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Abstract
It is imperative for the mining area to timely and accurately predict the longwall progressive subsidence basin. However, 
the mainstream method that uses time function still has limitations, which impede extensive application. In this study, we 
analyzed the flaws of the optimized segmented Knothe time function in detail, and expounded the possible improvement 
directions. Subsequently, we proposed the Gompertz time function for predicting longwall progressive subsidence basin, 
based on the modeling idea that three origins are consistent. Afterward, we analyzed the variation law between parameters of 
the Gompertz time function and the geological mining conditions, and elaborated the parameter calculation method and the 
prediction algorithm for the longwall progressive subsidence basin. Finally, we demonstrated the practical application effect 
of this method with experiments. The average RMSE and average relative RMSE of predicted progressive subsidence using 
the Gompertz time function are 58.4 mm and 6.9%, respectively, and compared with the same statistics using the optimized 
segmented Knothe time function, the accuracy is increased by 27.9% on average. The results show that the accuracy of this 
article proposed method can achieve centimeter-level, meet the requirements of practical engineering application, and this 
method is expected to enable the mining proceeding in a safe, effective and environmentally sustainable way.

Keywords  Mining subsidence prediction · Longwall progressive subsidence · Gompertz time function · Dynamic 
prediction · Dynamic subsidence and deformation

Abbreviations
OSK	� Optimized segmented Knothe
TOC	� Three origins are consistent
RMSE	� Root mean square error
RRMSE	� Relative RMSE

List of Symbols
c	� Time coefficient
τ	� The moment of maximum subsidence velocity 

of the surface point
Tt	� Total subsidence time of the surface point

t	� Time
W0	� Final subsidence of the surface point
ω	� Advance influence angle
lA	� Advance influence distance
W(t)	� Subsidence of surface point at the moment t
v(t)	� Velocity of surface point at the moment t
a(t)	� Acceleration of surface point at the moment t
v	� Mean mining velocity
L	� Panel length in critical mining condition
Wf	� Subsidence of surface point since the under-

ground extraction had just advanced to the 
point

i	� Surface point in strike line of the working panel
ki	� Velocity coefficient of the point i to reach stabi-

lized status
bi	� The moment of maximum subsidence velocity 

of the point i since the underground extraction 
had just advanced to the point

xi	� Strike critical factor of point i
li	� Distance from point i to the setup entry of the 

working panel
r0	� Main influence radius of the working panel
�	� Main influence angle of the working panel
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H0	� Mean depth of the working panel
Ts	� The time of subsidence reaching basic stabi-

lized status
P	� Lithology
Ha	� Thickness of the alluvium
f	� Hardness coefficient of the bedrock
fm	� Hardness coefficient of medium–hard bedrock
fa	� Hardness coefficient of the bedrock under 

actual geological mining conditions
h�	� Normal thickness of the ηth overlying stratum
R�	� Uniaxial compressive strength of the ηth over-

lying stratum
bmin	� Minimum value of bi
bC	� Constant of bi
B	� Linear slope of bi concerning xi
ls	� Delay distance of maximum subsidence veloc-

ity of the surface point under critical mining
y	� Dip critical factor of the working panel
m	� Mining thickness of the working panel
kmax	� Maximum value of ki
kC	� Constant of ki
M	� Linear slope of ki concerning xi
qT	� Subsidence coefficient in predicted time T
T	� Predicted time
nx	� Mining degree coefficient in the strike of the 

working panel
q	� Subsidence coefficient in final state
xT	� Strike critical factor corresponding to the 

advancing length lT
lT	� Advancing length of the working panel at the 

predicted time T
bD	� Displacement factor
θ0	� Influence transference angle
S1	� Offset distance of the inflection point in 

downslope
S2	� Offset distance of the inflection point in 

upslope
S3	� Offset distance of the inflection point in left 

strike
S4	� Offset distance of the inflection point in right 

strike
lU	� Unit division length
j	� Mining unit
xj	� Strike critical factor of mining unit j
TW
j

	� Extracted time of mining unit j
TJ
j
	� Elapsed time from underground extraction had 

just advanced to the center of mining unit j to 
the predicted time

bj	� The parameter b of the mining unit j
kj	� The parameter k of the mining unit j
Φj(t)	� Gompertz time function value of each mining 

unit j

R
2	� Adjusted R2

�	� Leveling point
WP�

	� Predicted subsidence at leveling point �
WM�

	� Leveling subsidence at leveling point �
Wmax	� Maximum value of the leveling subsidence

1  Introduction

Longwall mining has become the overwhelming coal min-
ing craft worldwide, with the advantages of high production 
and efficiency, low development ratio and cost. China is the 
largest coal-producing country globally, with 30%–40% of 
the recoverable reserves pressed under buildings (Zou et al. 
2003). The prediction of mining progressive subsidence and 
deformation can provide theoretical support for the dam-
age evaluation of the surface buildings, the determination of 
the corresponding protection and maintenance time nodes, 
and the reasonable configuration or optimization of mining 
technology. Therefore, it is of more practical significance to 
study the prediction method for mining progressive subsid-
ence and deformation instead of focusing only on the final 
value (Cui et al. 2001).

At present, the approaches of prediction for mining pro-
gressive subsidence can be divided into the following four 
categories: (1) considering the mechanical properties of the 
rock strata and the surface, such as the visco-elastic rheo-
logical model (Hou et al. 2018), elastoplastic finite element 
model (Sepehri et al. 2017), rheological and unsteady rheo-
logical model (Hejmanowski and Malinowska 2017; Wang 
et al. 2015); (2) mathematical modeling, for instance, grey 
prediction model (Xu et al. 2014), Cellular Automata (CA) 
model (Lian et al. 2011), PSO-SVR algorithm (Chen and 
Deng 2014) and numerical simulation (Li et al. 2019); (3) 
conducting improvement or optimization for the Knothe 
time function, to make it suitable for the prediction of min-
ing progressive subsidence under specific conditions; (4) fit-
ting the new time function with the measured data, including 
the normally distributed time function (Gonzalez-Nicieza 
et al. 2007; Zhang et al. 2016), Weibull time function (Liu 
2013), logistic time function (Roser et al. 2018), arctangent 
function model (Nie et al. 2017), lognormal function model 
(Yan et al. 2019) and composite function model (Han et al. 
2020).

Among the above approaches, the third category, namely 
Knothe time function and its derived models, has the most 
extensive research and practical application. Specifically, 
Cui et al. (2001) elaborated on the properties and influence 
results of the Knothe time function parameters, and demon-
strated the prediction of progressive subsidence based on 
the Knothe time function. Luo and Cheng (2009) improved 
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the Knothe time function, and made it suitable for predict-
ing progressive subsidence of inclined coal seams. Liu et al. 
(2009) presented the power exponent Knothe time function, 
and the improved Knothe time function is able to express the 
dynamic process of surface subsidence more accurately. Li 
et al. (2014) predicted the dynamic three-dimensional sur-
face deformation, based on the AutoCAD platform combined 
with the Knothe time function. Xiao et al. (2013) performed 
a dynamic process of mining subsidence by Knothe time 
function, and land use evolution and its impact on human 
were quantitatively analyzed under GIS platform. Shortly 
afterward, Xiao et al. (2014) simulated the dynamic min-
ing subsidence utilizing Knothe time function, and on the 
basis of these simulations, the topsoil removal time, scope 
and depth of topsoil were determined. Hu et al. (2015) put 
forward a model for calculating the parameter of the Knothe 
time function, taking advantage of probability integral the-
ory and the angle of critical subsidence. Guo et al. (2016) 
and Zhu et al. (2016) built a dynamic subsidence prediction 
model for solid backfilling mining, by integrating a dynamic 
subsidence function in solid backfill mining with Knothe 
time function, to predict the surface dynamic subsidence 
process of solid backfill mining and assess mining damage. 
Wang et al. (2018) modified the Knothe time function, and 
imposed it suitable for the dynamic subsidence prediction 
under grouting mining. Chang and Wang (2003) proposed a 
segmented Knothe time function, and Zhang and Cui (2017) 
developed it to the optimized segmented Knothe time func-
tion (hereafter referred to as the OSK time function).

Summarizing the relevant research on the prediction for 
mining progressive subsidence using the time function (the 
above categories 3 and 4), we can found that almost all of 
them are based on deeming the moment, when the surface 
point began to subside, as the origin of the time–subsidence 
coordinate system of the point (Cui et al. 2001; Gonzalez-
Nicieza et al. 2007; Wang et al. 2018; Xiao et al. 2014, 2013; 
Liu 2013; Zhang and Cui 2017). However, because the 
spatial–temporal relationship of this modeling idea is rela-
tively complicated, and it is hard to estimate the parameters 
accurately, thus it is inconvenient in practical application. 
Additionally, most practical applications of time function 
only focus on several local single points, not on the whole 
longwall progressive subsidence basin (Gonzalez-Nicieza 
et al. 2007; Nie et al. 2017; Roser et al. 2018; Zhang et al. 
2020; Zhang and Cui 2017). As a result, there are still doubts 
about the reliability and practical availability of these meth-
ods, and the ultimate goals and effects of the prediction for 
mining subsidence are not achieved.

In this study, aiming at one of the latest research pro-
gress of the Knothe time function, i.e., OSK time function, 
we found that there are still some flaws. After a detailed 
analysis, we used the moment when the underground extrac-
tion had just advanced to the surface point as the origin of 

the time–subsidence coordinate system of the point, and 
then proposed the Gompertz time function, constructed the 
parameters calculation method and the prediction algorithm 
for the longwall progressive subsidence basin. Subsequently, 
we applied the method to a practical longwall panel to verify 
the accuracy. This work can promote the prediction for min-
ing subsidence, serve as a scientific reference for practical 
engineering, and enable the mining to proceed safely, rea-
sonably, and effectively.

2 � OSK Time Function and Its Flaws

2.1 � Original Knothe Time Function

In 1953, the Polish scholar Knothe proposed a function 
model to simulate surface subsidence caused by under-
ground mining, based on the assumption that the instan-
taneous subsidence velocity of the surface point is propor-
tional to the difference between the final subsidence and the 
instantaneous subsidence at the point (Knothe 1953), which 
can be expressed as

where c is the time coefficient, W0 is the final subsidence of 
the surface point, and W(t) is the instantaneous subsidence 
of the surface point at the moment t. Consider the boundary 
condition W(0) = 0 , and integrate Eq. (1) over t to obtain the 
Knothe time function

2.2 � Segmented Knothe Time Function

The original Knothe time function does not conform to 
the law of dynamic subsidence of the surface point (Cui 
et al. 2001). In 2003, Chang and Wang (2003) based on the 
assumption that the maximum subsidence velocity acquired 
at the moment when is half of the total subsidence time, and 
the corresponding subsidence at the moment is half of the 
final subsidence as well (hereafter referred to as the dou-
ble half condition), proposed the segmented Knothe time 
function.

where τ is the moment of maximum subsidence velocity of 
the surface point.

(1)
dW(t)

dt
= c[W0 −W(t)],

(2)W(t) = W0(1 − e−ct).

(3)W(t) =

{
0.5W0[e

−c(𝜏−t) − e−c𝜏], 0 < t ≤ 𝜏

0.5W0[2 − e−c(t−𝜏) − e−c𝜏], 𝜏 < t < T
,
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Obviously, the segmented Knothe time function establishes 
the time–subsidence coordinate system using the moment, 
when the surface point began to subside, as the origin of the 
time–subsidence coordinate system of the point, that is, as 
shown in Fig. 1(a). In Fig. 1, the T-axis, W-axis, and D-axis 
represent time, subsidence, and the advancing distance of the 
underground extraction from a certain mining position, respec-
tively; ω and lA denote the angle and distance of advance influ-
ence, respectively.

2.3 � OSK Time Function

In fact, there are some deviations between the segmented 
Knothe time function value and the boundary conditions of 
actual surface subsidence. Aiming at the theoretical defects of 
the segmented Knothe time function, Zhang and Cui (2017) 
developed the OSK time function, after deeply analyzed the 
original Knothe time function and the segmented Knothe time 
function.

the parameters are calculated by (Zhang 2017; Zhang et al. 
2018)

where L is the critical mining length, and v is the mean min-
ing velocity.

The OSK time function can rectify the defect that func-
tion value at characteristic points is not strictly consistent 
with the actual value, and it is still based on the double half 
condition. When W0 = 100 , c = 0.07 and � = 50 , the curve 
of the OSK time function is shown in Fig. 2.

(4)W(t) =

⎧⎪⎨⎪⎩

1

2
W0

�
t − 𝜏(1 − ect)

𝜏ec𝜏

�
,0 < t < 𝜏

W0

�
1 −

1

2
ec(𝜏−t)

�
,𝜏 < t < T

,

(5)

⎧⎪⎨⎪⎩

� =
L

2v

c =
−2v ln 0.04

L

,

2.4 � Flaws of the OSK Time Function

After analysis, due to some simplifications in the modeling 
process of the OSK time function, it still has the following 
three flaws.

First, according to a large amount of measured data and 
related research (Liu 2013), the time–subsidence curve of 
the surface point is an asymmetrical “S” shape, which had 
a short acceleration period but a long deceleration period, 
and the moment of maximum subsidence velocity is in front 
of the half of the total subsidence time. Unfortunately, the 
OSK time function is still based on the double half condi-
tion, making the time–subsidence curve strictly symmetrical 
between its first and second half. It is revealed that there are 
some differences between the OSK time function and the 
actual surface subsidence.

Second, the OSK time function establishes the time–sub-
sidence coordinate system using the moment, when the sur-
face point began to subside, as the origin of the time–sub-
sidence coordinate system of the point, just as shown in 
Fig. 1a. Whereas the prediction algorithm introduced in 
Zhang (2018) reflects that the moment, when the surface 
point began to subside, is used as the origin, as shown in 
Fig. 1b. The latter will make the double half condition no 
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Fig. 1   Two ideas to establish the time–subsidence coordinate system. a Conventional idea and b TOC-based idea
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longer holds (see Sect. 3.3 for the analysis based on meas-
ured data), and then it is corrected by introducing the delay 
time. Nevertheless, the delay time should be different at each 
unit, but it is used in Zhang (2018) as an average value, so 
there is an inevitable error in each unit.

Lastly, the measured data and relevant research (Wang 
et al. 2015) indicate that when the strike length of the work-
ing panel had not reached the critical mining length, the 
time–subsidence curves at different positions on the strike 
main section were different, that is, the parameters τ and c of 
the OSK time function should be different. Regrettably, the 
model parameters at the different positions given in Zhang 
(2018) and Zhang et al. (2018) are all the same and equal to 
the results estimated by Eq. (5), which is derived under the 
condition of critical mining and would lead to larger error 
in each prediction stage, especially in the early mining stage 
(see Sect. 3.3 for the analysis based on measured data).

These flaws will make the predicted longwall progressive 
subsidence slower and smaller, when the prediction algo-
rithm introduced in Zhang (2018) is performed. To further 
improve the prediction accuracy of the OSK time function, 
how to obtain more accurate parameters is an urgent task. It 
is possible to find the variation law between the distance of 
advance influence and the strike mining degree of the work-
ing panel; then based on the coordinate system in Fig. 1a, 
obtain the parameters at each position on the strike main 
section. If the coordinate system is established as Fig. 1b, it 
can try to find what constraint holds when the double half 
condition can not be directly applied.

3 � TOC‑Based Idea and Gompertz Time 
Function

3.1 � TOC‑Based Idea

For the longwall panel, the panel width can be regarded as 
not changing with time, only the advancing length changes 
with time. Therefore, the models of predicting longwall pro-
gressive subsidence using time function, at present, over-
whelmingly only consider the impact of the change in panel 
length (Hou et al. 2018; Zhang et al. 2018, 2020; Wang et al. 
2015).

In the past, the prediction combined with the time func-
tion was mostly modeled by deeming the moment, when the 
surface point began to subside, as the origin of the time–sub-
sidence coordinate system of the point (Fig. 1a) (Cui et al. 
2001; Gonzalez-Nicieza et al. 2007; Wang et al. 2018; Xiao 
et al. 2014, 2013; Liu 2013; Zhang and Cui 2017). How-
ever, we believe that it is difficult to determine when sur-
face points at different positions began to subside. With this 
time–subsidence coordinate system, the zero points of the 
time T, subsidence W and advancing length from a specific 

mining position D are inconsistent, and the distance of 
advance influence lA needs to be considered. Nevertheless, 
the lA also changes during the advancement of underground 
extraction, which induces the spatial–temporal relationship 
of this modeling idea is relatively complicated and incon-
venient in practical applications. Moreover, the subsidence 
at the surface points that the underground extraction had not 
advanced to them was actually conducted by the subsidence 
of the gob in front of them; in other words, the subsidence 
of these points was due to them located in the main influ-
ence area of the gob in front of them, this is the same as the 
subsidence principle in the area outside the range of the 
working panel. Therefore, we assign the moment when the 
underground extraction had just advanced to this point as a 
node that this point actually began to subside. That is, the 
moment when the underground extraction had just advanced 
to the surface point as the origin of the time–subsidence 
coordinate system of the point, and we applied this as the 
basis for modeling, as shown in Fig. 1b. In this way, the three 
origins of the time T, subsidence W and advancing length 
from a specific mining position D are consistent and changed 
synchronously, which is convenient for understanding and 
mutual derivation. Hereafter, this paper refers to this mod-
eling idea as the TOC-based idea.

Based on the TOC-based idea, after a comprehensive 
analysis for the measured data and the research results from 
relative scholars (Xu et al. 2017; Liu 2013; Zhang 2017), 
we found that the Gompertz time function is able to express 
the process of surface subsidence sufficiently, and is subject 
to the dynamic subsidence characteristics of surface point.

3.2 � Gompertz Time Function

The expression of the Gompertz time function is

where Wf is the subsidence of the surface point from the 
underground extraction had just advanced to the point to 
the maximum subsidence of the point, k is velocity coef-
ficient to reach stabilized status, and b is the moment of 
maximum subsidence velocity of the surface point since the 
underground extraction had just advanced to the point. k is 
the shape parameter, which affects the slope of the curve and 
the time it takes to reach stabilized status; b is the position 
parameter, which affects the position of the curve on the 
abscissa axis. To avoid the nesting of superscripts, which 
will lead to too small fonts and affect the reading perception, 
so express e(∗) as exp(∗) as well. At the moment of maximum 
subsidence velocity (t = b), the function value W(b) is Wf∕e 
and equal to 36.8% of Wf , at the same time, the slope of the 
curve at the moment of maximum subsidence velocity has

(6)W(t) = Wf exp(−e
−k(t−b)),
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The first and second derivatives of the Gompertz time 
function are

When Wf = 100 , k = 0.08 and b = 30 , the Gompertz time 
function and its first and second derivative curves are shown 
in Fig. 3. Their curves shape has the following characteris-
tics: all increase firstly, and subsequently, the subsidence 
velocity v(t) gradually increases to its maximum value kWf∕e 
then slows down to 0; meanwhile, the subsidence W(t) closes 
to its up-asymptote Wf and acceleration a(t) approaches to 0.

We can see that the Gompertz time function has an asym-
metric sigmoidal shape, the moment of maximum subsid-
ence velocity deviates to the front of the curve, the subsid-
ence velocity surges first and then flattens, the extremum of 
acceleration is higher in the early stage and gentler in the 
late. These characteristics are in line with the subsidence 
characteristics of surface point caused by underground min-
ing, for which reason it is very suitable as the time function 
for the prediction of longwall progressive subsidence under 
the TOC-based idea.

3.3 � Suitability Proof with Measured Data

To specifically illustrate the feasibility and suitability of the 
Gompertz time function for predicting longwall progres-
sive subsidence under the TOC-based idea, we used the 
Gompertz time function to fit the measured subsidence data. 
Randomly selected the feature points across the strike of the 
working panel 1121 in Xieqiao Coal Mine, which is located 
in Huainan, China. The relevant parameters of this working 
panel are mean depth 527 m, mining thickness 4.8 m, seam 
dip angle 13°, panel length 1588 m, panel width 148 m and 
mean mining velocity 1.8 m/d.

To eliminate the differences in the amount of subsidence 
at various points, and highlight the common characteristics 
about subsidence changing with time, we normalized the 
subsidence of each point i to the subsidence ratio, which 
is equal to Wi∕Wf and the value range is 0–1. Here, the 
Gompertz time function parameters k and b adopt the Lev-
enberg–Marquardt algorithm to solve the nonlinear least-
squares optimal values through loop iteration.

The relationship between time and subsidence ratio, and 
fitting results of the Gompertz time function at six different 
feature points are shown in Fig. 4, all of these feature points 

(7)W �
(b)

= k ⋅
Wf

e
.

(8)
dW(t)

dt
= v(t) = Wfk exp

[
−e−k(t−b) − k(t − b)

]
,

(9)

d2W(t)

dt2
= a(t) =

[
ke−k(t−b) − k

]
⋅Wfk exp

[
−e−k(t−b) − k(t − b)

]
.

are on the strike main section of panel 1121 and inside the 
boundary of panel 1121, and the position of these feature 
points is represented by the strike critical factor xi , which 
can be calculated by

where li is the distance from each feature point to the setup 
entry of the working panel, r0 is the main influence radius 
of the working panel, tan � is the tangent of main influence 

(10)xi =
li

r0
=

li tan �

H0

,
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angle � , H0 is the mean depth of the working panel. Critical 
factor is proportional to the degree of mining influence and 
gob size, which can be classified as strike critical factor and 
dip critical factor. Illustration of the strike critical factor is 
shown in Fig. 5. When the strike or dip critical factor of a 
position reaches 1.5, it can be considered that the mining 
unit that containing this position has reached critical mining 
in strike or dip dimension. (for reasons, see Sect. 4.1).

In Fig. 4, the zero point on the abscissa axis represents the 
moment when the underground extraction had just advanced 
to the feature point. We can see that all time–subsidence ratios 
are highly consistent with the Gompertz fitting results, and 
R
2 (i.e., the adjusted R2 ) are all greater than 0.98. These indi-

cate that the Gompertz time function is very suitable for the 

inversion of dynamic subsidence. Moreover, it is evident that 
the subsidence at the moment of maximum subsidence veloc-
ity is not about half of final subsidence, but about 1/e (0.368), 
after the underground extraction had just advanced to each fea-
ture point. If we assign the subsidence ratio reaches 0.98 as the 
threshold for subsidence reaching basic stabilized status, and 
the corresponding time is Ts, then the time of maximum sub-
sidence velocity is less than Ts/2. For example, Fig. 4 (e) and 
(f) shows that the maximum subsidence velocity was obtained 
on about 51 d, and the subsidence was basically achieved sta-
bilized status on about 212 d, the time ratio is 0.24 (about 1/4).

Therefore, here it is proved that the double half condition no 
longer holds if the time–subsidence coordinate system is estab-
lished as Fig. 1b. Besides, it can also be derived from Fig. 4 

Fig. 4   The relationship between time and subsidence ratio and fitting results of the Gompertz time function at different feature points (repre-
sented by the strike critical factor x

i
 ). a x

i
= 0.14 , b x

i
= 0.27 , c x

i
= 0.69 , d x

i
= 1.38 , e x

i
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i
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Fig. 5   Illustration of the strike 
critical factor and lithology 
parameters
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that the subsidence curves at different positions are changing 
with the different geological conditions; in other words, no 
matter what time function and coordinate system are utilized, 
when the gob length had not reached the critical length, the 
parameters at different positions should be different.

4 � Parameter Calculation Method 
and Prediction Algorithm

Because the parameter Wf is the subsidence of a surface point 
from the underground extraction had just advanced to the point 
to the final subsidence of the point, based on the summary 
about observation data of numerous mining areas in China, 
it can be estimated by (State Bureau of Coal Industry 2000)

where W0 is the final subsidence of the surface point, and can 
be obtained by the final state prediction method, such as the 
probability integration method.

Here, we will focus on how to obtain the parameters b 
and k.

4.1 � Law of Parameter Variation

First, we studied the relationship between the parameters 
of the Gompertz time function and geological mining 

(11)Wf = 0.87W0,

conditions through a large number of sample data. Specifi-
cally, we performed Gompertz time function fitting to the 
measured data on the strike main section of multiple min-
ing areas in China, using the same method as Sect. 3.3, and 
obtained parameters b and k at different positions on the 
strike main section (represented by the strike critical factor 
xi ) inside each working panel. Here, we randomly selected 
four representative working panels for the exhibition, which 
were XQ1121, LD766, HZ1024, and BF3305 respectively, 
the relevant parameters of each working panel are shown in 
Table 1. The scatters of parameters b and k are illustrated 
in Fig. 6a, b, respectively. The lithology P in Table 1 is 
calculated by

where Ha is the thickness of the alluvium; f is hardness coef-
ficient of the bedrock, an indicator for the hardness of the 
bedrock, its value is proportional to the hardness of the bed-
rock and reflects the mechanical properties of the bedrock, 
and its expression is as follows:

(12)P =
fa

fm

[
1 − (

Ha

H0

)

]
,

(13)f =

∑
h�R�

10
∑

h�
,

Table 1   Geological mining parameters of the representative workingpanels

Working panel Mean depth
H0 (m)

Mining thick-
ness m (m)

Seam dip 
angle (°)

Panel  
length (m)

Panel  
width (m)

Lithology
P

Mean min-
ing velocity
v (m/d)

XQ1121 527 4.8 13 1588 148 0.40 1.8
LD766 653 3.8 17 1190 155 0.44 1.58
HZ1024 666 2.9 17 676 174 1.23 1.38
BF3305 426 5.5 3 1800 226 0.25 2.5
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Fig. 6   Parameters of the Gompertz time function at different positions on the strike main section inside representative working panels. a param-
eter b and b parameter k 



387Prediction of Longwall Progressive Subsidence Basin Using the Gompertz Time Function﻿	

1 3

where h� and R� are the normal thickness and uniaxial com-
pressive strength of the ηth overlying stratum, respectively. 
Part of the parameters in Eqs.  (12) and (13) are illustrated 
in Fig. 5. The bedrock can be classified as weak (f < 3), 
medium–hard (3 < f < 8) and hard (8 < f), according to the 
value of f. The fm in Eq. (12) refers to the hardness coef-
ficient of medium-hard bedrock, usually choose 5. The fa in 
Eq. (12) represents the hardness coefficient of the bedrock 
under actual geological mining conditions.

Combined with Table 1 and Fig. 6, we can see that all 
working panels obey the following law: before the strike 
critical factor xi reaches 1.5, the moment of maximum sub-
sidence velocity b decreases with the increase of xi , and the 
opposite it is that the velocity coefficient to reach stabilized 
status k increases with the increase of xi , and after the strike 
critical factor xi reaches about 1.5, the two parameters of all 
working panels almost remain constant.

During the advancing process of underground extrac-
tion, it can be considered that the unmined coal pillar is 
long enough (i.e., semi-infinite mining), and subsequent 
mining has the same influence on the surface point which 
above gob and on the strike section. Therefore, the influ-
ence on subsidence curves can just consider the variation of 
gob length during the underground advancement; in brief, 
only the variation of strike critical factor at different posi-
tions needs to be considered. Based on this, the reasons for 
the law above illustrated are as follows. When the working 
panel width is fixed and the length is long enough (beyond 
the length of critical mining), in the early stage of mining 
(strike critical factor is less than 1.5), with the advance of 
the underground extraction, the volume of the gob gradually 
increases, and the stress of rock strata over the gob increases 
synchronously. The distance more farther between the sur-
face point on the strike main section and the setup entry, the 
time of maximum subsidence velocity at the point and the 
time of subsidence stabilized at the point more shorter. This 
is reflected in that the greater the strike critical factor is, then 
the smaller the moment of maximum subsidence velocity b 
is, and the greater the velocity coefficient to reach stabilized 
status k is, respectively. When the strike critical factor has 
reached about 1.5, the surface point is only affected by the 
gob with a length of r0 on the gob side; and the stress of 
rock strata over the area, where strike critical factor larger 
than 1.5, reaches constant state substantially. Hence, both the 
time for reaching the maximum subsidence velocity and the 
time for reaching the stabilized state are the shortest. This is 
revealed in that after the strike critical factor reaches about 
1.5, the parameter b is the smallest, whereas the parameter 
k is the largest, and both remain unchanged on the whole. 
As for why the threshold of strike critical factor is about 1.5 
instead of 1, the primary reason is the existence of delay 
distance of subsidence and offset distance of the inflection 

point, and they correspond to the strike critical factor of 
about 0.5.

In addition, from Table 1 and Fig. 6, we can also see 
that the specific geological mining conditions of different 
working panels will affect the parameters b and k in the 
entire panel range, such as the influence of the lithology 
of the overlying rock strata and the mean mining velocity 
of the working panel. The harder the lithology, the smaller 
the mean mining velocity, will induce the faster the b to 
decrease with the increase of the strike critical factor, that 
is, the smaller the slope of the fitted line (here is a negative 
value), and the b is greater on all positions; at the same 
time, the slower the k to increase with the increase of the 
strike critical factor, that is, the smaller the slope of the 
fitted line (here is a positive value) as well, and the k is 
smaller on all positions.

4.2 � Calculation Method of the Parameter b

According to the variation law of the Gompertz time func-
tion parameters in Sect. 4.1, under different geological min-
ing conditions and within the interval of the strike critical 
factor less than 1.5, the parameter b gradually decreases with 
the increase of the strike critical factor, and after the strike 
critical factor reaches 1.5, b = bmin and basically unchanged. 
Therefore, the parameter bi of each surface point i (i = 1, 2, 3, 
…, n) on the strike main section under different geological 
mining conditions can be calculated by

where xi is the strike critical factor corresponding to surface 
point i, B is the linear slope of bi with respect to xi under 
local geological mining conditions, and bmin is the minimum 
value of b under the same conditions.

We first introduce the solution of bmin . Since bmin repre-
sents the moment of maximum subsidence velocity when 
the working panel reaches critical mining in the strike, it 
can be derived by

where ls is the delay distance of maximsum subsidence 
velocity of the surface point under critical mining, v is the 
mean mining velocity of the working panel.

In addition, bmin can also be obtained through fitting a 
large number of measured data

(14)bC

{
bi = Bxi + bC, xi ≤ 1.5

bi = bmin, xi > 1.5
,

(15)bmin =
ls

v
,

(16)bmin = 17.089P − 23.752v + 27.281y + 80.413,
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where P is the lithologic parameter, which can be calculated 
by Eq. (12), y is the dip critical factor of the working panel, 
its calculation formula only needs to change the li in Eq. (10) 
to the width of the working panel. When there is no prior 
data for ls under local geological mining conditions, Eq. (16) 
can be adopted.

B can be estimated by

where m is the mining thickness of the working panel.
In view of when the strike critical factor is 1.5, the value 

of b is the minimum value bmin under the local geological 
mining conditions, i.e.,

then the expression of bC is

So far, the equation for calculating the parameter b of the 
Gompertz time function has been established

It is worth noting that the surface point with a strike criti-
cal factor less than 1.5 cannot be used to obtain the bi using 
a method similar to Eq. (15), because under the subcriti-
cal mining condition, the moment of maximum subsidence 
velocity of the surface point is not equal to the “maximum 
subsidence velocity” in the delay distance of maximum sub-
sidence velocity. In detail, before the strike of the working 
panel reaches critical mining, the “maximum subsidence 
velocity” in the delay distance of maximum subsidence 
velocity is only a staged maximum subsidence velocity, 
not the maximum subsidence velocity throughout the entire 
subsidence period, and it is likely to be less than the latter 
in fact. Here, the measured subsidence velocity along strike 
observation line in working panel 8102, Guobei Coal Mine, 
(Fig. 8) is taken as an example, as shown in Fig. 7. In Fig. 7, 
there are eight phases of measured data of the subsidence 
velocity along the strike observation line, represented by 
different colors. The advancing position of the underground 
extraction in each phase is illustrated by the vertical dashed 
line and labeled by the serial number with the same color. 
We can see that before the penultimate phase (8 ~ 9), the 
“maximum subsidence velocity” corresponding to the delay 
distance of maximum subsidence velocity at a surface point, 
in almost every phase, less than the maximum subsidence 
velocity in all phases of measured data at the same point, but 
the last two phases (8 ~ 9, 9 ~ 10), their maximum subsid-
ence velocities are approximately the same, and their strike 

(17)B = −56.57e
−79.82

mv

H0 − 9.987,

(18)bxi=1.5
= 1.5B + bC = bmin,

(19)bC = bmin − 1.5B.

(20)

{
bi = (−56.57e

−79.82
mv

H0 − 9.987)(xi − 1.5) + bmin, xi ≤ 1.5

bi = bmin, xi > 1.5

critical factor xi is close to 1.5, indicating that the critical 
mining has been reached.

4.3 � Calculation Method of the Parameter k

Similar to the method of obtaining the parameter bi , the 
parameter ki of each surface point i (i = 1, 2, 3, …, n) on the 
strike main section under different geological mining condi-
tions can be calculated by

where M is the linear slope of ki concerning xi under local 
geological mining conditions, and kmax is the maximum 
value of k under the same conditions.

Acquire the kmax first still. According to Hu et al. 2015; 
Zhang et al. 2020; Zhang et al. 2018, when the working 
panel reaches critical mining in the strike, the subsidence of 
the surface point affected by the critical mining is approxi-
mately equal to 0.98 times of the final subsidence, at which 
time, t = L∕2v , L is the gob length when the mining critical-
ity reaching critical mining. This means

thereby we can get

substitute L, v and bmin into Eq. (23) to obtain kmax.
M can be estimated by

(21)

{
ki = Mxi + kC, xi ≤ 1.5

ki = kmax, xi > 1.5

(22)W0 exp
[
−e−kmax(

L

2v
−bmin)

]
=0.98W0,

(23)kmax =
ln(− ln 0.98)

bmin −
L

2v

;

(24)M = 0.0101(v − 1.3798)0.5294.
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Fig. 7   Eight phases of subsidence velocity along strike observation 
line in the working panel 8102, Guobei Coal Mine
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Since when the strike critical factor is 1.5, the value of k 
is the maximum value kmax under the local geological mining 
conditions, i.e.,

then the expression of kC is.

Now, the equation for calculating the parameter k of the 
Gompertz time function has been established

It is also worth noting that affected by the mining suf-
ficiency, the subsidence coefficient qT in predicted time T 
requires the final state subsidence coefficient q divided by the 
mining degree coefficient nx in the strike of the working panel, 
which means

and the nx can be estimated by

(25)kxi=1.5 = 1.5M + kC = kmax,

(26)kc = kmax − 1.5M

(27)

{
ki = (xi − 1.5)0.0101(v − 1.3798)0.5294 + kmax, xi ≤ 1.5

ki = kmax, xi > 1.5

(28)qT =
q

nx

where xT represents the strike critical factor corresponding 
to the advancing length lT of the working panel at the pre-
dicted time T, that is,

4.4 � Brief Prediction Algorithm for Longwall 
Progressive Subsidence Basin

1)	 Determine the predicted time T, mean mining velocity 
v and advancing length lT of the target working panel at 
the predicted time.

2)	 According to the unit division length lU and the advanc-
ing length lT , determine the unit number of the working 
panel at the predicted time, and record the distance from 
the center of each mining unit j to the setup entry and the 
corresponding strike critical factor xj.

3)	 Determine the extracted time of mining unit j, that is TW
j

 , 
and elapsed time TJ

j
 from the underground extraction had 

just advanced to the center of the mining unit j to the 
predicted time T for each mining unit.

(29)nx = 1.11 − 1.14e−1.23xT ,

(30)xT =
lT

r0
.

Fig. 8   Geographical locations of the Huaibei mining area and the working panel 8102 in Guobei Coal Mine
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4)	 According to the parameters calculation method intro-
duced in Sects. 4.2 and 4.3, estimate parameters of the 
Gompertz time function of each mining unit bj and kj.

5)	 Calculate the Gompertz time function value of each min-
ing unit Φj(t).

6)	 Using the probability integration method to predict the 
whole basin subsidence for each mining unit, then the 
obtained 0.87 times of predicted subsidence is multi-
plied by the time function value of each mining unit, 
which as the actual subsidence contribution of each 
mining unit to the surface. Other surface movement and 
deformation can be deduced from the subsidence.

7)	 Superimposing the actual movement and deformation 
contribution of each mining unit to the surface.

5 � Experiments and Results

5.1 � Study Area

The experiment panel is 8102 of Guobei Coal Mine, which 
is located in the Huaibei mining area, Anhui, China, as is 
shown in Fig. 8, the mining craft of panel 8102 is long-
wall fully-mechanized mining with roof caving, the relevant 
parameters of the working panel 8102 are shown in Table 2, 
and the predicted parameters of the probability integration 
method are shown in Table 3. From Fig. 8, we can see that 
there is a river crossing the surface above panel 8102, and 
panel 8101 beside the 8102. Panel 8101 is the relay of 8102, 
due to the panel 8101 started mining on 2008/02/23, thus 
affected the subsidence of panel 8102 in the late.

5.2 � Prediction Results

According to the above-mentioned parameter calculation 
method and prediction algorithm for longwall progressive 

subsidence basin, the surface subsidence of the working 
panel 8102 after 139, 202, 266, 333, 430, 517 and 657 d 
of mining is predicted. The 430 d is the time of the mining 
stopped, the advancing distance from setup entry at each 
predicted time and the corresponding parameters are shown 
in Table 4, the unit division length lU is 15 m. Take the 
predicted time T = 333 d as an example, the key parameters 
summarized in Table 5.

The obtained three-dimensional longwall progressive 
subsidence basin at each predicted time and the correspond-
ing two-dimensional plane projection are shown in Figs. 9 
and 10, respectively. The coordinate system in Fig. 9 is the 
local coordinate system. Due to space limitations and redun-
dancy, the progressive deformation here only illustrates cur-
vature along the strike of the working panel, and horizontal 
strain along the dip of the one, as shown in Figs. 11 and 12, 
respectively. From Figs. 9, 10, 11, 12, we can derive that the 
surface subsidence and deformation center gradually move 
forward and is always biased toward the coal seam down-
hill, as the underground extraction advances, and the range 
of surface subsidence and deformation gradually increases. 
After the mining ceased, the surface subsidence and defor-
mation did not stop immediately, but advanced a certain dis-
tance, and the subsidence, curvature, and horizontal strain 
all increased slightly, which is compatible with the existing 
characteristics of mining subsidence and deformation (Zou 
et al. 2003). Additionally, it can be seen from Fig. 11 that the 
maximum surface curvature appears in the middle phase of 
the advancement, and does not monotonously increase with 
the expansion of the gob until reaching critical mining just 
like subsidence and horizontal strain. These results reveal 
that the prediction of mining progressive subsidence and 
deformation is of great value for real-time grasping surface 
deformation, intensifying understanding of the dynamic sur-
face movement and deformation, rational planning of mining 
schemes, and protection of vital surface structures.

Table 2   Parameters of the working panel 8102 in Guobei Coal Mine

Mean depth
H0 (m)

Panel length 
(m)

Panel width 
(m)

Mining thick-
ness
m (m)

Seam dip 
angle
(°)

Lithology
P

Start date Cease date Mining days 
(d)

Mean mining 
velocity
v (m/d)

598 724 121 7.3 17 0.42 2006/12/22 2008/02/25 430 1.7

Table 3   Predicted parameters of the probability integration method

Subsidence coefficient
q

Displacement factor
bD

Tangent of major influence 
angle
tanβ

Influence transference 
angle
θ0

Offset distance of the inflection point 
(m)

Downslope
S1

Upslope
S2

Left
S3

Right
S4

0.7 0.34 1.5 89.5 −20 20 60 60
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Table 4   Predicted time and 
corresponding parameters

Predicted time
T (d)

Advancing distance 
from setup entry lT (m)

Strike critical 
factor xT

strike coefficient of 
mining degree nx

subsidence coef-
ficient in predicted 
time qT

139 240 0.60 0.56 1.25
202 330 0.83 0.72 0.98
266 450 1.13 0.83 0.84
333 580 1.45 0.91 0.77
430 724 1.81 0.99 0.71
517 724 1.81 0.99 0.71
657 724 1.81 0.99 0.71

Table 5   Summary of key 
parameters in predicted time 
T = 333 d

Mining unit
j

Strike criti-
cal factor
xj

Extracted time
TW

j
(d)

Elapsed time
TJ

j
(d)

Parameter
bj

Parameter
kj

Gompertz time 
function value
Φj(t)

1 0.17 43.1 294.3 81.45 0.0190 0.983
2 0.21 51.7 285.6 80.68 0.0192 0.981
3 0.24 60.3 277.0 79.92 0.0194 0.979
4 0.28 68.9 268.4 79.15 0.0197 0.976
5 0.32 77.5 259.8 78.38 0.0199 0.973
6 0.36 86.1 251.2 77.62 0.0201 0.970
7 0.39 94.7 242.6 76.85 0.0203 0.966
8 0.43 103.3 234.0 76.09 0.0205 0.962
9 0.47 111.9 225.4 75.32 0.0208 0.957
10 0.51 120.6 216.8 74.56 0.0210 0.951
11 0.54 129.2 208.1 73.79 0.0212 0.944
12 0.58 137.8 199.5 73.03 0.0214 0.936
13 0.62 146.4 190.9 72.26 0.0216 0.926
14 0.66 155.0 182.3 71.50 0.0219 0.915
15 0.70 163.6 173.7 70.73 0.0221 0.902
16 0.73 172.2 165.1 69.96 0.0223 0.887
17 0.77 180.8 156.5 69.20 0.0225 0.869
18 0.81 189.4 147.9 68.43 0.0227 0.848
19 0.85 198.0 139.3 67.67 0.0230 0.824
20 0.88 206.7 130.6 66.90 0.0232 0.796
21 0.92 215.3 122.0 66.14 0.0234 0.763
22 0.96 223.9 113.4 65.37 0.0236 0.725
23 1.00 232.5 104.8 64.61 0.0238 0.681
24 1.03 241.1 96.2 63.84 0.0241 0.632
25 1.07 249.7 87.6 63.07 0.0243 0.576
26 1.11 258.3 79.0 62.31 0.0245 0.514
27 1.15 266.9 70.4 61.54 0.0247 0.448
28 1.18 275.5 61.8 60.78 0.0249 0.377
29 1.22 284.2 53.1 60.01 0.0252 0.305
30 1.26 292.8 44.5 59.25 0.0254 0.234
31 1.29 298.6 41.6 58.61 0.0256 0.214
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5.3 � Accuracy Verification

The accuracy of the proposed method was investigated by 
comparing the predicted subsidence and measured leveling 
subsidence, along strike and dip observation line in the 
working panel 8102 at each predicted time. Since the shape 
of the strike and dip main section can determine the shape 
of the subsidence basin, and the accuracy of subsidence can 
represent that of other surface movement and deformation; 
therefore, the accuracy of the predicted progressive subsid-
ence on the two main sections is competent to represent the 
predicted accuracy of the whole basin. Furthermore, to more 
clearly reflect the prediction accuracy and the advantages 
of the Gompertz time function, the predicted results using 
the OSK time function at the same predicted time were also 
compared. The comparison curves are shown in Fig. 13. The 
advancing position of the underground extraction at each 
predicted time in Fig. 13 is denoted by vertical dashed line 
and labeled with the corresponding advancing distance from 
the setup entry.

After the working panel 8102 stopped mining, the surface 
subsidence basin formed a large seeper area, which made it 

impossible to observe some observation points on the south 
bank of the river on 657 d. Meanwhile, the relay panel 8101 
(see Fig. 8) had been mined half (513 m) on 657 d, the sub-
sidence of the observation points near the working panel 
8101 had been activated again, so in Fig. 13 (m) and (n), 
these observation points were excluded.

Compared with the two kinds of time function in Fig. 13, 
the difference between the predicted progressive subsidence 
using the OSK time function and the leveling subsidence is 
more distinct. The OSK time function only on 517 d and 657 
d, when the working panel had stopped mining for a long 
time, there is a great consistency with the leveling subsid-
ence. Whereas the results using the Gompertz time function 
closer to the leveling subsidence at virtually every predicted 
time. Besides, on the strike observation line, the prediction 
results of the OSK time function show that the predicted 
subsidence center lags slightly behind the leveling subsid-
ence center.

To further quantify the accuracy, root mean square error 
(RMSE) and relative RMSE (RRMSE) of the predicted 
progressive subsidence using the two time functions in 
each period are calculated, hereafter also referred to as the 

Fig. 9   Three-dimensional longwall progressive subsidence basin at each predicted time. a 139 d, b 202 d, c 266 d, d 333 d, e 430 d, f 517 d and 
g 657 d
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RMSE-Gompertz, RRMSE-Gompertz, RMSE-OSK, and 
RRMSE-OSK.

where WP�
 and WM�

 denote the predicted subsidence and the 
leveling subsidence at surface point � ( � = 1, 2, 3, …, Φ ), 
respectively.

where Wmax represents the maximum value of the leveling 
subsidence.

The accuracies of predicted progressive subsidence using 
the two time functions are shown in Table 6.

On the strike observation line: (1) the RMSE-Gompertz 
gradually increases with the increase of surface subsidence, 
while the RRMSE-Gompertz tends to decreases, and except 

(31)RMSE =

�∑
Φ
�=1

Δ2
�

Φ
=

�∑
Φ
�=1

(WP�
−WM�

)2

Φ
,

(32)RRMSE =
RMSE

Wmax

,

for the first two periods, the RRMSE-Gompertz of each 
period is less than 5%; (2) the RRMSE-OSK has a decreas-
ing trend period by period as well, and the remaining six 
periods are all greater than 5% except the last period; (3) 
the prediction accuracy using the Gompertz time function in 
each period is better than that using the OSK time function, 
and the average RMSE-Gompertz and RRMSE-Gompertz 
are 50.7 mm and 6.2%, respectively, compared with the 
average RMSE-OSK and RRMSE-OSK are 86.0 mm and 
10.0%, respectively, the accuracy was improved by 41.0% 
and 38.4%, respectively.

On the dip observation line: (1) the prediction error of 
Gompertz time function on the dip observation line is larger 
than that on the strike observation line, but the RRMSE-
Gompertz in each period is still less than 10%; (2) the 
RRMSE-OSK only the last four periods are less than10%; 
3) the prediction accuracy using the Gompertz time func-
tion is higher than that using the OSK time function except 
for the last three periods, and the average RMSE-Gompertz 
and RRMSE-Gompertz are 66.2 mm and 7.6% respectively, 

Fig. 10   Two-dimensional longwall progressive subsidence basin at each predicted time. a 139 d, b 202 d, c 266 d, d 333 d, e 430 d, f 517 d and 
g 657 d
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compared with the average RMSE-OSK and RRMSE-
OSK are 73.0 mm and 9.0% respectively, the accuracy was 
improved by 9.4% and 16.3%, respectively.

Combined with the analysis on the strike and dip observa-
tion lines, we can derive that the predicted longwall progres-
sive subsidence basin using the Gompertz time function has 
an average RMSE of 58.4 mm, and an average RRMSE of 
6.9%, which is less than 10%. This result demonstrates that 
the accuracy of this paper presented method can achieve 
centimeter-level and meet the requirements of practical 
engineering application. Moreover, compared with the 
OSK time function, in this paper, the Gompertz time func-
tion can increase the accuracy by more than 9%, with an 
average of 27.9%; compared with example in Zhang (2018), 
which average RRMSE is 8.0%, the accuracy can increase 
by 14.2%. To a certain extent, the phenomenon that the pre-
dicted progressive subsidence is less than the actual sub-
sidence and the predicted subsidence center lags the actual 
position using the OSK time function has been improved.

In addition, it is worth noting that because the prediction 
category based on time function is a time function value 
multiplied by the predicted final subsidence, essentially, the 
accuracy of the final subsidence prediction algorithm will 
significantly affect the accuracy of the prediction algorithm 

for progressive subsidence. Thus, if a more accurate final 
state prediction algorithm is adopted, the accuracy of the 
progressive prediction algorithm will be further improved. 
For example, the accuracy of the OSK time function in this 
paper is slightly lower than that in Zhang (2018), which is 
probably caused by this reason.

6 � Conclusion

Prediction of longwall progressive subsidence basin is of 
great significance for production and planning in the mining 
area. Therefore, the prediction method for longwall progres-
sive subsidence basin was studied in this paper, and the main 
conclusions drawn from it are summarized below.

We analyzed the OSK time function for prediction of 
longwall progressive subsidence, and pointed out that there 
are certain differences between the OSK time function and 
the actual surface subsidence, the possible improvement 
directions were given.

After that, we proposed the Gompertz time function for 
prediction of longwall progressive subsidence basin, based 
on the modeling idea of three origins are consistent, then 
proved that the Gompertz time function is highly consistent 

Fig. 11   Longwall progressive curvature along the strike of the working panel at each predicted time. a 139 d, b 202 d, c 266 d, d 333 d, e 430 d, 
f 517 d and g 657 d
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with the subsidence characteristics of the surface point 
caused by underground mining and is very suitable for the 
inversion of dynamic subsidence process. Thereafter, the 
variation law between parameters of the Gompertz time 
function and the geological mining conditions was analyzed, 
within the interval of the strike critical factor less than 1.5, 
both parameters b and k have a prominent linear relation-
ship with the strike critical factor, and after the strike criti-
cal factor reaches 1.5, both are basically unchanged. Then 
the parameters calculation method and the prediction algo-
rithm for the longwall progressive subsidence basin were 
elaborated.

Next, we demonstrated the practical application effect 
of the proposed prediction method, the average RMSE and 
average RRMSE of predicted results using the Gompertz 
time function are 58.4 mm and 6.9%, respectively, and com-
pared with using the OSK time function, the accuracy is 

increased by 27.9% on average with example in this paper 
and 14.2% with example in Zhang (2018).

The results show that the accuracy of this paper adopted 
method can achieve centimeter-level and meet the require-
ments of practical engineering application. It will provide 
the theoretical foundation for evaluating the damage process 
of surface structures, determining time nodes of buildings 
protection and maintenance, calculating the costs associated 
with rehabilitation, and conducting backfilling to mitigate 
the overburden and surface deformation. Hence, this method 
is expected to be extensively applied.

Finally, it should be pointed out that the prediction model 
mentioned in this work is simplified, which has not compre-
hensively considering the mining condition of multi-seam, 
whereas that is a common occurrence and will affect the 
prediction of surface subsidence. Therefore, predicting the 
progressive subsidence basin under multi-seam and is our 
future works.

Fig. 12   Longwall progressive horizontal strain along the dip of the working panel at each predicted time. a 139 d, b 202 d, c 266 d, d 333 d, e 
430 d, f 517 d and g 657 d
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Fig. 13   Comparison of the predicted progressive subsidence and 
measured leveling subsidence. a 139 d strike line, b 139 d dip line, 
c 202 d strike line, d 202 d dip line, e 266 d strike line, f 266 d dip 

line, g 333 d strike line, h 333 d dip line, i 430 d strike line, j 430 d 
dip line, k 517 d strike line, l 517 d dip line, m 657 d strike line and n 
657 d dip line
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