
ORIGINAL PAPER

Assessment of slope instability with effects of critical displacement
by using InSAR and FEM

Zeynep Sertabipoğlu1
& Ümit Özer1 & Hakan Tunçdemir2

Received: 18 July 2019 /Accepted: 22 January 2020 /Published online: 8 February 2020
# Saudi Society for Geosciences 2020

Abstract
A good knowledge of the mechanism of slope failure in open-cast mines can be understood by evaluating the intrinsic and
extrinsic factors and their interactions in causing slope instability, and by gathering displacement information from periodical
monitoring. Surface deformations, caused by mining activities at mine sites, are conventionally measured by using survey
instruments such as levels, theodolites, total stations, GPS receivers, and photogrammetric cameras. However, conventional
long-term monitoring techniques are insufficient due to unfavorable factors such as topographic structure and flora of the
observation, urbanization rate, and time delays in obtaining results. Due to this fact that the Interferometric Synthetic Aperture
Radar (InSAR) technique has become prominent in recent years as a method that uses satellite data to enable the detection of
surface deformations and movements especially in very large areas. In this study, the mechanism of slope failure accurately
detected by way of associating mechanical and physical information of the slopes with time-dependent deformation behavior
(time series analysis) by periodically monitoring of displacements at the benches of a lignite open pit that experienced interrup-
tions of production due to slope failures. Mining area has been periodically monitored by InSAR and data consisting of the time-
dependent behavior of the deformations were correlated with the mechanical and physical property data that were obtained from
back analysis of slope failure using finite elements method (FEM) approximation. In this context, a dynamic method was
proposed that can predict the failure risk of the slopes at the site before the critical displacement values are not reached.
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Introduction

Mining activities in open pits or undergroundmines will cause
volume changes in the rock mass around a mine excavation as
well as stress-induced deformative changes. Instability around
the mine excavation emerges when the stress generated from
mining activities exceeds the rock strength (Osasan 2012). In
a previous study, Kayesa (2006) emphasized the importance
of designating reference points at unstable areas at and around
open pits to detect deformations occurring at these areas as

well as the importance of performing periodic and automatic
monitoring of these points. These two researchers also man-
dated that a slope monitoring program is indispensable for the
management of slope stability at an unstable site located in a
pit where underground or open-pit mining is performed. It is
very important to monitor and investigate the slopes accurate-
ly to detect the possible danger signals of a slope failure, and
to thereby protect the personnel and the equipment. Various
geotechnical designs may be developed to increase the safety
coefficient, and proper bench designs may be developed to
decrease the danger of falling rock. However, even if the
slopes have protective slopes in their designs, they may still
be subject to unexpected failure and deformation due to un-
known geological structures, abnormal weather conditions,
and seismic activities (Girard 2001).

Many researchers have tried to understand and analyze the
mechanisms of slope deformation and failure at mines by
using different techniques (Pumjan 1998; Chen 1994; Kolli
2001; Feng 1997; Gadri et al. 2015.; Wang et al. 2010;
Ahmadi et al. 2019). One of the techniques developed by
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the researchers for the analysis of slope stability is the numer-
ical modeling (Deschamps 1993; Behrens da França 1997;
Seo 1998; Loehr 1998; Maclaughlin 1997; Hwang 2000;
Başar 2006). In the study of Sun (1983), slope stability was
modeled by the finite elements method (FEM) with respect to
the presence of water in pores. They observed that the pres-
ence of water in pores did not affect the safety coefficient (FS).
They emphasized the importance of evaluating all the forces
caused by water pressure with the forces at the node points
used in the method, and they suggested that the FEM is more
effective than the Bishop model in this context. Furthermore,
it was reported that the stress area obtained with FEM is
modeled in a relatively better manner than the slice method.
The purpose of the study by Wanstreet (2007) was to analyze
the effect of soil nail on slope stability coefficient of safety
(FS) using FEM and to investigate the failure mechanism of
the slope. In their study, slopes were analyzed with the shear-
strength reduction technique (SRF). When the finite element
method and SRF were combined, they were more successful
compared to conventional methods, especially in complex ge-
ometries. This conventional approach makes the problem it-
erative and subsequently increases the analysis time and ef-
fort. However, in the proposed method, an intelligent method
is used to update the new SRF based on the old values (Seyed-
Kolbadi et al. 2019). In Benko’s (1997) study, numerical
modeling techniques were applied on complex slope stability
problems. They reported that performing slope stability anal-
ysis with numerical modeling generated far more successful
results compared to conventional methods such as limit bal-
ance. In their study, Akçakal et al. (2010) studied a slope
movement that occurred at a foundation excavation opened
without support during a collective housing construction pro-
ject made in Göktürk, Istanbul. Their study was performed
using back analysis with the help of FEM, and the results of
tests made at the site and in a laboratory were compared with
the results of the back analysis. Based on the results of the
study, it was seen that while the tests made at the site and in
laboratory represented only a limited region of the whole area,
the study of slope failure with back analysis method facilitated
the obtaining of shear strength data for that particular region in
a more precise manner and contributed effectively to the con-
duct of improvement/reinforcement projects reliably and eco-
nomically at the slopes where failure occurred.

Rowbotham (1995) stated that although numerous models
have been developed to date for analyzing slope stability,
these models require detailed geotechnical measurements to
be taken in prior at the site. However, they also stated that
after Geographical Information System (GIS) and Digital
Elevation Models (DEM) are used, it becomes possible to
conduct slope stability analysis at a regional level. They also
claimed that these models are relatively more efficient com-
pared to the other methods regarding the analysis of slope
stability. In the study of Kjelland (2004), numerical models

were generated with geotechnical data, and information from
GIS and simulations were used to evaluate the factors that
affect slope failures. In the GIS environment, the data obtain-
ed with geotechnical measurement instruments were integrat-
ed with the site geometry and geology. Numerical models
were calibrated according to the observed failure characteris-
tic by accounting for the geologic controls and processes, and
they were then used to delineate the sensitivity of the slope
stability according to material properties and changing water
table level.

Blesius (2002) investigated whether remotely acquired data
is sufficient to generate values for critical parameters required
by slope stability models and whether satellite images can be
used instead of aerial photographs. Based on the results, they
showed that geometric parameters can be estimated with re-
motely acquired data and that satellite images can substitute
aerial photographs. A new methodology was also developed
for the evaluation of slope failures. This approach integrates
satellite-based images with local variables to determine the
slope stability parameters and to allow generation of stable
slope failure maps. It was stated that the developed methodol-
ogy yielded positive result at the application area. In the study
conducted by Catania et al. (2005), slope failures and mass
movements were monitored with the InSAR technique and
geomorphologic analysis was performed. Singhroy and
Molch (2004) mentioned in their study that InSAR techniques
were used for observing slope failures in recent studies.
Akbarimehr et al. (2013) attempted to determine displacements
at Sarcheshmesh’s old landslide area located at northeast of
Iran—whose failure mechanism is not well known—by using
Envisat InSAR data and GPS observations, and continuous
deformation maps were generated by generating InSAR time
series analyses. Based on the results of the study, it was deter-
mined that displacements were less than 2–3 mm/year, and the
results of the hydrogeological analyses showed that the land-
slide area where the study was conducted was not active due to
the lack of hydrologically triggering factors in the last 10 years.
However, it was reported that the Envisat InSAR data was
inadequate for determining the displacement at the landslide
area, and that it would be possible to obtain more precise and
accurate results with new SAR data having higher temporal
and spatial resolution, such as TerraSAR-X, instead of
EnviSat satellite data.

Hartwig et al. (2013) used PSI (Persistent scatterer
Interferometry) to monitor an iron open-pit mine in Carajas,
Brazil. Eighteen scenes using TerraSAR-X acquired during
the dry season. While most of the study area was stable, high
rates of strain were detected in dumps (312 mm/year). For the
same mine, in Paradella et al. (2015) study, instabilities were
monitored through an integrated SAR analysis based on a
data-stack of 33 TerraSAR-X images. Raventós and Sánchez
(2018) studied a full InSAR application on a large-scale open
coal mine in a monitoring program.
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Slope failure at open-pit mines can be fully elucidated with
the evaluation of internal and external factors and their inter-
action and with the displacement data obtained from periodic
observations. For this reason, in order to ensure the continuity
of production and the safety of the people and structures at
sites where open-pit mining is conducted, it is necessary to
monitor the displacements occurring on the surface of the
ground and to observe whether these displacements reach

the critical risk value. In addition, it is necessary to consider
the geological structure, rock mass characteristics,
hydrogeological conditions, and the method of production.

The aim of this study is to develop an InSAR-based dy-
namic monitoring technique providing an early warning
mechanism that may help preventing possible slope failures
in a large-scale open-cast coal mine. In order to ensure this
phenomenon, the slope movements, which were experienced

Fig. 2 Geometric model of a the first failure, b the second failure, c the third failure, d the first excavation, and e the second excavation

Table 1 Properties of materials

Materials

Parameters Tuffite Marl Sandstone Weak zone Coal Claystone Limestone

Unit volume weight (kN/m3) 19.00 16.41 18.46 17.65 12.46 20.0 27.37

Friction angle (ϕ) (o) 10.0 25.0 26.0 11.0 20.7 15.0 38.0

Cohesion (c) (kPa) 18.0 13.0 56.0 5.0 325.0 180.0 500.0

Compressive strength (kPa) 2200 9000 9800 2200 3800 11,000 45,100

Tensile strength (kPa) 220 900 980 220 380 1100 4510

Elastic modulus (kPa) 10,000 400,000 335,000 50,000 500,000 394,000 2,000,000

Poisson ratio 0.32 0.30 0.33 0.35 0.20 0.35 0.28

Stress ratio Field stress: gravity, stress ratio: 0.5 (horiz/vert)
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at a coal open-pit mine benches between 2012 and 2015, and
which were resulted by production interruptions due to slope
failures, were analyzed together by FEM and the InSAR with
TerraSAR-X satellite images of the site within the Repeat
Orbit Interferometry Package (ROI-PAC) program.
Accordingly, time-dependent displacement graphics (time se-
ries analysis) were generated and slope stability analyses were
performed with the help of back analysis.

Introduction of the mining area

The mining area is located in Bursa Province, Turkey. It is at a
distance of 21 km from the Orhaneli District and 300 m from
the village of Gümüşpınar. Its elevation is 500 m from sea
level (Fig. 1).

Geology of the mining area

Geology of mine has a complex structure. Stratigraphic
time scale of Pre Neogene structures consist of metamor-
phic schists, recrystallized limestone, and serpentinites.
Neogene formation scales covers from clastic rocks in the
lowest level. Clastic rocks contains conglomerates, sand-
stones, gravels, and clays at the bottom side and marl and
tuffs consisting of lignite seams at the top side which are
coal reserves of Orhaneli Open Pit Mine. Volcano sedi-
mentary and volcanic rocks are set t led on them
(Tunçdemir et al. 2013; Sertabipoğlu 2016).

History of the study areas and back analysis

Study area 1

The study area 1 (Fig. 1), the east slopes of the Gümüşpınar
sector, was chosen because three slope failures were expe-
rienced on 24th of April 2012, and 15th of January and 2nd
of April 2013. In order to detect the slope failure mecha-
nism and excavations, 2D finite element analysis was per-
formed by using Phase2 v. 8.0 software for back analysis.
A pre-failure geometric model was created along A-A’ sec-
tion (Fig. 1 and Fig. 2) at first. Mechanical properties of
seven material (Table 1) and an underground water table
were then defined in the model (Fig. 2a). The shear
strength values in failure zone at the time of the second
and third failures were taken as the first and second dis-
turbed material strength values, respectively (Table 2), and
assigned to the materials in failure zone of geometric mod-
el (Fig. 2b and c).

After the third failure (2nd of April 2013), there was
still some slope instability hazard despite the naturally
decreasing slope angle after each failure. A part of the
sliding mass was excavated and removed by the enterprise
in September 2013 to relax weight and to prevent sliding
the fallout mass more into the production area where the
production activity would be carried out in the lower
codes of the failure zone. Shear strength values for the
third failure (2nd of April 2013) were used in geometric
modeling (Fig. 2d) as the third disturbed material strength
values (Table 2). However, despite those removal activi-
ties, the slope stability could not be completely fixed.

Table 2 Shear strength parameters and SRF values of the failures and excavations

Undisturbed Disturbed Undisturbed

24th of April 2012
1st failure

15th of January 2013
2nd failure

2nd of April
2013
3rd failure

September 2013
1st excavation

June 2014
2nd excavation

ϕ* c** ϕ c ϕ c ϕ c ϕ c

Tuffite 10 18 10 18 10 18 10 18 10 18

Marl 25 13 18 13 18 13 18 13 18 13

Sandstone 26 56 26 56 26 56 26 56 26 56

1st disturbed 2nd disturbed 3rd disturbed

Disturbed Tuffite 7 14 4.71 9.35 4.24 8.42

Disturbed Marl 20 10 13.72 6.71 12.40 6.04

Disturbed Sandstone 21 46 14.44 30.87 13.06 27.81

Weak zone 11 5 11 5 11 5 11 5 11 5

Coal 20.7 325 20.7 325 20.7 325 20.7 325 20.7 325

Claystone 15 180 15 180 15 180 15 180 15 180

Limestone 38 500 38 500 38 500 38 500 38 500

SRF*** 0.64 0.69 0.73 0.93 1.14

*ϕ: friction angle (o ) **c: cohesion (c) (kPa) ***SRF: strength reduction factor
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Therefore, all sliding mass was excavated down to bed-
rock level (limestone) and removed from slope, in
June 2014. Seven materials and underground water table
have been defined to the geometric model showing the
latest situation (Fig. 2e). Material properties seen in

Table 1 were assigned to the model since all disturbed
materials have been removed completely by the
excavation.

The failure analysis results of the slope (SRF values) are
shown in Table 2 and Fig. 3a–e. It is predicted that the

Fig. 3 Analysis result and SRF value of a the first failure, b the second failure, c the third failure, d the first excavation, and e the second excavation
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instability of benches would remain consequently while the
excavation is going on for coal production.

Study area 2

A new failure occurred on 19 January 2015, at a different
location to the north of the slope area after failures experi-
enced 2012 and 2014 (Fig. 1). 2D finite element analysis were

performed by Phase2 v. 8.0 software for back analysis. In the
analysis of this failure, a pre-failure cross section (B-B′ sec-
tion) was generated by utilizing the production map of
December 2014 (Fig. 1), which shows and represents the geo-
metric structure before the failure occurredMaterial properties
(Table 1) were analyzed from the undisturbed materials
(Fig. 4). As a result of the slope stability analysis, SRF value
was found to be 0.56 (Fig. 5). It can be seen from the Fig. 5

Fig. 4 a Geometric model and b
analysis result of failure occurred
in the study area 2
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that there is a possibility of new failures at the lower benches
of the slope towards the inside of the pit, unless precautions
are taken after the failure occurred in January.

Analysis of InSAR data

Radar images derived from the TerraSAR-X (TSX) satellite of
the German Aerospace Center (DLR) were used. In this study,
26 satellite images between 2012 and 2015 were obtained in
HH (horizontal-horizontal) polarization, Strip Map (high-
resolution) mode, and descending direction (Table 3).

Due to the lack of satellite images of the site to be
analyzed for certain months of the years 2012, 2013, and
2014 in the obtained satellite images, the existing images
were divided into 3 groups, namely, groups of 2012, 2013,

and 2014–2015 (Table 4). TerraSAR-X satellite images
were analyzed with Linux-based open-source Repeat
Orbit Interferometry PACkage (ROI-PAC) program, and
3 arc-second ASTER Digital Elevation Model (DEM) with
10-m sensitivity was used to eliminate the topographic ef-
fect in the study.

Baseline geometry was studied for all three groups separately
(Fig. 5a–c). As seen in the figures, due to the fact that a large
spatial (bperp) and temporal difference between some satellite
images will decrease the interferogram coherence (decreasing
of the accuracy of displacement values), 11 interferograms were
selected for analysis purposes out of 33 for the year 2013, and 10
interferograms were selected for analysis purposes out of 33 for
the years 2014–2015. All interferograms (10 interferograms) for
the group of year 2012 were used for analysis.

Fig. 5 Baseline graph of TerraSAR-X satellite images of the year 2012 (a), 2013 (b), and 2014 (c) (vertical axis; perpendicular component of the distance
(baseline) between the satellite positions in two images, time (days); temporal difference between two images)
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Interferograms generated for year 2012, 2013, and 2014
together with the study area are shown in Fig. 6. The
unwrapped form of interferograms generated for year 2012
(120127–120311) is shown in Fig. 6(a). The unwrapped form
of the interferogram obtained from selected satellite images
(coherence higher than 0.6) between the dates of 130719–
130730 belonging to 2013 is shown in Fig. 6(b). The
unwrapped form of the interferogram obtained from selected
satellite images between the dates of 141115–141126, belong-
ing to 2014–2015, is shown in Fig. 6(c).

The interferometric phase is always noisy due to the effect
of water vapor and temporal-spatial changes in the atmo-
sphere. In order to reduce the amount of noise in the
interferogram and increase coherence, the step after the
creation of the interferograms is the filtering step. Sun et al.
(2013) reduced the amount of noise by 79.5% and found 9 to
32% better results than the weighted power spectrum filter by

modifying the weighted power spectrum filter (Goldstein and
Werner 1989). In this study, the modified weighted power
spectrum filter was used.

Generation of time-displacement (time series)
graphics

Five points were selected along the cross-section route used
for slope stability analysis (Fig. 7(a)), and a single time series
was generated by averaging the displacements at each point
belonging to the period between the years 2012–2013 (Fig.
7(b)). As seen in Fig. 7(a), it was also determined how much
the points determined for time series displaced during the

Table 3 TerraSAR-X data set

No. IM P Date D or A

1 Strip map HH 16.01.2012 D

2 Strip map HH 27.01.2012 D

3 Strip map HH 07.02.2012 D

4 Strip map HH 18.02.2012 D

5 Strip map HH 11.03.2012 D

6 Strip map HH 24.01.2013 D

7 Strip map HH 04.02.2013 D

8 Strip map HH 15.02.2013 D

9 Strip map HH 26.02.2013 D

10 Strip map HH 31.03.2013 D

11 Strip map HH 25.05.2013 D

12 Strip map HH 05.06.2013 D

13 Strip map HH 16.06.2013 D

14 Strip map HH 19.07.2013 D

15 Strip map HH 30.07.2013 D

16 Strip map HH 10.08.2013 D

17 Strip map HH 10.09.2014 D

18 Strip map HH 21.09.2014 D

19 Strip map HH 02.10.2014 D

20 Strip map HH 15.11.2014 D

21 Strip map HH 26.11.2014 D

22 Strip map HH 07.12.2014 D

23 Strip map HH 18.12.2014 D

24 Strip map HH 29.12.2014 D

25 Strip map HH 20.01.2015 D

26 Strip map HH 31.01.2015 D

IM image mode, P polarization,HH horizontal-horizontal,D descending,
A ascending

Table 4 TerraSAR-X data set (in black) and dates of slope failures and
excavations (in red)

Years TerraSAR-X data set Date of failures and excavations

2012 16.01.2012
27.01.2012

07.02.2012

18.03.2012

11.03.2012

24 April.2012

15 January 2013

2013 24.01.2013
04.02.2013

15.02.2013

26.02.2013

31.03.2013

02 April.2013

25.05.2013
05.06.2013

16.06.2013

19.07.2013

30.07.2013

10.08.2013

September 2013

2014 June 2014

10.09.2014
21.09.2014

02.10.2014

15.11.2014

26.11.2014

07.12.2014

18.12.2014

29.12.2014

2015 19.January 2015

20.01.2015
31.01.2015
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failure with a program that generated analysis via FEM. In
Fig. 7(b), a displacement up to 3 cm can be seen in the failure
on 24 April 2012 (1st failure), the 2nd failure occurred
250 days after the first failure, and the 3rd failure occurred
after the 2nd failure with an additional displacement of 3 cm,
with the displacement persisting after the failure (up to 6 cm).
Behavior of the movement before the failure is also seen in
Fig. 7.

Five points were selected along the cross-section
route used for slope stability analysis for years 2012–
2013 to determine the displacements for year 2015

(Fig. 8(a)) and a single time series was generated aver-
aging displacements at these points (Fig. 8(b)). As seen
in Fig. 8(a), the displacement of the points for the time
series was also determined using a program that per-
forms analyses via FEM during the failure. As seen in
Fig. 8(b), the displacements and the behavior of the
movement before the failure of 19 January 2015 are
also shown. Sufficient information could not be obtain-
ed about the movement after the failure due to the fact
that the number of images after the failure was not
sufficient.

Fig. 6 Unwrapped interferogram
of a 120127–120311, b 130719–
130730, and c 141115–141126
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Fig. 7 The location of the points of the displacement values (a) and displacement-time graph (b) between 2012 and 2013
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Evaluation of InSAR and finite elements analysis
results simultaneously

The time, the amount of displacement, and the safety coeffi-
cients obtained from two- and three-dimensional finite ele-
ment analyses and InSAR results were used to examine the
relationship of these parameters all together. Acceptable

strong level relationships were identified among them, and
charts that will enable the determination and estimation of
the critical displacement amount that may cause slope failure,
were developed. These nomogram charts are presented in
Figs. 9, 10, and 11. When these charts are examined, it can
be seen that the displacement values obtained from the analy-
sis conducted via FEM and those obtained from the analysis

Fig. 8 The location of the points
of the displacement values (a)
displacement-time graph (b) for
2015
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made with InSAR are very close to each other, exhibiting a
similar tendency. For this reason, it can be easily estimated
which amount of displacement will be at the critical safety
coefficient, or what the critical safety coefficient will be at
critical displacement amount.

As seen in Figs. 9, 10, and 11, it is possible to monitor the
displacement amount at which the safety coefficient is at

balance (SRF: 1.24, 0.99, or 0.97) and to take the necessary
precautions. These charts also point out these slopes in balance
will begin to fail after what period/amount of time. It can also
be seen from these charts that the failure dynamic of each slope
changes from year to year, depending on internal and external
factors, such as its geometry and mechanical properties. Slope
failures can be prevented by periodically monitoring the

Fig. 9 Developed nomogram for failure occurred in 2012

Fig. 10 Developed nomogram for failure occurred in 2013
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displacements, and frequently determining the mechanical
properties of the slope.

Conclusions

In this study, charts developed on a yearly basis were used to
establish the relation between the mechanical properties of the
study area and the periodically obtained displacement
amounts, and it was shown in these charts that the failure
dynamic of the slope changes from year to year, depending
on internal and external factors, such as its geometry and me-
chanical properties and the status of the underground water.

Through the analysis of the satellite images of the site be-
tween the years 2012 and 2015 by using the InSAR method,
we concluded that it will be possible to determine the dynam-
ics of the movements at the site’s slopes before the failure
occurs, and that it will be possible to foresee the failure risk
of the slopes at the site before the critical displacement values
are reached.

In the future studies related to this subject, the safety factors
of the slopes in the mine sites can be updated by taking into
account the current geometrical, physical, and mechanical
properties and the displacement values monitored of the slope.
We concluded that the charts proposed for this study can be
dynamically updated by different rock conditions encountered
in the media throughout the continuous excavation.
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