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ABSTRACT

Opencast mining is a dynamic field in terms of surface profile changes. Surface profile changes occur due
to the continuous extraction of minerals and over burdens. Land deformation is very common phenomena
in and around opencast mine area. Spaceborne synthetic aperture radar is a commanding tool to monitor
opencast mine induced land deformation, including identification of mining indicators. In this literature,
vatious polarimetric decomposition methods such as H/A/a and Yamaguchi four-component
decomposition has been studied to identify various mining indicators and their properties. Various
Differential Interferometric SAR (DInSAR) techniques applicable to time series single polarised SAR data
to extract land deformation information has been discussed. A fusion technique is implied to integrate land
deformation information and opencast mining properties have been studied. Jharia coalfield in India is
considered as a study area. In this study, fully polarimetric SAR data are used to identify mining indicators
and their properties; and time series single polarised SAR data are used to find out land deformation
information by Permanent Scatterer Interferometric Synthetic Aperture Radar (PSInSAR) technique. The
effect of polarisation orientation angle shift on opencast mine topography has been generated. Integrated
land deformation information and opencast mining indicators and their properties have been generated
from Discrete Wavelet Transform (DWT). A high rate of land deformation (landslide, land subsidence and
land uplift) was observed in and around opencast mine area. The effect of land deformation due to opencast
mining activities was lesser as one goes away from the opencast mine. Heavy Earth Moving Machinery
(HEMM), opencast active mine faces, opencast mine floor mixed with soil and rocks with/without water,
benches and terraces of opencast mines and mass wasting phenomena represent opencast mining indicators
and their properties.

Keywords: SAR, DInSAR, PSInSAR, PolSAR, PolSAR decomposition methods, H/A/a decomposition,
Yamaguchi four-component decomposition, Image fusion, Discrete wavelet transform, opencast mining.
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MONITORING AND CHARACTERISATION OF OPENCAST MINING INDUCED LAND DEFORMATION BY USING POLSAR AND DINSAR TECHNIQUES

1. INTRODUCTION

11. Background

Minerals such as coal and petroleum are the main sources of energy needed in modern human civilisation.
Minerals are found to be deposited inside the Earth’s crust. Two major mining techniques are used to extract
minerals such as underground mining technique and opencast mining technique. The underground mining
technique is used predominantly for deeper extraction of minerals. However, opencast mining (as shown in
Figure 1) comes into consideration when minerals are found in shallow depth. In the present mining scenario
of India, the extraction of total amount of coal is higher from opencast mines than underground mines
(Ghose, 2007). Similatly, even globally the extraction of total amount of minerals is higher from opencast
mines than underground mines (Hustrulid and Clark, 2016). Also, larger hazards are taking place due to
opencast mining activities compared to underground mine activities. Opencast mining activities affect the
surrounding environment. Environment related hazards are land deformation, air pollution from
contamination of dust from mine, and change in terrain characteristic due to land deformation from mining
activity. Recently, it is also observed that there is a paradigm shift in mining scenario from underground

mining to opencast mining both in India and globally.

Nowadays, opencast mines are getting into deeper layers of Earth’s crust to extract minerals profitably and
efficiently. As a result, bench height to bench width ratio is observed to increase during extraction of
minerals. Thus, the overall slope angle of opencast mines is observed to increase, making opencast mining
projects more profitable. Therefore, benches of the opencast mines are unable to sustain and this could
result in slope failure (Jayanthu and Reddy, 2008). Besides, safety in opencast mine decreases with time due
to a higher ratio of bench height to bench width. As a result, land deformation is common phenomena in
and around the opencast deep mining areas (Hustrulid and Clark, 2016; Jayanthu and Reddy, 2008).
Moreover, land deformation is also induced by underground mine activities.

Figure 1: Opencast Mine Figure 2: Heavy Earth Moving Machinery

(Geomartin, 2009). (HEMM) in Opencast mine

(Heavy Equipment, 2016).

1.2.  Motivation and problem statement

In the case of underground mines, minerals are extracted from below the earth surface without removing
the overburden by using bord and pillar method and longwall method (Hartman and Mutmansky, 2002).
Therefore, underground mining operation creates a void below the Earth surface. Roof strata carry its own
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load. Additional supports are provided to carry the load of the roof strata. When support is inadequate, sag
is formed in the roof strata bedding plane. The sag in roof strata results in bed separation of the rock strata.
Consequently, fractures and dome of disturb zones are formed in the rock strata (Bell et al., 2000). Land
deformation induced by underground mining is a vertical displacement of land. Land subsidence results in
the formation of cracks on the surface, which eventually forms a cavity within the ground (Altun et al.,
2010). As a result, the roof rock collapses during mining or after a long period (Ng et al., 2009). The

consequence of land subsidence is roof fall in an underground mine and creation of pothole on the surface.

On the contrary, in opencast mining scenario, excavation of land for extraction of mineral and dumping of
overburden rocks in the rim area can result in terrain instability. This is more pronounced in the case of
weak and fragile rocks like fractured shale and sandstone. Besides, groundwater extraction to facilitate
opencast mining operations (Loupasakis et al., 2014) and a resulting reduction in the pore water pressure of
the underlying aquifer causes compaction of the aquifer and overlying rock layers (Erban et al., 2014). As a
result, land subsidence occurs within the mining area and opencast rim area (Erban et al., 2014). This may
lead to the development of wide cracks in the mining area (bench and terrace), opencast mine slope and rim

area, and finally, causing mass wasting phenomena such as a landslide or debzis flow.

In the case of land deformation, the strength of rock strata gradually decreases depending upon the increase
of cumulative stress in the rock strata (Wang, 1981). The following are the opencast mining indicators and
their properties those are responsible for increase in stresses in the rock strata cause land deformation in
opencast mining areas:

e Active mining faces where removal of overburden (OB) and extraction of the mineral is going
on are important. Heavy Earth Moving Machinery (HEMM) (as shown in Figure 2) are
deployed in large mechanised opencast mines that increase the rate of extraction of minerals
and removal of overburden (Dhillon and Anude, 1992; Jayanthu and Reddy, 2008). A
movement of active faces or benches is observed when the position of faces changes over time
due to extraction. The movement of active faces is observed when mineral or overburden
extraction is going on (Kulshreshtha and Parikh, 2002).

e Geometric characteristics of the bench and terrace (entrance of opencast mine) are also
responsible for land deformation. Geometric characteristics of the bench include bench height,
bench width, the slope angle of the bench, and the overall slope of open pit mine (Osasan and
Afeni, 2010).

e Slope properties also accelerate the land deformation. Slope properties are various types of
slope such as steep or gentle. The overall slope of opencast mine changes due to the extraction
of mineral and overburden. There is a high probability of land deformation when the overall
slope of opencast mine become steeper (Osasan and Afeni, 2010).

e The topographical characteristic of opencast quarry rim area (the area around the opencast
mine up to which area the impact of land deformation can be related) is also important. Land
use land cover (LULC) and presence or absence of fracture are also important factors for land

deformation in an opencast quarry fringe area.

e Mass wasting phenomenon (mass movement) is the downward movement of opencast mine
benches due to gravity. Mass wasting phenomena may result in a landslide and land subsidence.
Land deformation due to mass movement is very common if loose rock masses are present in
a steep slope (Savage, 1951).

Land deformation depends on the spatial extent and intensity of opencast mining. The properties of

opencast mining indicators and the rate of extraction of mineral and overburden can be used to infer on
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potential land subsidence due to opencast mining. An adequate amount of manpower and costly equipment
are deployed in opencast active mining faces. The consequences of land deformation and rock mass
movement could be slope instabilities or slope failure (landslide) in an opencast mine (Paradella et al., 2015).
The landslide and land subsidence in an active mine faces result in loss of lives, loss of costly equipment,
loss of production and productivity, loss of working days and working environment, and loss of labour
safety (Pankow et al., 2014). A slope failure results in mass wasting phenomena such as landslide and debris
flow, land subsidence, and land collapse. Also, some other consequences of land deformation are observed

around the opencast fringe area.

The land deformation implies a change in terrain over time observed around the opencast quarry fringe
(rim) area. As opencast mining is a continuous process with variable depth in order to extract minerals, there
are some spatial pattern and position can exist in the deformation. Thus, it will be interesting to assess the
deformation patterns and determine how it affects the change in terrain over time. Land deformation causes
displacement and may result in the collapse of the ground, surface infrastructures like roads, bridges,
buildings, and as well as other linear (pipeline, electricity cable) and point features are affected (Raspini et
al., 2016). Land deformation also disturbs the nearby river courses and other surface water features
(Loupasakis et al., 2014). Also, change in land use land cover is observed in the opencast quarry fringe (rim)

area due to land deformation. So, monitoring of opencast induced land deformation is necessary.

Various techniques, methods, and equipment are used for identification and monitoring of opencast mine
induced land deformation. Previously ground-based monitoring equipment and the geotechnical
instruments were very common to monitor land deformation in opencast mines (Jarosz and Wanke, 2004).
Ground-based conventional surveying instruments are referred as ground-based monitoring equipment in
the previous line were used to measure positional changes. The geotechnical instruments are crack
measuring pins, inclinometers, extensometers, tilt-meters, piezometers and micro-seismic geophones (Jarosz
and Wanke, 2004). The positional accuracy of GPS-based land deformation monitoring system depends on
the distribution of satellites position present during received signals over a large opencast mine’s slope angle
geometric constraints (Yang et al., 2012). Though numerous equipment are used to monitor opencast mine
land deformation still, land deformation is one of the major problems of opencast mine (Jakébczyk et al.,
2015). The limitation of this type of equipment includes limited spatial coverage of the mine, complex data
management and high cost (Jarosz and Wanke, 2004). Ground movement measurement techniques can be
divided into two categories such as discrete points surface measurements by using instruments such as the
total station, and extensometer; and surface measurement by area based scanning techniques using ground-
based radar, laser and an image based remote sensing techniques (Paradella et al., 2015). Area based scanning
techniques of surface measurement provide information about the spatial pattern of land deformation
(Paradella et al., 2015). Image based remote sensing techniques have some advantages over terrestrial
techniques.

All the terrestrial equipment (described in the previous paragraph) including laser scanning slope monitoring
and Ground Based Synthetic Aperture Radar (GBSAR) are required to install or operate for each face or
part of the face. In contrast, remote sensing has the advantage of the main spatial movement patterns
measurement without field work over the total station, reflecting prisms or ground-based synthetic aperture
radar techniques (Pinto et al., 2015). Also, ground based land deformation measurement equipment requires
more time to monitor and has limited spatial extent. On the other hand, the satellite-based approach is more
convenient to cover the whole opencast mine and image analysis technique is widely used for identification,

classification and monitoring of various properties.

Though, various spectrum regions such as optical, infrared, and microwave are used for spaceborne image
analysis, microwave based image analysis has the capability of cloud penetration which increases detail

information in image and all time (day and night) operational capabilities over the optical and infrared spectra
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(Rosen et al., 2000). Therefore, spaceborne Synthetic Aperture Radar (SAR) generated image analysis
technique is efficient to monitor land deformation and can able to identify the opencast mining indicators

and their properties (illustrated eatlier) to reveal land deformation phenomena in the opencast mining area.

The common practice of land deformation and slope stability monitoring is to monitor each of the mining
faces or parts of mining faces. But the extension of the land deformation is also observed around the
opencast mine rim area which also affects land use and land cover change. The surface profile of opencast
mine has been generated by using Interferometric Synthetic Aperture Radar (InSAR) technique (Paradella
et al., 2015; Mura et al., 2014). The interferogram is generated by using two SAR images of the same area
from two different acquisition position of the satellite (Crosetto, 2002). Differential Interferometric
Synthetic Aperture Radar (DInSAR) technique provides an arithmetic difference of phase between two
InSAR images. Nowadays, DInSAR technique has become more popular to monitor land deformation (Hu
et al,, 2014). Different SAR techniques have centimetre to sub-centimetre precision to detect land
displacement over a long period of time and in a large areal extent (Colombo and Tte, 2013) although,
spaceborne SAR has some constraints.

SAR image has inherent geometric distortion problem due to side-looking geometry. Also, the geometric
constraint of opencast mine includes geometric distortion especially in deep opencast mine region where
opencast mine has varying slope angle. Geometric distortions happen due to foreshortening, layover, and
shadow (Lee and Pottier, 2009; Esmaeilzade et al., 2015). Due to geometric distortion, interferogram
generation may fail in case of opencast mine.

Interferogram generation may fail partially due to geometric distortion in SAR images of opencast mine.
Information obtained from both ascending and descending SAR image pairs can be a solution for
interferogram generation failure due to geometric distortion (Crosetto, 2002). The low coherence in an
interferogram image pair leads to unsuccessful interferogram generation (Ferretti et al., 2007). The main
cause of low coherence is surface profile changes in SAR images taken at various acquisition time (Sousa et
al., 2010). Surface profile changes observed due to the mining operation, landslide and land subsidence,
heavy rainfall, and positional changes of HEMM. Phase error in SAR signal is responsible for positional
changes of the earth surface incorporated by the atmosphere. Spatial de-correlation occurs between SAR
image pair due to large baseline. Interferogram generation failure due to phase unwrapping problem can be
overcome by using adequate quality of Digital Elevation Model (DEM). Known topography provided as a
DEM can be used to correct interferogram (Ferretti et al., 2007). But the surface profile of opencast mine
changes over time. So, the surface profile obtained from InSAR technique may be a solution for the adequate
quality DEM. If interferogram generation failure occurs, reasons for failure are to be explored during
research work. Advanced DInSAR (A-DInSAR) techniques such as Persistent Scatterers Interferometry
(PSI) also overcome the unsuccessful interferogram generation limitation of DInSAR technique (Pinto et
al,, 2015). A-DInSAR technique has been used to monitor land deformation in opencast mine (Paradella et
al., 2015; Mura et al., 2016).

Identification of opencast mining properties can be done by using PolSAR data. Characteristic of benches,
traces and slope properties such as steep or gentle slope can be identified by receiving polarised wave after
interaction with the opencast surface properties. Opencast surface properties include geometrical structure,
shape, reflectivity, orientation, surface roughness. Receiving polarised wave has a different polarisation due
to the interaction with different target than the incident electromagnetic wave and store the information in
scattering matrix. Coherence and covariance matrix are generated from scattering matrix (Verma, 2012).
The polarisation orientation angle shift is very common phenomena in PolSAR scene. The angle between
the major axis of the polarisation ellipse and the horizontal axis is called polarisation orientation angle. The
effective pixel area is affected by polarisation orientation angle shift and misinterpretation of different

surface properties happen due to the otientation angle shift (Verma, 2012). So, problem is to be expected
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for identification of characteristic of benches, terrace and slope properties of opencast mine by using
polarimetric decomposition properties. Compensation of the effect of orientation angle shift can be a
solution to the problem by estimating orientation angles from the PolSAR data or by using DEM obtained
from InSAR process (Lee et al., 2000).

Identification and monitoring of mining properties that relate to land deformation are very important to
reduce land deformation in opencast mines. Therefore, from the above discussion, it can be concluded that
spaceborne A-DInSAR monitoring system is justified for land deformation monitoring in an opencast mine.
However, DInSAR techniques cannot be used to detect the opencast mining properties that indicate land
deformation. On the other hand, PolSAR data provides better information about the identification of
various propetties (Lakshmi et al., 2012). So, opencast mining properties can be identified from PolSAR
data. Therefore, identification of opencast mining indicators and their properties can be done by using
PoISAR techniques; and which can further be integrated with time series of DInSAR land deformation to
explore the spatial relation between opencast mining and land deformation including the nature and intensity
of deformation. Suitable pixel based data fusion technique is to be explored to integrate information
obtained from PolSAR data and land deformation from time series analysis of DInSAR data. Also, the effect
of orientation angle shift in the PolSAR image is to be explored during the research work.

Though reseatches have been carried out on identification, monitoring and characterisation of underground
mining induced land subsidence by using DInSAR technique, limited work has been carried out on
monitoring and characterisation of opencast mining induced land deformation (Paradella et al., 2015).
Moreover, integration of Polarimetric Synthetic Aperture Radar (PolSAR) and Differential Interferometric
Synthetic Aperture Radar (DInSAR) based information will enable us to identify land subsidence related to
opencast mining and associated impacts. To identify opencast mining induced land deformation, it is
required to extract opencast mining related properties and to relate them with land deformation in and
around opencast quarries. These properties are active mining faces, geometric characteristic of the benches
and terraces, slope properties, and affected quarry rim area which may be retrieved by PolSAR
decomposition and analysis of scattering properties. Long term land deformation history can be obtained
by time series DInSAR data analysis.

1.3. Research objectives
To explore PolSAR for identification of opencast mining indicators and their properties, and their spatial

relation with time series PSInSAR deformation to characterise opencast mining induced land deformation.
These are sub-objectives through which the main objective can be achieved.

1) To identify opencast mining indicators and their properties based on decomposition
properties from PolSAR data.

2) To monitor opencast mining induced land deformation by time series analysis of PSInSAR
based data processing.

3) To explore the relationship between land deformation and opencast mining indicators and
their properties to characterise opencast mining induced land deformation.

14. Research questions
1) What is the influence of polarisation orientation angle on PolSAR data of opencast mine
topography?
2)  Which of the polarimetric signatures and decomposition methods are best suited for identification
of mining indicators and their properties responsible for opencast mine induced land deformation?

3) What are the spatial patterns and position of land deformation identified by time series analysis of
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PSInSAR process?

4) Is DInSAR fail in specific mine area? In which state DInSAR process failed and which respective
characteristic or property of opencast mine is responsible for the failure?

5) How to integrate the PoISAR and PSInSAR results?

1.5.  Innovation aimed at
Information obtained from PolSAR for identification of opencast mining indicators and their properties,
and to integrate them with time series PSInSAR land deformation to explore the spatial relation between

opencast mining properties and land deformation including the nature and intensity of deformation.

1.6.  Thesis structure

This research work is organised into following chapters. The first chapter covers a brief introduction to this
research, objectives to be accomplished and research formulated based on the objectives. The Second
chapter refers to the overview of PoISAR and PolSAR decomposition methods. The third chapter describes
the literature review of previous work that has been done related to this research work and the methods
used. The fourth chapter is about the study area and the dataset used. The fifth chapter explains about the
methodology and the methods adopted. The experimental results and discussion summaries are included in
the sixth chapter. Finally, the conclusions of the research with recommendations for future work are

presented in the chapter seventh.

12
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2. OVERVIEW OF POLSAR AND POLSAR
DECOMPOSITION METHODS

21. PoISAR

PolSAR is polarimetric synthetic aperture radar. The locus of the polarised wave represents the polarisation
of an electromagnetic wave. Amplitude is determined by the length of the electric field vector, and frequency
is denoted by a number of rotation cycles of the wave per unit time. The orientation and shape of pattern
trace by the tip of the vector represent the polarisation such as horizontal polarisation, vertical polarisation,
circular polarisation, elliptical polarisation. The electric field vector of an electromagnetic wave can be
polarised or unpolarised (random) or a combination of both (NRC, 2014).

Horizontally or vertically polarimetric wave is transmitted and horizontally or vertically polarimetric wave is
received in the case of PolSAR data. Fully polarised or polarimetric electromagnetic wave has the following

four combinations of polarisation such as:

HH — The horizontally polarised wave is transmitted and the horizontally polarised wave is received.
HYV — The horizontally polarised wave is transmitted and the vertically polarised wave is received.
VH — The vertically polarised wave is transmitted and the horizontally polarised wave is received.
VV — The vertically polarised wave is transmitted and the vertically polarised wave is received.

The HH and VYV are called co-polarized or like polarised and the HV and VH are called cross polarised
(NRC, 2014).

When polarised wave interacts with target or scatterer the polarisation of the electromagnetic wave is

changed and information store in scattering matrix as follows (Lee and Pottier, 2009).

S S
5= 5 3] 2

Syy is the element of scattering matrix where the hotizontal electromagnetic wave is transmitted and

horizontal electromagnetic wave is received.

Shy 1s the element of scattering matrix where the horizontal electromagnetic wave is transmitted and vertical

electromagnetic wave is received.

Syp is the element of scattering matrix where the vertical electromagnetic wave is transmitted and horizontal

electromagnetic wave is received.

Syy is the element of scattering matrix where the vertical electromagnetic wave is transmitted and vertical

electromagnetic wave is received.

Spn and Syy are the co-pol elements of scattering matrix, and Sy and Syy are the cross-pol elements of

scattering matrix.

Fully polarimetric Synthetic Aperture Radar (PolSAR) data is to be used for identification (Lakshmi et al.,
2012) of mining properties responsible for land deformation by identifying suitable polarimetric properties.
Natural Resource Canada (2014) define polarimetric properties as mentioned below:

(i) Total power: Total power = [Syul|?+ ISuv|® + [Syul? + |Syy|? and can be expressed as
coherence and covariance matrices.
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(if) Co-pol correlation coefficient: Co-pol correlation coefficient is expressed as R = M

VSunl? 1SyvI?)
Where, superscript * represent the conjugate of the matrix.

(i) Co-pol phase difference: Co-pol phase difference is the average phase angle difference between the
corresponding pixels or group of the pixel. It is characteristic of a number of bounces. Identification
of roughness or smoothness can be done with this parametric property.

(iv) Degtree of polarisation: Degree of polarisation is the ratio of the power in the polarised part to the

|(s3+53+5%)
total power in an electromagnetic wave. Expressed as D, —_

ol = S . The Stoke’s parameter
0

So is the total power in a wave while \/ (S + Sz + S2) is total power in the polarisation part.
(v) Coefficient of variation: Coefficient of variation is the ratio of the difference of maximum power

axX

- : Prax— Poin 1 -
(Prmax) and minimum power (P_. ) to the maximum power. Expressed as == —==. P is the power
max

in a polarisation signature.

In the case of the polarimetric radar system, the total scattered power is represented by span. Such as Span
= Tr(S S T) = |Syul® + 1Suv|* + [Syul® + 1Svv]® = [Suul® + 2|Suy|* + |Syy|* by considering

ISuy 12 = |Syy|?. Where Tr () represents trace of a matrix; superscript * and T represent conjugate and

transpose of a matrix, respectively (Lee and Pottier, 2009).

Two major approaches are present for classification of PolSAR images. The approaches are lexicographic

covariance matrix approach based on physically measurable parameters and another is coherency matrix

approach based on orthogonal Pauli matrix components (Gao and Ban, 2008). Coherency and covariance

matrix will be generated from scattering matrix and both matrices can be linearly transformed into one

another as follows.

<T>=N<C>NT 2.2)

Where, T is coherency matrix; C is covatiance matrix; and

L [1 0 1]
N=—[1 0 -1 2.3)
V2| V2 0

and superscript T denotes transpose of a matrix and < > indicates the ensemble average of data processing
(Gao and Ban, 2008).

Pauli vector Kp is generated as follows (Singh et al., 2013).

1 [Sur + Svv
Kp = —=|Sun — Swv 2.4)
V2| 28,
Coherency matrix is to be generated from scattering matrix. Coherency matrix
+ Tyy Tz Ty
<[T3]>=< KpKp >= |To1 Top T3 2.5)
T3 T3 Ts

14
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ISk + Syvl? Sun + Syv)Suu — Swv)* 2(Sun + Swv)Sav
=3 Sun — Svv)(Sun + Syv)” ISue — Syvl? 2(Sun — Swv)Sav| (2.6)
25uy (Sun + Syv)” 28y (Sun — Swv)” 4|Spy|?

Where, T represents complex conjugation and the transpose of a matrix and < > indicates the ensemble
average of data processing (Kajimoto and Susaki, 2013). Various PolSAR decomposition methods are
applied on coherency matrix or covariance matrix for identification and classification of scatterers.

21.1. PoISAR decomposition methods

Only second-order polarimetric representations such as a 3X3 Hermitian matrix generated from covariance
and coherency matrices can be used to analyse distributed scatterers. Due to the presence of the speckle
noise, distributed scatterers can only be characterised statistically (Lee and Pottier, 2009).

Applying reflection symmetry condition in the covariance matrix, 3 components decomposition of the
PolSAR image has been done by Freeman and Durden, (1998). The reflection symmetry condition is
< SuuShv > =< SyyShy > = 0. To decompose natural distributed targets, the Freeman and Durden 3
components decomposition is a powerful technique based on simple physical scattering mechanisms such
as single bounce scattering, double bounce scattering and volume scattering (Freeman and Durden, 1998).
Other various PolSAR decomposition methods are available for identification and classification of
distributed scatterers such as

(@) Yamaguchi 4 components decomposition (Yamaguchi et al., 2005).

(i) Singh 4 components decomposition (Singh et al., 2013).

(iiiy Entropy (H)/Anisotropy (A)/ Alpha («) decomposition (Lee and Pottier, 2009).

(iv) Multiple Component Scattering Model (MCSM) 5 components decomposition (Zhang et al,
2008).

H/A/a decomposition developed by Cloude and Pottier. H/A/a decomposition is considered the most
frequently used method (Yamaguchi et al, 2010). The second most frequently used method is three
components decomposition method developed by Freeman and Durden (Yamaguchi et al,, 2010).
Reflection symmetry does not hold for complicated geometric structures scattering in Freeman and Durden
three components decomposition. So, in this research, Yamaguchi 4 components decomposition and
H/A/« decomposition has been used for identification of mining indicators and their properties.

()  Yamaguchi 4 components decomposition.

Reflection symmetry does not observe ie. < SyySpy > # 0and < SyySgy > # 0 for complicated
geometric structures scattering in an urban area. Reflection symmetry also vanishes for practically all natural
distributed scattering. Helix scattering power component added to the single bounce scattering, double
bounce scattering and volume scattering; and proposed 4 components decomposition by Yamaguchi et al.
(2005) where, it was considered that reflection symmetry does not hold. The imaginary part of Tp3 =
< (Syn — Svv) Sgv >, the element of coherency matrix represents the helix scattering power (Singh et
al., 2013). However, Lee and Ainsworth (2011) also concluded that the Freeman-Durden decomposition
and the Yamaguchi decomposition do not utilize the full polarimetric information of the coherency matrix.

a. Single bounce scattering

First order Bragg surface scatterer such as rooftop gives surface or single bounce scattering. The phase

difference is 0° in the case of single bounce scattering.
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b. Double bounce scattering

Dihedral corner reflector such as ground and side of building together gives double bounce scattering
models. The phase difference is £ 180° in the case of double-bounce scattering.

c. Volume scattering
A set of randomly oriented dipoles generates volume scattering such as forest gives volume scatterings.
d. Helix scattering

Generally, complicated shapes of man-made structures produce helix scattering. Helix scattering mechanism
disappears for almost all natural distributed scatterers but appears for the manmade features (Turkar and
Rao, 2011). Helix scattering has also been observed due to the complex rock edges present in opencast
mines area.

Figure 3: Various scatterings mechanism.

Figure 3 represents four components of scattering such as from left side surface scattering power (Ps),
double bounce scattering power (Pd), volume scattering power (Pv), and helix scattering power (Pc) (Singh
et al., 2013).

(i) H/A/« decomposition.

H/A/a decomposition is also known as eigen decompositions of coherency matrix. The 3X3 Hermitian
matrix can be decomposed as < [T3] > = [U3][¥3][U3] ! according to H/A/a decomposition. Diagonal

matrix [Y.3] contains the eigenvalues of < [T3] > ;i.e.,

4 0 0
[Xs] = [0 1, 0 ] 2.7)
0 0 A

Where, 00 > A; = A, = A3 = 0;and A; fori =1, 2, 3 represents the eigen value. The 3X3 unitary mattix
[U3] contains the eigen vectors of < [T3]> ; [Us]= [W1 Uz U3] where u; =
[cosa; sina;cospB;eld sina;cosp;e?d] fori=1,2, 3; each of U1, Uz, Uz is unit orthogonal
eigenvector (Lee and Pottier, 2009). The primary parameters of eigen decomposition of [T3] are the
eigenvalues and the eigenvectors. Three secondary parameters such as entropy (H); anisotropy (A); and
mean alpha angle («) are defined as a function of the eigenvalues and the eigenvectors of [T3] to generate
physical information of scatterers (Lee and Pottier, 2009).

Entropy is defined as follows:

3
H=— Y Pjlogs(P) 2.8)
2

Where P; is called the probability of the eigenvalue (4;); P; = 3/1—11
i=1k
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The degree of randomness of the scattering process is denoted by the entropy (H). This is a measure of the
domination of a given scattering mechanism within a resolution cell.
H — 0 means A; = Span; A4, = 0; A3 = 0; so the rank of the coherence matrix < [T3] >is 1 and it
represents pure the target.

Span Span

3 >

Span . . .
A3 = Z ; so the rank of the coherence matrix < [T3] > is 3 and it

H — 1 means 4; =

A, =

3 3
represents distributed target.
0 < H < 1 means the final scattering results come from the combination of the three pure targets given

by u; for 1 =1, 2, 3 and weighted by the corresponding eigenvalue.

Anisotropy

Ay — s

A=23
X+ A

2.9)

Anisotropy represents the directional dependency of scatterers. This is quantifying how homogeneous a
target is relative to radar look direction. Practically the anisotropy value can be used to discriminate the
scatterers only when H > 0.7. Because, the second and third eigenvalues and also anisotropy are affected

by the noise in case of lower entropy value, H < 0.7.

Mean a angle

3
a = z Pi a; (210)
i=1

a — 0 means the scattering mechanism represents single bounce scattering from a surface.

@ — — means the scattering mechanism represents double bounce scattering.

@ — — means the scattering mechanism represents volume scattering.

Interpretation of scatterers is to be done on the basis of eigenvalues and eigenvectors provided by the Eigen
decomposition of the coherency matrix. The (1 —-H)(1-A), H(1 —A), and HA images represent the dominance
of single bounce scattering, volume scattering and double bounce scattering, respectively (Lee and Pottiet,
2009).

Identification of various mining properties can be done on the basis of their polarimetric responses such as
single bounce, double-bounce, volume scattering, helix scattering, entropy, anisotropy. Vatious classifier
such as minimum distance, maximum likelihood, parallelepiped can be applied on various target
decomposition methods (Turkar and Rao, 2011) to classify various mining features. Maximum likelihood
classifier provides better classification accuracy over minimum distance, Mahalanobis, parallelepiped
classifier (Turkar and Rao, 2011).
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3. LITERATURE REVIEW

This chapter describes the literature review of previous work and the methods used. Nowadays SAR or
microwave remote sensing has become more popular for identification, classification and monitoring of the
various target.

3.1.  Polarisation orientation angle (8) shift in PoISAR data

The off-diagonal terms of the coherency matrix or covatiance matrix contain cross polarised returns. Many
researchers set the off-diagonal terms to zero. According to Lee et al., (2001) such assumption is not valid
especially for vegetated and rugged terrain areas. The information of the polarisation orientation angle
induced by terrain azimuth slope is present in the real part of < (Syy — Syv) Shy >, the off-diagonal
element of coherency matrix. The imaginary part of < (Syy — Syy) Spy > gives information about
helicity based on polarimetric decomposition theory of Krogager (Lee et al, 2001). The < (Syy —
Syv) Sfiy > term is also affected by the phase difference between Syy and Sy and the orientation angle
shift. Also, the correlation between co and cross polarised returns is important here (Lee et al., 2001).

The polarisation otientation angle shifts induced by azimuthal slopes, occur as a result of the rotation about
radar line of sight of the polarisation wave. The polarisation orientation angle can be defined by the following
equation

tan w

tan @ =
an —tanycos@ + sing SR

Where, tan o is the slope in the azimuth direction, tan y is the slope in the ground range direction, and ¢ is
the radar look angle. The polatisation orientation angle shift is also affected by radar look angle and the
range slope (Lee and Schuler, 2003). The azimuth slope can be either overestimated or underestimated when
the range slope is positive (towards the radar) or negative (away from the radar) respectively (Lee and
Schuler, 2003) due to the polarisation orientation angle shift induced by terrain slope (Lee et al., 2002) or
rugged terrain area (Lee and Ainsworth, 2011). The range slope information is important for accurate
estimation of azimuth slope (Lee and Schuler, 2003). The consequence of the orientation angle shift is the
rotation of scattering matrix or coherency matrix around the radar line of sight (Lee et al.,, 2002) which
results in the misinterpretation of scatterers. In general, the orientation angle shift due to the surface slope
is lower if radar frequency is higher (Lee and Ainsworth, 2011). Lee and Ainsworth, (2011) found that after
orientation angle compensation, the volume power is reduced and the double bounce power is magnified.
The quantity of increase in double bounce power is higher than the quantity of decrease in volume power.

3.2, Identification of HEMM

It is a very challenging task to cleatly distinguish between the target and target’s background when almost
similar responses are coming from the target and target’s background. HEMM are very common in the
opencast active mine faces for excavating the overburden and minerals. So, the identification of active mine
faces can be done by identification of HEMM in an opencast mine. HEMM are the metallic objects with an
approximate size of 10-20m X 10-20m, which is more than the spatial resolution of an SAR image cell.
Backscattering signal is stronger for the metallic object and appears as a bright spot compared to the
background of SAR images (Ferdinando et al., 2012). Also, the HEMM is considered as a coherent structure.
The largest eigenvalue with eigenvector is to be chosen to identify dominant scattering in a cell. In addition,
the entropy value of the metallic object are low and the power of the scattered signal from the metallic
object should be relatively high (Strzelczyk et al., 2014).
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Several algorithms are present to identify metallic objects or coherent scatterers from SAR image. According
to Strzelczyk et al., (2014), these algorithms are — (i) the coherent scatterers are distinguished by position in
the range direction, position in the azimuth direction and height. So, the coherent structures can be detected
in all the three spatial or spectral directions using a correlated object spectrum. Correlated object spectrum
technique is established based on the correlation among two sub looks of the original image spectrum.
However, if small bandwidth is considered for identification of coherent structure than a few strong
coherent scatterers can be detected in this technique. So, the major disadvantage of this method strongly
depends on the bandwidth (Schneider et al., 2006). (ii) The value of the signal to clutter ratio is also used to
identify coherent scatterers. Clutter, the intensity of a calculated pixel is compared with the intensity of
neighbouring pixels. A dB ratio higher than 15 is considered as coherent scatterers. Overestimation of clutter
intensity is the major drawback of this method mainly observed in the highly dense urban area. (iii) If the
value of amplitude dispersion (da) is small (da < 0.25) in the same pixel in multi-temporal images over time,
then, that pixel is classified as coherent scatterers. However, a comparatively high number of SAR images
are required to perform this method. (iv) Another method is based on the entropy (H) value obtained from
fully polarimetric SAR data. The pixel has low entropy value (H <0.3) classified as coherent scatterers where
the system is considered as weakly polarised and pixels relate to point-like scatterers. However, the spatial
averaging of the image using window kernel is performed in this method which reduces the spatial
information. (v) Identification of polarised point scatterers can also be done using 2D filter considering
eigenvalue or alpha threshold proposed by Cloude, (2009). (vi) On the basis of analysis of polarimetric
signature, the identification of coherent scatterers in SAR images is done. This method gives accurate
identification of coherent scatterers and also determines the scattering mechanism type from the analysis of
scattering matrix. In the current research, low entropy value (H <0.3) and high double bounce (>0.01) are
used to identify the HEMM opencast mines.

Identification of opencast active mining faces is done based on the location of HEMM identified in the

opencast mine area.

33. InSAR

Synthetic aperture radar technique is an imaging technique operated in microwave spectra region.
Interferometric Synthetic Aperture InSAR) technique is a technique where single polarised electromagnetic
waves are transmitted and received to acquire images. InSAR technique can be used for mapping or
monitoring surface or target and also for surface profile generation. The interferogram is generated by using
two SAR images of the same area taken from two different acquisition position of the satellite (Crosetto,
2002). Following is the general InSAR processing steps as described below.

First, pre-processing (co-registration, subset) is done by taking time series Single Look Complex (SLC) SAR
data. An image corresponding to similar satellite passes i.e., either ascending (S-N) SAR or descending (N-
S) image is selected. Co-registration is to be done by taking two images and considering one image as master
and another as a slave. Master is the reference image and slave is another image which is to be aligned or
co-registered with the master (Ferretti et al., 2007). The accuracy of co-registration should be less than the
pixel size for obtaining better interferogram image. After pre-processing, the interferogram is generated by
using the two images (viz., the master and the slave). SAR interferogram is generated by multiplying each
complex number of the master image by the corresponding complex conjugate number of the slave image
ie. pixel by pixel cross multiplication. After interferogram generation, atmospheric correction, phase
unwrapping, baseline correction, phase to height conversion, ortho-rectification are performed, and
geocoded DEM is used to rectify the InSAR image. The time seties of InSAR images can be obtained, when
the time series of SAR images is considered as input in this InSAR procedure.
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From two interferometric SAR image pair, the phase accuracy is estimated by the coherence. Coherence is
the cross correlation coefficient of the two images. Coherence value ranges from zero (0) to one (1) where
1 means maximum coherence and 0 means no coherence. High coherence means less phase noise whereas
less coherence means high phase noise. A movement of active faces or benches observes where mineral or
overburden extraction is going on (Kulshreshtha and Parikh, 2002). Though, these changes are observed to
be low and can be used to generate high coherence map. So, InSAR images are used to generate land

deformation information in DInSAR process.

34. DInSAR

DInSAR generates an arithmetic phase difference between two InSAR profiles. According to Lu et al.,
(2013) the phase difference of interferogram images is expressed in the following equation

Alpint = Alpﬂat + Alptopo + Alpmov + A"ubatmos + Alpnoisc (32)

So, accuracy in phase is very important for accurate estimation of the phase difference. The precise orbit of
the sensor and external Digital Elevation Model (DEM) are used for analytical calculation of the phase
difference. Flat terrain and the topographic difference has influence in the phase difference of InSAR
equation. Although, topographical components are removed in the phase difference of differential
interferogram synthetic aperture radar images (Herrera et al., 2010). Phase noise mainly depends on temporal
change, different look angles (existence of the critical baseline), volume scattering (Ferretti et al., 2007).
DInSAR can also measure small surface deformation. Therefore, long-term land deformation history can
be obtained from time series INSAR data analysis by using DInSAR process (Rosen et al., 2000).

Iron ore opencast mining induced land deformation was monitored using DInSAR by Mura et al. (2014)
which delivered useful information about ground movement, mining risk assessment and planning.
Opencast mine has a complex geometrical structure. Therefore, DInSAR is a challenging technique for
monitoring and characterization of opencast mine induced land deformation (Paradella et al., 2015).
DInSAR provides consistent and extensive information about non-linear ground deformation (Mura et al.,

2016). In the singular non-urban environment especially in a mining area where

(i) The presence of buildings, structures, and metallic objects are rare; and
(i) The rock outcrops and rock blocks are present; but

(iii)  Vegetation is absent;

the combination of above three factors has been proved to be appropriate for the detection of coherent
pixels based approach (Herrera et al., 2010). SAR images corresponding to ascending and descending
satellite passes are necessary to minimise the loss due to radar foreshortening, lay over, and shadow
distortion and also to get vertical and horizontal components of land deformation (Paradella et al., 2015).
C-band DInSAR is suitable to detect slow movement of subsidence areas whereas L-band DInSAR is
suitable for identifying rapid movement subsidence areas (Chatterjee et al.,, 2015). Slow deformation can
also be monitored using L-band DInSAR by increasing the temporal baseline between two InSAR
acquisition images. All pixels of interferogram are not useful due to different decorrelation sources or phase
degradation of pixels. Herrera et al,, (2010) address two main techniques for pixel selection. These
techniques are:

@ To find out the pixels corresponding to most stable backscattered radar signal (if its reflectivity
in SAR images is constant) over time, in a set of SAR images, at full resolution. This technique
is most suitable for man-made features or urban areas.

(i1) To evaluate the coherence (the maximum likelithood estimator of the phase quality over an

estimation window) and to find out the pixels whose pixel values are set over a given threshold
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in the stack of interferogram images. This technique is most suitable for urban as well as non-
urban reasons including the less vegetated areas.

A lot of studies were carried out on the identification, monitoring and characterisation of underground
mining induced land subsidence by using DInSAR technique but limited work has been done on land
deformation in opencast mines (Paradella et al., 2015). However, according to Mura et al., (2016) better
accuracy is achieved by ADInSAR techniques, such as PSI than DInSAR time series.

3.5. ADInSAR

The adverse effect of the atmospheric influence on the propagating signal affecting accuracy and precision
of the measurement of scatterers is overcome by using multiple SAR images in the advanced DInSAR
techniques such as (i) Permanent (or Persistent) Scatterers (PS) InSAR technique for identification of stable
backscattering objects over a long period of time. This technique is mainly used in urban area (Bitelli et al.,
2015), (i) Distributed Scatterers (DS) InSAR for identification of comparatively less stable backscattering
areas which preserve coherence over a comparatively shorter time period than PS. This technique is mainly
used in rural areas where permanent scattering objects are less (Bitelli et al., 2015), (iii) SqueeSAR technique
for identification of scatterers is a combination of PSInSAR and DSInSAR methods (Bitelli et al., 2015).

However, Herrera et al., (2010) reported some limitations of the application of the A-DInSAR technique

for detecting land deformations and landslides. These limitations are:

@ The displacement is calculated along the line of sight (LOS). The line of sight is the line defined
by the ground target and the satellite sensor. The sensitivity of radar in detecting land
displacement is more in parallel to the direction of the LOS than orthogonal to the LOS.

(i) The theoretical minimum detectable displacement between two consecutive SAR images is »

where A is the wavelength of radar’s electromagnetic wave.
(iii) The spatial resolution of land deformation’s spatial pattern determines by the measurement
point selection criteria.

PSInSAR has some added advantages than others.

3.5.1. PSInSAR

Persistent Scatterer Interferometry (PSI) is more suitable than the DInSAR time series for identifying most
stable scattering pixels where pixel properties do not vary with time and radar look angle, in a stack of SAR
images than DInSAR time series process (Mura et al., 2016). PSI allows individual point targets’ temporal
analysis of the interferometric phase. PSI technique provides better accuracy for the measurement of the
surface target displacement than the DInSAR process. PSI also reduces the consequence of phase path delay
which occurs during SAR image acquisition as a result of atmospheric heterogeneity. Phase unwrapping
process in PSI technique is very important to accurately determine ground movement (Mura et al., 2016).
Also, PSI has limited capability for the detection of high movement rate of displacement. However, PSI,
combined with DInSAR time series process, allows the detection of high rate of linear and non-linear
deformations (Mura et al., 2010).

The minimum displacement detection in PSI technique depends on the spatial density of the scatterers; the
temporal resolution and the wavelength of SAR signal (Hartwig et al., 2013). To accomplish millimetre level
precision of land displacement measurement in PSI technique, greater than 15 SAR pairs are required to
generate a sufficient number of interferogram (Hartwig et al., 2013). Moreover, real-time monitoring is not

possible in PSI technique.
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3.6.  Opencast mining induced land deformation monitoring using PSInNSAR

Very few works have been carried out to monitor opencast mining induced land deformation using
PSInSAR technique. Detection and monitoring of ground displacement were successfully done by using
PSInSAR in the Oltrepo Pavese, Northern Italy which is considered as a complex geological and structural
area (Meisina et al, 2000). PSI technique was also effectively applied in opencast mine area (Pinto et al,,
2014). According to Pinto et al., (2015) PSI has the capability of providing high accuracy in case of long-
term displacement monitoring in opencast mining areas, waste piles areas and opencast mine’s surrounding
region without any need of ground instruments and fieldwork. Monitoring of opencast iron mine has also
been performed by using PSI technique (Paradella et al., 2015). Further, PSI technique has been used to
monitor non-linear ground movement in opencast iron mine (Mura et al., 2016). Assessment of surface
deformation in the post-mining area has been done by Milczarek et al., (2017) using PSI technique.
According to Meisina et al., (2006) PS coherence (c) was classified into 3 classes such as ¢<0.65;
0.652¢=<0.85; and c>0.85. PS coherence value less than 0.65 should not consider because this will result in
less reliability in the displacement measurement. Whereas, coherence value greater than 0.85 generates less
number of PS points (Meisina et al., 20006). So, according to Meisina et al., (2006) PS coherence value should
be selected between 0.65 to 0.85 for land deformation study. However, PSI technique has limitation to
monitor rapid movement and 3D movement of any object. RTK (Rapid motion technique) can be used to

monitor rapid movement and also for 3D movement (lannacone and Falorni, 2016).

3.7. Data fusion

Number of satellites are increasing day by day and nowadays, various satellites also have multiple on-board
sensors. Images acquired by numerous sensors have various specifications such as polarisation and various
type of resolution viz., spatial, spectral, radiometric and temporal (Pohl et al., 1997). So, a wide range of
significant details can be obtained from various images. Multiple relevant information come from two or
more images require to combine the information in a single image by using multi-sensor image fusion or
data fusion technique (Pohl et al., 1997). Such as higher spectral information of an area comes from one
image and higher spatial information comes from another image of the same area, combine both the
information and form a single image of higher spectral — higher spatial or increasing both the information
in the output image (Pohl and Genderen, 2015). Nowadays, data fusion is an advanced and widely applied
field. Data fusion technique is also popular for the performance of object recognition, sharpening the
images, improve geometric corrections, enhance certain features, and replace the defective data (Dong et
al.,, 2009). According to Dong et al., (2009) multi-sensor data fusion can be divided into four different fusion

processing levels such as

@ Signal level data fusion: a better new signal (better signal to noise ratio) is created by combining
input signals from various sensors.

(i1) Pixel level data fusion: fusion operation is done at the pixel level. An improved image is
generated from the sources images.

(iif) Feature level data fusion: features are extracted from various source images and fusion is
performed to form a single image at the feature level.

(iv) Decision level data fusion: information are extracted from various source images and

information fusion is performed at decision level.

According to Dong et al., (2009) some most popular, time efficient, effective, and at the same time relatively
simple standard image fusion techniques are Principal Component Analysis (PCA), High Pass Filter (HPF),
Intensity- Hue-Saturation (IHS), multi-resolution analysis based methods (e.g. pyramid algorithm, wavelet
transformation), various arithmetic combination (e.g. Brovey transformation), and Artificial Neural
Networks (ANNs).

22



MONITORING AND CHARACTERISATION OF OPENCAST MINING INDUCED LAND DEFORMATION BY USING POLSAR AND DINSAR TECHNIQUES

However, some limitations of the above fusion techniques are as follows:

@ The co-registration of input images at sub-pixel level is important because pixel level fusion
techniques are very sensitive to registration accuracy.

(i) The number of multiple spectral bands that can be taken as input should be < 3 at a time for
IHS and Brovey transformation.

(iif) The standard image fusion techniques are some extent reduced the original spectral signature

though successfully improve the spatial resolution.

According to Simone et al., (2002) the PCA and IHS fusion methods do not integrate the fine details of the
scatterers in the output images whereas pyramidal methods are popular for preserving the fine details of the
scatterers in the output images. The wavelet transform keeps the statistical parameters invariant and also
reduces the colour distortion problem (Dong et al., 2009). The wavelet transformation is a commanding
method which preserves the spectral characteristic of the multi-frequency and multi-polarised images
(Simone et al., 2002).

3.7.1.  Data fusion: Discrete Wavelet Transform (DWT)

Information obtained from single SAR data may be insufficient due to various slope angle and slope
direction present in opencast mine. The information obtained from PolSAR data for identification of
opencast mining indicators responsible for land deformation and land deformation information obtained
from time series PSInSAR process of the same opencast mine may be combined by Discrete Wavelet
Transform (DWT) (Simone et al., 2002; Hong et al, 2002; Simone et al, 2001). According to Simone et al.,
(2002) radiometric correction step is essential to decrease the effects of the significant changes of the
reflection properties of the backscatters to normalise the pixel intensity, especially for the microwave and
radio frequency sensors acquired images of the non-flat terrain. According to Ogden, (1997) in DWT
method, an image is broken down into sub-images and computed by using high pass and low pass filters.
The sub-images contain the frequency of the original image at the various level of resolution. After
calculating the wavelet pyramid and combining the wavelet coefficients, the multi polarise and multi-
frequency data is fused. According to Simone et al., (2002) each pyramid provides information considering
the salience of each pattern which is denoted as the local energy of the incoming pattern within
neighbourhood p i.e.

SG,j, k, D) = Zp(i’j’)D(i +ij+ jkD? (3.3)

il

v
Where, S is the salience measure,

p is the window function with unitary value where 1 <1 < rand 1 <j” <, and zero values
elsewhere;

D is the pyramid structure of the image, and where (i, j, k, I) are the row sample position
and column sample position, level and orientation indexes inside the pyramid structure.

The salient computation step is applied to each single pyramid of each image to be fused after measure the
information combine capabilities from each pyramid. Finally, the inverse discrete wavelet transform is done
to generate output fused image.

The output images of multi-polarization and multi-frequency fusion process are considered as input for the
multiresolution fusion process and co-registration of images is done (Simone et al., 2002). Resampling
operations are necessary when the difference between the spatial resolutions of two images is higher.
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4.  STUDY AREA, DATA SET AND TOOLS USED

This chapter deals with the study area of the research, satellite imageries of the study area and the tools used.

41.  Study area

The Jharia Coal Field has a lot of significance in term of economic value in India. This coal field is located
in the Dhanbad district of Jharkhand state in India. The Jharia Coal Field was selected as the study area for
the proposed research work. Coal is extracted by both opencast as well as underground methods from this
coal field. The Jharia Coal Field has 9 opencast mines and 23 underground mines (Gupta et al., 2014).
Coking coal has advantages such as good carbon content and fewer impurities over non-coking coal. In
India, coking coal is present only in Jharia coal field. Jharia coalfield has a long and diverse opencast as well
as underground mining history over a century. Unplanned mining excavation in the past is also present in
this study area. Unplanned mining operations result in mining induced land subsidence, the occurrence of
fire, re-handling of overburden dumps, abandoned mining sites (Prakash and Gupta, 1998). Therefore,

continuous change of land used pattern is observed thus triggering the requirement of monitoring this study

area.
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Figure 4: Study area Jharia coal field from SAR (Pauli RGB image, R: HH-VV; G: HV; B: HH-VV) images
and the red line represents the shape file of the study area.
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42. Dataset used

421. RADARSAT 2 data

Identification of opencast mining indicators and their properties was done from Radarsat 2 satellite images
acquired on dated 28% November 2010 and 234 November 2011 in the Jharia coal field area. Radarsat 2
imagery operate in C-band, wavelength 5.6 cm. The fully polarimetric data provides better information about

the identification of surface scatterers that’s why fully polarimetric data is chosen for the present research.

Table 1: Specification of Polarimetric SAR data used

Specification Radarsat 2
Date of acquisition 28/11/2010 23/11/2011
Wavelength C band C band
5.6 cm 5.6 cm

Spatial resolution Pixel spacing — 4.733m
Line spacing — 4.7779m
Near range — 26.8441°
Far range — 28.6585°
HH, HV, VH, VV

Ascending

Pixel spacing — 4.733m
Line spacing — 4.7363m
Near range — 25.6845°
Far range —27.5282°
HH, HV, VH, VV
Ascending

Incidence angle

Polarimetric mode
Satellite Passes

4.2.2. ENVISAT ASAR data
ENVISAT is an advanced polar-orbiting Earth observation satellite. ENVISAT provides measurements of
atmosphere, ocean, land and ice. ASAR is advanced synthetic aperture radar operates in the C band.

Time series polarimetric data of ENVISAT ASAR is chosen for land deformation monitoring from 17t
March 2007 to 10t April 2010.

Acquisition incidence angle is 22.8559°, wavelength is 5.6236 cm and ascending satellite passes. Following

table shows the other relevant specification of single polarised SAR data from ENVISAT ASAR satellite.
Table 2: Specification of single polarised SAR data used.

S1 Date of Polarisation Perpendicular baseline inm Temporal baseline in day
No. Acquisition w.r.t. master image (SI. No  w.r.t. master image (S1. No
(YYYYMMDD) 13) 13)
1 20070317 \AY -335.311742 -629.999930
2 20070421 VvV -74.378710 -594.999932
3 20070526 VvV -31.051206 -559.999907
4 20070630 \AY -61.825527 -524.999893
5 20070804 VvV 46.648789 -489.999890
6 20070908 VvV -195.497305 -454.999917
7 20071013 \AY 105.634409 -419.999944
8 20071117 \AY -276.741575 -384.999966
9 20071222 VvV 259.343520 -349.999974
10 20080301 \AY 228.120788 -279.999969
1 20080614 \AY -197.795103 -174.999959
12 20080927 VvV 80.697844 -69.999993
13 20081206 VvV 0.000000 0.000000
14 20090110 \AY -46.392948 34.999992
15 20090214 VvV -144.070467 70.000002
16 20090704 VvV -97.269870 210.000022
17 20091226 \AY 39.594480 384.999940
18 20100130 \AY -288.627223 419.999942
19 20100306 VvV 33.076738 454.999935
20 20100410 \AY -193.778981 489.999927
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43.  Tools used

Some softwares are present to process fully Polarimetric SAR and Single polarised SAR data. In this study
PolSARpro, version 5.0 was used for processing of PoISAR data. Another software, SARPROZ was used
for time series single polarised SAR data processing to generate land deformation information. ENVI and
ArcGIS software were used for image processing. MATLAB software was used for discrete wavelet based
image fusion. R software was used for polarisation orientation angle estimation and histogram generation.

4.4.  Data for Validation
Ground truth data was collected during December, 2011. Validation of results were done based on the
ground truth data was collected. Table 3 represents the summary of ground truth data.

Table 3: Summary of ground truth data

S.N. Name of features Number of features present (approx.)
1 HEMM and opencast active mining face 22

2 Water body within opencast mine 3

3 Coal storage

4 View point 6

Following image shows the ground truth data location of various mining features including HEMM over
an LISS-IV data of Jharia coalfield.

8500 3250 0 8,500 Meters
N TN T

Figure 5: Red point represents HEMM and green point represents other than HEMM of ground truth
data in LISS IV image of Jharia coal field.

A red pixel represents the location of HEMM ground truth data in LISS IV image of Jharia coal field. A
green pixel represents the location of ground truth data of other than HEMM. Validation of result was done
by using the ground truth data.
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5. RESEARCH METHODOLOGY

The purpose of this research is to identify opencast mining indicators and their properties and time series
PSInSAR based land deformation. Combine the time series land deformation information with responsible
mining indicators and their properties to find out the spatial relationship among them. To achieve these
goals, the following methodology as shown in figure 6 was adopted. Initially, multi-polarisation SAR data
was processed and various polarimetric properties i.e. single bounce scattering, double bounce scattering,
volume scattering, helix scattering, entropy, and anisotropy information was extracted. Based on
polarimetric properties, classification of mining indicators was accomplished. Next, time series of single
polarised SAR images were processed to generate land deformation information. Then, integration of both

the information was done by using discrete wavelet fusion operation.
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5.1. Research workflow
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SAR data acquire in radar coordinate system and is measured in slant range resolution. So, SAR data was

converted from slant to ground range by using the following formula.

Slant range
Ground range = ———— (5.1)
sinf

Where, 8 = Incidence angle.

5.2.  Polarisation orientation angle shift in PoISAR data

5.2.1. Estimation of polarisation orientation angle shift
The polarisation orientation angle shift (0 in degree) in PoISAR data was estimated by using the following

equation
0 =n, if n < 45° (5.2)
6 = n—-90° if n> 45° (5.3)
Where,
1= (e e )+ 200

5.2.2. Deorientation

The coherency matrix was rotated by the mean estimated orientation angle (0) along the radar line of sight
[T5(6)] = [Rs(O)]ITI[R3(6)]7" (5-5)
Where, R3(0) is the special unitary rotation operator, is exptessed by as follows

1 0 0
[R;(8)] = [0 cos20 sin26
0 —sin26 cos?26

(5.6)

After the rotation by the mean estimated orientation angle (0), the element of coherency matrix T3

becomes

T11(0) Ti2(8) Ti3(6)
[T3(9)] = T21(9) Tzz(g) T23(9) (5.7)
T31(60) T23(0) T33(0)

5.3.  PolISAR data processing for identification of various opencast mining indicators

Identification of various opencast mine properties or equipment to identify mine properties was done from
fully polarimetric SLC SAR data. Multi-look and coherency matrix had been generated from the fully
polarised data. Then map projection system and pixel size (resampling) had been defined in map ready tool.
Yamaguchi four component decomposition and H/A/a decomposition had been applied after defining
map projection. Therefore, Yamaguchi four component decomposition of the coherency matrix of the
incoherent type was decomposed as single bounce scattering, double bounce scattering, volume scattering
and helix scattering. H/A/o decomposition of the coherency matrix decomposed as entropy, anisotropy,
and alpha. Standardisation of each decomposed scene was performed which ranges pixels value from zero
(0) to one (1) in a particular scene. Selection of polarimetric properties for identification of opencast mining
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properties was done. After that layer stacking operation had been performed which generated 6 bands image.
The selected bands were single bounce scattering, double bounce scattering, volume scattering, helix
scattering, entropy, and anisotropy value. The training set was prepared for each mining feature after
considering the polarimetric responses of each pixel and then band statistics was calculated. Band statistics
gave an idea about most suitable polarimetric properties to identify mining indicators and their properties.
After that, supervised classification technique was used to classify mining features. Identification of various
mine properties or features was done on the result obtained from Yamaguchi decomposition and H/A/«
decomposition.

5.4.  Mining properties identification
Opencast mine has some unique geometric structure such as plane surface, dihedral plane and some
association property which give particular polarimetric responses depending upon the wavelength of radar

pulses as follows.

The bottom surface of opencast mine can be identified by single bounce scattering whereas benches can be
identified by the double bounce scattering of PoISAR data.

HEMM are operated within the opencast active mining faces. So, active mining faces were identified by
HEMM considering the association property with active mining faces. Abandoned mine was identified by
the water accumulation in the bottom surface of an opencast mine whereas bottom surface of active

opencast mine was dry in nature.

Identification of various mining properties was done based on their polarimetric responses. Some of the
polarimetric responses may change based on the wavelength of incident radar pulses. Variation of
polarimetric responses came from same mining properties from various opencast mines observed due to
various stages of opencast mine such as some mines were new and well maintained of mine geometry (Block
2 opencast mine shown in Figure 7), not abandoned mine however not well maintained of mine geometry
(Chasnala opencast mine shown in Figure 7), and abandoned mine (Basdeopur 2 opencast mine shown in
Figure 7).

Therefore, four opencast mines such as Block 2, Tata Sijua, Basdeopur, and Chasnala was selected to
maintain the variability of polarimetric responses for identification of mining indicators and their properties
in training set data. HEMM pixels were selected from various other opencast mines including the above
mentioned opencast mines. Figure 77 shows the location of four opencast mines such as Block 2, Tata Sijua,
Basdeopur, and Chasnala represented by 1, 2, 3, and 4 respectively. Following Table 5 shows the various
polarimetric responses of various mining properties.

&S00 3000 o 5000 s

Figure 7: Location of four opencast mines within study area
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5.4.1. Identification of HEMM based on entropy value and double bounce value

H < 0.3 including double bounce pixel valve (>0.01) represent coherent structure such as HEMM (metallic
object) within opencast mine premises. Entropy (H) scene and double bounce scene were generated from
coherency matrix of fully polarimetric data of study atrea by using standard H/A/o decomposition and
Yamaguchi decomposition, respectively. H < 0.3 including double bounce value (>0.01) in a pixel were
identified within the opencast mine area. The training set of HEMM was created and band statistics was
calculated in ENVI classic image processing software. The supervised classification was performed to
identify HEMM pixels. Pixels identified within the opencast mine area was considered as HEMM.

First, fully polarimetric SAR scene of 234 November 2011 was selected for identification of HEMM pixel
and validation of HEMM pixel was performed with ground truth data acquired in December 2011.

Then, the similar classification was performed in fully polarimetric SAR scene of 28" November 2010 to
identify HEMM in opencast mine.

5.4.2. Opencast active mine faces

HEMM are operated in the opencast active mine faces. The position of HEMM within opencast mine area
symbolise that excavation is in progress in that place. So, identification of opencast active mining faces were
done based on the location of HEMM identified in the opencast mine area.

5.4.3. Characteristic of opencast mine floor filled with water

Water body generates low backscatter value and appear in black colour in RGB image when visualise double
bounce scattering in red band (R), volume scattering in green band (G) and single bounce scattering in blue
band (B). The training set was prepared based on water present within the opencast query. Time series
Google earth images were also considered to identify correct training sample. The classification was
performed to find out another water body within study area based on the prepared training set. Opencast
mine floor filled with water represents abandoned mines or no mineral extraction is in progress.

5.4.4. Characteristic of opencast mine floor mixture with soil and rock

Active opencast mines are those where mineral extraction are going on. In the case of active opencast mine,
the opencast mine floors are not filled with water. Generally, active opencast mine floor contains a mixture
of soil and rock. A training set of opencast mine floor mixture of soil and rock was prepared based on high
single bounce polarimetric response and with the help of Google earth image. The classification was
performed to identify opencast mine floor mixture with soil and rock, without water.

5.4.5. Characteristic of bench and terrace

Benches and terraces of opencast mines have dihedral geometric structure. Dihedral geometric property
predominantly generates high double-bounce scattering. So, benches and terraces were identified by higher
double bounce pixels within opencast mine area in the PolSAR scene. The classification was performed
based on prepared training set to identify benches and terraces in the opencast mine area.

5.4.6. Mass wasting phenomena

Mainly, randomly scattered various dimensional loose rocks are present in the case of mass wasting. So,
mass wasting area generates high volume scattering. Therefore, training set of mass wasting phenomena was
prepared based on high volume scattering pixel and with the help of Google earth image of opencast mine
area. Finally, the classification was performed to identify mass wasting phenomena within opencast mine.
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5.4.7. Characteristic of opencast rim area

Fault zone or fracture zone can be identified from volume scattering only if, opencast rim area is a barren
land i.e. not covered with vegetation, forest, and urban area. Residential areas presented around the opencast
mine and some of the area was also covered with forest in this study area. Identification of small fault zone

or fracture zone is also difficult in 10m X 10m pixels size.

Training sets were prepared for HEMM, opencast mine floor, opencast mine water, mass wasting area,
benches and terraces based on the identification of opencast mining properties in PolSAR data with the
help of Google earth images. Supervised classification of mining area was performed based on the training

set.

5.5.  PSInSAR processing

20 ENVISAT ASAR time series (17t March 2007 to 10t April 2010) SLC data was selected for identification
of land deformation in Jharia coalfield by using permanent scatterers InSAR processing. Before, selecting
the polarisation, the set orbit option was selected to read the orbit information of each SLC data. After that
automatic master image was selected after considered the coherence value of 0.5 among the data set. Then,
initially, the approximate centre coordinate of study area including the radius of the study area was selected
for performing land deformation. After that master extraction, slave extraction, and co-registration was
performed respectively. Site processing option was selected. Preliminary analysis was performed first, next,
preliminary geocoding was performed. Then, InSAR processing was performed. After that, multi-image
InSAR processing was done by considering coherence of 0.65 as a threshold. Finally, sparse point selection

and sparse geocoding were done to visualise land deformation information.

5.6.  Integrated information obtained from PoISAR and PSInSAR data analysis and visualisation

Classified opencast mining indicator and their properties were generated from PolSAR data. Land
deformation information was generated from single polarised time series SAR data. Discrete wavelet based
image fusion operation was performed to retrieve spatial relation between classified opencast mining
properties and land deformation information.

Discrete wavelet transform technique was used to decompose each image. In this technique, an image is
converted from spatial domain to frequency domain. In first level, each image was decomposed into low —
low, low —high, high-low, high —high frequency components by discrete wavelet transform technique. In
the second level low — low frequency component of the first level was considered as input and was
decomposed into four components, similar to the first level. Wavelet coefficients were generated when
discrete wavelet transform technique applied on the source image. The average of wavelet coefficients of
both the input decomposed images were used to generate fused image in the inverse discrete wavelet
transform technique. So that, low frequency and high frequency were preserved in the output fused image.
Changes of land deformation with respect to mining properties were evaluated. A simple 3D (X, Y, and
colour) visualisation was performed to envisage the nature and intensity of land deformation with respect
to opencast mining indicators and their properties. Identification, monitoring and characterisation of
opencast induced land deformation were done by using integrated information obtained from PolSAR and
PSInSAR data analysis.
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6. RESULTS

6.1.  Estimation of Polarisation orientation angle shift (8)

6.1.1. 2011 PolISAR scene
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Figure 8: Polarisation orientation angle shift (6 in degree) estimation of 2011 scene (left image), zoom of
mining area (right image) and a histogram of polarisation orientation angle shift estimation (below image).

The mean estimated orientation angle shift is 0.079° for 234 November 2011 PoISAR scene.

The effect of polarisation orientation angle shift was observed higher on opencast mine topography shown
in zoom of mining area of Figure 8 and 9. The polarisation orientation angle shift was observed mainly
positive in opencast mine area.
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6.1.2.

2010 PoISAR scene
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Figure 9: Polarisation orientation angle shift (0 in degree) estimation of 2010 scene (left image), zoom of
mining area (right image) and a histogram of polarisation orientation angle shift estimation (below image)

The mean estimated orientation angle shift is 0.072° for 28» November 2010 PolSAR scene.
Table 4: Effect of polarisation orientation angle shift on the elements of coherency matrix.

Before deorientation (mean)  After deorientation (mean) Remarks
SAR scene 2010 scene 2011 scene 2010 scene 2011 scene
T 0.1705755 0.1813068 0.1705755 0.1813068 Equal
Ty, 0.05928647 0.06845976 0.06052453 0.07037433 Increase
T33 0.04554954 0.04676434 0.04431148 0.04484978 Decrease
T, real 0.01185275 0.01562003 0.0113908 0.0156117 Small decrease
Tz imaginary  -0.0003427 -0.0024968 -0.000189 -0.001559 Small decrease
T3 real 0.00070846 -0.0003433 0.0003367 -0.000869 Small change
T3 imaginary  -0.0008082 -0.0025976 -0.000827 -0.002442 Small change
T,3 real 0.00171938 0.00254982 -8.06¢-05 -9.033e-05 Close to zero
T,3 imaginary  -2.881e-05 -0.0001991 -2.881e-05 -0.0001991 Equal

6.2. Polarimetric responses of mining properties

Following Table 5 shows the polarimetric responses such as single bounce, double bounce, volume

scattering, helix scattering, entropy value and anisotropy value with respect to various mining properties

such as HEMM, opencast mine floor mixture with soil and rock without water, opencast mine floor filled

with mine water, benches and terraces, and mass wasting phenomena.
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Table 5: Mining indicators and their polarimetric responses

Mining Indicators Single | Double | Volume Helix Entropy | Anisotropy | Remarks
bounce | bounce | scattering
HEMM from 2011 scene 0.005= | 0.123+ | 0.003% 0.016x | 0212+ | 0.613% Identification
0.004 0.096 0.005 0.041 0.064 0.171 of active
mining faces
HEMM from 2010 scene 0.024x | 0.096x | 0.001=£ 0.003f 0239+ |0.633 £ has been done
0.048 0.099 0.001 0.004 0.057 0.145 from location
of HEMM in
an opencast
mine.
Opencast Water 0.0008 | 0.0001 | 0.0001 = |0.0002 | 0.683% |0.493 % Intensity is low
floor can be | accumulated | £ + 0.0001 * 0.157 0.140 compare to
divided as means 0.0009 | 0.0001 0.0003 Smooth no
follows abandoned stagnant water
mines accumulated
Mixture of 0.006 £ | 0.0001 | 0.001 0.001 £ | 0512+ | 0413 £ Intensity high
soil and rock | 0.004 * 0.001 0.001 0.152 0.142 compares to
(rough 0.0001 Water
surface) no accumulated
accumulated means
stagnant abandoned
water means mines
active mines
Bench (B) and terrace (H) 0.015+ | 0.002+ | 0.002 = 0.002t | 0.561f | 0.461 £ Solid rock
0.018 0.004 0.002 0.002 0.133 0.185 presents in the
benches.
Opencast Overall slope Almost
slope angle constant;
properties. overall slope
Slope angle varies
morphology within a limit
includes the for a specific
followings: opencast mine.
Presence of Very difficult
fracture to identify in
the 10m pixel
size.
Mass wasting | 0.0003 | 0.0000 | 0.003 £ 0.003+ [ 0.768 £ | 0.464 £ Loose rocks
phenomena + + 0.0008 0.002 0.109 0.171 give higher
0.0005 | 0.0001 volume

scattering than
double

bounce.
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Graphical representation of polarimetric responses of various mining properties
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Figure 10: Yamaguchi Polarimetric responses of various mining properties

0.9
0.8
0.7
0.6

0.5

!

0.4
0.3
0.2

0.1

HEMM Mine water OCP floor Benches & Terrace Mass wasting

e=@==[Fntropy ==@==Anisotropy
Figure 11: Entropy and Anisotropy responses of various mining properties

HEMM generated high double bounce value, mine water gave high single bounce polarimetric response,
opencast mine floor generated higher single bounce than mine water, benches and terraces gave high single
bounce including second highest double bounce and mass wasting generated high volume scattering shown
in Figure 10. The various value of entropy and anisotropy polarimetric responses of various mining
indicators and their properties shown in Figure 11.
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6.3. Identification of HEMM

6.3.1. Based on entropy value and double bounce

Training set to identify HEMM was created based on entropy pixel value < 0.30 and double bounce pixel
value > 0.01. The figure 12 shows the HEMM points (shown as green points) identified based on
polarimetric properties of 2011 scene shown in the LISS-IV image.

Legend

LISS IV Study area

¢ HEMMW_Classified_point RGB

Bl R=: Band_s
- Green: Band_2
- Blue: Band 3

Figure 12: Green point represents classified HEMM shown in LISS IV image of study area

Validation of HEMM pixels shown in figure 13.

Legend LISS_IV_Study_area
¢ HEMMW_Classified_paint RGB
e HEMM_Ground_truth_point [l Red: Band_1
- Green: Band_2Z
I 5 Band_3

Figure 13: Red point represents ground truth and green point represents classified points of HEMM

shown in the LISS-IV image.
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Two fully polarimetric SAR scenes were available of which, one was acquired on 234 November 2011 and
the other was acquired on 28% November 2010. The ground truth data was collected in December 2011.
So, validation by using ground truth data is justified for 2314 November 2011 SAR scene. Identification of
HEMM pixels from fully polarimetric SAR data was possible and validation of results was done by using
the available five points of ground truth data of HEMM. Red points represent the ground truth data received
from the field and green points indicate classified HEMMs generated from fully polarimetric SAR scene
dated 23 November 2011, as shown in Figure 133. However, four out of five ground truth points are
located at a distance of about 350 m from the nearest classititd HEMM points.

Legend LISS IV_Study_area

@  HEMM_Classified_point RGB

Figure 14: Green points represents classified HEMM overlay on LISS-IV image.

Green points shown in Figure 144 represent the HEMM responses. All green points are shown in Figure
122, Figure 143 and Figure 14 are not represented as HEMM. There are some points which have similar
polarimetric responses like HEMM and classified as HEMM but have mostly come from the urban area.
However, the classifitd HEMM points that do not come from opencast mine area, are not represented as
HEMM in the study. Two zoom areas are selected, which are shown in red rectangle boxes and name as
“A” and “B” in Figure 145. The Google earth image of the zoom area of “A” and “B” (in Figure 15) are
shown in Figure 15A-B.
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Figure 15: A - B HEMM classified image shown in Google earth image dated 30th October 2011

Yellow icons represent the HEMM pixels shown in Figure 155 A-B. Fully polarimetric data was acquired
on 28" November, 2010; plotted the classified HEMM points on Google earth image dated 30% October
2011 shown in Figure 15 A-B. The position of HEMM pixels (yellow icon in the images) within the opencast

mine represents the location of active faces of opencast mine shown in Figure 165 A-B.

6.4. Identification of active mining faces

Image © 2016 DigitaGlobe

Google earth

Figure 16: Identification of active opencast mine faces from HEMM location

The HEMM worked on an opencast active mine face which is cleatly visible in Figure 16.
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6.5. Identification of opencast mining properties

7,500 3,750 7,500 Meters
N

Legend
Opencast_Mining_Properties

B HEvm [] mAss wasTING

[ OPENCAST MINE FLOOR [T ] BENCHES AND TERRACES
I OFPENCSAT MINE WATER

Figure 17: Classified image of opencast mining properties

Classified image of opencast mining properties is shown in Figure 177. In Figure 17 HEMM, opencast mine
floor without water, opencast mine water, mass wasting area, and benches and terraces represented by red,
green, blue, yellow and cyan colour pixel, respectively. Some zoom area of the classified image of mining
properties (shown in Figure 177) have been shown below (shown in Figure 178 - 21) where the legend is

similar to the classified image of mining properties of Figure 177.

6.5.1. Identification of opencast floor mixture with of soil and rock with no accumulated stagnant water

Figure 18: Opencast floor mixture with of soil and rock with no accumulated stagnant water

Left side image of Figure 18 visualised in RGB band where double bounce viewed in red band (R); volume
scattering viewed in green band (G) and single bounce viewed in blue band (B). Right side image of Figure

18 is a classified image of various opencast mine properties. Opencast mine floor mixture with soil and rock
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is shown in zoom window of both (left and right) the images of Figure 18. The red circle shown in Figure
18, encircled the opencast mine floor. Opencast mine floor mixture with soil and rock without water was

identified in Figure 18.

6.5.2. Identification of opencast floor filled with water

) ®)

Figure 19: Opencast mine floor filled with water

Left side image of Figure 19A and 19B is same left side image as shown in Figure 18. The backscatters value
is low in case of the water body. Water body of opencast mine appears as black colour in an RGB image of
SAR scene when double bounce visualises in red band (R); volume scattering visualises in green band (G)
and single bounce visualises in blue band (B). The zoom window shows the opencast mine water which is
also encircled by a red circle. Opencast mine water was cleatly identified in the classified zoom image

window of right side image of Figure 19A and 19B.

6.5.3. Characteristic of benches and terrace

o - O XI@ - o x - o

File O y Enhance Tools Window File Enhance Tools Window

Figure 20: Benches and terraces identified in classified image
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Figure 20 divided into 4 sub frames. Second sub frame (from left) is a classified image of mining properties
and first sub frame image (from left) is before classification. Third sub frame (from left) is Google earth
image and the 4th sub frame is zoom area of the classified image. Benches and terraces were identified and
highlighted in the cyan colour pixels shown in zoom image. The validation of result was done from Google
earth image shown in Figure 20.

6.5.4. Mass wasting phenomena

Figure 21: Classification image of mass wasting phenomena

Figure 21 is divided into four sub frames and the sub frames are similar to Figure 20. Red ellipses show
the area of mass wasting within opencast mine. The validation of result was done from Google earth
image shown in Figure 21.

6.6.  Land deformation information from PSInSAR technique

Normal Baseline [m]

20100306 B
20100410 =

20070317 |~
20070421 =+
20070826 =
20070630 |~
20070804 =
20070908

20071013 |~
20071117 |~
20071222 =
20080301

20080614 =
20080927 |-
20081206 |—
20090110 =
20090214 |~
20090704 =
20091226 |-
20100130 |~

Figure 22: Normal baseline distance in m in the Y axis, the temporal extent in the X axis of 20 numbers of
time seties ENVISAT data and coherence threshold 0.5.
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20 single polarised SAR data set were selected to generate the trend of land deformation. Among them, 06t
December 2008 scene was considered as master image and others were considered as slaves. Acquisition
date or temporal distance in day in X axis and normal baseline distance in m in Y axis of data set shown in
Figure 22. First nine ENVISAT data (older from acquisition date wise) have low temporal distance, however,
normal baseline varies from -350 m to 300 m shown in Figure 22. The rest of the ENVISAT data have less
normal baseline variability and high temporal variability compares to first 9 ENVISAT data shown in Figure
22. Coherence threshold was selected to 0.5 for the selection of master data.

8,000 4,000 8,000 Meters

8500 3250 8,500 Meters
N T T

Legend
Land_deformation(mm/year) ¢ 999-000 LISS_IV_Study_ area
VEL © 001-1000 RGB

¢ 4000--30.00 o 10.01-20.00 [l Rec: Band_1

e 2000--2000 e 2001-30.00 [ Green Band_2

e 19.99--10.00 + 3001-4000 [l Blve: Band_3

Figure 24: Land deformation information in Jharia coalfields
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Coherence was selected 0.65 for sparse point selection and land deformation information was generated for
13068 points. The Figure 23 and Figure 24 shows the land deformation information of 3730 points within
the study area. The red dot is shown in Figure 243 and Figure 244 represents the land subsidence at the rate
of 40mm/year and the blue dot represents the land uplift at the rate of 40mm/year. Several red dots present
adjacent to the opencast mine which represents the land deformation occurs around the opencast mines. In
most of the cases, land uplift was observed near opencast mine due to the dumping of overburden. Figure
25 A-D shows the graphical representation of land deformation rate of various points such as red point,

blue point, and cyan point of Figure 23.
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Figure 25A-D: Rate of land deformation observed at particular point over time seties
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Figure 25 A-B shown high rate of land subsidence i.e. 40 mm/year and 28 mm/year, respectively whereas
Figure 25 C represented the high rate of land uplift i.e. 27.6 mm/year obsetrved in opencast over burden
dump area. Figure 25 D represent the point had very low deviation i.e. 0.8 mm/year of the land surface
profile.

6.7.  Integrated information obtain from PoISAR and ADInSAR technique

Image 1 Decompaosition 1

Image 2 Decompaosition 2 —

Noisn4d

[

Synthesized Image Fusion of Decompositions

Figure 26: DWT fusion technique applied on mining properties (image 1) obtained from PolSAR data and
time series land deformation information (image 2) obtained from PSInSAR technique.
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N

Figure 27: Fusion image of land deformation information and mining properties
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Figure 26 represents a flow chart of discrete wavelet based image fusion. Two levels of decomposition were
performed by using discrete wavelet transform of classified mining properties image and land deformation
image corresponding to image 1 and image 2 respectively shown in Figure 26. Then fusion was performed
to combine both the information in each level. Finally, inverse discrete wavelet transform was performed

to generate fusion image.
Figure 27 shows fusion image of the mining properties (same as shown in Figure 17) and land deformation

information (same as shown in Figure 24). Zoom area of site A and B of Figure 2627 shown below.

Zoom area "B" of Figure 27
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7. DISCUSSION, CONCLUSION AND
RECOMMENDATIONS

71.  Discussion

The objective of this research was the identification of opencast mining indicators and their properties;
identification of land deformation in opencast mine area from single polarised SAR data and to integrate
both the information. This section covers the discussion about different results achieved such as classified
images of various mining properties including overall classification, consequent land deformation result
obtained from time series single polarised ENVISAT data and integration of both the information including
exploration of the impact of mining properties over land deformation around the opencast mine area.

The orientation angle shift varies within -23° to 23" observed from the histogram of data. Estimation of
orientation angle shift in opencast mine area was observed higher compared to another area in both (2011
and 2010) polarimetric scene as shown in Figure 8 and Figure 9. Following are the impact on the elements
of coherency matrix observed due to polarisation orientation angle shift.

The mean value of the T, element of coherency matrix remained constant after deorientation. However,
after deorientation, the mean value of the T, element of coherency matrix was magnified whereas the mean
value of T33 element of coherency matrix was reduced. The real part of the T»3 element of coherency matrix
became close to zero and the imaginary part of the T3 element of coherency matrix remained same. There
was no consistent change observed in the real and imaginary part of the Ty, and T3 element of coherency
matrix. The amount of increased in double bounce power was almost similar as the amount of decreased in
volume power.

Various mining properties such as HEMM and active mining faces shown in Figure 12-16, opencast mine
floor mixture with soil and rock without water shown in Figure 17, opencast mine water shown in Figure
18A-B, benches and terraces shown in Figure 19, mass wasting area shown in Figure 20 were identified from
tully polarimetric SAR data.

All classified HEMM points, identified on the basis of entropy value less than 0.3 and double bounce value
more than 0.01, did not represent HEMMs and a large number of them (classified HEMM points) were
observed in regions other than opencast mine areas, especially, came from the urban areas. Only those
classifitd HEMM points which were found within opencast mine areas, were considered as HEMMs.
Validation was performed with the five ground truth data points, as shown in Figure 13. There is the distance
observed between HEMM points identified from the classified image and ground truth data. Possible
reasons for the distance observed between classified HEMM points and HEMM ground truth points are as
follows:

e The positions from where the ground truth data were collected may not be close to the exact
locations of the HEMMs due to various reasons such as the issue of safety when the HEMMs were
in operation, the factor of obtaining requisite permission and the bad condition of the improvised
roads leading to the locations of HEMMs.

e A temporal difference of one month was observed between the acquisition of SAR scene and the
collection of ground truth data. As the excavation work goes on continuously in the mines, the
locations of HEMMs may change considerably within this period of one month.

e Another possible cause may be the movement of the equipment (HEMMs) to other excavation
location, as per the decision of the mine authority.

e It may so happen that the points closer to the five ground truth data points are not highlighted in
the classified image (due to the complexities in mine geometry and also because of the fact that
100% classification is very difficult to achieve).
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Four out of five points ware located at a distance of about 350 m from the nearest classified HEMM points
was observed from Figure 13. The possible reason may be all the HEMM points were not classified by this
method. Therefore, large number of ground truth data is required and with a variation of double bounce
value is to be considered to explore this method to classify and validate HEMM point before say that, this
method is not suitable to classifty HEMM properly. However, a large number of ground truth data (greater
than 30) can also be used for the preparation of training set of HEMM. Then, classification and validation
of HEMM result can be performed to successful identification of HEMM. The above approach was not
applied in this study to identifty HEMM due to constrain of less number of ground truth data was available.
Active mining faces are those where continuous excavation is going on. The excavation is done by HEMM
in an opencast mine. So, the position of active mine faces in opencast mine was identified by the location
of HEMM identified within the opencast area.

The successtul identification of water body was done and shown in Figure 17A-B. The classified water body
was validated from Google earth image. Opencast mine filled with water represents abandoned mine.
Opencast mine floor mixture with soil and rock without water was observed when mining operation such
as mineral excavation, pumping was in progress. Opencast mine floor was identified in Figure 16.

Random size and shape of rocks are present in an unsystematic way in the mass wasting area. High volume
scattering was observed in mass wasting area compared to single bounce and double bounce. The mass
wasting area was identified and validated with Google earth image shown in Figure 19.

Opverall classification was performed and shown in Figure 15. Though various polarimetric responses were
come from non-mining properties, outside of the opencast mine area similar as polarimetric responses of
HEMM, opencast mine floor, terrace and benches, and mass wasting area. As a result, identification of
opencast mine boundary became difficult. The pure training set was prepared to minimise the effect. Shape
file of each opencast mine boundaty can solve this problem. Ground truth data can be used to prepare a
training set to minimise the similar polarimetric responses from other than opencast mine area.

The Figure 23 and Figure 24 show the land deformation information. The red dot shown in Figure 243 and
Figure 244 represents the land subsidence at the rate of 40mm/year and the blue dot represents the land
uplift at the rate of 40mm/year. Graphical representations of land deformation rate of several points were
shown in Figure 25 A-D. The various rate of land deformation trend of each point with respect to time
series shown also in Figure 25 A-D. The land deformation trend was positive i.e. land uplift, sometimes, the
land deformation rate was negative i.e. land subsidence and no land deformation was also observed for a
point in various time series. Therefore, non-linear land deformation trend also monitored by using single
polarised time series SAR data.

Integration of information obtained from mining properties classification and land deformation information
were done by using discrete wavelet transformation operation shown in Figure 27. Several red dots were
identified adjacent to the opencast mine which represents the land subsidence occurred around the opencast
mines. In most of the case, land uplift observed nearby the opencast mine due to the dumping of
overburden. Some of the cases land uplifts were also observed nearby the dumping area. The high rate of
land deviation (subsidence or uplift) was observed around the opencast mine and the effect of land
deformation due to opencast mining activities was lesser as one goes away from the opencast mine, shown
in the zoom area A-B of Figure 27.

7.2. Conclusion

Recently, few researchers are interested in monitoring opencast mine activities by using SAR. However,
SAR technology is not explored in various opencast mine related problems till now. Identification and
monitoring of various opencast mining activities including hazards monitoring become necessary to explore
the capabilities of SAR technology.
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After orientation angle compensation, the volume power is reduced and the double bounce power is
magnified. The amount of rise in double bounce power is almost similar as the amount of reduction in
volume power.

Identification of various opencast mining indicators and their properties are easy to classify. However,
similar polarimetric responses are observed from benches and terraces of opencast mine and opencast mine
floor as urban areas and barren lands, respectively. Therefore, identification of opencast mine boundary
becomes difficult from the classified image. Identification of various opencast mining indicators and their
properties become more difficult when opencast mine area is closely surrounded by slum area. The HEMM
ground truth points and classified HEMM points located 350 m (approximate) apart was observed from
Figure 13. The possible reason may be all the HEMM were not classified by this method. However, due to
the unavailability of the adequate ground truth data validation could not be done very efficiently in this
study. A large number of ground truth data points, should be required at exact locations of the HEMMs
within a very short time interval after the acquisition of the SAR data, is needed for both classification (i.e.,
the preparation of the training set) and validation. Anyway, the application of SAR for classification of
mining indicators and their properties in opencast mines, is a new field where most probably no work has
been done previously. And I hope that, in future, the method adopted in this study will be employed
efficiently (with adequate data) to generate useful and interesting results.

Implementation of SAR technology for land deformation is also very challenging because of various
opencast mine’s slope angle and direction and its dynamic nature. It is observed that 37.23% of 3730 points
shows more than * 10 mm/year land deformation rate in this study area. Maximum number of land
deformation points (deformation rate more than = 10 mm/year) are located adjoining the opencast mining
areas. The high rate of land deviation (subsidence or uplift) observed nearer the opencast mine area and the
effect of land deformation due to opencast mining activities was lesser as one goes away from the opencast
mine. The spatial relationship between land deformation and mining indicators and their properties was also
observed from discrete wavelet based fused image. So, the spatial relation between land deformation and

mining indicators and their properties responsible for land deformation cannot be denied.

7.3.  Answer to the research questions

1) What is the influence of polarisation orientation angle on PolSAR data of opencast mine

topography?

The estimated value of the shift in orientation angle was observed to be higher in opencast mine areas than
in other areas in the fully polarimetric scenes corresponding to both 2011 and 2010 as shown in Figures 8
and 9 respectively.

2) Which of the polarimetric signatures and decomposition methods ate best suited for identification
of mining indicators and their properties responsible for opencast mine induced land deformation?

HEMM contributed high double bounce value and low entropy value (H<0.3) and opencast active mine
faces were identified from the location of HEMM.

The opencast water body was identified by high single bounce value and high entropy value.

Opencast mine floor without water was generated by the polarimetric responses of medium single bounce

and medium entropy value.

Benches and terraces were identified by higher double bounce scattering compared to other mining
properties except for HEMM.

The mass wasting areas were identified by higher volume scattering compared to other mining properties.

3) What are the spatial patterns and position of land deformation identified by time series analysis of
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PSInSAR process?

The high rate of land deformation is observed mainly around the opencast mine area and the effect of land

deformation due to opencast mining activities is lesser as one goes away from the opencast mine.

4) Is DInSAR fail in specific mine arear? In which state DInSAR process failed and which respective

characteristic or property of opencast mine is responsible for the failure?

Failure of DInSAR did not observe in this study. Possible causes for DInSAR failure are described in the

motivation and problem statement section.
5) How to integrate the PoISAR and PSInSAR results?

Integration of the retrieved information from the PolSAR and PSInSAR results were done by the discrete
wavelet fusion operation. However, discrete wavelet fusion operation preserves both spatial and spectral
information from both the images, still, detail information extraction from fused image was not so successful
due to non-differentiate of opencast mining area from its surroundings. Therefore, shape file of each
opencast mine boundary can be a solution to understand the land deformation trend with respect to mining

properties.

74. Recommendation

Large number (> 50 for each class) of ground truth data is required for creating training set and validation
of results. Accurate and precise ground truth data should be collected. Accuracy assessment of classification
results is necessary to justify the classification of mining properties. Sequential time seties single polarised
SAR image scenes are required for continuous monitoring of land deformation. Best decomposition method
can be identified by comparison of accuracy result of various classified mining properties in various
decomposition methods.

C-band is less sensitive to polarisation orientation angle shift compare to P-band and L-band. Effect of
polarisation orientation angle shift on opencast mine topography can also be studied by using P-band and
L-band.
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