
practice. Therefore, 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-
mum RE of the parameter obtained by the ASFOA algorithm
is 9.2553%, which is mainly due to the small parameter value
of parameter tanf,. Currently, the AE error of parameter
tanfB; is only 0.1388. The 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 tanf;. Currently,
the AE error of parameter tanf; is only 0.0624. Therefore, 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-
flection point and the maximum subsidence value have the
greatest influence on the results, 200 mm of gross error is
added at the inflection point and the point of maximum
subsidence point, respectively. The 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 inflection 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 200 mm roughness at the inflection point, the RE
error of the obtained parameters is within 0.3598%~
6.1267%. And in the case of adding 200 mm 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 affects the difference 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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TaBLE 1: Results for antipoint missing analysis.

FOA ASFOA
Parameters 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 41182 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
tanf; 0.1153 8.2446 0.2408 16.0533  0.3737 249133 0.0624 49001 0.1388 9.2533  0.2693 17.9533
tanf, 0.2137 6.4571 0.5417 12.0378 1.0892 24.2044 0.1146 3.3752 0.3259 7.2422  0.7193  15.9844
S 3.1028 15.5472  6.9431 23.1437 9.0428 30.1427 0.8845 2.6044 1.7138 5.7127 3.3449  11.1497
S, 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 19080 2.1982 7.3273
Sy 2.2484 4.0116 32083 10.6943 59217 19.7390 0.5166 1.6422 1.1771 3.9237 3.1723  10.5743
0 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.

FOA ASFOA
Parameters Inflection point Maximum .sub51dence Inflection point Maximum S ubsidence
point 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
tanf; 0.1751 11.6733 0.1037 6.9133 0.0919 6.1267 0.0296 1.9733
tanﬁz 0.3325 7.3889 0.3775 8.3889 0.1043 2.3178 0.1191 2.6467
M 5.7739 19.2463 5.8429 19.4763 1.4579 4.8597 1.7449 5.8163
S, 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
Sy 29717 9.9057 4.3342 14.4473 0.9862 3.2873 0.7205 2.4017
0 1.7805 2.0703 1.1735 1.3645 0.3094 0.3598 0.0187 0.0217

hyperbolic secant model parameters, the FOA algorithm and  and horizontal movement values of the simulated working
the ASFOA algorithm were used to obtain the hyperbolic ~ face. To avoid the influence of random errors, 60 parameter-
secant model parameters based on the measured subsidence  finding experiments were conducted under the same
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experimental condition. The fluctuation 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 fluctuates within
+0.2, while the ratio factor P obtained by the FOA algorithm
basically fluctuates within +0.4. From Figure 11(b), it can be
seen that the subsidence factor q obtained by the ASFOA
algorithm basically fluctuates within +0.05, while the sub-
sidence factor g obtained by the FOA algorithm basically
fluctuates within +0.1. From Figure 11(c), it can be seen that
the horizontal movement factor b obtained by the ASFOA
algorithm basically fluctuates within +0.01, while the hori-
zontal movement factor b obtained by the FOA algorithm
basically fluctuates within +0.05. From Figure 11(d), it can
be seen that the main influence angle tangent tanf; obtained
by the ASFOA algorithm basically fluctuates within +0.1,
while the main influence angle tangent tanf3; obtained by the
FOA algorithm basically fluctuates within +0.2. From
Figure 11(e), it can be seen that the main influence angle
tangent tanf, obtained by the ASFOA algorithm basically
fluctuates within +0.1, while the main influence angle tan-
gent tanf, obtained by the FOA algorithm basically fluc-
tuates within +0.3. From Figure 11(f), it can be seen that the
inflection point offset distance S; obtained by the ASFOA
algorithm basically fluctuates within +5m, while the in-
flection point offset distance S; obtained by the FOA al-
gorithm basically fluctuates within +8 m.

From Figure 12(a), it can be seen that the inflection point
offset distance S, obtained by the ASFOA algorithm basically
fluctuates within +4 m, while the inflection point offset
distance S, obtained by the FOA algorithm basically fluc-
tuates within +9 m. From Figure 12(b), it can be seen that the
inflection point offset distance S; obtained by the ASFOA
algorithm basically fluctuates within +3 m, while the in-
flection point offset distance S; obtained by the FOA al-
gorithm basically fluctuates within +8 m. From Figure 12(c),
it can be seen that the inflection point offset distance S,
obtained by the ASFOA algorithm basically fluctuates within
+3 m, while the inflection point offset distance S, obtained
by the FOA algorithm basically fluctuates within +8 m. From
Figure 12(d), it can be seen that the mining influence
propagation angle 6 obtained by the ASFOA algorithm
basically fluctuates within +0.02°, while the mining influence
propagation angle 0 obtained by the FOA algorithm basically
fluctuates within +0.1°.

In summary, the hyperbolic secant model parameters
obtained by the ASFOA algorithm are significantly better
than the result obtained by the FOA algorithm. The hy-
perbolic secant model parameters obtained by the ASFOA
algorithm have a smaller fluctuation 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 field is in Huainan
City, Anhui Province, China. The ground elevation is
normally between +21.00~+23.00m. A 11111 working face

11

is in the Pansidong mine. The working face has an incli-
nation length of 145m, a strike length of 411 m, and a re-
trieval area of 59,595 m®>. The average mining depth of the
working face is 394 m, the thickness of the loose seam is
336 m, the inclination of the coal seam is 6°, and the mining
thickness is 4.8 m. 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. There are 24 monitoring points in the strike
observation line and 26 monitoring points in the inclination
direction. The diagram of monitoring points on the working
face is shown in Figure 13.

4.2. Hyperbolic Secant Model Parameter Acquisition. The
inversion of the parameters of the probability integral
method and hyperbolic secant model was carried out based
on the surface movement observation data of the monitoring
stations. The 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. The possible reasons
for these discrepancies are shown in and mainly in.

(1) The superimposed influence 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. This
superposition on working faces makes it very diffi-
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.
The 11113 working face was completed on May 30,
2013. The 11213 working face is to the north of the
11111 working face. The 11213 working face was
completed on December 30, 2015. The 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) The measurement error of the monitoring 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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FIGURE 11: Comparison of the stability of the first 6 parameters of the hyperbolic secant model: (a) ratio factor P; (b) subsidence factor g;
(c) horizontal movement factor b; (d) main influence angle tangent tanf;; (e) main influence angle tangent tanf,; (f) inflection point offset
distance S;.
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FIGURE 12: Comparison of the stability of the last 4 parameters of the hyperbolic secant model: (a) inflection point offset distance S,;
(b) inflection point offset distance Ss; (c) inflection points offset distance Sy; (d) mining influence propagation angle 6.

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. The
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. The 11111 working face part of the
damaged monitoring points is shown in Figure 16.
The 11111 working face surface movement defor-
mation measurement process of monitoring point
disturbance damage makes the measurement results
inevitably biased.

(3) The 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. The
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.

The hyperbolic secant model in this paper does not

consider the water loss consolidation settlement of the
aquifer. The 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.
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Elr;k}’lﬂﬁhty integral q=12201, b=0.1439, tanB=2.5512, $; =—20.0103m, S, =—20.0435m, S;=27.6014 m, S, =27.0315m, 6=85.9203°
Hyperbolic secant P=0.3145, ¢=1.5313, b=0.1742, tanf1 = 4.5561, tanff2 =1.3929, S; =-10.5479m, S, =-15.1824m, S5=25.5831 m,
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FiGure 15: The mining situation around the 11111 working face.
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FIGURE 16: Before and after monitoring point damage: (a) before monitoring point damage and (b) after monitoring point damage.

layer is composed of aquifer and water barrier interaction,
which is typical of a work face of the thick loose aquifer. The
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. The 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 influence of mining subsidence, the pre-
diction formulas of the main section are derived at
semi-infinite mining, the main section at finite
mining, and any point.

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

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

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Conflicts of Interest

The authors declare no conflicts of interest.

Authors’ Contributions

Jinman Zhang wrote the manuscript. Jiewei Li and Liangji
Xu verified the formula derivation and data-processing
parts. Ruirui Xu entered the equations in the manuscript.
Caiya Yue suggested changes to the graphs of the
manuscript.

Acknowledgments

The support of the National Natural Science Foundation of
China (41472323), the Foreign Science and Technology
Cooperation Program of Anhui Province
(201904311020015), and Startup Fund of Liaocheng Uni-
versity for Doctoral Research (318052115) are gratefully
acknowledged. The authors are grateful to Pan Sidong Mine
and Anhui University of Science and Technology for their
data support. In addition, The authors would like to give
special thanks to Dr. Zhou Bang for his great help during the
debugging process of the code of this paper.

References

[1] H. Y. Liu, B. Y. Zhang, X. L. Li et al., “Research on roof
damage mechanism and control technology of gob-side entry
retaining under close distance gob,” Engineering Failure
Analysis, vol. 138, no. 5, Article ID 106331, 2022.

[2] S. M. Liu, X. L. Li, D. K. Wang, and D. M. Zhang, “Inves-

tigations on the mechanism of the microstructural evolution

of different coal ranks under liquid nitrogen cold soaking,”

Energy Sources, Part A: Recovery, Utilization, and Environ-

mental Effects, vol. 2020, pp. 1-17, 2020.

X.L.Li, S.J. Chen, S. Wang, M. Zhao, and H. Liu, “Study on in

situ stress distribution law of the deep mine taking Linyi

[3



Mathematical Problems in Engineering

(4]

(8]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

Mining area as an example,” Advances in Materials Science
and Engineering, vol. 2021, no. 4, Article ID 5594181, 11 pages,
2021.

X. M. Cui, Y. G. Gao, and D. B. Yuan, “Erratum to: sudden
surface collapse disasters caused by shallow partial mining in
Datong coalfield, China,” Natural Hazards, vol. 75, no. 1,
pp. 1005-1929, 2014.

S. Saha, S. K. Pattanayak, E. O. Sills, and A. K. Singha, “Under-
mining health: environmental justice and mining in India,”
Health and Place, vol. 17, no. 1, pp. 140-148, 2011.

L. M. Fan, X. D. Ma, and R. J. Ji, “The progress of research
engineering practice of water-preserved coal mining in
western eco-environment frangible area,” Journal of China
Coal Society, vol. 40, pp. 1711-1717, 2015.

P. X. Li, D. Peng, Z. X. Tan, and K. Z. Deng, “Study of
probability integration method parameter inversion by the
genetic algorithm,” International Journal of Mining Science
and Technology, vol. 27, pp. 1073-1079, 2017.

J. M. Zhang, Study on Overburden Movement and Surface
Movement under Water Loss Mining in Thick Loose Aquifer,
Anhui University of Science and Technology, Huainan,
China, 2019.

Z.B.Yu, S. Y. Zhu, Y. Z. Guan, and D. X. Hu, “Feasibility of
modifying coal pillars to prevent sand flow under a thick loose
layer of sediment and thin bedrock,” Mine Water and the
Environment, vol. 38, no. 4, pp. 817-826, 2019.

W. Miao, L. Zhao, S. Q. Liu, W. H. Jiang, E. M. Zhang, and
J. K. Li, “Roof failure mechanism of thin bedrock working
faces under loading and analysis based on microseismic
monitoring technology,” Geofluids, vol. 2022, Article ID
7566637, 10 pages, 2022.

D. Huayang, L. Xugang, L. Jiyan et al., “Model study of de-
formation induced by fully mechanized caving below a thick
loess layer,” International Journal of Rock Mechanics and
Mining Sciences, vol. 47, no. 6, pp. 1027-1033, 2010.

J. J. Chen, Y. Chen, W. B. Guo, and Y. F. Zou, “Study on
surface movement law under the condition of thick uncon-
solidated strata,” Coal Science and Technology, vol. 41,
pp. 95-97+102, 2013.

X. Lian, Y. Zhang, H. Yuan, C. Wang, J. Guo, and J. Liu, “Law
of movement of discontinuous deformation of strata and
ground with a thick loess layer and thin bedrock in long wall
mining,” Applied Sciences, vol. 10, no. 8, p. 2874, 2020.

F. Chen, J. M. Zhang, L.J. Xu, J. W. Li, R. R. Xu, and K. Zhang,
“Simulation experiment on water loss and settlement of thick
and loose aquifer,” Industry and Mine Automation, vol. 48,
pp. 78-84, 2022.

X. L. Li, S. J. Chen, Q. M. Zhang, X. Gao, and F. Feng,
“Research on theory, simulation and measurement of stress
behavior under regenerated roof condition,” Geomechanics
and Geoengineering, vol. 26, no. 1, pp. 49-61, 2021.

X. L. Li, S. J. Chen, S. M. Liu, and Z. H. Li, “AE waveform
characteristics of rock mass under uniaxial loading based on
Hilbert-Huang transform,” J. Cent. South Univ.vol. 28, no. 6,
pp. 1843-1856, 2021.

A. Bello Garci‘a and J. Ordieres Mere, “Parameter optimi-
zation of influence functions in mining subsidence,” Inter-
national Journal of Rock Mechanics and Mining Sciences,
vol. 34, no. 7, pp. 1125-1131, 1997.

A. Asadi, K. Shahriar, K. Goshtasbi, and K. Najm, “Devel-
opment of a new mathematical model for prediction of
surface subsidence due to inclined coal-seam mining]J],”
Journal of the South African Institute of Mining and Metal-
lurgy, pp. 15-20, 2005.

(19]

(20]

(21]

(22]

(23]

(24]

(25]

[26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

17

A. A. Baryakh, E. A. Telegina, N. A. Samodelkina, and
S. Y. Devyatkov, “Prediction of the intensive surface subsi-
dences in mining potash series,” Journal of Mining Science,
vol. 41, no. 4, pp. 312-319, 2005.

M. D. G. Salamon, “Elastic moduli of a stratified rock mass,”
International Journal of Rock Mechanics and Mining Sciences
and Geomechanics Abstracts, vol. 5, no. 6, pp. 519-527, 1968.
Y. J. Hao, L. X. Wu, and H. Y. Dai, “Establishing a ground
settlement prediction model with elastic slab theory,” Chinese
Journal of Rock Mechanics and Engineering, pp. 2958-2962,
2006.

D. H. Li, “Influence of cover rock characteristic on time
influencing parameters in process of surface movement,”
Chinese Journal of Rock Mechanics and Engineering,
pp. 3780-3784, 2004.

X. F. Tan, B. Z. Song, H. Z. Bo, Y. W. Li, M. Wang, and
G. H. Lu, “Extraction of irregularly shaped coal mining area
induced ground subsidence prediction based on probability
integral method,” Applied Sciences, vol. 10, no. 18, p. 6623,
2020.

B. C. Liu, “Stochastic medium theory and its application to
excavation-induced ground subsidence problems,” Chinese
Journal of Nonferrous Metals, pp. 8-14, 1992.

A. M. Suchowerska, R. S. Merifield, and J. P. Carter, “Vertical
stress changes in multi-seam mining under supercritical
longwall panels,” International Journal of Rock Mechanics and
Mining Sciences, vol. 61, pp. 306-320, 2013.

H. Y. Dai, P. Li, N. Marzhan et al., “Subsidence control
method by inversely-inclined slicing and upward mining for
ultra-thick steep seams,” International Journal of Mining
Science and Technology, vol. 32, no. 1, pp. 103-112, 2022.

J. X.Li, X. X. Yu, and Y. Liang, “A prediction model of mining
subsidence in thick loose layer based on probability integral
model,” Earth Sciences Research Journal, vol. 24, no. 3,
pp. 367-372, 2020.

Q. Jiang, G. L. Guo, H. Z. Li, T. Wei, Y. F. Yuan, and
C. M. Jiang, “Investigation of coordinated development of
coal mining and pipeline protection under boundary effect of
thick unconsolidated layer,” Bulletin of Engineering Geology
and the Environment, vol. 81, no. 4, p. 136, 2022.

J. M. Zhang, Y. G. Yan, H. Y. Dai, L. J. Xu, J. W. Li, and
R. R. Xu, “Hyperbolic secant subsidence prediction model
under thick loose layer mining area,” Minerals, vol. 12, no. 8,
p. 1023, 2022.

T. Fujita, Z. Luo, C. Quan, K. Mori, and S. Cao, “Performance
evaluation of RNN with hyperbolic secant in gate structure
through application of Parkinson’s disease detection,” Applied
Sciences, vol. 11, no. 10, pp. 4361-4379, 2021.

H.Y. Sang, Q. K. Pan, and P. Y. Duan, “Self-adaptive fruit fly
optimizer for global optimization,” Natural Computing,
vol. 18, no. 4, pp. 785-813, 2019.

Z.1i, Y. Qin, S. D. Hou, R. Zhang, and H. X. Sun, “Renewable
energy system based on IFOA-BP neural network load
forecast,” Energy Reports, vol. 6, no. 9, pp. 1585-1590, 2020.
R. Zhou, Q. Liu, J. Wang, X. M. Han, and L. M. Wang,
“Modified semi-supervised affinity propagation clustering
with fuzzy density fruit fly optimization,” Neural Computing
and Applications, vol. 33, no. 10, pp. 4695-4712, 2021.





