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ABSTRACT:

Understanding the law of mining surface dynamic subsidence plays an important role in protecting the villages and other
infrastructures against subsidence damage and disturbance. Unfortunately, the existed methods are mostly based on a few sparse
leveling measurements, the accuracy and reliability of which are degraded when the feature points of the leveling measurements are
lost in the processing of subsidence evolution. This paper presents a method to analysing the law of mining surface dynamic
subsidence by fusing interferometric synthetic aperture radar (INSAR) and leveling measurements. By comparing the fitted results
obtained by fusing INSAR/leveling and those only by independent leveling, it is shown that the INSAR/levelling fusion not only can
make up the deficiency when the leveling measurements lost the feature points of dynamic subsidence, but also can improve the

accuracy and reliability of results.

1. INTRODUCTION

Ground subsidence and movement caused by underground
mining may damage buildings, railways, roads and any other
infrastructures located in the subsidence basin. In order to
assess the potential damages, surface subsidence should be
known. However, the predicted results obtained by
conventional approaches, such as influence function, empirical
formulas, or numerical models (Nicieza et al, 2005), are final
displacement measurements. Thus some new problems are
arisen, for instance, for supercritical condition, the bottom of
the final subsidence basin is flat, and the surface slope and
curvature are zero (Peng et al, 1992), which means no surface
deformation and no damages to those structures located in the
subsidence basin bottom, nevertheless, the surface slope and
curvature are occurred during advancing working face, So the
potential damages of dynamic deformation must not be
overlooked, and the law of mining surface dynamic subsidence
should be investigated.

Ground subsidence and movement processes are time-
dependent, thus it is of great importance to select a proper time
function to analyse the mining surface dynamic subsidence and
movement. At present, the time function mainly includes
Knothe time function (Knothe, 1952; Lbrahim et al, 2012),
double parameters time function (Kwinta et al, 1996),
generalized time function (Komalski, 2001), S-shaped growth
time function (Wang et al, 2011; Zhang et al, 2009). The
Knothe time function have been used widely due to only one
unknown parameter, but the first order derivative (i.e. velocity
of subsidence) and second order derivative (i.e. acceleration of
subsidence) of which are not agreed with the actual process
(Peng et al, 2004), so the accuracies of the results are low. On
the contrary, the S-shaped growth model time function has
better agreement with the evolution of mining surface
subsidence than the others.

E-mail: successfullife2008@163.com

Furthermore, estimating the unknown parameters of time
function is another important thing since a proper time function
has been selected. Traditionally, the main approaches of
estimating the unknown parameters are empirical methods (Cui
et al, 1999) and fitting with the field measurements (Said et al,
1995). However, the unknown parameters are related to many
factors, so the result predicted by empirical method is less
accurate. For the later method, considering the limitations of
conventional surveying approaches, such as high-cost, labour
intensive, time consuming and so on, it is very difficult to
measure all mining area with short time interval, and the
feature point of the evolution of mining surface subsidence and
movement may be lost. Thus the accuracy of unknown
parameters will be reduced significantly.

Interferometric Synthetic Aperture Radar (INSAR) is a remote
sensing technique which capable of producing high-resolution
displacement maps with sub-centimeter accuracy. Combining
INSAR and conventional field measurements not only can
append extra redundant observations to estimate the unknown
parameters of time function, but also can make up the
deficiency when the leveling measurements lost the feature
points of dynamic subsidence and improve the reliability and
accuracy of result. Therefore, this paper presents a method to
analyse the law of mining surface dynamic subsidence by fusing
INSAR and leveling measurements. Firstly, we obtained 3 time
periods accumulated deformation by exploiting 4 SAR images
captured by Advanced Land Observing Satellite (ALOS)
Phased Array type L-band Synthetic Aperture Radar (PALSAR)
over a coal mine of Huaibei. Then, the unknown parameters of
six points in this coal mine area are fitted by fusing 3 time
periods InSAR and 10 time periods leveling measurements. .

2. METHODOLOGY

2.1 Principle of logistic time function
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The formation of final subsidence trough is very complicated,
which can be mainly simplified as three phases: initial
subsidence, main subsidence and residual subsidence (Jarosz et
al, 1990). The logistic time function, which is one of S-shaped
growth model time function, also has the same characters with
the time flying. Logistic function is a common sigmoid function
and named by Pierre Frangis Verhulst who studied it in
relation to population growth. Verhulst pointed out that the
growth rate of individuals % decrease with the increasing

of number of individuals N(t) at time t. When N(t) is equal

to the carrying capacity N, (i.e. maximum number of

individuals that the environment can support), the growth rate
is equal to zero. So the equation can be expressed as

dN(t)

N(t)
a0 =r-N(t)-[1- ] (69)

where r is intrinsic growth rate, which is a constant.

According to the initial condition: t=0 , N(t)=N(0),
hypothesis a = (N,, —N(0))/N(0) , the solution of equation
(1) is thus logistic function, i.e.

N()_1+ae @

where N, , a and b are unknown parameters required to be

estimated.

If the logistic function is used to predict mining surface
dynamic subsidence, the format of the equation can be rewriten
as:

W,
W(t) = m (3

where W, , a, b are also unknown parameters. W, denotes the

maximum possible subsidence, a and b are influence on the
initiate time and velocity of subsidence, respectively.

2.2 Method of experiment

The deformation obtained by traditional InSAR technology is
along the line of sight (LOS) direction, which is contributed by
the displacements in the north, east and up directions. However,
we want to analyze the law of mining surface dynamic
subsidence by fusing subsidence measurements monitored by
leveling and InSAR technologies, that is to say the displacement
component in the up direction has to be obtained.

The maximum component of mining surface displacement
caused by underground mining is subsidence (Peng et al, 1992),
so we can get the subsidence W by ignoring the horizontal
movement components from LOS deformation map, i.e.
W =LOS/cos@, where @ is the incidence angle of SAR
sensor. The comprehensive processing flow of analysing the law
of mining surface dynamic subsidence by fusing INSAR and
levelling measurements is described as follows.

1) Obtaining mining surface subsidence from LOS
deformation map by ignoring horizontal components;

2) Getting time-series subsidences
[W(tl),W(tz),--‘W(tn)]T observation point from
INSAR and leveling measurements in the time
[t.t,, - 1,] . and hypothesis the first monitoring time is
1 (including InNSAR and leveling monitoring time), i.e.
t=1;

3) Calculating the time interval At, between the remaining

monitoring time (i.e. [t,, - t, ]T ). Thus we can get a new

monitoring  time [1,At2,-~~,Atn]T and time-series

subsidences [W (1), W (At,), ---W (Atn)]T ;
4) Considering the equation (3) is complicated, we estimate
the unknown parameters (including N, , a and b) by

fited  algorithm.  Set  [LAt, -, At]"  and

dependent variable, respectively, and then we fitted the
unknown parameters based on equation (3).

-W(Atn)]T as independent variable and

The law of mining surface dynamic subsidence can be
understood when the unknown parameters are estimated

3. EXPERIMENTS AND RESULTS

In this paper, four SAR images (Frame: 660, Track: 449)
over a coal mine of Huaibei were acquired by ALOS PALSAR.
The time of acquisitions span from October 13, 2009 to May 28,
2010, the amplitude image is shown in Figure 1. Consequently,
three interferometric pairs are generated by adjacent SAR
acquisitions, the parameters of that are shown in Table 1.

Figure 1. SAR amplitude image of investigated area.

Table 1 Parameters of interferometry

Series Master Slave P B*(m) Time
Number  (yy-mm-dd)  (yy-mm-dd) (d)
1 2009-10-13 2010-01-13 356 92
2 2010-01-13 2010-02-28 582 46
3 2010-02-28  2010-05-31 255 92

* P B denote the perpendicular baseline

In order to uniform the spatial coordinates of each SAR image,
the remaining three SAR images were registered with that
acquired in February 28, 2010. Then traditional DINSAR
process is applied to retrieve deformation map of investigated
area. Differential interferograms and accumulated deformation
maps along the LOS direction are shown in Figure 2.
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Figure 2. Differential interferograms (Up) and accumulated LOS deformation maps (Bottom) of investigated area. The black lines

denote designed working face, and the green, blue and cyan line denotes the advance location in January 13, February 28 and May
31, 2010, respectively.
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supplement for the leveling from Figure 3. In order to present [
the importance of fusing INSAR and leveling measurements to
estimate parameters of logistic time function, we compare the
difference of the logistic function fitted only by leveling
measurements with these fitted by fusing INSAR and leveling
measurements, and the results are shown in Figure 4.

INSAR/Leweling Lewling £ InSAR Le\eling{

Figure 4. Logistic function fitted by fusing INSAR and leveling
measurements (blue line) and that only by leveling
measurements (green line).

We can see that the fitted logistic functions by
InSAR/leveling and leveling have a small difference for point 1-
3, but the large difference is occurred in point 4-6 from Figure 4.
The reasons resulted in that are the observation times of
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leveling measurements can roughly summarize the evolution of
dynamic subsidence for point 1-3, but cannot do that for point
4-6. In addition, the observation time in May 31, 2010 is
appeared in the main subsidence phase, and the measurement
can restrain the accelerate subsidence process of logistic time
function. This can account for the reliabilities of the results
fitted by InSAR/leveling are high than these by leveling for
point 4-6. So fusing INSAR and leveling measurements to
estimate the parameters of time function not only can improve
the accuracy and reliability of results, but also can make up the
deficiency when the leveling measurements lost the feature
points of dynamic subsidence..

4. CONCLUSIONS

This paper presents a method to estimate the parameters of
time function of dynamic subsidence prediction by fusing
INSAR and leveling measurements. The experiments show that
the presented method not only can append extra redundant
observations to estimate the unknown parameters of time
function, but also can make up the deficiency when the leveling
measurements lost the feature points of dynamic subsidence and
improve the reliability and accuracy of prediction.
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