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Abstract Ground subsidence disasters are characterized

by wide distribution, long duration, and high-intensity

damage, which can cause serious damages to surface

buildings, underground pipelines, aquifers, and so on.

Therefore, research on the stability evaluation of ground

subsidence and subsidence deformation prediction is of

great significance. This paper takes ground subsidence in

Fushun City, Liaoning Province, China, as a case study.

Combined with data from 60 monitoring points in the

subsidence areas, the final settlement deformation values of

all monitoring points were obtained through an arctangent

function model using non-linear curve fitting with moni-

toring data. The proposed model could enable the predic-

tion of settlement deformation trends of the monitoring

points. Correlation coefficients are all above 0.937, indi-

cating the strong reliability of the prediction model. By

processing the final settlement deformation predictive

values of the 60 monitoring points, a final settlement

contour map was drawn with the help of the Kriging

interpolation method. This map could forecast the whole

distribution characteristics of ground settlement deforma-

tion in the research area. Then, risk zoning can be obtained

by combining the settlement rate and residual settlement

deformation in the study area. The research results could

provide a basis for future city construction and regional

planning in Fushun City.

Keywords Ground subsidence � Deformation prediction �
Arctangent function model � Non-linear curve fitting �
Kriging interpolation method � Risk zoning

Introduction

Owing to the long history of mining, ground subsidence

disasters occur frequently, bringing serious damages to the

buildings located throughout mining cities. Such ground

subsidence hazards threaten the industries, ultimately

affecting the economic development of mining cities. Thus,

studying the distribution characteristics and finding pre-

diction models to determine ground subsidence deforma-

tion are important research topics.

Geological hazards due to ground subsidence are a

common problem in the production and construction

industries around the world. Research on such geological

hazards caused by underground mining is also an important

topic among researchers all over the world. Lei et al.

(2013) conducted numerical simulations of ground subsi-

dence caused by coal mining to study the surface collapse

mechanism and regularity. Sheorey et al. (2000) used a

modified influence function method to complete subsi-

dence prediction. Gonzalez-Nicieza et al. (2007) resear-

ched the influence of time on subsidence. Cui et al. (2001)

used a time function to predict the progressive surface

subsidence above long-wall coal mining using a time

function. Ruisheng et al. (2011) proposed a 3D strati-

graphic model that mixed Multi-DEM with a tetrahedral

network model. Their 3D stratigraphic model is an accurate

prediction model that can provide detailed data on geo-

logical mining conditions for mining subsidence prediction

research. Zhang Bin et al. (2015) researched subsidence

prediction and susceptibility zonation for collapse above
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goaf with thick alluvial cover. In order to solve the

uncertainty of the influence factors of mining subsidence

and the difficulty of obtaining prediction model parameters,

Huafeng et al. (2014) used the grey prediction model to

forecast ground subsidence. Cui et al. (2013) conducted the

prediction work of ground subsidence due to underground

mining based on the zenith angle. Zhanqiang et al. (2015)

introduced a novel ground subsidence prediction model for

sub-critical mining in studying the geological condition of

a thick alluvium layer. The different subsidence and dis-

placement mechanisms for the rock mass and the thick

alluvium layers are respectively considered and described

in this model. Dı́az-Fernández et al. (2010) presented a

computer tool that automatically predicts mining subsi-

dence using the generalized n-k-g influence function. The

n-k-g influence function depends on two physical concepts:

the first is gravity, which characterizes the forces acting on

the ground, and the second, the convergence of the roof and

floor of the mine workings due to the stress state of the

ground.

Consistent surface monitoring in Fushun City has gen-

erated rich real-time monitoring data to facilitate research

on mining subsidence deformation. Nie et al. (2015) pro-

posed a new prediction model for mining subsidence

deformation: the arctangent function model according to

the ‘‘S’’ type settlement curve of monitoring point G22.

G22 is a GPS leveling measurement point at the Taihe Coal

Mine, and the position is shown in Fig. 2. They used the

model to investigate a collapsed pit in the Taihe coal mine

in Fushun, Liaoning Province, China, and the area’s mining

subsidence deformation characteristics. Their model cap-

ably predicted the final settlement deformation value of the

G22 monitoring point. Despite the above-mentioned stud-

ies, further research on the overall distribution regularity

and prediction of ground settlement deformation and the

risk zoning in the mining area has yet to be conducted.

The current paper takes the ground subsidence phe-

nomenon in Fushun, Liaoning Province, China, as the case

study. Combined with data from 60 monitoring points in

the study area, the model parameters are obtained through

the arctangent function model nonlinear curve fitting with

the monitoring data. The asymptote value of the ‘‘S’’ type

arc tangent function is the final settlement deformation

value of the monitoring points, and then the prediction of a

subsidence deformation trend of the monitoring points are

realized. The residual subsidence deformation values from

now to the final settlement stability are obtained by com-

bining the current accumulation subsidence deformation

values with the predicted final subsidence deformation

values. Finally, the current ground settling velocity is

identified by using the mathematical properties of the

arctangent function. By processing the final subsidence

deformation values, the residual subsidence deformation

values, and the current ground settling velocity values of

the 60 monitoring points with the help of the Kriging

interpolation method, the corresponding contour maps are

drawn. The contour maps display the overall distribution

characteristics of ground settlement deformation in the

study area and predict the development trend.

Finally, the risk zoning of the study area is put forward

by combining the distribution characteristics of the current

settling velocity and the residual subsidence deformation.

The data are used to determine the stable region and the

different danger levels of the unstable regions. Such

information could be used as basis for city construction and

regional planning in Fushun.

Study area and monitoring data

Geographical location and the present situation

of ground subsidence disaster in the study area

Fushun city is located in the east part of Liaoning Province,

48 km to Shenyang (Fig. 1). The geographical coordinates

lie roughly at a longitude of 123�390 to 125�280 and a

latitude of 41�380 to 42�140. The urban area is 713.6 km2.

The city’s total population is 2.25 million people, including

the urban population of 1.42 million people.

Fushun City is famous for its mining industry, and its

coal mines have been exploited since 1901. Ground sub-

sidence hazards caused by nearly100 years of underground

coal mining have brought the city increasingly serious

environmental and economic problems. Variations in the

ground elevation of the local area occurred in a short period

of time, which caused serious damage to buildings,

underground pipelines, road, bridges, and dams. The

Beijing

China

Liaoning Province
Fushun

300km

Study area

Fig. 1 Location of the study area (Nie et al. 2015)
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continuous sinking of grounds in urban and industrial areas

also endanger the lives and properties of the inhabitants.

Ground subsidence in Fushun City is characterized by

wide distribution, long duration, and high-intensity dam-

age. If the distribution characteristics and development

trends of ground settlement deformation are not clear, these

could be a major factor in destabilizing the harmonious and

sustainable development of Fushun City and its economy.

Therefore, further development of Fushun ground subsi-

dence prediction, from which the distribution characteris-

tics and development trends of ground settlement

deformation in the mining areas could be obtained, is of

great significance to public safety and the sustainable

development of the economy.

General situation of mining areas in the study area

The study area in this paper mainly spans the southern

portion of the Hun He River and the northern area of the

east open-pit mine, which includes the east open-pit mining

area as well as Longfeng, Laohutai, and Taihe coal mining

areas, covering an area of 27.7 km2 (Fig. 2). The profile of

the study area is shown in Fig. 3, and its location is in the

Laohutai mine area as shown in Fig. 2.

The east open-pit mine is 6.0 km long from west to east

and 1.5 km wide from north to south, covering an area of

9.0 km2. The main productions are residual coal and oil

shale in the Longfeng and Laohutai mines. By the end of

2000, there were 82.85 Mt of coal reserves and

7.48 9 103 Mt of oil shale ores (oil content of more than

4.7 %) in the east open-pit. The east open-pit mine is at the

normal mining stage, but has not yet reached the scale.

The Laohutai mine, which has an area of about

10.0 km2, is in the bottom of the east open-pit. Mining

started here in 1901. Before the founding of the People’s

Republic in 1949, the mine had already produced

0.33 9 103 Mt of coal. Until 2001, the cumulative coal

production was 1.77 9 103 Mt. From 2001 to 2004, raw

coal production was 12.70 Mt. As of late 2004, the Lao-

hutai field has been reported to have reserves of 55.60 Mt,

which contains 28.40 Mt residual coal from the Longfeng

mine. The Laohutai ore mining mechanization degree is

100 %. A recovery method of over -580 m from sea level

is intended for blast mining and longwall caving. Over-

burden failure is an important factor in safety assessments

in the fields of mining engineering geology and safety

geology (Wanghua et al. 2015). Mining at -730 m from

sea level has been done, and -830 m from sea level is

being planned.

The Longfeng mine is located in the eastern part of the

study area; it is 5.0 km long from east to west, 2.5 km wide

between north and south, and covers an area of 12.5 km2

(including Taihe). Operations here began in 1907 and

ended in the latter part of 1999. The cumulative coal

quantity of the Longfeng coal mine is 1.41 9 103 Mt. The

subsidence area in the Longfeng coal mine is 8.12 km2.

The mine closed in 1999 due to bankruptcy. Once mining

operations stopped, the ground was reported to be at the

stage of residual subsidence deformation, wherein defor-

mation is small and the ground tends to be on a nearly

stable state.

The Taihe coal mine was established in 2000. The

mining area, which is about 1.93 km2, is located in the

southwest corner of the Longfeng mine. By the end of

2008, the mine coal reserves were 13.40 Mt. The mining

elevation of the Taihe coal mining is -440 to -530 m

from sea level, and the caving mining method is used here.

Monitoring data and ground subsidence in the study

area

The high frequency of surface subsidence after 2010 drew

the attention of the government. Geodetic monitoring is an

effective tool to study ground subsidence deformation

Fig. 2 Distribution map of the mining areas and the monitoring points
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characteristics (David Lamich et al. 2015). In order to

understand the distribution and regularity of the ground

subsidence deformation in the mine, 60 real-time kinematic

(RTK) GPS monitoring points were set up to monitor

ground subsidence deformation in the study area. The

locations of the monitoring points are shown in Fig. 2. The

monitoring data from the 1st to 18th points are shown in

Table 1, those from the 19th to 38th points are shown in

Table 2, and those of the 39th to 60th points are shown in

Table 3. The initial monitoring time of the 60 monitoring

points is unified in the paper, corresponding to the date of

September 23, 2010. Due to the different location of

monitoring points, the time effect of the stress–strain

transfer in the spatial medium will lead to the lag of the

subsidence deformation of the individual monitoring points

that are far away from the mining area. Model fitting

requires the use of effective data after the subsidence

begins, so invalid data in Tables 1, 2, and 3 were omitted,

and only the data after the start of settlement deformation

are displayed. The initial monitoring time may not be the

starting time of the settlement, so the cumulative settlement

value of 0 is set initially, and is not the real cumulative

value since the beginning of ground settlement. The

cumulative settlement values and monitoring times from

the day corresponding to 0 settlement value are then col-

lected. The most effective monitoring time was from

September 23, 2010, to May 15, 2013. In Table 4, for the

monitoring points of which the starting time of the settle-

ment is later than the initial monitoring time, the date

corresponding to a 0 settlement value is defined as the

initial monitoring time and the starting time of the

settlement.

The 46th, 47th, 51th, 52th, 53th, and 60th monitoring

points are located in the east open-pit mining area, how-

ever, their final accumulated subsidence monitoring values

are not large. This phenomenon may be related to the

location of the monitoring points on a relatively

stable mining operation platform. In addition, the main ore

mining area in the neighboring Laohutai mine in the north

has little impact on the former.

The 17th, 18th, 48th, 54th, 49th, and 50th monitoring

points are located in the Laohutai mining area. Their final

settlement deformation values are relatively bigger, except

for that of the 48th monitoring point. The monitoring

results are in line with the region’s severe ground subsi-

dence phenomenon, as shown in Fig. 4c. The ground sur-

face crack caused by uneven settlement is related to a large

degree of underground mining in the Laohutai coal mine

and the accelerating stage of ‘‘S’’ type subsidence defor-

mation in the area.

The 9th, 10th, 40th, 42th, 43th, 44th, and 45th moni-

toring points are located in the Longfeng mining area. The

final monitoring settlement values are generally small, and

the ground survey also shows that the regional ground

subsidence phenomenon is not significant.

The 7th, 39th, 41th, and 59th monitoring points are

located in the Taihe mining area. From the final monitoring

values, it can be seen that ground subsidence phenomenon

Fig. 3 Profile of the study area
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is obvious in this area, which is in accordance with the

ground survey. At present, the ground subsidence area of

the Taihe coal mining is mainly located near the Haixin

Road at the south of Tianhu Bridge, as shown in Fig. 4a.

The area shows signs of surface collapse and houses sub-

merged in the water. Roadbed subsidence also affects the

traffic. As shown in the photo, the height of the road has

been adjusted many times, but at present, its height is

consistent with that of the wall on both sides of the original

road, thus demonstrating subsidence.

Other monitoring points are located outside the scope of

the mining areas, mainly in the northwest part of the study

area. The area is at the center of the city where the popu-

lation and their living and working activities are concen-

trated. This area is still within the scope that is influenced

by the main ore mining subsidence deformation, and

ground surveys show that there is a wide range of resi-

dential buildings with oblique shear fracture caused by

ground differential settlement in this area, as shown in

Fig. 4b. Therefore, it is necessary to monitor the ground

subsidence in this area where important buildings are

located. By setting numerous monitoring points to monitor

the ground subsidence deformation, the dynamic trends of

ground subsidence deformation could be predicted, thus

protecting people’s lives and properties.

From the overall monitoring data, it could be concluded

that the larger ground subsidence deformation area is

concentrated in the Laohutai and Taihe mining areas. The

final monitoring values of the monitoring points present the

trend of gradual decline from the mining spots to the sur-

rounding areas.

The arctangent function prediction model

The origin of the arctangent function prediction

model

The arctangent function model is a model of an ‘‘S’’ type

curve and was proposed by Nie et al. (2015) through the

analysis of surveillance data of monitoring points and the

settlement characteristics of the rock mass of different

fracture zones in the mined-out area.

d ¼ p1 tan�1 p0 t � p2ð Þ þ tan�1 p0p2
� �

; ð1Þ

where d is the accumulative settlement value (mm), t is the

monitoring time (days); and p0, p1, p2 are coefficients that

vary with the changes of the monitoring data.

The model parameters are obtained by putting each mon-

itoring value of the single monitoring point and the corre-

sponding cumulative monitoring time into the arctangent

function model, and with the help of the Levenberg–Mar-

quardt algorithm(Levenberg1944;Marquardt 1963;Lourakis

2005), the deformation curve will be obtained. The forecast

function will be achieved through obtaining the final settle-

mentdeformationvalues,whichwill bepredicted according to

the development trend of the deformation curve.

The model prediction principle

In the arctangent function model, when t tends to be

infinite,tan�1 p0 t � p2ð Þ reaches�p=2, and the curve is close
to the asymptote d ¼ p1 �p=2þ tan�1 p0p2

� �
. The asymp-

tote value is the final settlement deformation value of the

monitoring point. The correlation coefficient is used to eval-

uate the degree of correlation between the two variables, and

the precision of the curve fitting. The correlation coefficient is

R ¼
R
n

i¼1
ðti � t Þðdi � dÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R
n

i¼1
ðti � t Þ2 R

n

i¼1
ðdi � dÞ2

r : ð2Þ

Physical meaning of the model parameters

p0 represents the speed at which the settlement deformation

trend to be stable, the larger the absolute value, the faster.

p2 corresponds to the time (days) of inflection point on the

Fig. 4 Images of a, b, and c
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deformation curve, which represents the cumulative mon-

itoring time of maximum settling velocity. The final pre-

dictive value of the cumulative settlement

isp1 �p=2þ tan�1 p0p2ð Þ, and when the value of p0, p2
remain unchanged, p1 will determine the final predictive

value of the cumulative settlement.

Applicable scope of the model

It was recognized that surface movements due to under-

ground coal mining activities have three phases: initial,

active, and residual subsidence (Tong Liyuan et al. 2015).

When a coal face has been fully mined, three main pro-

cesses occur in the rock and soil mass: crack, caving, and

compaction settlement. This progression will be presented

as a complete ‘‘S’’ type curve with its deformation char-

acteristics to the surface. If secondary mining activities

were done on the coal face, obviously, the characteristics

of the original ‘‘S’’ type settlement deformation will be

destroyed, and a new development trend of ‘‘S’’ type will

generate on the basis of the original deformation charac-

teristics. The accuracy of the prediction model will be

greatly reduced once the rock conditions have progressed

beyond its applicable scope. Thus, this forecast model is

suitable for short- to medium-term predictions under a

fully mined area and under constant conditions. The

development of mining activities necessitates the constant

updating of monitoring data and eliminating previous data

that do not conform to deformation characteristics after

mining conditions have changed, thereby improving the

accuracy of prediction models. This strategy will generate

the appropriate results that are consistent with practical

results.

The model feasibility analysis

The fitting precision is affected by monitoring errors or

changes in the original deformation characteristics of a few

stages of ground subsidence caused by external geological

forces. However, the ‘‘S’’ type ground subsidence defor-

mation trend, which is caused by underground mining, is

not expected to change. Such prediction errors may be

mitigated through long-term and effective monitoring and

updating of monitoring data, through which the final pre-

diction precision would remain high. Nie et al. (2015)

successfully predicted the final settlement deformation

value of monitoring point G22 in the Taihe coal mine by

applying the arctangent function model. The displacement

vs. time fitting curve of monitoring point G22 is shown in

Fig. 5. The accuracy of their model is verified by model

verification. Thus, in the current study, it is feasible to use

the arctangent function model to realize the prediction of

ground subsidence.

Model application

Advantages of the prediction model

Ground subsidence prediction research is conducted on the

basis of monitoring data. This function model does not

require the consideration of interrelations among mining

Fig. 5 Displacement vs. time

fitting curve of monitoring point

G22 (Nie et al. 2015)
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123



subsidence influencing factors and could overcome the

difficulty of obtaining model parameters. Moreover, along

with the continuous renewal of monitoring data, the pre-

diction model could repair itself, is simple to operate, could

achieve high-precision and dynamic tracking prediction

function, and has extensive application. These advantages

indicate that the model is appropriate for the current

research on mining subsidence and deformation prediction.

Prediction results

In order to obtain the model parameters p0, p1, p2 of every

monitoring point, data from the 60 monitoring points in the

study area were analyzed by curve fitting with the arctan-

gent function model d ¼ p1 �p=2þ tan�1 p0p2ð Þ. Then, the
function model of each single point could be achieved by

bringing the corresponding model parameters into the

forecasting model; this way, the final settlement deforma-

tion prediction value of each monitoring point could be

obtained. The fitting results of each monitoring point and

the final prediction values are shown in Table 4. Due to the

different subsidence deformation characteristics of each

monitoring point and the different subsidence deformation

stage of each point when the monitoring began, huge dif-

ferences were observed among the parameters p0, p1, p2.

In this paper, monitoring time of the monitoring points

may be irregular, but the whole data could reflect the

deformation characteristics and the trends of the monitor-

ing points, and the final fitting precision is very high. Time

irregularity in data acquisition will not affect the normal

use of the model and the accuracy of prediction.

The monitoring data of the monitoring points were only

updated to May 15, 2013, and the current date is June 25,

2015. Residual settlement in Table 4 refers to the rest

settlement deformation value from June 25, 2015. To

obtain the residual settlement, we first obtained the current

cumulative settlement deformation value of the monitoring

points. Thereafter, t(i.e., the cumulative monitoring time of

each monitoring point corresponding to June 25, 2015) was

incorporated to the model to determine the current cumu-

lative settlement deformation value of d. The settlement

deformation rate v could be obtained based on the model’s

mathematical properties.

The current settlement deformation rate v of each

monitoring point is predicted by taking the corresponding

cumulative monitoring time t into Eq. 3. The residual

settlement deformation values and current settlement

deformation rate of all monitoring points are shown in

Table 4. As can be seen, the 60th monitoring point shows

the worst fitting precision with a related coefficient of

0.937, while the other coefficients are all higher than 0.937,

and the results of correlation analysis indicate the high

precision of the prediction model.

Distribution characteristics of the ground
subsidence deformation and the development
trend predictions in the study area

Application of Kriging interpolation method

The ground monitoring network is a kind of real-time settle-

ment deformation feedback system and an effective method to

study the ground settlement deformation law. However, owing

to the terrain conditions, economic conditions, and other fac-

tors, a netted, intensivemonitoring systemcannotbe set up inall

study areas. In order to study the ground settlement distribution

characteristics and its deformation law in the study area, it is

necessary to obtain the settlement deformation values of every

terrestrial point except the 60 monitoring points in the study

area. Kriging interpolation is a method derived form the pre-

diction values of the unknown point by weighting the known

sample points; here, a specifiedmathematical formula is used to

decide the output surface smoothness. The Kriging interpola-

tion formula is given by

Z
K
ðs0Þ ¼

XN

i¼1

kiZðsiÞ; ð3Þ

where Z(si) is the measured values of the NO.i location, ki
is the unknown weight of the measured values of the NO.i

location, s0 is the location for forecasting, and N is the

number of known points.

The method reveals the implied trend characteristics of

the original data to a maximum extent; it also determines the

estimated value under the premise that the estimated value of

the research object meets the conditions of unbiasedness and

condition of minimum variance. The gridding precision of

the Kriging interpolation method is high, the contour pro-

duced is relatively smooth, and the drawing effect is good,

which are in line with the actual situation field.

Contour maps drawing

The final settlement forecast values, residual settlement

forecast values, and the current settlement rate of the 60

monitoring points should be achieved through the model

prediction. By using the Kriging interpolation method, the

following could be obtained: contour map of the final

cumulative settlements of all monitoring points (Fig. 6),

contour maps of the residual settlement (Fig. 7), and con-

tour maps of the current settlement rate (Fig. 8). On the one

hand, the contour maps obtained the ground subsidence

deformation values of all the terrestrial points in the study

area by using the method of interpolation. On the other

hand, the contour maps could directly reflect the distribu-

tion law and deformation characteristics of the ground

subsidence in the study area.
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Contour map of the final cumulative settlement

Figure 6 shows the contour map of the final cumulative

settlement, and directly reflects the distribution law of the

total settlement in the study area from the beginning of

monitoring to the settlement stability. Figure 6 also shows

that the difference value between the adjacent contour lines

is 10 mm. The cumulative settlement deformation value in

the red area (6.18 km2) is larger than 40 mm. The cumu-

lative settlement deformation value in the yellow area

Fig. 6 Contour map of the final cumulative settlement

Fig. 7 Contour map of the residual settlement

Fig. 8 Contour map of the current settlement rate

Application of the arctangent function model in the prediction of ground mining… 1395

123



(5.98 km2) is within the range from 20 to 40 mm. Finally,

the cumulative settlement deformation value in the red area

(15.51 km2) is less than 20 mm.

The slope of surface point i, which is also known as the

settlement difference in unit distance, would cause surface

building damage when a critical deformation value is

obtained, thereby resulting in building dumping, craze, and

affecting normal use. In general, the critical deformation

value of China isi ¼ 3:00mm/m, whereas the value of those

covering a small area but with high structures (e.g.,

chimneys, water towers, and pylon tower structures) is

i ¼ 1:50mm/m. The positions with subsidence deformation

values of 40 mm and 20 mm approximately correspond to

the surface slopes i ¼ 3:00mm/m and i ¼ 1:50mm/m,

respectively. The red areas shown in Fig. 6 denote the

unstable ground subsidence area, the yellow areas corre-

spond to the less stable ground subsidence area, and the

green areas represent the stable ground subsidence region.

The regions with large final cumulative settlement

deformations include the Taihe coal mine, north of the

Laohutai coal mine, and northwest of the Longfeng coal

mine (Fig. 6). The same figure also shows that the ground

subsidence area is generally distributed among the red or

yellow areas in accordance with the ground investigation

result. Moreover, ground subsidence deformation does not

extend to the Hunhe River. Figure 6 presents a gradually

decreasing trend of settlement value from the mining spots

to the surrounding areas. The density of the settlement

isoline represents the surface slope. As the location is

considerably near the center of the mining area, the surface

slope value increases, the destruction of the buildings is

exacerbated, and surface subsidence increasingly develops.

The dependency of the regional subsidence deformation

prediction method on monitoring data is relatively high. As

some monitoring points within the scope of Taihe coal

mining area have been damaged, the effective monitoring

points are not enough, especially the lack of data from the

key monitoring points, thus it cannot truly show the sub-

sidence deformation characteristics of the area. But from

the fitting results and field exploration, the region has

tended toward a relatively stable stage, and the prediction

results are basically in agreement with the development

trend of deformation. But if we want this prediction

method to reach its maximum value, it is very important to

arrange the key monitoring points in the ground subsidence

area.

Contour map of the residual settlement

The contour map of the residual settlement (Fig. 7) is a

direct prediction of the rest ground subsidence distribution

law from June 25, 2015. Accordingly, the rest settlement

difference in unit distance is the evaluation index of the

potential risk of ground subsidence hazards. This parameter

can be derived from the contour map of the residual set-

tlement. As shown in Fig. 7, the difference value between

the adjacent contour lines is 5 mm. The residual settlement

volume in the red area (0.66 km2) is over 40 mm and

represents the unstable ground subsidence area in which

the surface slope i[ 3:00mm/m. The residual settlement

volume in the yellow area (0.921 km2) ranges from 20 to

40 mm and represents the less stable ground subsidence

area in which the surface slope is expressed as

1:50mm/m\i\3:00mm/m. The residual settlement vol-

ume in the green area (19.77 km2) is below 20 mm and

denotes the stable ground subsidence area with surface

slope i\1:50mm/m.

The red and yellow areas of the large settlement are

extensively reduced (Fig. 7) compared with those shown in

Fig. 6, and the green area displays the considerable

expansion of the stable region. Along with the gradual

completion of cumulative ground subsidence, the maxi-

mum residual settlement deformation decreased and the

danger area gradually stabilized. The Taihe mining area

entered a stable ground subsidence stage, but a segment of

the surface within the Laohutai mining area retained a large

residual settlement, thereby continuing to be a threat to the

normal use of buildings. The different settlement charac-

teristics between the two mining areas were mainly caused

by the shallow mining depth, as well as a short time for the

deformation to reach the surface and for ground subsidence

to reach a stable stage in the Taihe coal mine. Therefore,

the ground subsidence disaster area would mainly be

concentrated in the northeast of the Laohutai mining areas

after June 25, 2015 (see red or yellow zones in Fig. 7).

Contour map of the current settlement rate

The current ground settlement rate is the evaluation crite-

rion of the activity of ground subsidence hazards. The

contour map of the current settlement rate (Fig. 8) shows

that the difference value between the adjacent contour lines

is 0.01 mm/d. By combining the ground subsidence

deformation monitoring and the current survey results of

ground subsidence activities in the field, we divided the

ground subsidence activity into strong, medium, and weak

stages. These stages correspond to the conditions when the

settlement rate of the region satisfied the conditions

v[ 0:04mm/d, 0:02mm/d\v\0:04mm/d, and

v\0:02mm/d, respectively. Hence, the artificially divided

activities are relative. The current subsidence rate in the red

area (1.26 km2) is over 0.04 mm/d. The current settlement

rate in the yellow area (0.89 km2) is within the range of

0.02–0.04 mm/d. The current settlement rate in the green

area (16.61 km2) is below 0.02 mm/d. The difference of

the current settlement rate in the study area is obvious
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(Fig. 8), and the regional distribution characteristics are

similar to those of residual settlement deformation.

Therefore, the development trend of surface subsidence

deformation shows certain regularity.

Risk zoning

Regional assessment is a prediction of the activity and

potential risk of ground subsidence hazards in the study

area, which could determine the most difficult areas for

development and provide the basis for site selection, pro-

duction safety, and disaster warning (Bell and de Bruyn

1999). The standards of this risk zoning are a combination

of the current settlement rate and the rest settlement dif-

ference in unit distance. The related details are reflected in

Figs. 7 and 8.

Considering the distribution characteristics of the over-

lapping area of the residual settlement deformation and the

current settlement rate, the study area could be divided into

five regions (Fig. 9). The overlapping area of the green and

green areas is Region I (green part in Fig. 9), which has an

area of 19.58 km2. Region I represents the area in which

the current ground settlement rate is less than 0.02 mm/d,

and the ground residual settlement is less than 20 mm. The

overlapping area of the green and yellow area is Region II

(yellow part in Fig. 9), which has an area of 0.33 km2.

Region II represents the area in which the current ground

settlement rate is within the range of 0.02–0.04 mm/d, and

the ground residual settlement is less than 20 mm. More-

over, Region II is the area in which the current ground

settlement rate is less than 0.02 mm/d and the ground

residual settlement is within the range of 20–40 mm. The

overlapping area of the yellow and yellow areas is Region

III (orange part in Fig. 9), which has an area of 0.43 km2.

Region III represents the area in which the current ground

settlement rate is within the range of 0.02–0.04 mm/d and

the ground residual settlement is within the range of

20–40 mm. The overlapping area of the yellow and red

area is Region IV (magenta part in Fig. 9), which has an

area of 0.36 km2. Region IV represents the area in which

the current ground settlement rate is larger than 0.04 mm/d,

and the ground residual settlement is within the range of

20–40 mm. Moreover, in Region IV, the current ground

settlement rate is within the range of 0.02–0.04 mm/d, and

the ground residual settlement is larger than 40 mm. The

overlapping area of the red and red area is Region V (red

part in the Fig. 9), which has an area of 0.66 km2. Region

V represents the area in which the current ground settle-

ment rate is larger than 0.04 mm/d and the ground residual

settlement is larger than 40 mm.

In view of the lower current ground settlement rate and

rest settlement difference in unit distance in Region I

compared to those in the other regions, we conclude that

the study area is stable on the basis of ground subsidence.

The increase in settlement rate and surface slope from

Regions II to V has resulted in the gradual increase in the

degree of risk in these regions. Ground residual deforma-

tion in these areas may cause continuous damage to surface

buildings, underground pipes, aquifers, and even surface

subsidence in a few areas. Therefore, monitoring efforts in

these areas (i.e., Regions II–V) should be strengthened.

Furthermore, the effects of surface subsidence should be

considered during production and construction. Finally,

corresponding measures should be applied to address

ground subsidence disasters and related secondary

disasters.

This risk zoning provides a reference for planners and

does not directly correspond to the actual risk level but

merely a relative risk grading. The construction department

may select the appropriate construction area in accordance

with its needs, based on the risk-zoning results.

Combined with the assessment of activities and potential

risk of ground subsidence geological hazards in the study

Fig. 9 Risk-zoning map of the ground subsidence in the study area
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area, risk zoning could serve as basis for future construc-

tion, regional planning, and land utilization in Fushun City.

These results could be used to substantially control the

occurrence of subsidence accidents, thereby ensuring the

safety of people and properties, as well as sustaining eco-

nomic development in the city.

Conclusions

1. The related coefficients of all 60 monitoring points in

the study area are more than 0.937, indicating the high

prediction accuracy of the proposed model. The

application of the arctangent function model based on

monitoring data in the prediction of mining subsidence

deformation is, therefore, feasible.

2. Regarding the total settlement deformation distribution

in the study area, the regions with a large final

cumulative settlement deformation cover the Taihe

coal mine, north of the Laohutai coal mine and

northwest of the Longfeng coal mine. Hence, the

distribution range is extensive. Along with the contin-

uation of ground subsidence, the ground in the Taihe

and Longfeng mining areas have basically completed

the final settlement deformation. Thus, these areas are

considered stable. Ground residual subsidence defor-

mation in the Laohutai coal mine region has also been

reduced significantly. Thus, the main settlement

deformation zone in the future would be concentrated

in the northeast side of the Laohutai mining area near

the 49th and 50th monitoring points.

3. Region I (19.58 km2) in the risk-zoning map is the

stable ground subsidence area, and the degree of risk

from Region II to V (1.78 km2) increases gradually.
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