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Use of InSAR in linear discontinuous ground
deformation generation analysis: Case study of a mine
in Poland

Bartosz Apanowicz

Central Mining Institute, Department of Geology, Geophysics and Surface Protection, Katowice, Poland

Abstract

Linear Discontinuous Ground Deformations are defined as fissures and steps, as well as structural forms composed of
them. They occur on the surface as a result of underground mining. Knowledge of LDGDs has been acquired through
field observations which are subsequently described in the scientific publication. Records of LDGDs are made by using
the classic surveying method. The paper reviews the created LDGDs in the years 2015e2019 in one of the mines of the
USCB. The analysis covers the velocity of subsidence as a result of underground mining and the values of horizontal
strains determined according to the Knothe-Budryk theory. The InSAR satellite technique was used to measure the
subsidence. The subsidence was determined using the small baseline method e SBAS. The combination of the theo-
retical Knothe-Budryk model with the large-scale capabilities of InSAR may provide valuable material for a better
understanding of the genesis of LDGD creation and their prediction.

Keywords: underground mining, subsidence, horizontal strains, Knothe-Budryk theory, satellite interferometry, SBAS
method

1. Introduction

A ll underground mining exploitation results in
natural environment degradation on the

surface. Its consequences include mining-induced
deformations that may manifest themselves in
continuous or discontinuous forms. Discontinuous
deformations are known as linear discontinuous
ground deformations (LDGDs), and they typically
manifest themselves as steps and fissures, as well as
structural forms composed of them, including stairs,
horsts and ditches [1]. Their occurrence in urban
areas is particularly hazardous, as it may lead to
structure and traffic infrastructure damage. Exam-
ples of LDGDs are presented in Fig. 1.
Knowledge of LDGDs is acquired through field

observations of occurring cases, which are subse-
quently described in scientific publications. Examples
includeminemonographs [2,3]. The first descriptions
of discontinuousdeformation generation as a result of
hard coal mining, at a depth of 300 m, were provided
in 1939 by Klenczar [4]. Today, the issue is

investigated by scientists of the Silesian University of
Technology (Gliwice, Poland) [5]. The latest research
proves that discontinuities may occur as a result of
deep mining, and that LDGD generation is influ-
enced by the time between individual mining activ-
ities, as well as by the face advance rate [6]. Grün has
made a significant contribution to the understanding
of themechanisms that accompanyLDGDgeneration
[7]. Based on an analysis of nearly 1200 cases, he
presented the first method for discontinuous defor-
mation forecasting. Grün's research was an inspira-
tion to the scientists of the Central Mining Institute
(Katowice, Poland), where two methods for deter-
mining the likelihood of LDGD generation were
developed in the years 2006e2009 [1,8]. Nevertheless,
LDGD forecasting is yet to be described using a reli-
able theory. In recent years, cases of LDGDs have also
been observed in Chinese hard coal mining [9]. It was
also demonstrated that the width of the generated
fissures is directly proportional to the value of hori-
zontal strain [10]. Records of LDGDs are kept by the
measuring and geological departments of mining
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plants. The measurements are conducted using
classic surveying methods.
With the development that satellite measurement

methods have witnessed over the years, they have
become a good complement to the classic geodesic
methods. These include such solutions as InSAR
satellite interferometry. It is a remote sensing tech-
nique utilising satellites equipped with radars with
synthetic apparatus [11]. It finds broad application
in measuring the natural movements of the surface
of the Earth [12e15], flooding effects [16] and
earthquakes [17,18]. It is also successfully used
for determining subsidence troughs generated as
a result of mining activity. It is applied in both in-
ternational [19,20] and Polish mining [21e23]. In the
context of discontinuous deformations, the latest
research presents attempts at detecting LDGDs
using the coherence of two pairs of satellite images
[24].
The purpose of this article is to present LDGDs

generated over the years 2015e2019 in the light of
measurements conducted with InSAR satellite
interferometry. The article includes an analysis of

surface subsidence velocities determined using the
InSAR method in the context of LDGD generation.
The satellite measurements were complemented
with an analysis of horizontal strains determined
according to the Knothe-Budryk theory [25,26]. The
large quantity of data provided by the InSAR tech-
nology compared with classic geodesic measure-
ments, complemented with theoretical assumptions,
may constitute valuable material for analysing the
generation of discontinuous deformations and also
contribute to the better forecasting of their occur-
rence. Case study: one of the mines in the Upper
Silesian Coal Basin in Poland.

2. Materials and methods

2.1. Description of linear discontinuous ground
deformations (LDGDs)

The analysis was conducted based on the experi-
ence of a mining plant in the Upper Silesian Coal
Basin in Poland. In the years 2015e2019, 78 docu-
mented cases of discontinuous deformations

Fig. 1. Examples of linear discontinuous ground deformations (LDGDs).
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appeared as a result of mining activity. The de-
formations had the form of terraces with a fault
throw h ¼ 0.05e0.5 m, of fissures, steps and grabens.
They can be divided into 12 groups based on the

measurement date and the location of occurrence,
and their descriptions are presented in Table 1. The
locations of individual deformation groups are
presented in Fig. 2.

2.2. Geological and mining conditions

Mining in the area of the generated LDGDs was
conducted in five coal seams in 15 longwalls. Caving
was used as the roof control system. The mining
depth was 350e760 m, whereas the height of the
individual longwalls was 1.6e4.0 m. Detailed infor-
mation regarding the geological and mining condi-
tions is presented in Table 2.
Table 2 demonstrates that mining began in May

2014, in longwall C-3 in coal seam 503-4, and ended
in June 2020, in longwall C-1 in the bottom stratum
of coal seam 505. All the LDGDs occurred in the
area of the boundaries of individual longwalls, as
presented in Fig. 3.

2.3. InSAR data

Surface subsidence was determined using the
SBAS (Small Baseline Subset) time-series method
[27]. The method involves interferograms generated

Table 1. Descriptions of LDGDs divided into groups.

Group Date of
measurement

Type of
LDGD

Description

1 08.2015 3 � step h ¼ 0.3e0.5 m
03.2019 1 � step h ¼ 0.1 m

2 10.2015 3 � fissure e
2 � step h ¼ 0.4e0.5 m

3 04.2016 9 � fissure e

3 � step h ¼ 0.05e0.4 m
4 08.2016 7 � fissure e
5 09.2016 12 � fissure e

2 � graben e

1 � sinkhole e
6 03.2017 4 � fissure e

3 � step h ¼ 0.2e0.25 m
02.2019 2 � step h ¼ 0.1e0.2 m

7 03.2017 8 � step h ¼ 0.1 m
8 07.2017 2 � step h ¼ 0.1e0.4 m

12.2018 1 � step h ¼ 0.1 m
9 07.2017 2 � step h ¼ 0.1e0.2 m

08.2017 1 � step h ¼ 0.2 m
10 12.2018 2 � step h ¼ 0.1e0.15 m
11 03.2019 2 � step h ¼ 0.1 m
12 08.2019 8 � step h ¼ 0.1e0.4

Fig. 2. Locations of LDGDs (red lines) divided into groups (blue circles).
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from sets of images selected based on an adopted
baseline and timeline. Afterwards, deformations in
the direction of the LOS (line of sight) are calculated
from the set of interferograms. The baseline is the
perpendicular distance between two passes of the
satellite. The timeline is the temporal distance be-
tween subsequent passes of the satellite.
The deformations were determined using

229 images taken by the Sentinel-1 satellite of the

European Space Agency (ESA). The satellite moved
along the descending orbit no. 51. The images were
taken over the period of January 2015 to December
2019. Initially, until September 2016, the revisit time
was 12 days (Sentinel-1A satellite), and in the later
period it was six days (Sentinel-1A/1B). A distance
of 100 m was adopted as the baseline limit, and
50 days as the timeline limit. A 100 m wave filter
length was used during the interferogram filtering,

Table 2. Detailed information about underground coal mining.

Seam Longwall Mean
height [m]

Mean
depth [m]

Inclination
[�]

Start
date

End
date

Roof
development

503e4 C-3 3.6 621 9 05.2014 12.2015 Cave-in
C-4 3.6 648 8 02.2019 10.2020 Cave-in

505 top layer C-2 2.5 470 14 06.2015 10.2015 Cave-in
W-5 3.0 � 364 14 11.2014 07.2016 Cave-in
C-7 3.0 459 14 12.2015 03.2016 Cave-in
C-3 3.0 622 17 04.2016 03.2017 Cave-in
C-5a 3.0 348 9 07.2016 12.2016 Cave-in
W-6 3.0 410 13 11.2016 01.2018 Cave-in
C-4 3.0 684 19 11.2017 04.2019 Cave-in
W-7 3.0 460 15 10.2018 01.2020 Cave-in

507 W-3 4.0 365 9 07.2017 11.2017 Cave-in
C-2 3.8 353 10 04.2018 11.2018 Cave-in

502/2 C-4 1.7 726 16 01.2017 08.2017 Cave-in
C-6 1.6 757 7 02.2018 08.2018 Cave-in

505 bottom layer C-1 3.0 513 15 08.2019 06.2020 Cave-in

Fig. 3. Longwall locations in relation to LDGDs.
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as well as a decimation factor of 8 for range and 2 for
azimuth. The process utilised two-dimensional
phase unwrapping [28]. The GMTSAR software was
used for the calculations [29]. The results yielded the
surface subsidence process for the period of
2015e2019.

3. Results and discussion

3.1. LDGD location analysis

Figure 4 presents the surface subsidence in the
direction of the LOS obtained from the InSAR
analysis, together with the locations of the gener-
ated discontinuous deformations. The depicted
subsidence is the result of the analysed under-
ground mining activity (Fig. 3) over the period of
January 2015 to August 2019 e the date of the
occurrence of the final discontinuous deformation.
The greatest LOS subsidence did not exceed

750 mm. Fig. 3 presented in Section 2 demonstrates
that all the LDGDs appeared on the boundaries of
extraction. This is also confirmed by Fig. 4, where it
can be observed that most of the LDGDs occurred
on the borders of subsidence troughs, i.e. in the

areas of the greatest horizontal tensile strains. To
confirm this, horizontal tensile strains were deter-
mined according to the Knothe-Budryk theory
[25,26] for the period from the date the analysed
mining activity began e May 2014 e to the
appearance of the final discontinuous deformation
e August 2019. The SZKODY 5.0 software devel-
oped at the Central Mining Institute was used for
the calculations [30]. The following theoretical pa-
rameters were adopted based on the experience of
the mining plant conducting the extraction:

- extraction coefficient a ¼ 0:85,
- rock mass parameter tg b ¼ 2:0;
- coefficient of influence deviation k ¼ 0:7:

The calculation results are presented in Fig. 5.
The greatest horizontal strains were located in

the area of group 5, with LDGDs of up to 10 mm/m,
and in the area of group 12, with LDGDs of about
6 mm/m. The lowest horizontal strains were
located in the area of groups 2 and 3 and ranged
from 0 to 4 mm/m. The actual strain range may
have been greater, which is confirmed by the range
of the subsidence trough (in the areas of LDGD

Fig. 4. Subsidence caused by the analysed underground mining over the period of 01.2015e08.2019, determined per the InSAR method, with LDGD
locations (white colour).
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groups 2, 3 and 4) presented in Fig. 4, which was
measured using the InSAR method.

3.2. Subsidence velocity

The results of the surface subsidence velocity
analysis are presented in charts (Fig. 6). They depict
the mean surface subsidence velocity in the area of
the generated discontinuous deformations. Twelve
charts were prepared for the 12 LDGD groups per
Table 1. The subsidence velocity in the month when
a given group of discontinuities was detected is
marked in red.
The LDGD reactivation phenomenon occurred in

deformation groups 1 and 9. This means that the
first LDGDs in group 1 manifested themselves
around August 2015, when the mean subsidence
velocity was 6 mm/month. However, reactivation
occurred three-and-a-half years later, in March
2019. The subsidence velocity was much greater by
that time and amounted to 34 mm/month. In
group 9, reactivation occurred already after a
month. The first LDGDs appeared around July
2017, with more occurring already around August

2017. The surface subsidence velocity in July 2017
was 16 mm/month, whereas in August 2017 it was
12 mm/month. The dates presented in Table 1 and
marked on the charts are the dates of LDGD field
measurements. It can therefore be assumed that
the deformations had occurred earlier. In this
context, it should be noted that the surface subsi-
dence velocities in the months when the LDGDs
were measured are not the greatest in the entire
analysed cycle. Nevertheless, an acceleration of the
surface subsidence can be observed in the months
preceding the deformation measurements (in the
months of their potential appearance). The greatest
such difference concerned the LDGDs of group 10.
The surface subsidence velocity in the measure-
ment month was 25 mm/month, whereas in the
preceding month it was 96 mm/month. More
detailed data regarding this issue is compiled in
Table 3.
The most rapid surface subsidence was found in

the area of deformation group 10 e with a mean
velocity of 14 mm/month for the entire analysed
cycle. The slowest subsidence was in the area of
group 12e4 mm/month.

Fig. 5. Horizontal strains [mm/m] over the period of 05.2014e08.2019, determined per the Knothe-Budryk theory (blue lines), with LDGDs locations
(red lines).
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Fig. 6. Subsidence velocity (mm/month) for each LDGD group.
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4. Conclusions

The article presents an analysis of surface subsi-
dence in the context of linear discontinuous ground
deformation (LDGD) occurrence. Seventy eight cases
of LDGDgeneration as a result ofmining activity over
the period of 2015e2019 were analysed using the
example of amine in the Upper Silesian Coal Basin in
Poland. Satellite interferometry was used to deter-
mine the surface subsidence. The analysis concerned
the locations of LDGDs relative to the conducted
mining activity, the generated subsidence troughs
and the horizontal strains, calculated per the Knothe-
Budryk theory. The following conclusions can be
drawn based on the performed analysis:

1. All the LDGDs occurred on the boundaries of
extraction, and consequently on the boundaries
of the subsidence trough and in the areas of the
greatest horizontal strains. This fact corresponds
to the LDGD related experience acquired to
date, as described in the literature [1].

2. Calculations using satellite interferometry may
constitute a means for the initial, preliminary
control of undertaken mining-induced defor-
mation reforecasting. The horizontal strain
range determined based on the parameters rec-
ommended by the mining plant per the Knothe-
Budryk theory differs from the subsidence
trough calculated using the InSAR method. This
is the first signal that the correctness of the
conducted reforecasting needs to be examined.

3. Utilising satellite interferometry made it
possible to analyse the surface subsidence ve-
locities exactly in the areas of LDGD occurrence.
Doing the same is impossible when employing
classic surveying methods due to the limited
measuring network.

4. The large quantity of spatial data provided by
satellite interferometry may constitute valuable
material complementing classic surveying mea-
surements and theoretical assumptions.
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