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Abstract

Open-pit or underground mining both causes environmental impacts such as air, soil, water pollution, etc., especially causing land
subsidence of mines and surrounding areas. Research on mining subsidence is often carried out by field survey, the advantage of this
method is high accuracy, but it is usually applied in a small scale. Recently, with the development of radar technology, there have been
many studies applying this Radar Interferometry technique to determine surface subsidence over a wide range with a few millimeters
accuracy. In this paper, 24 Sentinel-1 images were used as input materials, using the Permanent Scatter Interferometry (PSInSAR)
method to determine the land subsidence of the Tan My-Thuong Tan quarries and surrounding areas. The results were compared
with the average annual subsidence of 20 surveying points using GNSS technology from 1/2018 to 3/2020. The correlation coefficient
of annual average land subsidence of the two methods is 0.83, showing the feasibility of applying InSAR Sentinel-1 data processed by
PSInSAR method for determining mine surface deformation and surrounding area.
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1. Introduction

Land subsidence due to resource exploitation such as
groundwater and mines is common in many areas of the
world such as in Texas (Bawden et al. 2012), California (Unit-
ed States) (Tizzani et al. 2007), Bangkok. (Thailand) (Aob-
paet et al. 2013) and Jakarta (Indonesia) (Ng et al. 2012). This
phenomenon causes adverse impacts causing subsidence and
damage to constructions (Yang et al. 2016; Akcin et al. 2010).
The study of land subsidence by satellite remote sensing has
been studied for over 20 years (Chaussard et al. 2014; Chen
et al. 2000), in which active radar technology has become a
useful tool for monitoring land subsidence.

Differential synthetic aperture radar interferometry (DIn-
SAR) was first applied to Seasat satellite imagery to study
small elevation changes over an area of 50 km2 in the Im-
perial Valley, California, USA (Graham 1974). The DInSAR
method uses at least two images acquired at two different
times of the same location before and after a change occurs to
detect the displacement by measuring the different phase of
the two times of image acquisition. However, this method has
many limitations because it does not eliminate some sources
of errors and disturbances, such as atmospheric effects, orbit-
al errors, etc. (Anh et al. 2007).To overcome this restriction,
Ferretti proposed the Permanent Scatter SAR Interferometry
(PSInSAR) method (Ferretti et al. 2001). The basic principle
of this method is based on the use of a series of SAR images in
the same area to extract a number of permanent scatter points
for determining the land deformations. The PSInSAR meth-
od is developed and widely used, which has brought quite
good results with accuracy for land deformation detections
up to a few millimetres. A typical application such as (Lépez-

Quiroz et al. 2009) has successfully applied 38 images of En-
visat ASAR to determine subsidence for Mexico City. In Asia,
Liu et al. used 26 ERS1 / 2 images to calculate subsidence in
Shanghai (Liu et al. 2008). In Indonesia, radar technology was
applied for the first time in the land subsidence study of the
Jakarta city in 2001 by Hirose's research (Hirose et al. 2001).
In this study, 17 SAR images of JERS-1 from February 1993 to
September 1998 were used to create 41 interferometric pairs
with baselines smaller than 1000 m. Research has shown that
during the period of 1993-1995, Jakarta was subsided 10 cm
and from 1995-1998 subsidence was 6 cm. In Vietnam, re-
searches to determine urban subsidence is mainly concentrat-
ed in Hanoi and Ho Chi Minh City. Anh et al. (2016) used
27 Cosmo Skymed images to determine subsidence of Hanoi
urban areas due to groundwater extraction (Anh et al. 2016).
The research of Le Van Trung et al. (2018) studied the deter-
mination of subsidence in Ho Chi Minh City by using ALOS
PalSAR images also using the PSInSAR method (Van Le and
Nguyen 2018).

In addition to using radar imagery to identify urban sub-
sidence, it is also used for land subsidence in mining areas. A
number of case studies such as (Baek et al. 2008) have applied
JERS-1 images with Small Base Lines (SBAS) method to deter-
mine surface subsidence of Gangwon-do coal mines (Korea)
which used 22 JERS-1 images. The standard deviation for sub-
sidence detection in this study achieved 7.8 mm (Baek et al.
2008). In China, (He et al. 2009) determined the land subsid-
ence of the Hebei mine using the DInSAR method. Xinpeng
Diao et al. (2016) used a series of radar images to identify
the subsidence of Hainan coal mines (Diao et al. 2016). Each
research uses different types of InSAR methods for suitable
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Fig. 1. DInSAR deformation measurement
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Order 3;;;[ /Y(;f Acquisition Baseline (m) Order (D]?I:\i/}/eY) of  Acquisition Baseline (m)
1 12-Jan-2018 64 13 13-Apr-2019 49
2 05-Feb-2018 52 14 19-May-2019 96
3 25-Mar-2018 -45 15 12-Jun-2019 7
4 30-Apr-2018 76 16 18-Jul-2019 34
5 05-Jun-2018 -64 17 23-Aug-2019 65
6 04-Aug-2018 38 18 28-Sep-2019 138
7 09-Sep-2018 42 19 22-Oct-2019 44
8 03-Oct-2018 90 20 15-Nov-2019 118
9 08-Nov-2018 26 21 21-Dec-2019 40
10 14-Dec-2018 0 22 26-Jan-2020 107
11 07-Jan-2019 102 23 19-Feb-2020 73
12 08-Mar-2019 106 24 26-Mar-2020 82

with the data to be processed. With Xinpeng Diao research,
the authors used advantage DInSAR method with probability
integration to detect the settlement on a large scale (Diao et
al. 2016), while (Ma et al. 2016) used series of images with
SBAS method to determine land subsidence of Bu'ertai Mine,
Shendong Coalfield, China. Through these analyzes, it is easy
to see the effectiveness of using radar images for monitoring
land subsidence in general and mines in particular. Our study
focuses on ground subsidence in open-pit quarry mines and
surrounding areas by PSInSAR method with Sentinel-1B se-
ries from 2018 to 2020. The reason for choosing this type of
image is because it is a free, constantly updated image that
makes it a great source of data for monitoring mine surfac-
es. Besides, external measurement benchmarks using GNSS
(Global Navigation Satellite System) around the mine were
also conducted at the same time of image acquisitions to vali-
date the results for land subsidence of mines and surrounding
areas by Sentinel-1 images.

2. Study area

Binh Duong is a province with many different types of
land, suitable for industrial tree development, civil construc-
tion and industrial development. In addition, Binh Duong has
many special mineral resources such as magmatic rocks, sedi-
ments and some weathered rocks. These materials provide the
province's traditional industries such as ceramics, construc-
tion materials and mining.

The study area is Thuong Tan - Tan My construction quar-
ries located in Thuong Tan commune, Bac Tan Uyen District,
Binh Duong province with coordinates ranging from 11001’
to 11° 04' north latitude, and 106° 51' to 106° 54" longitude
(Fig. 2). In the area, there are 17 mines being exploited at dif-
ferent levels, and the deepest is the Chang Tan III and Thuong

Tan IV mines currently exploiting at -90 m. According to the
provincial mineral exploitation plan, the mines will be as-
sessed the mining capacity down to -150 m. The topography
of the research area has an average height of 7 to 40 meters,
lowering from north to south, the central area is Lo O Moun-
tain, with an absolute height of 54 meters.

3. Research methodology

PSInSAR method using a series of multi-temporal images
are based on the principle of the DInSAR method. Assuming
there is 1 point P on the ground and there are two images that
acquired at different times, the phase difference between the
two acquisition images can be extracted to determine the land
deformations (Fig. 1).
sp'—mp

A
41

APy = @5 — @y = t @Pscare s — Pscarem (1)
where:

M is the first image position (Master), S is the second image
position (Slave)

B is the distance of the baseline

MP is the distance from the satellite at the time of the first
image acquisition to the monitoring position P;

SP is the distance from the satellite at the second image acqui-
sition time to the monitoring position P;

A¢lInt is the interferometric phase determined by the phase
difference between two images

¢M is the measured phase of the first image;

¢S is the measured phase of the second image;

¢scatt-M is the phase change generated during the interaction
between radar waves of the first acquisition M and target P;
@scatt-S is the phase change generated during the interaction
between radar waves of the second acquisition S and target P;
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Fig. 2. Research area (small yellow rectangle) and frame of Sentinel-1B image (master image- red rectangle)

Rys. 2. Obszar badawczy (z61ty prostokat) i ramka obrazu Sentinel-1B (obraz gtéwny - czerwony prostokat)

The above interferometric phase includes the phases relat-
ed to the terrain element and the deformations together with
the noise of the atmosphere, thus to determine the land de-
formations, it is necessary to remove the terrain phase factor
and phase noise. The formula for detecting land deformations
is expressed in (2):

ﬂ(PDm, = A@ne — PTopogimy — Ppispt T Propo,., T Parmg (2)
—@aem_m + Porb_s — Porv_m + Proise + 2. k.7

where:

¢@Topo_res is the residual topographic error (RTE) component;
@Atm is the atmospheric phase component at the time of ac-
quisition of each image;

@Orb is the phase component due to the orbital errors of each
image (errors that affect the position of M and S in (Fig. 1).
@noise is the phase noise;

k is an integer value called phase ambiguity, is a result of the
wrapped phase of A@D-Int, that means the DInSAR phases
are bounded in the range (-, 1];

The goal of DInSAR technique is to derive @Displ from
A@D-Int. This means separating ¢Displ from the other phase
components of Equation (2). An essential condition for doing
this separation is to analyze pixels with small gnoise, which
often involve to the objects that have strong and constant scat-
tering over time ( Persistent scatteres - PS) and objects also
have constant scattering over time, but they come from small
scattering objects (Distributed scatteres- DS). The biggest
limitation of the DInSAR method is the decrease in correla-
tion as the temporal baseline increases and the gnoise due to
atmospheric influences.

PSInSAR method represents an improved method from
DInSAR, which uses multiple SAR images acquired in the
same area. This method provides suitable data analysis and
processing procedures to separate ¢Displ from different phase
components expressed in Equation (2) as well as eliminate the
influence of the atmospheric phase screen (APS).

4. Data and image processing
4.1 Data

The data used is Sentinel-1 images, C band (5.6 cm wave-
length). Sentinel-1 satellite operates in four modes (Stripmap
(SM), Interferometric Wide swath (IW), Extra-Wide swath
(EW), Wave mode (WV)) with different resolutions and has
two generations: Sentinel-1A (launched in April 2014) and
Sentinel 1B (launched in April 2016). For land surface sub-
sidence studies using the PSInSAR method, the image must
be a single look complex (SLC) image, therefore, the selected

image mode is IW. Images of the study area are directly down-
loaded at the Alaska Satellite Facilities (ASF) website of NASA
(https://search.asf.alaska.edu/).

In the study area, 24 Sentinel-1B dual-polarization (VV
+ VH) images with the descending orbit, at the Path of 18
and the Row of 554 have been downloaded. The data is pro-
cessed for separating the VV polarization. Basic information
of images is shown in Table 1. Research area and Sentinel-1B
image frame (master image) are shown in Fig. 2. Where the
red frame is Sentinel-1B dual-polarized (VV + VH), the small
yellow box over the IW1 scanning track is the study area.

4.2 Image processing

To process Sentinel-1 images, 2 software: SNAP and
StaMPS were used.

SNAP: A common architecture for all Sentinel Toolboxes
is jointly developed by Brockmann Consult, SkyWatch and C-S
called the Sentinel Application Platform (SNAP) (ESA WEBsite).

Stanford Method for Persistent Scatterers (StaMPS): A
software built to process image series using PSInSAR and
SBAS methods for current radar images. StaMPS software was
first developed at Stanford University (the United States), but
subsequent versions of StaMPS and StaMPS / MTI were de-
veloped by research groups at the University of Leeds (United
Kingdom), University Iceland and Delft University of Tech-
nology (Netherlands) (Hooper et al. 2010).

The process of image processing by PSInSAR method with
the two software mentioned above consists of two indepen-
dent tasks: (i) processing DInSAR for master image and pre-
paring slave images by ESA SNAP; and (ii) PSInSAR process-
ing with StaMPS. Fig.3 depicts a PSInSAR image processing
flow chart using SNAP and STaMPS.

Prepare the master image

Firstly, the master image is selected from the download data
set, then it is imported into SNAP and selected the sub-swath
containing the study area and accurate for the orbit of the Sen-
tinel-1 image by Graph Builder function in SNAP which ability
to run the command automatically. This step is important as
it will help optimize the time and resources for the rest of the
processing (Delgado Blasco et al. 2019). For Tan My -Thuong
Tan study areas, IW1 sub-swath was selected (Fig.3).

Slaves preparation

In this step, Sentinel-1 Single Look Complex (SLC) data is
sorted by image acquisition dates, and also checks and reduc-
es the name of the original image file.
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Fig. 3. PSInSAR image processing flow chart using SNAP and STaMPS
Rys. 3. Schemat przetwarzania obrazu PSInSAR przy uzyciu SNAP i STaMPS

Starting from this processing step to enable processing in
batch mode, a Graph Processing Tool (GPT) is used, code for
running the processing in xml format is available on Github
and run on Python 2.7 (Foumelis et al. 2018).

Image splitting and orbit update

The slave images are also separated based on the part and
the polarization, which is determined in the master image
preparation step. During further processing, bursts between
master and slaves will automatically be extracted according
to the defined AOI region. Then the orbital information of
slave images are updated by automatically downloading the
correct orbital vectors at the ESA Web site (https://qc.senti-
nell.eo.esa.int).

Co-registration and interferogram formation

This step requires a lot of calculations, and it conducts
a co-registration of the master image and each slave image
that has been prepared in the previous step together. Next,
the interferogram for each pair of images was generated and
removed the flat earth phase (the phase related to ellipsoid).
Debursting for both the SLCs and the differential interfero-
gram is necessary for removing the horizontal stripes. The
terrain phase is simulated and removed using the 3-second
SRTM Digital Terrain Model (DTM), which is automatically
downloaded by SNAP. In this step, the research area that has
reserved before is subsetted.

Export to StaMPS format

This is the last step of the DInSAR processing chain on
SNAP. Exporting this data will create folders containing single
images of SLC views of all image files, folders containing the
interferometric pairs of the master image and the slave images
as well as the folder of the coordinates of the master image
and the study area digital elevation model (DEM).

Ingestion into StaMPS

The following step is the ingestion of SNAP exports into
StaMPS using a specific script, called mt_prep_snap (Foume-
lis et al. 2018). The StaMPS PSInSAR processing sequence is

then run from steps 1 to 7 (Hooper et al. 2010). Below, we ex-
plain a little more about some key steps in the STaMPS image
processing chain.

PS Selection

This step makes a selection of PS based on probability, by com-
parison to results for data with random phase. The main part of the
time series calculations are done in Matlab (Hooper et al. 2010).

Phase unwrapping

The interferometric phase when receiving is wrap phase,
and it varies from -7 to T, so in order to get the real phase
of the terrain, we have to do phase unwrapping. The phase
unwrapping technique is the most difficult step and also the
decisive step to the accuracy of the results of determining the
terrain deformations made by InSAR method. StaMPS has
the phase unwrapping methods as the "Minimum Cost flow
2D (MCEF)" algorithm, or the MCF 3D method (Hooper et
al. 2010). The MCF 3D method was chosen to the phase un-
wrapping for our data set because it proved highly accurate
(Hooper et al. 2010).

Subsidence calculation over time and eliminate atmospheric
influences

The heterogeneity of the atmosphere (ionosphere and tro-
posphere) and its variation over time and space, cause chang-
es in the signal speed on the line between the antenna and
the terrain surface, and that is the cause that directly affects
the interferometric phase value and is called the Atmospheric
Phase Screen (APS). In this step, we will have to remove the
APS first and calculate the speed of land subsidence.

The speed of subsidence is calculated from a series of sub-
sidences over time of different times. Suppose subsidence of
each target is d = [d1, d2,. . ., dn] (n is the number of the
image acquisitions) and the baseline of the images in time is
T = [T1, T2,. .. Tn], then the weight is used to calculate the
rate of subsidence, provided that the mean square error of the
interferometric phase will be taken as the weight of the settle-
ment. The following formula is used to determine the rate of
subsidence over time (Jiang et al. 2016).
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Fig. 4. The image map of the subsidence around the Tan My and Thuong Tan open mines

Rys. 4. Mapa siadan terenu wokot odkrywkowych kopalin Tan My i Thuong Tan

Tab. 2. Subsidence measurement values by GNSS and Sentinel-1 images

Tab. 2. Poréwnanie wartosci osiadan pomiarem GNSS i Sentinel-1

Order Code of surveying Subsidence by GNSS (2018 Jan to Subsidence by Sentinel-1 A2 Deviation
points 2020 Mar) Al (mm) (mm/y) A (mm/y)
1 A23 -11.6 -9.3 3.5
2 A22 -12.2 9.1 3
3 Al9 -10.6 -8.2 2.9
4 AS8 -9.6 -1.5 2.7
S B68 -10.6 -7.3 2
6 All7 -10.4 -1.7 2.5
7 A126 -83 =52 1.05
8 A98 -13.5 -7.6 0.85
9 Al24 -11.5 -6.3 0.55
10 Al122 6.2 3.1 0
11 B72 -5.1 -1.3 1.25
12 All4 -10.4 -1.7 2.5
13 Al36 -7.1 =53 1.75
14 B105 -9.2 -5.2 0.6
15 B61 -15.6 -8.1 0.3
16 B53 -18.2 -10.3 1.2
17 B81 -21.3 -12.3 1.65
18 B2 -18.2 -13.1 4
19 B9 5.2 1.3 1.3
20 B29 -6.1 -3.5 0.45
v=(TTPT)"TTPd (3) Starting from this processing step to enable processing in

where:

v is the subsidence velocity, T represents the corresponding
time interval between image acquisitions

d is a time series deformation, P is a weight matrix and is de-
fined as:

P = diag(c!, 62, ...cM Yok (4)

Prepare the master image

Firstly, the master image is selected from the download
data set, then it is imported into SNAP and selected the sub-
swath containing the study area and accurate for the orbit
of the Sentinel-1 image by Graph Builder function in SNAP
which ability to run the command automatically. This step is
important as it will help optimize the time and resources for
the rest of the processing (Delgado Blasco et al. 2019). For
Tan My -Thuong Tan study areas, IW1 sub-swath was selected
(Fig.3).

Slaves preparation

In this step, Sentinel-1 Single Look Complex (SLC) data is
sorted by image acquisition dates, and also checks and reduc-
es the name of the original image file.

batch mode, a Graph Processing Tool (GPT) is used, code for
running the processing in xml format is available on Github
and run on Python 2.7 (Foumelis et al. 2018).

Image splitting and orbit update

The slave images are also separated based on the part and
the polarization, which is determined in the master image
preparation step. During further processing, bursts between
master and slaves will automatically be extracted according
to the defined AOI region. Then the orbital information of
slave images are updated by automatically downloading the
correct orbital vectors at the ESA Web site (https://qc.senti-
nell.eo.esa.int).

Co-registration and interferogram formation

This step requires a lot of calculations, and it conducts
a co-registration of the master image and each slave image
that has been prepared in the previous step together. Next,
the interferogram for each pair of images was generated and
removed the flat earth phase (the phase related to ellipsoid).
Debursting for both the SLCs and the differential interfero-
gram is necessary for removing the horizontal stripes. The
terrain phase is simulated and removed using the 3-second
SRTM Digital Terrain Model (DTM), which is automatically
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downloaded by SNAP. In this step, the research area that has
reserved before is subsetted.

Export to StaMPS format

This is the last step of the DInSAR processing chain on
SNAP. Exporting this data will create folders containing single
images of SLC views of all image files, folders containing the
interferometric pairs of the master image and the slave images
as well as the folder of the coordinates of the master image
and the study area digital elevation model (DEM).

Ingestion into StaMPS

The following step is the ingestion of SNAP exports into
StaMPS using a specific script, called mt_prep_snap (Foume-
lis et al. 2018). The StaMPS PSInSAR processing sequence is
then run from steps 1 to 7 (Hooper et al. 2010). Below, we ex-
plain a little more about some key steps in the STAMPS image
processing chain.

PS Selection

This step makes a selection of PS based on probability, by
comparison to results for data with random phase. The main
part of the time series calculations are done in Matlab (Hoop-
er et al. 2010).

Phase unwrapping

The interferometric phase when receiving is wrap phase,
and it varies from -7 to m, so in order to get the real phase
of the terrain, we have to do phase unwrapping. The phase
unwrapping technique is the most difficult step and also the
decisive step to the accuracy of the results of determining the
terrain deformations made by InSAR method. StaMPS has
the phase unwrapping methods as the "Minimum Cost flow
2D (MCEF)" algorithm, or the MCF 3D method (Hooper et
al. 2010). The MCF 3D method was chosen to the phase un-
wrapping for our data set because it proved highly accurate
(Hooper et al. 2010).

Subsidence calculation over time and eliminate atmospheric
influences

The heterogeneity of the atmosphere (ionosphere and tro-
posphere) and its variation over time and space, cause chang-
es in the signal speed on the line between the antenna and
the terrain surface, and that is the cause that directly affects
the interferometric phase value and is called the Atmospheric
Phase Screen (APS). In this step, we will have to remove the
APS first and calculate the speed of land subsidence.

The speed of subsidence is calculated from a series of sub-
sidences over time of different times. Suppose subsidence of
each target is d = [d1, d2,. . ., dn] (n is the number of the
image acquisitions) and the baseline of the images in time is
T = [T1, T2,. .. Tn], then the weight is used to calculate the
rate of subsidence, provided that the mean square error of the
interferometric phase will be taken as the weight of the settle-
ment. The following formula is used to determine the rate of
subsidence over time (Jiang et al. 2016).

v=(TTPT)"1TTPd (3)

where:

v is the subsidence velocity, T represents the corresponding
time interval between image acquisitions

d is a time series deformation, P is a weight matrix and is de-
fined as:

P = diag(c?, 62, ... aM ok (4)

5. Validation of subsidence results
5.1 Results of determining the land subsidence from the Sen-
tinel-1 time-series images

Results of Sentinel-1B images processing for Tan My-
Thuong Tan area after exporting from STaMPS is imported
to ArrcGIS10.2 (Fig.4). In the research area, there are many
subsidence points, and the average deformation value is less
than 15 mm/1 year. The number of points with the high rate
of subsidence is about -15 mm/year while the majority of
subsidence is smaller than -10 mm/year. However, the sites
around the mine are located on roads or houses that are our
interest because these sites will directly affect people's lives.

5.2 Validation of subsidence results

In order to validate the results of determining land sub-
sidence from Sentinel-1 satellite images, 20 monitoring points
were designed and measured over the entire area at locations
that can reflect the deformations of the Tan My - Thuong Tan
area. Because of its large area, the measurement method cho-
sen was the GNSS high accuracy. The monitoring benchmarks
were connected with one benchmark of 1st state grade, and
this benchmark was measured and compared to the other
two elevation benchmarks to assess the stability before each
monitoring cycle, which was not displacement in both mea-
surement cycles in 2018 and 2020. The static measurement
method was chosen with the measurement devices were five
receivers of GNSS CHC X91B. The number of measurements
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Fig. 6. Subsidence in A, B, C positions and the charts of subsidence values

Rys. 6. Osiadania na pozycjach A, B, C oraz ich wykresy wartosci osiadan

per cycle is eight, and the number of cases measurement is
done in 180 minutes, the high of the antenna is measured five
times with a Stainless Steel Tape Measure. Calibration was
performed on Trimble Business Software (TBC 3.5). The error
of the weakest points of the net in 2018 was 5 mm and in 2020
was 4 mm. The subsidence results from the Sentinel-1 images
were compared with the subsidence measurement by GNSS
method at the corresponding time. GNSS measurement data
at the monitoring points in January 2018 and December 2019
were used to calculate the average subsidence of 1 year. These
are considered standard values for comparison with the settle-
ment results from the images of period January 2018 to March
2020. The subsidence values and the deviations between the
two methods are calculated according to formula (5) and are
presented in Table 2.
|A]=(A1)/2-(A2) (mm) (5)
where: Al - Subsidence measurement by GNSS (mm); A2 -
Subsidence computation from Sentinel-1 images (mm/y).

4.3 Discussions
a. At mining areas

The subsidence points from Sentinel-1 images are quite
concentrated in the mine area. However, because it is an
open-pit mine, the surface of the mine topography is con-
stantly changing with the exploitation process, so that the
mining pits have not been surveyed in the field by GNSS.

Although there is not any GNSS measurement data to val-
idate subsidence at the mine pits, from the comparison results
in Table 2 which is the subsidence survey sites by GNSS and
the PS points located near the quarry or on roads close to the
open pits, it can be seen that the subsidence values from the
images are quite similar to the result from the GNSS mea-
surement, with accuracy + 1.5 mm. Therefore, the results of
subsidence at the open pit sites are considered accurate. With
the determined values of subsidence in the mine area, we can
note some locations with large values of subsidence, such as
at locations A, B and C (Fig.6) which are concentrated on the
pits and the transport routes.

For A position, the maximum value of subsidence is
about -13 mm/year with red PS points, orange PS points with
subsidence values less than -10 mm/year. At B position, the
number of distribution subsidence points are more than the
A position, but the subsidence values are not as high as those
in A position (see the chart in Fig.6). Subsidence values are
mostly less than -5 mm/year, some are less than -10 mm/year,
and only 4 PS points are less than -15 mm/year, and some
are positive. At C position, the average of subsidence is about
-10mm/year, there are some PS points with subsidence close
to -20mm/year. The majority of subsidence ranges from -5
mm to -10 mm/year.

The reason for the occurrence of PS points with both pos-
itive and negative values in the mining pits is partly due to the
drilling and blasting operations, and the work of heavy trucks
are also a cause of the positive deformation.
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Correlation between subsidence values of the two
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Fig. 7. The chart of the correlation of subsidence results made by Sentinel-1 radar and GNSS measurement

Rys. 7. Wykres korelacji wynikow osiadan wykonanych przez obrazy satelitarne Sentinel-1 i pomiar GNSS

b. In locations adjacent to open-pit mines

At the positions located on the roads or residential areas
surrounding open-pit mines, we conducted assessment 20
points which concentrated locations of PS points with the dis-
tribution near or outside within a radius of about 20 m. These
points are listed in Table 2 above. The reason for the selection
of points within this 20 m radius is due to the scattering prop-
erties of the radar image when the Radar wave reaches the
surface of the object, the reflected scattering rays may not re-
turn immediately, but it may be corner backscattering or vol-
ume scattering before returning, thus the checkpoints shown
on the image may be slightly shifted from its actual position.

Based on Table 2, the GNSS measurements have 2 years
interval while the measurements from 24 Sentinel-1 image
processing are averaged over the period from January 2018 to
March 2020. So the values of subsidence measurements using
GNSS will have to be divided by an average of 2 years. The
correlation of these 20 points was evaluated for the purpose of
a preliminary assessment of how the subsidence points mea-
sured by the PSInSAR method achieved compared to the high
precision GNSS measurement method. Below is the distribu-
tion of ground settlement values of the 20 locations shown in
Table 2.

Based on the chart in Fig. 7, it is to recognize that the
settlement values made from PSInSAR method tend to be
higher than the settlement values measured from GNSS high
accuracy method; however, the correlation is quite good with
R2 reached 0.83. This can also be explained easily because the
number of survey points is not much, and in addition, the
GNSS and PS points from the image are not completely over-
lapping. Although the number of checkpoints is not much (20
points), the measured values also reflect the subsidence situ-
ation around the Tan My and Thuong Tan open-pit mines in
the period from January 2018 to March 2020

5. Conclusions

With a data set of 24 Sentinel-1B images collected be-
tween January 2018 and March 2020, the PSInSAR method
was applied with the combination of ESA SNAP and StaMPS
software. The results of determining the land subsidence of

Tan My - Thuong Tan open pit and surround area indicate
the following:

The PSInSAR method is suitable for mining areas with
few trees and as many constructions as this study area. Sen-
tinel-1 image with a resolution of 3.5 m in range and 22 m in
azimuth, large cover and high frequency of image acquisitions
(12 days), is very appropriate for studies related to land sub-
sidence.

This is the first time, the issue of land subsidence in min-
ing areas in Vietnam has been investigated by using a combi-
nation of radar interferometric method and GNSS method.
With a large number of images, the rate of land subsidence
was evaluated within a period of approximately 2 years and
3 months. In the quarry area, there were many subsidence PS
points, but these subsidence points were mostly located on
the road of pits or the slope of the mining pits. The biggest
land subsidence rate at mines was smaller than 15mm / year.

In the area around the quarry such as roads, the edge of
pits or houses near the mines have been surveyed by GNSS.
PSInSAR subsidence points were compared to GNSS mea-
surement points from January 2018 to March 2020. Howev-
er, the number of GNSS measurement points and PS points
from radar images did not completely coincide, and we used
20 locations around the mine area where PS subsidence points
coincided with those measured by GNSS in a radius of 20 m.
Correlation between these two data types reached 0.83, prov-
ing the ability to determine land subsidence by the Sentinel-1
image sequence.
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Wykrywanie osiadania powierzchni terenu gorniczego w kopalni odkrywkowej Tan My-Thuong

Tan i okolicach na podstawie wieloczasowych satelitarnych obrazéw Sentinel-1

Zaréwno gornictwo odkrywkowe, jak i podziemne powodujq osiadanie powierzchni terenu gorniczego i na otaczajgcych obszarach.
Badania osiada# gérniczych sq czesto prowadzone metodg monitorowania punktéw stabilizowanych na liniach obserwacyjnych.
Zaletg tej metody jest duza doktadnosc, ale najczesciej stosowana jest na niewielkim obszarze. Satelitarna interferometria radarowa
InSAR jest teledetekcyjng technikg stuzgcg do pozyskiwania danych osiadan powierzchni terenu w okreslonym przedziale cza-
su. Odpowiednie opracowanie dwdch radarograméw pozwala na uzyskanie izolinii okresowych niecek obnizeniowych na duzym
obszarze. W artykule, przedstawiono wyniki zastosowania 24 obrazow satelitarnych Sentinel-1 wykorzystujgc metode Permanent
Scatter Interferometry (PSInSAR) do okreslenia osiadari powierzchni terenu gorniczego kamieniofomu Tan My-Thuong Tan i okolic.
Wyniki poréwnano ze srednimi rocznymi osiadaniami 20 punktow pomiarowych wykorzystujgcych technologie GNSS od 1/2018 do
3/2020. Wspélczynnik korelacji srednich rocznych osiadan gruntéw obu metod wynosi 0,83, co wskazuje na mozliwos¢ wykorzystania
danych InSAR Sentinel-1 przetworzonych metodg PSInSAR do wyznaczenia osiadan powierzchni terenu kopalni i otaczajgcego jg
obszaru.

Stowa kluczowe: kopalnia odkrywkowa, PSInSAR, osiadanie terenu, Sentinel-1, kamieniotom Tan My-Thuong Tan
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