Bull Eng Geol Environ (2016) 75:1117-1132
DOI 10.1007/s10064-015-0834-6

—
@ CrossMark

ORIGINAL PAPER

Subsidence prediction and susceptibility zonation for collapse
above goaf with thick alluvial cover: a case study
of the Yongcheng coalfield, Henan Province, China

Bin Zhang' - Lianze Zhang' - Honglei Yang” - Zhongjian Zhang' -

Junliang Tao®

Received: 15 June 2015/ Accepted: 1 December 2015/ Published online: 21 December 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract Mine collapse is a common geological hazard
associated with mining areas. This study analyzes mine
collapse above the Yongcheng mining area located on the
Huanghuai Plain in eastern Henan Province, China. The
aim is to predict surface subsidence and evaluate associated
disaster risks in goaf with thick alluvial cover. The surface
deformation above seven mined coalfields and six unmined
coalfields was calculated using the probability integration
method. The results showed that the final maximum ground
subsidence would be 7.25 m for the Suburban mine and
5.3 m for the Xinzhuang mine. As part of a broader study,
land subsidence was also measured over a 1-year period in
2012-2013 by interferometric point target analysis using
Radarsat-2 satellite synthetic aperture radar. Interferomet-
ric displacement maps were validated with leveling data.
Based on the principles of fuzzy mathematics and the
analytical hierarchy process, a susceptibility assessment
system was developed to define the risk from mine collapse
for the coalfields across the mining area. A hazard-zoning
map was also produced using the spatial analysis function
of ArcGIS. These research results can serve as a reference
for farmland reclamation, town planning, and the restora-
tion of the natural environment in this area.
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Introduction

Land subsidence is a major constraint on development in
many areas. Subsidence causes increased costs and delays
for new developments, damages existing buildings and
infrastructure, and, in the worst cases, leads to injury or
loss of life. It may give rise to derelict land, loss of
industrial production, and destruction of homes (Maker
2010). According to data from the China Geological
Environment Bulletin, total ground subsidence hazards in
China numbered 316 in 2009, 499 in 2010, and 360 in 2011
(Nie et al. 2013). Sinking or subsidence of the land surface
may occur gradually, almost imperceptibly, or it may occur
quite suddenly (Altun et al. 2010). Therefore, in the
interests of disaster prevention and mitigation, it is
important to study the physical features and mechanisms of
mine-induced subsidence and collapse and explore the
styles of deformation.

In general, there are two types of studies concerning
subsidence around underground mines: one is aimed at
predicting the total amount and/or rate of future ground
subsidence at a given spot, and the other is focused mainly
on the identification of areas with high subsidence risk
(Choi et al. 2010). Approaches commonly employed in
mine subsidence prediction can be classified into three
groups:

1. Methods that make use of long-term monitoring data,
such as regression analysis (Lee et al. 2010), time
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series analysis (Zhang et al. 2015a), grey system theory
(Cheng et al. 2011; Xu et al. 2014), and artificial
neutral networks (Park et al. 2012);

2. Physical and numerical simulations, such as finite
element methods (Loupasakis et al. 2014), finite
difference methods (Alejano et al. 1999; Zhu et al.
2014), and discrete element methods;

3. Theoretical analysis methods, such as empirical equa-
tions, influence function methods (Brady and Brown
2011; Zhu et al. 2014), and probability integration
methods (Song et al. 2012; Zhang et al. 2015b).

Among these methods, the probability integration
method is one of the most widely used approaches to
predict mine collapse. This method has sound theoretical
foundations, offers the benefit of simple calculations, and is
easy to apply (Wang et al. 2012).

Monitoring data can provide a reference for surface
subsidence prediction. A number of methods have been
proposed for the monitoring of ground subsidence due to
underground mining (Table 1) (Bawden et al. 2005). The
dominant monitoring methods currently rely on in situ
measurements using traditional ground surveys, spirit
levels, and GPS, but measurement points for all these
methods are sparsely distributed (Ao et al. 2015). However,
the interferometric synthetic aperture radar (InSAR) tech-
nique provides a new tool for ground subsidence surveil-
lance (Zhang et al. 2015a). InSAR facilitates the
acquisition of high-precision topographic and micro-de-
formation information (Massonnet et al. 1993, 1996; Zeb-
ker et al. 1994) through time series analyses of low-cost
SAR images. These images are taken frequently (in all
weather conditions) and have a vast spatial coverage (Tosi
et al. 2010, 2012; Teatini et al. 2012a, b). The InSAR
technique has been used extensively in geological and
environmental monitoring contexts (Ouchi 2013; Saygin
et al. 2014; Dong et al. 2015).

Table 1 Ground subsidence measurement techniques

To avoid collapse disasters and thus reduce property loss
and conceivably ensure people’s safety, relative collapse
susceptibility levels and hazard should be assessed (Yilmaz
et al. 2011). In recent years, a geographical information
system has been used for spatial data management and
manipulation aimed at obtaining information to assess
collapse hazards and the probability of their occurrence
(Yilmaz 2007). Collapse-related factors contribute a vari-
ety of control functions to susceptibility classes. Mar-
schalko et al. (2008) and Marschalko and Duraj (2009)
reported that their geo-factors (e.g., flood, slope deforma-
tion, and underground mining) and their evaluation by
engineering geologists are very important for urban plan-
ning. In this study, geologic conditions (such as geological
structure, seam dip, and types and thicknesses of Quater-
nary deposits), ground deformation conditions (such as
collapse unit area ratio and ground fissure unit length
ratio), and mining conditions were analyzed. The magni-
tudes (weights) assigned to each of these different condi-
tions were established by use of an analytic hierarchy
process (AHP), a process that will be described in more
detail in “Susceptibility zonation”.

Mining under loose, deep overburden in flat areas
commonly results in mined-out areas that present singular
characteristics. For instance, the range of subsidence is
generally large, the subsidence coefficient is greater than
1.0, and the horizontal displacement on the border of the
subsidence basin is greater than the displacement in the
vertical direction (Zhou et al. 2015). Marschalko et al.
(2012) studied the relationships between strata and land
subsidence above underground coal mines in the Czech
Republic. They studied how individual geological engi-
neering zones were represented spatially in relation to
selected intervals of subsidence values.

Research on the Yongcheng coalfield is still far from
being completed (Wang et al. 2008). The Yongcheng

Method Component displacement (dimension) Resolution (mm) Spatial density (samples/survey) Spatial scale (elements)

Sprit level Vertical 0.1-1 10-100 Line-network

Total station or EDM  Horizontal 1 10-100 Line-network

Borehole extensometer Vertical 0.01-0.1 1-3 Point

Tape Horizontal 0.3 1-10 Line-array

Invar wire Horizontal 0.0001 1 Line

Quartz tube Horizontal 0.00001 1 Line

GPS Vertical 20 10-100 Network-line
Horizontal 5

InSAR Range 5-10 100,000-10,000,000 Map pixel
Vertical (for PALSAR) 6-13
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mining area, as one of the areas affected most severely by
ground collapse, has subsided as much as 8 m since the
coal was extracted. Therefore, it is vital to study the
Yongcheng mining area to acquire data for land use plan-
ning and to gain insight into how farmland can be
reclaimed and how the natural environment in this area can
be restored.

Study area
Overview

The Yongcheng mining area is located in eastern Henan
Province (Fig. 1). With 3 billion tons of identified reserves,
it hosts one of the six largest anthracite reserves in China.
The Yongcheng mining area is in a late Paleozoic coal
sequence in North China. The coal-bearing strata range
from Carboniferous to Permian in age. The main minable
coal seams are the so-called II, coal seam in the Permian
Shanxi Formation and the III, coal seam in the lower
Shihezi Formation.

Coal seam thicknesses range from 1.36 to 2.84 m. The
Shanxi Formation contains 1-4 coal seams with a total
thickness of 2.63 m, whereas the lower Shihezi Formation

contains 3-7 coal seams with a total thickness of 3.02 m.
The coal is mined at depths of between 225 and 1000 m
using long wall mining methods, a very efficient method
that extracts almost 100 % of the coal (Brady and Brown
2011). The distribution of the coalfields within the Yong-
cheng mining area is shown in Fig. 2.

Engineering geological conditions

As shown in Fig. 3, the Yongcheng mining area is located
on the southeastern edge of the North China plain at the
junction of the Huanghuai alluvial plain and the Yellow
River alluvial plain. In China, coal mining areas with more
than 300 m of alluvium are known as mega thick alluvial
mining areas (Zhou et al. 2015). The region discussed in
this paper is considered to be such a region, because of its
widely distributed loose Tertiary and Quaternary sediments
with average and maximum thicknesses of 313 and 546 m,
respectively. According to previous research, the litholo-
gies of the strata have a significant influence on land sub-
sidence (Marschalko et al. 2012).

The Yongcheng mining area is located in the eastern
extension of the Qinling-Kunlun tectonic zone, which
belongs to the third Neo-cathaysian subsidence zone and
the North China hollow zone. As shown in Fig. 4, the
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Fig. 1 Location map of the study area. The Yongcheng mining area lies on the Huanghuai plain in eastern Henan Province, China
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Fig. 2 Distribution of
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structures are mainly aligned in a NNE-NE direction with
some of them extending in an E-W direction. There are a
few cross faults in the NW direction. The Yongcheng
duplex anticline is a kind of high-grade fold structure with
a length of 60 km and a dip of 10°-20°. The dip of the east
limb is slightly greater, that of the west limb is relatively
flat. Most faults in the area are high-angle normal faults.
Many faults are almost vertical faults with a lesser number
of oblique faults. There are only a few horizontal faults, but
they are larger.

Ground subsidence features

According to previous research by Zhou et al. (2015),
ground deformation in the Yongcheng coalfields is typ-
ical for mined-out plain area deformation. Collapse is
controlled by the following features: a relatively large
area of ground subsidence (0.55 hectares per million tons
of coal), rapid subsidence (over a short active period),
and a high subsidence coefficient (up to 1.3). The col-
lapsed areas have been fully mined out and ponds
develop readily.
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Many of the surface deformation features in this mining
area appear as a large depression basin containing smaller
dish-shaped depressions with funnel-shaped cross-sections.
The outer edge of a typical depression basin is, obviously,
higher in elevation than its center, and the depth of the
center generally ranges from 0.5 to 8.0 m below the rim
with an average depth of 5 m. The reason the maximum
subsidence is 8 m when the coal seam was only 3 m thick
is that mining developed good drainage channels and
allowed the groundwater to drain from the coal belt. This
dewatered the alluvium and soil above the coal belt. During
the dewatering, the soil consolidated when the pore water
pressure in the soil was reduced and the effective stress
increased, thus increasing the subsidence.

The transition between subsidence zones and surround-
ing stable areas is generally gentle and not obvious. Most
of the depression basins occur as long strips, and, less
commonly, as squares or quasi-circles. The basins gener-
ally have lengths of 300-2000 m and widths of
200-800 m, and encompass an area larger than the actual
mined-out area. The largest single subsidence depression in
the Yongcheng mining area is 3.4 km?. When different
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Fig. 3 Geologic map of the 116°15'E 116°30'E
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mines are close enough to each other or are actually con-
nected underground, a number of collapse pits may join
and form a much larger collapse area. A lake-like feature
may form if this area fills with water (Fig. 5a). In one
instance, the lakes destroyed the homes of at least 45
families and what used to be a grain market became a
paradise for ducks (Fig. 5Sb). The lakes also encroach on
the scarce farmland (Fig. 5¢) turning farmland into reedy
marshes. At the same time, ground cracks (Fig. 5d) form
on the borders of connected pits. These cracks run
approximately parallel to each other with a maximum
width of 60 cm and vertical offset of 55 cm, greatly
decreasing the amount of arable land.

Control measures

Reclamation engineering involves a series of control
measures including backfilling, digging, leveling, and
building up low areas in accordance with the proposed use
of the land being reclaimed. Reclamation must also take
the local conditions and degree of collapse into account
(Wu et al. 2014). Within the constraints of the local

conditions and costs, measures that have been taken to
reclaim areas that have subsided include excavating ditches
to drain deep groundwater from areas of low subsidence
and digging depressions in deep collapse zones. The
material excavated from the deep zones is used to build
peripheral areas up (Figs. 6, 7a). The ponds formed by
dredging can promote the development of aquaculture and
the built up areas can provide land for cultivation of crops
or trees (Fig. 7b).

Surface subsidence prediction
Probability integration method

The probability integration method is currently widely used
in predicting mining subsidence. This method treats the
combined rock-soil mass as a stochastic medium and views
the movement of the rock as a stochastic process
(Litwiniszyn 1958; Fan et al. 2014). According to the
superposition principle, a semi-infinite and completely
mined surface subsidence W(x) can be modeled by com-
puting the integral of the influence function f(x), namely
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Fig. 4 Structural map of the 116°15'E 116°30'E
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we = [ " fdx, (1)

where x is the step length.

Furthermore, tilt and curvature estimates can be obtained
via the derivation of surface subsidence value W(x). The
relationship between horizontal movement and tilt is linear,
and horizontal deformation is a derivative of horizontal
movement. Thus, a series of parameters predicting surface
deformation can be calculated. According to the influence
function offered by Litwiniszyn (Zou et al. 2003):
£ = Wo e ™7, @)

where W, is the maximum surface subsidence; r is the main
influence radius (r = Hy/tanf); Hy is the average mining
depth, and f is the main influence angle.

Probability integration parameters
When it comes to the probability integration method, the

selection of appropriate parameters is quite important. This
selection is commonly determined by field surveys of

@ Springer

nearby mines. Survey data are analyzed and parameters are
selected accordingly (Song et al. 2012).

According to survey data from the Yongcheng study
area, the subsidence factor calculated for the area is 0.75.
Several major factors are considered to determine the
parameters required for surface deformation prediction.
These factors include, amongst others, the availability of
existing ground subsidence monitoring data, physical lay-
out of the mine, the mine plan and mining method, and the
lithology of the strata overlying the mined-out area. With
the aid of these data, the following parameters were cal-
culated: subsidence coefficient ¢ = 1.3, horizontal coeffi-
cient b = 0.35, tangent angle of major impact 7gff = 1.7,
and transmission coefficient of mining impact k = 0.6.
Other indicators such as the dips, depths and the number
and thicknesses of the coal seams were also incorporated
into the prediction calculations.

Results of surface deformation prediction
The computer program for surface deformation predic-

tion has been developed based on the principles of
probability integration. Surface deformation has thus
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Fig. 5 Photographs of the consequences of mine collapse: lakes (a—c) and cracks (d). These effects are disastrous for houses and farmland

Fig. 6 Illustrative cross section
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been modeled using the aforementioned parameters for
seven coalfields that have been mined and for six fields
that have not yet been mined. For the mined fields, long-
term monitoring of ground deformation has been carried
out during mining operations. Three-dimensional pro-
jected surface depression patterns for three representa-
tive coalfields, namely the Suburban mine, the
Xinzhuang mine and the Zhengdian mine, are shown in
Fig. 8. The Suburban and the Xinzhuang mines have

been mined for many years and their surface subsidence
is nearly complete. The Zhengdian mine is a prospective
mining field. According to the ground deformation
monitoring data for the area, the maximum ground
subsidence has been 7.25 m for the Suburban mine and
5.3 m for the Xinzhuang mine. As shown in Fig. 8a and
b, prediction results agree with the measured results,
indicating that the selected parameters and prediction
methods are reasonably reliable.
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Fig. 7 Subsidence reclamation during (a) and after (b) excavating deep zones and raising peripheral areas

As shown in Tables 2 and 3, calculated results indicate
that the depth of ground subsidence caused by mining is in
the range of 3.1-7.7 m. The subsidence area of the dif-
ferent coalfields in the Yongcheng mining area was also
calculated with the aid of the spatial statistical analysis
modules of ArcGIS. Furthermore, horizontal surface
deformation and ground surface curvature deformation
were also calculated using the proposed surface deforma-
tion model.

By analyzing the above results, it is clear that mine
collapse in the Yongcheng mining area has certain special
characteristics, such as an obviously excessive subsidence
coefficient, severe surface deformation, and large-scale
multi-depression basins. There is a layer of loose sediment
200-500 m thick overlying the coal seams. The ground-
water table in this area would drop dramatically if the
seams were mined and the water drained, significantly
increasing the effective stress. In addition, there would be
further consolidation of the overlying loose sediments
increasing the amount of collapse. All of these factors
would contribute to a large subsidence coefficient in the
mining area.

Surface subsidence monitoring
Method

Interferometric point target analysis is a temporal InSAR
method for calculating high-precision deformation with
iterations based on PS points (Werner et al. 2003). This
technique can measure relative changes in elevation of less
than 1 cm (Wegmuller et al. 2010; Yang et al. 2015a; Yang
and Peng 2015b), and has been used to study surface

@ Springer

deformation resulting from landslides (Strozzi et al. 2005),
earthquake and volcanic movements (Masato 2007).

Data

This study used 12 Radarsat-2 images of the Yongcheng
mining area acquired between 4 February 2012 and 8
March 2013. The images were acquired with imaging mode
wide, polarization mode VV, and resolution
11.85 m x 5.23 m. The terrain phase was removed based
on a high-resolution digital elevation model (SRTM DEM,;
90 m). To verify the satellite-based data, those data were
compared with the ground-based leveling survey results.
The level surveying was done in 2012-2013, the same
general time frame in which the satellite scenes were
imaged. Two leveling surveys were conducted between 2
and 9 May 2012 and 12 and 19 January 2013.

Time series analysis

Figure 9 shows cumulative deformation time series maps
for the Yongcheng mining area for 2012-2013. Figure 10
is the deformation velocity map from 2012 to 2013 in the
same area. From the results, it can be seen that the central
region of the Yongcheng mining area underwent more
intense deformation than other regions during the moni-
toring period. The maximum subsidence that occurred over
the monitoring period was 50.9 mm, with widely varied
subsidence values across the region.

InSAR interferometric displacement maps were com-
pared with global positioning system (GPS) data available
for two continuously operating GPS reference stations
located in the study area. The results of the evaluation are
shown in Table 4. There are seven points for which the
absolute value of the difference is less than 5 mm, 70 % of
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Fig. 8 Color-coded maps showing actual (block diagram) versus predicted (contour map) subsidence for the Suburban mine (a), Xinzhuang
mine (b) and Zhengdian mine (c)

Table 2 Surface deformation prediction results (maximum settlement and collapsed area) for seven mined coalfields in the Yongcheng mining
area

Item Suburb Xinzhuang Xingiao Gedian Chensilou Cheji Liuhe
Maximum settlement (m) 7.70 5.70 6.10 3.30 6.70 6.70 3.10
Collapse area (km?) 96.83 16.13 47.37 76.15 63.27 64.92 17.32
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Table 3 Surface deformation prediction results (maximum settlement and collapsed area) for six prospective coalfields in the Yongcheng

mining area

Item Zhengdian Dingerlou Huicun Shibaji Shunhe Xuehe

Maximum settlement (m) 3.90 4.40 5.50 3.80 5.80 4.60

Collapse area (km?) 62.75 30.50 57.25 56.50 109.75 51.25
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Fig. 9 Accumulative deformations of Yongcheng mining area from 4 February 2012 to 18 March 2013 determined from interferometric
synthetic aperture radar (InNSAR) satellite images
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Fig. 9 continued

the total points. Mean square error of the differences is
4.1 mm/a. The results demonstrate the high consistency of
the local vertical motion measurements made by the two
different surveying techniques.

Susceptibility zonation
Fuzzy AHP method
Analytic hierarchy process has become one of the most

commonly used methods in environmental assessment over
the past two decades. The AHP technique involves human
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subjectivity in pair-wise comparison. Fuzzy set theory was
applied and evolved into the fuzzy AHP method in a bid to
eliminate vagueness and uncertainty. The fuzzy AHP
method addresses the criteria scoring and judgment pro-
cesses by bringing triangulated fuzzy numbers to the pair-
wise comparison matrix (Vanlaarhoven and Pedrycz 1983;
Kwiesielewicz 1998).

Using the AHP method, the evaluation index weights
were determined. Based on fuzzy mathematical theory, the
uncertainty pertaining to mine collapse factors was trans-
formed into abstract determinism through the membership
function. In this way, the influence factors could be
quantified and the associated hazard risks classified. Then a
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Fig. 10 Average subsidence velocity of Yongcheng mining area
from 4 February, 2012 to 18 March, 2013 determined from
interferometric synthetic aperture radar (InSAR) satellite images
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the AHP method.
Carry out a comprehensive Fuzzy evaluation.
Construct spatial attribute overlays.

v
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Table 4 Comparison of deformation velocities surveyed by InSAR and leveling measurement for seven points in the Yongcheng mining area

(mm/a)

Point no. 1 2 3 4 6 7 8 9 10
Leveling —10.3 —24.7 —10.7 —12.4 —12.5 —17.1 —8.7 —14.6 2.6 —10.7
InSAR —6.1 —19.5 -5.9 —14.7 -7.3 —12.8 -10.5 —16.9 -3.1 —7.4
Difference —4.2 —-5.2 —4.8 23 —-52 —4.3 1.8 2.3 5.7 —-33
Fig. 11 Diagram showing the

factors used as input for the —Jouatcmary cover types (UI,)]
mine collapse risk evaluation

index ‘ —{Qualcmary cover thickness (U.;)]

Geo-environmental | ]
background conditions (U;) |

_..[ The complexity of the geological structure (Um)J

—{ Seam dip (Uu)]

—' 0-200 m old mined-out area unit volume ratio (U:,)J

Dangerous level of L T ]
ground collapse F—‘Mmlngwndluona (Uy) I—

200-400 m old mined-out area unit volume ratio (U;;)]

T

—{>4OO m old mined-out area unit volume ratio (U;;)]

—J Old mined-out area set the thickness of space (U;;)]

[ Target layer (R)

I

I

I

I

I

I .
I

| —‘Collapsc unit area ratio (Un)]
: —4Ground deformation  (Us) }——

I

I

I

I

t

I

[ Criterion layer (U;) ‘

Ground fissure unit length ratio (U;:)J

’ Index layer (Uy)

6. Determine the primary attribute of each unit and plot
hazard zoning maps.

As shown in Fig. 11, the risk evaluation index employed
in this study is based on the main factors influencing mine
collapse. The hierarchical index system has three levels,
namely the target layer, the criterion layer, and the index
layer.

Grading standards pertaining to the index of single
factors affecting the risk of mine collapse are presented in
Table 5.

Based on the above methods, a mine collapse hazard
zoning map was produced for the Yongcheng mining area
(Fig. 12). The results are also summarized in Table 4.
According to the risk grades of the different calculation
units, the research region can be divided into four zones;
namely, the serious risk zone (grade I), the medium risk
zone (grade II), the minor risk zone (grade III), and the

stable zone (grade IV) (Table 6). The research results could
serve as a reference during farmland reclamation, town
planning and the restoration of natural environmental
conditions in this mining area.

Conclusion

In this paper, some factors influencing mine collapse, such
as topography, stratigraphy, structural geology, hydro-ge-
ological conditions, coal seam characteristics, and control
measures, have been presented and analyzed for the
Yongcheng mining area. There are three major mine col-
lapse risk factors: the goaf substrate, the high ground water
level, and the deep overburden layer.

Methods for the prediction of ground subsidence and the
evaluation of mine collapse risk in mined-out areas were

@ Springer
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Table 5 Risk grading protocol for the single-factor index for the mine collapse hazard assessment

Factors Risk Grade
I grade II grade III grade v
grade
Geological environment background
Quaternary cover types Loess with sand, Sand, gravel, a small amount  Silt clay-based, a Clay
gravel, crushed stone of silt small amount of
and silt clay sand, gravel
The thickness of Quaternary cover (m) >400 400-250 250-150 <150
The complexity of geological structure Complex General Simple No
Seam dip (°) >45 45-25 25-15 <15
Mining conditions
0-200 m the old mined-out area unit volume ratio >0.04 0.04-0.015 0.015-0.005 <0.005
200-400 m the old mined-out area unit volume >0.05 0.05-0.02 0.02-0.01 <0.01
ratio
>400 m the old mined-out area unit volume ratio >0.3 0.3-0.1 0.1-0.05 <0.05
The old mined-out area layer numbers of spatial >4 3 2 1
overlap
Ground deformation
Collapse pit unit area ratio >0.04 0.04-0.02 <0.02 0
Ground fissure unit Length ratio >0.5 0.5-0.2 0.2-0.1 <0.1
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Z wﬁb;lz i ) Z
" ‘ o "
o A = o
% s bomm <
o o
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[] Stable Region
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Fig. 12 Mine collapse susceptibility zoning map for the Yongcheng
mining area
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developed during this study and are presented in this paper.
Using the developed ground subsidence prediction model,
the surface deformation of 13 coalfields in the Yongcheng
mining area was calculated. The results indicate that the
amount of ground subsidence caused by mining is in the
range of 2-6 m and the maximum depth of possible col-
lapse is in excess of 7 m. This means that cumulative
subsidence at the Suburban mine will not halt until the
maximum ground subsidence reaches 7.25 m.

Subsidence displacement and the subsidence rate for the
study area were monitored using interferometric synthetic
aperture radar from 4 February 2012 to 18 March 2013.
Calculated maximum subsidence displacement was
50.9 mm and the calculated subsidence rate was 40.4 mm/
a. The subsidence monitoring data were collected over a
known time interval; therefore, a subsidence rate can be
calculated. The subsidence prediction can have no time
factors directly attached to it, but it is feasible to speculate
about when the deformation in specific area will come to a
halt and the area will become stable by contemplating the
two research results.

Using an evaluation program for mine collapse risk, the
risks for mine collapse in different coalfields across the
study area were determined and a hazard zoning map was
compiled using the spatial analysis function of ArcGIS.
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Table 6 Mine collapse risk assessment results for the Yongcheng mining area
Total number of units I grade zone II grade zone III grade zone IV grade zone

Unit number  Percent/%  Unit number  Percent/%  Unit number  Percent/%  Unit number  Percent/%
7616 1115 14.7 1485 19.5 1305 17.1 3711 48.7

This information promises to provide a useful reference for
use in land reclamation, town planning, and the restoration
of natural environmental conditions in the Yongcheng
mining area.
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