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ABSTRACT Accurately forecasting the scope of coal mining subsidence area is of great significance to
the protection of surface structures. Due to the peculiarities of the unconsolidated layers rock formation,
the surface movement of the thick unconsolidated layers mining area converges slowly at the boundary of the
basin, and the boundary of the subsidence basin is larger than under conventional conditions. It is found that
the existing models have a poor prediction effect at the boundary, and the predicted subsidence basin range
is smaller than the actual basin range. To solve this problem, a new surface deformation prediction model
based on Boltzmann function (IB) is proposed in this paper. Aiming at the problem that the model function
is highly nonlinear and difficult to obtain parameters, the multi-population genetic algorithm (MPGA) is
introduced into the parameter solution of the prediction model, and the parameter calculation model based on
multi-population genetic algorithm (MPGAIB) is constructed. The simulation experiment and engineering
example analysis show that both the overall fitting effect and the fitting effect at the boundary of IB model
are closer to the actual situation, The MPGAIB model has good ability to anti-random error and gross error,
and the result is stable.

INDEX TERMS Mining subsidence, parameter calculation, probability integral method, prediction model,
thick unconsolidated layers.

LIST OF ABBREVIATIONS . P, The crossover probability
1B Improved Boltzmann function . o
MPGA Muli ati - aloorith Pm The mutation probability
4 t?‘P"pu at?"“ genetllc agorlF m MAXGEN The optimal individual maintains the least
MPGAIB  Multi-population genetic algorithm parame- algebra
PIM g:r rtr)l(;d,f,l . | hod RMSE Root Mean Squared Error
robabi 1ty 1'ntegra me.t N MAE Mean Absolute Error
SIE Semi-infinitive Extraction
. . AE Absolute error.
FE Finite Extraction
FEAS Finite extraction along strike
FEAD Finite extraction along dip I. INTRODUCTION
NUM The number of populations Surface deformation caused by underground mining is a
LNUM The number of individuals in each population global problem, which will cause damage to surface build-
GGAP The generation gap ings, railways, rivers, etc., which seriously threatens the
NVAR The dimension of the variable normal production and life of the residents in the mining
area [1]-[5]. Accurate prediction of surface deformation can
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FIGURE 1. Schematic diagram of surface subsidence in thick unconsolidated layers mining area.

the village relocation, restoration and reconstruction of the
mining area’s ecological environment above the mining area.
The unconsolidated layers are Quaternary and Neogene
strata, which are mainly composed of soil, sand, gravel, peb-
ble, etc [6]. It is generally believed that when the thickness of
the unconsolidated layer exceeds 50 m, it is called a thick
unconsolidated layer [7]. Compared with the conventional
mining conditions, the mining subsidence mechanism and
time-space law of thick unconsolidated layers are quite dif-
ferent, for example, the maximum surface subsidence value
is greater than the coal seam thickness, the surface movement
range is large, and the surface subsidence is intense during
the mining period [8], [9]. It is generally believed that the
surface subsidence is composed of two parts: the subsidence
caused by the bedrock and the subsidence caused by the
unconsolidated layers. The bedrock is relatively hard and its
subsidence conforms to the general subsidence law. When
there is no unconsolidated layers in the rock layer, it can see
from Fig.1, The subsidence basin of the medium bedrock
(blue curve). When there is a unconsolidated layers in the
rock layer, on the one hand, the unconsolidated layers itself
will sink as the bedrock sinks, and on the other hand, as the
mining progresses, the moisture in the unconsolidated layers
gradually Erosion, when the rock layer is gradually com-
pacted, causes the maximum subsidence value to be greater
than the mining thickness, and with the expansion of the
basin, it is often manifested as slow boundary convergence.
Literature search shows that the existing surface prediction
models can be divided into four categories, the first cate-
gory is mainly empirical methods based on measured data,
such as the typical curve method, profile function method,
etc [10]-[12]. Although this method is simple to operate
and has high prediction accuracy, it requires a lot of mea-
sured data to build a model, and the model is built for a
specific mining area and cannot be used in other mining
areas [13], [14].The second type are the influence function
method. In mining subsidence, scholars have proposed a
variety of influence functions, such as generalized influence
function, Probability integral method (PIM) and its improved
model, and n-k-g based influence function, etc [15]. Among
them, the most commonly used is the PIM model, The PIM

VOLUME 9, 2021

. I Boundary region Boundary region

~ 400 | e L
) Fitting poor Fitting poor
L
=
S 800
L
Q
=]
L
S 1200
Z
5 L
2] —— Measured curve
Loty Fitted curve
2000 ! . : y : y
0 5 10 15 20 25 30
Number

FIGURE 2. Fitting map of subsidence in thick unconsolidated layers
mining area.

esossceceeeee ©

Actual bosndary

.'; Predictiombgundary

00000 9500 0000 o,
000100 e

Surface

FIGURE 3. Comparison of actual boundary and predicted boundary.

model has the advantages of high prediction accuracy, few
parameters, and practical significance of the parameters, but
there will be a phenomenon of poor prediction at the bound-
ary shown in Fig.2, and the predicted boundary is smaller
than the actual boundary (as shown in Fig.3),Moreover, The
PIM function is a highly nonlinear function, and it is difficult
to solve the expected parameters. The third category is the
method of simulation research, mainly including theoretical
model method, numerical simulation method, similar mate-
rial simulation method [16]-[18]. The advantages of simu-
lation research methods are low cost, short period, intuitive
image, etc., but they are currently qualitative researches, and
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there are still shortcomings such as unstable similarity and
difficult to meet boundary conditions. The fourth category is
other prediction methods, such as neural network, time series
analysis [19]-[21].This type of model has high prediction
accuracy and makes full use of existing data, but this method
is often only a single point prediction, and it is difficult to
predict the entire subsidence basin.

Due to the above-mentioned special phenomena on the
surface of the mining area with thick unconsolidated layers,
none of the existing surface prediction models can solve this
problem well. In response to the above problem, the author
proposed a new prediction model of surface deformation
based on the Boltzmann function, and derives the prediction
formulas for the main section of the strike, the main section
of inclination and any point on the surface. At the same
time, comparing the prediction model of PIM, the parameter
system of the new model is given. Aiming at the difficult
problem of solving the prediction parameters, a model of
parameter inversion based on MPGA is proposed.

The rest of the paper is organized as follows: Section II
mainly introduces the construction of the prediction model
and the method of obtaining the predicted parameters.
Sections III and IV conduct simulation experiments and
engineering case analysis. Section V is the discussion and
Section VI is the conclusion.

Il. METHODOLOGY
A. IB MODEL
Boltzmann extended the Maxwell distribution to the
Maxwell-Boltzmann distribution. This research result has
been widely used. The expression of Boltzmann function is
shown in Equation (1). The curve is similar to the prediction
formula of the main section along the strike in the semi-
infinite mining with PIM. Therefore, the subsidence predic-
tion formula of the main section of the strike based on the
Boltmann function can be defined as Equation (2).
Al — Ay
= W + A €))
() =k =0 @)
Y I +exp(— (x —s) /R)

where k is the proportional factor, wy is the maximum sub-
sidence value for the entire mining process, s is the offset of
inflection point, and R is the main influence radius.

Differentiating (2), the unit influence function of the
Boltzmann function can be calculated as:
o () = dW () = L SXPEX/R)

R (1 + exp(—x/R)?

Fig.4 shows the relationship between unit mining subsi-
dence and parameter R. it can be seen from the figure that the
smaller R is, the faster the boundary convergence is and the
larger the maximum subsidence value is.

In this paper, the surface unit subsidence basin was a com-
bination of two subsidence basins with different parameters
R at a certain ratio. Then, the prediction formula of surface

y
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FIGURE 4. Relationship between unit mining subsidence and
parameters R.
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FIGURE 5. Relationship between unit mining subsidence and parameters
R and P.

movement and deformation was established according to the
superposition method, as shown in the following:
L ewCxR)
Ri (1 4 exp(—x/Ry))*
1 exp(—x/R3)
R2 (1 + exp(—x/R»))?
where P is the proportional factor.

When Ry = 20, Ry = 25, 30, 35 and 40, P = 0.3,
the subsidence basin shape of surface unit is shown in Fig.5.
It can be seen from Fig.5 that the subsidence model con-
structed according to a certain proportion combination can
better reflect the actual shape of the subsidence basin.

According to the way of coal seam mining, the mining form
can be divided into the Semi-infinitive Extraction (SIE) and
the Finite Extraction (FE), so the prediction model can be
divided into the SIE prediction model and the FE prediction
model. Based on the above ideas, this article first derives
the SIE surface prediction model, and then derives the strike
main section, the dip main section and the surface predic-
tion model at any point under FE conditions. The deriva-
tion process is shown in Fig.6. The derivation process is as
follows:

Welx) =

“
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FIGURE 7. Subsidence and horizontal movement of ground surface
during SIE.

1) DEFORMATION PREDICTION OF THE MAIN SECTION OF
THE BASIN'S STRIKE WHEN SEMI-INFINITIVE EXTRACTION
As shown in Fig.7, SIE means that from the open cut O,
along the advancing direction of the working face (the right
side of the open cut) has been fully mined, and there is no
mining on the left side of the open cut, the coordinate system
is established with the top of the mining boundary of SIE as
the coordinate origin. The positive direction of x-axis points
to the direction of goaf, the surface subsidence axis points
downward is positive, and the surface horizontal movement
axis points upward is positive. The mining thickness of coal
seam is m and the mining depth is H. Let the subsidence value
of point A with the horizontal axis of s (1 in Fig.7) be we(x —s)
and the horizontal movement value u.(x — s) caused by the
mining unit.

According to Fig.7 and the above conditions, the subsi-
dence of point A caused by the mining unit with abscissa s
should be as follows:

1 exp(—(x—s)/R)
Awe(x) = — 5
Ri (14 exp(— (x — ) /R1))
1 exp(=(x =) /Ry)
Ry (1 + exp(— (x = 5) /R2))?
In the case of SIE, the boundary is froms = 0 — s =
+00,The subsidence of point A can be obtained through
integral calculation and simplification:
w1 —=P)
" exp(—x/Ry) + 1

(1-p)

&)

wyP
exp(—x/Ry) + 1

w(x) (6)
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According to the PIM derivation experience and knowl-
edge of elastic mechanics, the form of horizontal movement
of the unit can be determined, as shown in Equation (7):

dwe (x)

u.(x) =B
X
_ BYexp(—=x/R\)*(P - 1)
R}* (1 4 exp(—x/R1))?
_ 2*B*exp(=2x/R)*(P - 1)
R¥* (1 + exp(—x/R1))*
B B* exp(—x/Ry)*P
R3* (1 4 exp(—x/Ry))*
2*B* exp(—2x/R)*P

(N
R3* (1 + exp(—x/R>))?
where B is a constant.
By the integration of (7), and approximately let:
B B
V= — = — 8
R R (@)

The calculation formula for the horizontal movement of
the main section along the strike in the SIE can be obtained,
as follows:

exp(—x/Ry)
=b 1—P
") =0 okt P
b exp(—x/R3) ©)

0
(1 + exp(—x/R2))*
The slope i(x) is the first derivative of the subsidence w(x),
and the formula is as follows:
: dw(x) _wo  exp(—x/R;)
i(x) = = — 51— P)
dx R1 (1 +exp(—x/R1))
wo exp(—x/R3)
Ry (1 + exp(—x/R2))?
The curvature k(x) is the first derivative of the slope i(x),
and the formula is as follows:

(10)

k(x) = d;(;‘)
_ woexp(—x/R)[1 — exp(—x/R)I*(1 = P)
R} (1 + exp(—x/Ry))>

_ wo exp(—x/Ro)[1 — exp(—x/Ry)|*P
R3 (1 + exp(—x/R2))>

(11)
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FIGURE 8. Schematic diagram for calculating the deformation of main
section along the strike.

The horizontal strain &(x) is the first derivative of the
horizontal movement u(x), and its formula is as follows:

o(x) = du(x)
dx
_ M exp(—x/Rp)[1 — exp(—x/R)]*(1 — P)
R (1 +exp(—x/Ry))?
_ o exp(—x/Ra)l1 — eXp(—xéRz)]*P 12
Ry (1 + exp(—x/R»))

2) DEFORMATION PREDICTION OF THE MAIN SECTION OF
THE BASIN'S STRIKE WHEN FINITE EXTRACTION
It is assumed that the coal seam has reached full mining along
the inclined direction and hasn’t reached full mining along the
strike. This situation is called the finite extraction along strike
(FEAS) (as shown in Fig.8). The actual mining length along
the strike is D3, and the offset of inflection point is generated
due to the cantilever action of the roof. The offset distances
of the left and right inflection points were set as s3 and s4.
According to the principle of superposition, it can be
understood as the difference between two SIE, and the calcu-
lation formula of the deformation of the main section along
the strike can be obtained as follows:

wo(x) =wkx)—wh—1h)

D) =i —ikx—1h)

KO (x) =k (x) —k (x — I3) (13)
¥ () = u(x) —u(x — )

() =e@) —e(x—1)

where I3 is the calculated length of strike mining, I3 = D3 —
$3 — 84.

3) DEFORMATION PREDICTION OF THE MAIN SECTION OF
THE BASIN'S DIP WHEN FINITE EXTRACTION

It is assumed that the coal seam has reached full mining
along the strike direction, and is not fully exploited along
the inclination. This situation is called finite extraction along
dip (FEAD) (as shown in Fig.9). According to the principle
of superposition, it can also be understood as the difference
between the semi-infinite mining of two coal seams with dif-
ferent depths, and the calculation formula for the movement
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FIGURE 10. Schematic diagram of arbitrary point calculation.

and deformation of the main section along the inclination is
as follows:

W =w®) —we—1)

P =i —ily—1I)

Ko =k —k@y—1h)

u’ () = [u () +w () cot ] (14)
—[u(y—1)+w(l —11)cotb]

% (x) = [e (v) + i (y) cotby]
—ley—1hL) +i(y—1L)cotby]

where, [; is the calculation length of inclination I} = (D] —
s1 — sp)sin(fy + a)/sin(fp), s1 and s, are the offset distances
of the inflection point in the direction of downhill and uphill,
6y is the propagation angle of extraction, « is the dip angle of
coal seam.

4) DEFORMATION PREDICTION OF THE DEFORMATION OF
ANY POINT IN A SURFACE MOVING BASIN

As shown in Fig.10, the coal seam is assumed to be a hori-
zontal coal seam. The horizontal projections of the coal seam
coordinate system tO;s and the surface coordinate system
xOy coincide. The mining of a unit B(s, ¢) with a width of ds,
a length of dt and a thickness of w, is conducted at s. Then
the mining-induced subsidence value of A(x, y) at any point
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on the surface can be expressed as follows:

dw(x,y) = wowe (x — s) we (y — 1)
1 —(x—s)/R
=W0<_ W G=I/R)
Ri (1 + exp(— (x — 5) /R1))
1 exp(— (x — R
L1 exp= (= 9) /R) 2P)
Ry (1 + exp(— (x —5) /R2))
1 exp(—(y—1)/R)
— s(1—P
Ry (1 +exp(—(y—1) /R1))
1 exp(—(y—1)/R
L1 ep(-G -0 /Ry 2P>
Ry (1 +exp(— (y — 1) /R2))
As shown in Fig.9, if the mining area is O; CDE, the length
of O C is D3, the length of CD is Dy, the subsidence value of

point A (x, y) caused by the whole mining can be obtained by
(17), as follows:

)

)

15)

D3 Dy
Wz, ¥) = wo fo /O dw(x, ) (16)

After simplification, we can get:

1
[w@) —wx —=D3)][w) —w(y— D]

W(}C, Y) = W_O
17)

According to the deduction of the prediction formula of the
surface deformation of the main section in FEAS and FEAD,
the above formula can be converted into:

1
e y) = S ) —w = )1 w ) = w O = )
1
= —w @) w’ ) (18)
wo

The slope i(x,y, ¢) of any point A(x, y) on the surface
along the ¢ direction is the derivative of the subsidence w(x,
y) in the ¢ direction.

ow (x,y)

de
aw (x,y)
——=co
ox

i(x,y,9) =

s+ wx.y) sing
dy
= wi [io (x) w? (y)cosg + w? (x) i (y) sin (p]
0
(19)

Similarly, the curvature formula at any point can be
obtained:

i (x,y)
0p

i (x,y)
= cos
ox

AC(}’C, Vs ¢)
a‘ X, )
+ l( )

sin ¢

- [ko @) w0 () cos? @ + wP (x) k° () sin® ¢
wo
4+ () (v) sin 2¢)] (20)
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The formula for the horizontal movement of any point is as
follows:

1
u(x,y, @)= W_o [uo @) w’ (y) cos @ + w® (x) u® (y) sin <p]
(2D

The formula of the horizontal strain at any point can be
obtained:

e(x,y, ¢)
= i {80 (x) w? ) cos® ©+ &0 » w (x) sin? q)}
wo

4L [ 0w+ 2@ m]singeose] @2
wo

5) PARAMETER ANALYSIS

In the IB model, the subsidence factor, the propagation angle
of extraction, the offset of inflection point, and the horizontal
movement coefficient have the same meaning as defined by
the PIM. R| and R; in the model are important influence radii.
The tangent of main influence angle: tang; = H/4.13Ry,
tanB, = H/4.13R;. P is the proportional factor. There are
10 parameters in the new model: g, P, b, 6y, s1, 52, 53, S4,
tanB, tanfB;.

B. IB PARAMETER CALCULATION

1) MPGA

As shown in the above model expression, the model function
is highly nonlinear, so it is difficult to obtain the global
optimal solution of the model parameters. Genetic algo-
rithm (GA) is a computational model of biological evolu-
tion process which simulates natural selection and genetic
mechanism of biological evolution theory. Due to its strong
robustness and global search ability, it is widely used in
machine learning, pattern recognition, mathematical opti-
mization and other fields. The traditional GA mainly uses
a single population for evolution, and the crossover proba-
bility and mutation probability are fixed values. Therefore,
the premature convergence problem occurs in the applica-
tion process, which mainly shows that all individuals in the
population tend to the same state and stop evolution, and
the algorithm cannot get satisfactory solution. In view of the
problems of genetic algorithms, MPGA can be used to replace
the conventional standard GA in the process of practical
application. MPGA introduces the strategy of multi popula-
tion co evolution, uses immigration operator, and controls the
crossover probability and mutation probability in an interval,
which effectively avoids the premature convergence problem,
At the same time, the essence of the population is introduced
to avoid the problem of immature convergence.

2) MPGAIB

This paper introduces the multi-population genetic algorithm
into the process of IB model parameter calculation. The
solution technical route is shown in Fig.11. The main solution
process is as follows:
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FIGURE 11. The flow chart of parameters inversion.

TABLE 1. Parameters of MPGA.

Parameters NUM LNUM GGAP NVAR
Values 30 100 0.9 10
Parameters Pc Pm MAXGEN
Values 0.7~0.9 0.001~0.005 100

(1) Establish the fitness function. Assuming that the mea-
sured subsidence and horizontal movement values are Wy and
Us, and the predicted subsidence and horizontal movement
values are W; and Uj, respectively, using the minimum sum
of squared differences between the predicted value and the
observed value as the criterion, the fitness function is obtained
as:

F=(w-wi+w-uz) @

(2) Setting of MPGA algorithm parameters. It mainly
includes the number of populations (NUM), the number of
individuals in each population (LNUM), the generation gap
(GGAP), the dimension of the variable (NVAR), the crossover
probability (P.) and the mutation probability (Py,) of each
population, and the optimal individual maintains the least
algebra (MAXGEN). The specific values are shown in Table 1.

In order to reflect the advantages of the MPGA algorithm,
the algorithm needs to use a large crossover probability and
a small mutation probability in the early stage of evolution
to enhance the global optimization ability, and a smaller
crossover probability and a larger mutation probability in the
later stage of the evolution to enhance local search ability.
According to the range of crossover probability and mutation
probability (see Table 1), the adaptive adjustment formula
designed in this paper is:

P, = 0.7+ (0.9 — 0.7)* rand (NUM, 1) 24)
P, = 0.001 + (0.05 — 0.001)* rand (NUM, 1)  (25)

24002

(3) Coding and population generation. According to the
IB parameter range, the binary code corresponding to each
parameter is randomly generated based on the binary code to
establish the initial population.

(4) Decode, calculate and sort the fitness function value.
Calculate the fitness function value of each individual in each
population, and sort them from large to small to find the
optimal value of each population.

(5) Immigration operation. Perform immigration opera-
tions on the optimal value obtained for each population,
and replace the worst value of the next population with the
optimal value of the previous population in turn.

(6) Artificial selection of elite populations. The best indi-
viduals of each species are stored in the elite population
to find out the best individuals of the elite population and
determine whether the current optimization value is the same
as the previous optimization value. If the value is the same,
jump to step (8), and if the value is different, do the steps (7).

(7) The crossover probability P, and mutation probabil-
ity Pm of each population were calculated, and then the
selection, crossover and mutation of each population were
performed to generate the new species group and skip to
step (3).

(8) Judge whether the MAXGEN value meets the set value,
if so, decode the output result, if not, skip to step (7) to
continue the cycle.

IIl. SIMULATED EXPERIMENT

A. OVERVIEW OF THE SIMULATED WORKING FACE
Geological and mining conditions of the designed working
face are in the following. The mining thickness of the coal
seam is 3 m, the dip angle is 3°, the strike length of the
coal seam is 600m, the dip length is 300m, and the average
mining depth is 500 m. The total caving method is used
to manage the roof. The predicted parameters of surface
subsidence are as follows: ¢ = 1, P = 0.7, b = 0.3,
tang] = 2,tanfBr = 4,51 = s = 53 = 54 = 45 m, and
6 = 85°. There are 41 monitoring points in the design strike
line and 31 monitoring points in the inclination line with a
spacing of 30 m. The layout of observation line is shown in
Fig.12. According to the geological mining conditions, the
predicted parameters of the ground surface and the coordinate
values of each monitoring point, the measured subsidence and
horizontal movement values of the simulated working face
are obtained as shown in Fig.13:

B. RELIABILITY OF MPGAIB

According to the actual measured subsidence of the simulated
working face, the MPGAIB parameter model proposed in this
paper is used to obtain the fitting parameters. For comparison,
the standard genetic algorithm parameter model (GAIB) is
used for comparison. Parameter inversion 30 times, the aver-
age value of 30 times is used as the final calculated value,
and the relative median error (K) and root mean square error
(RMSE) of the parameters are calculated as shown in Table 2,
and the fluctuation range of the parameters is shown in Fig.14.
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TABLE 2. Comparison of stability and accuracy of GAIB and MPGAIB.

Parameters ~ Design value GAIB MPGAIB
Average value K/% RMSE Average value K/% RMSE
q 1 0.995 0.456 0.008 1 0.033 0.001
P 0.7 0.726 3.659 0.069 0.687 1.911 0.050
b 0.3 0.299 0.066 0.003 0.300 0.013 0.000
6 85 85.019 0.022 0.108 85.000 0.000 0.006
S1 45 49.987 11.081 10.877 42.891 4.686 10.733
S2 45 39.648 11.892 10.868 47.129 4.730 10.862
S3 45 47.417 5.370 8.845 45.236 0.524 10.478
S4 45 42433 5.705 10.485 44.754 0.546 10.423
tanf 2 2.023 1.172 0.170 2.002 0.097 0.114
tanf, 4 3.895 2.628 0.202 4.034 0.849 0.119
TABLE 3. The results of research on the anti-random error ability of MPGAIB.
Design W+10mm. U+3 mm W+20 mm. UX6 mm W30 mm. U+9 mm
Parameters value Average AE K/% Average AE K% Average AE K/%
value value value
q 1 1.006 0.006 0.622 1.014 0.014 1.436 1.021 0.021 2.070
P 0.7 0.717 0.017 0.458 0.765 0.065 9.232 0.751 0.051 7317
b 0.3 0.299 0.001 0.458 0.298 0.002 0.751 0.296 0.004 1.480
0 85 84.945 0.055 0.064 84.925 0.075 0.088 84.899 0.101 0.118
S1 45 46.911 1.911 4.248 46.304 1.304 2.897 47.467 2.467 5.483
S2 45 43.306 1.694 3.764 43.818 1.182 2.626 42.636 2.364 5.253
S3 45 44.621 0.379 0.841 43.700 1.300 2.889 45.925 0.925 2.056
S4 45 45.392 0.392 0.872 46.286 1.286 2.859 44.144 0.856 1.903
tanf; 2 1.923 0.077 3.827 1.736 0.264 13.197 1.729 0.271 13.540
tanf, 4 3.960 0.040 0.988 3.870 0.130 3.254 3.891 0.109 2.733
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FIGURE 12. Layout of simulated working face.

It can be seen from Table 2 that (1) the maximum K value
of the average value of the parameters calculated by GAIB
is not more than 11.892%, and the maximum K value of the
average parameter value calculated by MPGAIB is not more
than 4.730%, which indicates that the MPGAIB model has
high accuracy. (2) Except s3, the RMSE of MPGAIB model
is less than GAIB, which indicates that MPGAIB is more
reliable than GAIB. It can be seen from Fig.13 that: (1) the
parameters ¢, b, 0, tanf and tanp; calculated by MPGAIB
fluctuate near the design value, showing good stability; (2) the
numbers of P, s1, 52, s3 and s4 calculated by the two methods
all swing within a certain range, and the fluctuation range is
not large.
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Point number

FIGURE 13. Simulate measured subsidence and horizontal movement
values.

C. ANTI-RANDOM ERROR ABILITY OF MPGAIB
Due to the influence of complex environment in the field,
random error is inevitable in the measurement process.
In order to verify whether MPGAIB model has certain anti-
interference ability to random error, taking simulated work-
ing face as an example, random error of 10,20,40 mm in
subsidence values and 3,6,9 mm random error in horizontal
movement value were increased respectively, The data with
errors are inversed. The specific calculation results are shown
in Table.3. Where AE is the absolute error.

It can be seen from Table.3 that with the increase of random
error, the error of inversion results increases with the increase
of random error, but in general, random error has little influ-
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TABLE 4. The results of research on the anti-gross error ability of MPGAIB.

Nearby of inflection points

Nearby of maximum subsidence points

Parameters Design value

Average value AE

K/% Average value AE K%

1 1.005 0.005
. 0.630 0.070
0.3 0.296 0.004

85 85.155 0.155
sl 45 45.430 0.430
43.098 1.902
45.513 0.513
42.017 2.983
2.119 0.119
4.100 0.100

D o e
=3
-2

s3 45
s4 45
tanB1 2
tanf2 4

0.515 1.012 0.012 1.208
10.021 0.726 0.026 3.690
1.333 0.295 0.005 1.509
0.183 84.991 0.009 0.010
0.955 45.650 0.650 1.445
4.226 45.118 0.118 0.262
1.140 43.719 1.281 2.846
6.629 46.936 1.936 4303
5.943 1.972 0.028 1.397
2.500 3.886 0.114 2.849
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FIGURE 14. Comparison of fluctuation range of two methods.

ence on parameter inversion value, and the maximum relative
error is 13.540%. The main reason is that the parameter
tanfB1 is small, and its absolute error is only 0.271. Therefore,
MPGALIB has a strong ability to anti-random errors. In com-
plex terrain areas, it can appropriately reduce the accuracy
requirements of surface movement monitoring, which has
little impact on the accuracy of inversion parameters.

24004

D. ANTI-GROSS ERROR ABILITY OF MPGAIB

The literature [22] pointed out that the error at the inflection
point and the maximum subsidence point of the subsidence
curve has the greatest impact on the parameter acquisition
results. This article is to verify the anti-gross ability of
the model, add 200 mm error at the maximum subsidence
value and the inflection point, and then participate inversion,
the inversion results are shown in Table.4.

It can be seen from Table.4 that after setting the gross
error at the inflection point and maximum subsidence, the K
of each parameter calculation value increases, and the K is
between 0.010~10.021%, which shows that the gross error
has a certain influence on the inversion result. But the AE
is small, which shows that the MPGAIB model has a better
ability to anti-gross errors.

IV. ENGINEERING EXAMPLE

To verify the correctness of the IB, Taking 1222 (1) work-
ing face of Zhujidong mine in the Huainan mining area as
an example. At the same time, the PIM prediction model,
the Boltzmann function model, and the IB model were
used for fitting and comparison. The methods of calculating
parameters are all based on MPGA algorithm (The parameter
settings are shown in Table 1.).

A. EXPERIMENT AREA AND REAL DATA

1222(1) working face has an average mining height of 1.9 m.
The mining size is 805mx230 m. The average mining speed
is 3.7 m/d and the coal seam inclination angle is 3°.It is a near-
horizontal coal seam with an average mining depth of 945 m.
The average thickness of the unconsolidated layer is 321 m.
The working face adopts the comprehensive mechanized coal
mining technology, and the full caving method is used for
roof management. The 1222 (1) working face stopping time
is from March 25, 2017 to October 26, 2017, which lasted 215
days. The layout of the monitoring points above the working
face is shown in Fig.15.

The surface movement observation time of 1222(1) work-
ing face is from March 19, 2017 to September 18, 2018, and
the observation work lasts 548 days, including connection
measurement and the first comprehensive observation, two
patrol surveys, one daily observation and 22 comprehensive
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FIGURE 16. Subsidence and horizontal movement curves of 1414(1) working face along strike.

observation in the mining process. GNSS-RTK technology is
used for plane observation, and digital level is used for eleva-
tion measurement according to the requirements of 3-class
leveling. The values of partial subsidence and horizontal
movement are shown in Fig.16 and Fig.17.

B. DATA PROCESSING AND ANALYSIS
The observed subsidence and horizontal movement values
of 1222 (1) working face in the last period are brought into the
MPGAIB model constructed in this paper. The fitting results
are shown in Fig.18 and Fig.19. For comparison, the IB model
constructed in this paper is compared with the PIM model
and the Boltzmann model to calculate the total fitting error,
subsidence boundary fitting error, and horizontal movement
boundary fitting error of the three predicted models. The
error index is Root Mean Squared Error (RMSE) and Mean
Absolute Error (MAE), the results are shown in Table.5.

It can be seen from Fig.17 and Fig.18 that compared to
the PIM model and the Boltzmann model, the IB model
has a better fit for the subsidence and horizontal movement
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FIGURE 17. Subsidence and horizontal movement curves of 1414(1)
working face along inclination.

values at the boundary. It can be seen from Table.5 that the
RMSE and MAE values of the IB model are smaller than the
Boltzmann model and the PIM model regardless of the fitting
error of all points or the points at the boundary, indicating
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TABLE 5. Parameters of different prediction models.

N All points Subsidence Horizontal movement
Models Parameters R /mm boundary /mm boundary /mm
PIM q=0.84, tanp=1.88, b=0.39, 6=81.8, RMSE 54.5 29.7 41.5
5i=18.4, 50=17.0, s5=-12.4, s,—=11.3 MAE 28.4 18.8 36.0
Boltzmann ¢=0.90, tan=1.80, b=0.38, 6=81, RMSE 49.2 29.1 37.3
5:=19.3, 5:=16.8, 55=-7.6, s,~=7.1 MAE 26.0 17.1 31.5
q=0.93, P=0.12, b=0.41, 6=82.1, 5,=23.0, RMSE 46.7 27.6 34.8
1B s:=18.9, $3=-6.9, 5,~=-6.4,
anfi L6 tafr3 01 MAE 23.9 14.4 283
0 TABLE 6. Factors scheme in orthogonal experiment.
100 F Type 1 2 3 4 5
q 0.8 0.9 1.0 1.1 1.2
200} P 0.5 0.6 0.7 0.8 0.6
) —*— Measured value s/H 0.03 0.06 0.09 0.11 0.13
g === tanf 1.6 1.8 2 22 24
g 300F Bolmans tanf 3.6 3.8 4 42 4.4
5
2
& oo
«» to changes of system parameters or surrounding conditions.
2000 In the optimization method, sensitivity analysis is often used
to study the stability of the optimal solution when the original
600F data are inaccurate or unstable [23]. It can also determine
0 20 40 60 80 100 120 which parameters have a greater impact on the system or

Number

FIGURE 18. Comparison chart of fitted subsidence value and measured
subsidence value of 1222(1) working face.
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FIGURE 19. Comparison chart of fitted horizontal movement value and
measured horizontal movement value of 1222(1) working face.

That the IB model has the highest accuracy, the Boltzmann
model takes the second place and the PIM model has the worst
accuracy.

V. DISCUSSIONS
A. GLOBAL SENSITIVITY ANALYSIS OF IB MODEL

Sensitivity analysis is often used to study and analyze the
sensitivity of state or output changes of a system (or a model)
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model. In this paper, orthogonal design statistical analysis
was used to analyze the sensitivity of parameters in the 1B,
aiming to find out the importance of the parameters that affect
the prediction results, and provide an important basis for
the selection of initial parameters and the application of the
model in the process of parameter calculation.

In this paper, taking the simulated working face established
in Section III as an example, the orthogonal parameter table
is set according to the predicted parameter range of the simu-
lated working face, and each group of parameters is brought
into the model for prediction. The predicted results are com-
pared with the measured values, and then the range analysis
method is used to analyze the influence of parameters on the
results.

1) CALCULATION SCHEME OF THE MODEL

According to the inversion process of the actual data, the min-
ing influence propagation angle has little influence on the
results. The horizontal movement coefficient b is related
to horizontal movement. Therefore, the two parameters
remained unchanged in the experiment, and the factors g,
P, s/H, tanB;, tanf, were selected as five factors of the
orthogonal experiment. Each factor has five levels, as shown
in Table.6.

2) ANALYSIS OF EXPERIMENTAL RESULTS

According to Table.6, 25 calculation models can be estab-
lished. The mean square error of subsidence value fitting
can be selected as index results. The orthogonal experimental
results are shown in Table.7.

VOLUME 9, 2021



S. Chi et al.: Research on Prediction Model of Mining Subsidence in Thick Unconsolidated Layer Mining Area

IEEE Access

TABLE 7. Orthogonal experimental results of surface subsidence.

Mean square error

No q P s/H tanf) tanf of fitting/mm

1 0.8 0.5 0.03 1.6 3.6 330.58

2 0.8 0.6 0.06 1.8 3.8 256.48

3 0.8 0.7 0.09 2 4 274.92

4 0.8 0.8 0.12 22 42 425.20

5 0.8 0.9 0.15 24 4.4 675.91

6 0.9 0.5 0.06 2 42 160.86

7 0.9 0.6 0.09 22 4.4 136.69

8 0.9 0.7 0.12 24 3.6 366.21

9 0.9 0.8 0.15 1.6 3.8 648.36

10 0.9 0.9 0.03 1.8 4 323.85

11 1 0.5 0.09 24 3.8 54.57

12 1 0.6 0.12 1.6 4 357.52

13 1 0.7 0.15 1.8 42 585.35

14 1 0.8 0.03 2 4.4 435.77

15 1 0.9 0.06 22 3.6 245.99

16 1.1 0.5 0.12 1.8 4.4 263.11

17 1.1 0.6 0.15 2 3.6 534.25

18 1.1 0.7 0.03 22 3.8 531.33

19 1.1 0.8 0.06 24 4 398.09

20 1.1 0.9 0.09 1.6 4.2 208.96

21 1.2 0.5 0.15 22 4 468.57

22 1.2 0.6 0.03 24 4.2 688.48

23 1.2 0.7 0.06 1.6 4.4 421.94

24 1.2 0.8 0.09 1.8 3.6 226.79

25 1.2 0.9 0.12 2 3.8 172.14

TABLE 8. Direct analysis of mean square errors in subsidence fitting.

Parameter q P s/H tanf) tanf,
Average 1 392.6 255.5 462.0 3935 340.8
Average 2 327.2 394.7 296.7 331.1 332.6
Average 3 335.8 436.0 180.4 315.6 364.6
Average 4 387.2 426.8 316.8 361.6 413.8
Average 5 395.6 325.4 582.5 436.7 386.7
Range 68.4 180.4 402.1 121.1 81.2

By using the method of range analysis, we can get the
change rule of each factor with the index from the statistical
point of view. The mean value and range of each factor at each
level can be calculated from Table.7, as shown in Table.8.

The greater the range, the greater the influence of this
factor on the results. In IB, the ranges of the fitting mean
square errors of parameters g, P, s/H, tanf; and tanp, are
68.4, 180.4, 402.1, 121.1 and 81.2, respectively. This shows
that the biggest factor affecting the predicted subsidence is
s/H , and the smallest factor is g. The acquisition of sensitivity
is of great significance for the selection of initial parameters
of the IB.

B. RELATIONSHIP BETWEEN IB MODEL PARAMETERS
AND GEOLOGICAL MINING CONDITIONS

How to obtain the model parameters before mining is of great
significance to the design of the working face, the observation
station and the protective measures for the buildings. In this
paper, the relationships between the model parameters and
the geological and mining conditions were studied based on
the measured data under the thick alluvium in the Huainan
mining area. The established multiple linear regression model
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is shown in Equation (26).

Pa:ﬁ0+ﬁlvl+"'+ﬁmvm (26)
where fo, B1,--., Bm are the regression coefficients and V,
V1, ..., Vi are the geological and mining condition.

On the basis of sorting out the surface observation stations
of multiple working faces, the MPGA was used to obtain the
parameters of the IB model. The inversion results are shown
in Table.9.

The geological and mining conditions collected in this
paper include the mining thickness 7, mining depth 4, uncon-
solidated layer thickness hg, coal seam dip angle «, dip
mining degree D1/H (the ratio of inclination length to min-
ing depth), and working face advance speed v. Due to the
wide fluctuation range of offset of the inflection point, 0.1H
was taken for Huainan mining area without considering the
regression formula temporarily. The relationships between
the above parameters and geological and mining conditions
were established by using linear regression method as shown
in Table.10.

The size of the fitting coefficient represents the influ-
ence of the independent variable on the dependent variable
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TABLE 9. Fitting parameters.

No Prediction parameters
) q P b 0 s1 52 3 54 tanf tanfs
1222(1) 0.83 0.64 0.43 87 10.8 -2.8 16.2 -12.5 0.85 2.50
1613(1) 1.01 0.63 031 87 -19.5 8.4 65 41.6 0.90 2.70
1312(1) 1.32 0.30 0.34 89 -0.83 -18.7 100.0 99.9 1.12 4.99
2111(3) 0.86 0.42 0.32 82 2.40 -29.7 445 49.8 1.10 3.80
121301 1.09 0.66 0.35 80 -44.9 -40.0 56.5 49.4 1.25 3.62
1414(1) 0.98 0.49 0.4 80 -31.0 -25.2 46.5 29.9 1.27 3.91
1111(1) 0.69 0.19 0.41 90 19.5 -4.0 -29.8 -28.3 0.76 2.81
1252(1) 0.73 0.45 0.33 86 26.7 83 49.1 28.9 0.95 291
111303 1.30 0.69 0.49 86 384 10.9 11.8 18.3 1.02 2.75
TABLE 10. Regression fitting coefficients. 1.4
1.3 ®e
m 4 h/H _ DJH v fo R® 2r 4= 0.9581g,, +0.1408
g 0138 0035 141 008 -007 0521 098 il R omon
P -0.188  0.033 1.133  -0.181 -0.078  0.835 0.96 e '
b -0.073  0.013 0.580 -0.671 -0.076  0.787  0.98 '
% -0.697 -0.524 10.567 -8.421 -0.924 93.598 0.87 S
tanfi  0.044  0.017 -0299 0.779 0.096 0.209 0.88 08
tanf, 0433  -0.078 -0.958  3.513 0.573  -0.698 0.89 el
0.6 |
parameters, and the sign represents the influence direction. o L
0.40.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2;

According to the above formulas, the required parameters can
be obtained before mining.

C. RELATIONSHIP BETWEEN IB PREDICTION
PARAMETERS AND PIM PREDICTION PARAMETERS
PIM is a widely used surface prediction method. The parame-
ters in PIM, such as subsidence coefficient (gppwv ), horizontal
movement coefficient (bppv), propagation angle of mining
influence (fprv), tangent of main influence angle (tanBppv)
and offset of inflection pOint (S1PIM> S2PIM> S3PIM, S4PIM)»
are the same as those of IB model, but the parameters have
certain changes. Therefore, through establishing the mathe-
matical relationship between IB model parameters and PIM
model parameters, the conversion model between them is
established It is of great significance to make full use of the
parameters of PIM of existing working face. Table.9 shows
the calculated parameters of PIM for some working faces.

(1) The relationship between g and gpmm

By establishing the linear relationship between g and gppu,
as shown in Fig.20, the regression relationship is shown in
Equation (27):

q = 0.9581¢gpmm + 0.1408 27

The fitting results show that g increases with the increase
of gpm.

(2) The relationship between b and bppy

By establishing the linear relationship between b and bppy,
as shown in Fig.21, the regression relationship is shown in

Equation (28):
b = 1.0739bpmm + 0.0073 (28)

The fitting results show that b increases with the increase
of bPIM-
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FIGURE 21. The relationship between b and bpy.

(3) The relationship between tanf; and tanSppv

By establishing the linear relationship between tanp; and
tanBpim, as shown in Fig.22, the regression relationship is
shown in Equation (29),

tan B = 0.6767 tan fppy — 0.3327 (29)

The fitting results show that tanf8; increases with the
increase of tanSppm.

(4) The relationship between tanf; and tanSppv

By establishing the linear relationship between tanp, and
tanBpim, as shown in Fig.23, the regression relationship is

shown in Equation (30),
tan B, = 2.3477 tan Bppv-1.4305 30)
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The fitting results show that tanf, increases with the
increase of tanfpypm.

If the parameters of PIM in this mining area are known,
the parameters of IB model can be determined by (27) ~ (30),
and IB model is used for prediction, so as to make up for the
shortcomings of the traditional PIM model with too fast edge
convergence and improve the prediction accuracy.

VI. CONCLUSION

The prediction parameters inversion of surface subsidence
in coal mining is a hot spot and difficulty in deformation
monitoring data processing.

In order to solve the problem of slow convergence of
surface boundary in thick unconsolidated layer mining area,
a new surface prediction model is proposed in this paper, and
MPGA algorithm is introduced to solve the model parame-
ters. The main conclusions of this paper are as follows:

(1) A new model IB was proposed. According to the super-
position principle, the formulas of predicting the main section
along the strike and inclination as well as an any point were
given.

(2) The MPGA algorithm was introduced into the process
of model parameter solving, and the MPGAIB model was
constructed. The simulation experiment results show that the

MPGAIB model is stable and has strong resistance to ran-
dom errors and gross errors. The MPGAIB model is applied
to 1222 (1) working surface, the result shows: the mean
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square errors of the total fitting, subsidence boundary fitting
and horizontal movement boundary fitting were 46.7 mm,
27.6 mm and 34.8 mm, and the horizontal movement bound-
ary fitting mean square error was 55.1 mm. The fitting accu-
racy of the IB model was higher than the Boltzmann model
and the PIM model.

(3) The orthogonal design algorithm is used to discuss the
influence of the model parameters on the predicted results.
The calculated error ranges of the parameters ¢, P, s/H , tanf,
tanfB, are 68.4, 180.4, 402.1, 121.1, 81.2, respectively. This
shows that the largest factor affecting the predicted result of
subsidence was s/H, and the smallest factor was g. The rela-
tionship between the predicted parameters of the IB model
and the parameters of the PIM model and the geological
mining conditions is analyzed and discussed, which provides
a basis for the solution of the model parameters.
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