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Abstract

The interferometric synthetic aperture radar data from ERS and ENVISAT sensors were
utilized in the analysis of the post-failure deformations in the area of Lubietova town in
Central Slovakia. The catastrophic landslide of 1977 together with surrounding landslides
in the Lubietova area were analysed with the help of persistent scatterers (PS) technique in
order to evaluate recent and past deformations of the unstable slopes. Although long-term
precise geodetic monitoring of the 1977 landslide revealed differential deformations inside
the sliding mass, due to the lack of the PS located inside the landside caused by temporal
decorrelation, unfortunately these records could not be directly compared. The adjacent
landslides with sufficient number of PS were analysed by transformation of the line of sight
displacements recorded by the sensors to the slope vector direction. This procedure allowed
identification of the precise boundaries of the actively moving landslide parts and the
updating of the landslide inventory for the Lubietova area.
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Introduction

Slow-moving landslides pose a challenge for the engineer,
due to the difficulty of distinguishing their mechanism and
simultaneously the inability to determine the exact area
which will be affected by these phenomena. Prediction of
displacement rate increase is very problematic and thus the
assessment of future behaviour is almost impossible.
Remote satellite techniques have been routinely used for
landslide mapping and monitoring for some time, and optical
imagery and GPS techniques are well established methods in
studying the geomorphology and topography of landslides
including monitoring slope deformation (Malet et al. 2002).
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In comparison, the idea of the exploitation of satellite-
born radar sensors is quite new. The practical use of radar
techniques in landslide study originated in 1989 when dif-
ferential interferometric synthetic aperture radar technique
(DInSAR) was described by Gabriel et al. (1989). Early
attempts used few interferograms which provided flexibility
in assessing the ground deformations even in conditions
of limited SAR data availability. The original DInSAR
consisted of only two SAR data acquisitions and it contained
at least two inherent errors in interferogram creation. Firstly
atmospheric variations affected radar wave phase delay and
secondly, the digital elevation model used for cancellation of
the topography created from two-pass signal interference
was inaccurate. Following analysis of a multitemporal and
multibaseline stack of interferograms, Ferretti et al. (1999,
2001) came up with the idea of using longer acquisition
sequences to overcome this limitation. This technique
was called Permanent Scatterers (PS) and it mitigated the
Atmospheric Phase Delay (APD) via statistical filtering
oflong-term radar sequences. It also provided residual
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Fig. 1 Localization of the study site with the photo of the catastrophic Lubietova landslide taken shortly after the event

topography estimates with very high accuracy on stable
targets. More recently intensive research and development
in the field of algorithms and procedures for PS analysis
was introduced (Berardino et al. 2002; Mora et al. 2003;
Wegmiiller et al. 2005; Kampes and Adam 2005; Fornaro
et al. 2007; Guarnieri and Tebaldini 2008).

The DInSAR technique has detailed description in
scientific literature (Rott and Nagler 2006; Colesanti and
Wasowski 2006), and it has been successfully used in subsi-
dence study (Ferretti et al. 2000; Henry et al. 2004; Amelung
et al. 1999; Rott et al. 2002,2003), co-earthquake deforma-
tion analysis, volcano monitoring and for other purposes.

The first application of DInSAR in landslide study was
reported from France (Fruneau et al. 1996), followed by
Canada (Singhroy et al. 1998), Austria (Rott et al 1999) and
other areas (Vietmeier et al. 1999; Crosetto et al. 2005).
The improved PS-InSAR is especially useful in landslide
monitoring where the deformation rates are less than approx.
1.4 cm/month and long term series of SAR data is available
(Colesanti et al. 2003; Colesanti and Wasowski 2004;
Hilley et al. 2004; Bovenga et al. 2006; Farina et al. 2006,
2008; Herrera et al. 2009). PS-InSAR is capable of detecting
deformations of individual objects from “small” individual
houses to objects only about 1 m? in size. A certain density of
stable objects (about 5 per km?) is needed to enable accurate
correction of APD (Singhroy 2009). One significant advan-
tage beside the price per sq. km, is the existence of an archive
of SAR data allowing monitoring of favourably oriented
landslides or other phenomena as far back as July 1991

(Hasager et al. 2002) However, the following challenges
remain to be solved, according to Colesanti and Wasowski
2006; Rocca 2003; Manzo et al. 2006:

1. PS data represent a one-demensional line of sight
(1D LOS) projection of a deformation occurring in a 3D
world. Some attempts to resolve horizontal displacements
from 1D LOS were carried out by Cascini et al. (2010);

2. Deformation greater than A/4 between two following
visits of the satellite are difficult to track due to the
ambiguity of radar phase measurements;

3. The measurements are limited due to the positioning
of PS and the re-appearance time intervals of the satellite;

4. While it is possible to obtain high density PS in urban
areas, it is very difficult to obtain coherent density of
pixels in rural areas where most landslides occur. This
was addressed by the use of artificial corner reflectors
(Ye et al. 2004; Novali et al. 2005), which had the
accompanying shortcoming of loss of availability of
archive SAR data.

Herein, the authors adopt the PS-InSAR technique in the
study of post-failure behaviour in the landslide area near

Lubietova in Central Slovakia.

Geological Settings

Lubietova village is located in Central Slovakia about
16 km east of the third largest Slovak city Banska Bystrica

(Fig. 1).
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During the middle ages, the town of Lubietova was one
of the seven most important mining towns in the Upper
Hungarian monarchy. The town was famous for its rich
abundance of copper ore mined there in fourteenth and
fifteenth Centuries, with the mineral Libethenite being a rare
secondary copper phosphate hydroxide which derived its
name from the formal German name of this town — Libethen.

The studied site is situated in the narrow valley of the
Hutna River between the two ranges of the Slovenske
Stredohorie Mountains on the west and the Slovenske
Rudohorie Mountains on the east. The hillsides dip at
gentle slopes at altitudes from 450 to 700 m a.s.l. The
eastern aspect slopes are composed of Lower Triassic
quartzites, conglomerates and sandstones, and also dolo-
mitic breccias and dolomites. The upper horizons consist
of Quaternary clays and slope detritic loams. The bedrock
of the opposite slopes of the valley is formed by the Inner-
Carpatian Paleogene flysh strata consisting mainly of highly
weathered claystones with occasional interbeds of sandy
layers. Andesitic epiclastic breccias and conglomerates of
Neogene age outcrop at the higher altitudes of the western
facing slopes and these form the geomorphologically active
parts of the mountain ridge. They rest on a Paleogene clay
strata which forms favourable conditions for slow slope
deformations. From the geodynamic point of view, these
slopes are prone to sliding and this is in stark comparison
to the eastern slopes of quartzite and dolomite rocks where
stable conditions prevail.

Catastrophic Landslide of Lubietova in 1977

Lubietova landslide (L.1) (Fig. 1) occurred in the spring of
1977 (February-April), following a precipitation anomaly
lasting from December 1976 to the end of February
1977, when the average monthly precipitation recorded
150220 % of the long-term average. This precipitation
combined with melting snow and triggered an earth flow of
asymmetric shape covering an area of approximately 30 ha.
The detachment area consisted of three separate detachment
zones which merged into an earth flow with the deposition
zone partly damming the Hutna River. The altitude differ-
ence between the detachment and accumulation zones
was 170 m while the length of the earth flow was 1,230 m.
The largest width of 400 m in the detachment zone
narrowed to 100 m where the river obstruction occurred.
Velocities measured during the first days after the occur-
rence of the landslide reached 2.5 m/day and total recorded
displacements were about 9 m, 42.9 m, and 3-6 m in the
detachment, transportation and accumulation zones respec-
tively. The sliding surface depths varied dependent on
the location from 30 m near the landslide scarp, 15-20 m
in the transportation area and 6-8 m in the deposition zone.

The total displaced mass measured about 4.5 million
cubic metres of deluvial clays (Nemcok 1982). The recent
study carried out by Prokesova et al. (2010) using sequential
sets of high resolution aerial photographs of this area
estimeated the displaced mass balance between 1969-1977
and —111,400/+91,500 m>. In order to minimize the risk
of the river damming during the landslide’s maximal activ-
ity, several large diameter steel pipes were placed in
the river bed allowing the river to flow unobstructed by
sliding masses.

The bedrock geology in the vicinity of the landslide is
rather complex, with Lower Triassic massive quartzite rocks
found in the accumulation zone and Paleogene Flysch-like
sediments overlain by slope sediments in the transportation
and detachment zones. The Paleogene claystones and shales
dip 5-15° towards the northeast creating predisposing shear
planes. In the close vicinity of the catastrophic landslide
there were several displaced huge blocks of Neogene
vulcanoclastics in the form of lateral spreads giving the
potential for extremely slow slides.

Shortly after this catastrophic event stabilization works
were recommended and applied. Surface drainage and sub-
horizontal drainage boreholes to decrease the water level
inside the sliding body together with buttress-fill grading
were installed at the accumulation zone in order to stabilise
the area. Following this event a deeper study was carried
out by Malgot (1978), who identified several landslides
on the western slopes and classified them according to
their type and activity. This catastrophic landslide has
been continuously monitored since 1988 by precise geodetic
measurements and by recording the water level inside the
boreholes located within the landslide boundaries.

In a more recent study, Vicko et al. (2001) adopted
a different approach in landslide hazard assessment of
the studied area. In the first stage, a traditional landslide
distribution map was compiled and this served for further
landslide risk map elaboration based on quantitative
analysis using the geotechnical approach. This geotechnical,
or deterministic, approach was based on the calculation of
the safety factor of each landslide body in relation to the
designed type of buildings on the urban plan. Since the
majority of residential houses were located in the accumula-
tion part of the currently dormant landslides, the calculation
was based on foundation dimensions of 12 x 12 X 3 m.
The final landslide risk zones in the map were delineated
according to the factor of safety (FOS) calculated for each
landslide separately. The FOS for the L1 landslide using the
soil parameters from a previous survey carried out by Jadron
et al. 1975 was 1.023 when stabilization measures were
not taken into account. This illustrates the susceptibility
to sliding of the western-facing slopes of the valley formed
of clays, clayey loams and shales, which were overlain
by Neovolcanic rock caps in some areas. Subsequent
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deformations inside the landslide body had a negative effect
on the stabilization measures. This particularly applied to
the surface drainage channels which were displaced, thus
losing functionality. The effectiveness of the subsurface
drainage boreholes was limited due to this same reason and
re-activation of the landslide is merely a matter of time
according to Mika (1999).

Post-Failure Geodetic Monitoring

In 1988, the Geological Survey of Slovakia installed a
geodetic monitoring network of more than 30 geodetic
points (GP) located inside the L1 landslide body to track
the post-failure development of the failure to discover if
the sliding body posed a threat to the inhabitants and their
property. The geodetic points were monitored by precise
geodetic surveys beginning in 1988 and carried out at irreg-
ular time intervals. The survey still continues and the results
for the period 1988-2006 are shown in Fig. 2. The displace-
ment rates for 30 GP‘s were calculated from the changes
of their coordinates over time by calculating the slopes of
the linear regression lines for each X, Y, and Z coordinates
separately. Figure 2 shows the projection of the displace-
ment rates in an XY plane.

Higher post-failure velocities were recorded in the
northern part of the landslide body reaching values up
the 10 mm/year, while the southern parts are moving at
slower rates from 1 to 3 mmy/year. This shows a differential
distribution of the deformation within one sliding mass. The
results of this monitoring campaign were intended to be a
benchmark to compare results of the PS-InSAR monitoring,
in order to evaluate the displacement rates of PS.

PS Technique Results

Three datasets were used for the PS analysis consisting
of 50 scenes (track 451) from ERS 1, 2 acquired between
1993-2000 and 58 scenes (track 415, 451) from the
ENVISAT two satellite, acquired between the 2002 and
2009. The ENVISAT scenes were from both ascending and
descending acquisition orbits, while the ERS1, 2 images
were taken only from the descending orbit. The number of
derived PS targets for the 4.5 km” area of interest was 1683
(455 PS — ENVISAT/Asc., 787 PS — ENVISAT/Desc. and
441 PS — ERS/Desc.). The PS processing was performed by
Telerilevamento Europa and satellite images were provided
under EC/ESA GSC-DA within the FP7 GMES SAFER
project. The three data stacks were processed by means
of PSInSAR technique using PSI approach developed by
Polytechnic University of Milan and licensed to TRE
Europa. A simple linear model of phase variation through

time was used for estimation of phase components related
to deformations. For the DEM (Digital Elevation Model)
correction a SRTM (Shuttle Radar Topography Mission)
DEM with 3 arc seconds resolution produced by NASA
was used. For each data set a reference point exhibiting no
displacement located in the presumably stable area in the
fluvial sediments near the town centre was selected. All PS
displacements in the data set were referred to this point.

The average density of PS is approx. 374 PS/km?, which
represents a rather high density considering that the studied
site is a rural area. Most of the PS targets were located,
as expected, on man-made structures such as steel roofs,
houses, and bridges in the town, while the landslides
were unfortunately lacking scatter points due to temporal
de-correlation. The catastrophic landslide of 1977, located
in the northwestern part of the town does not contain any
reflection points, while the other two, landslides 2 and 3,
have the PS located mainly in the accumulation zone. The
distributions of the PS and their LOS displacement rates from
both satellites are shown in Fig. 3. The hilly parts of the area
had PS located on rocky outcrops, showing very slow
movements in the LOS direction and mainly corresponding
to deep seated deformations of a creep character.

The 1D LOS displacement rates in the studied area
vary in range from —5 to +5 mm/year, with the negative
values indicating displacements away from the radar sensor
along the line of sight direction. From the PS located in the
area of the landslides 2 (L2) and 3 (L3) most of the targets
are located in the accumulation zone with gentle slope.
These targets have an LOS displacement rate below the
2 mm/year, which some authors such as Colesanti and
Wasowski (2006); and Righini et al. 2009 consider to be
the threshold between stable and unstable states of sliding.
Nevertheless, it is possible to trace the boundary between the
slowly creeping areas and the stable parts of the landslide
mass.

Discussion and Conclusions

The use of the PS-InSAR technique for the identification
of unstable areas proved to be a very cost-efficient method
in large areas, where sufficient number of PS can be found
(Van der Kooij 1999). Such areas mainly represent urban
sites, slope outcrops or rocky ranges, where the intensity
of the scattered radiation is higher compared to rural
areas wherein vegetated areas, meadows and crop fields
suffer from temporal de-correlation of the radar signal.
Furthermore, the applicability of this technique to land-
slide monitoring has further limitations, particularly the
slope aspect which further limits applicability of the data
for the analysis. This is also in addition to the previously
mentioned lack of PS on vegetated and soil covered land.
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Fig. 2 Displacement rate vectors derived from the geodetic monitoring system of the catastrophic Lubietova landslide projected onto the
horizontal plane showing differential deformation rates inside the landslide mass

The influence of atmospheric conditions on the accuracy error can be removed using a statistical approach where
of the PS results is well known, and to certain extent the there is availability of long-term data.



20

V. Greif and J. Vicko

0 160 320 480 640

@ Catastrophic landslide of 1977 ECErEe=—x——7p ——x |\eters
@ Landslide 2 | —— ] A
5 5

@ Landslide 3

mm/year

Fig. 3 Combined ERSd, ENVISATa,d LOS PS velocities in the Lubietova area showing the landslides in the vicinity of the town

The most important data for landslide monitoring are
the displacement vectors derived from various sensors
indicating the amplitude and direction of the deformations.
The PS data represents the displacements in the line of sight
direction of the radar sensor, and this is of limited use for the
detection of the orientation in which the deformation
progresses. In order to extract the horizontal component of
the deformation along the line of the slope, a transformation
of 1D LOS data has to take place, and this also further limits
the applicable data mainly due to relative orientation of radar
vision vector toward the slope orientation. The aspect angle
and slope dip angle particularly affect the utility of the
PS-InSAR data (Cascini et al. 2010).

Moduli of displacement rates in the slope direction were
determined by the transformation of 1D LOS PS velocity
rates in the accumulation zones of landslides L2 and L3. The

velocities for the active areas of the L2 landslide were less
than 3 mm/year while in the L3 landslides it reached less
than 20 mm/year. The later displacement rates must be
approached with caution, since these were based only on
ERS and ENVISAT descending orbits data with a scaling
factor near 7. The data from the ascending ENVISAT
acquisitions were discarded due to the high value of the
scaling factor. Even though the PS-InSAR technique did
not produce any usable targets within the L1 catastrophic
landslide of 1977, the measured displacement rates for the
L2 and L3 landslides in the immediate vicinity of the L1
landslide are comparable in magnitude to the results
obtained by long-term geodetic monitoring recorded within
the L1 landslide.

Furthermore, it was possible to redraw the boundaries of
the L2 and L3 landslides based on the slope direction velocity
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Fig. 4 Displacement rates transformed to the deepest slope orientation for the landslide L3 with the modified accumulation part of the landslide
boundary according to the moduli of the displacement rates at the PS locations

moduli of displacements indicating different deformation
rates within one sliding body (Fig. 4).

The PS-InSAR technique proved to be a valuable help
in cases where it succeeds in producing sufficient densities
of targets within the landslide mass.

An attempt to extract slope direction displacement rates
from 1D LOS data was carried out, and this proved to have
greater value in the landslide monitoring. However, it also
indicated the limits for useful transformation of PS LOS
displacement rates, with the slope aspect particularly heavily
affecting successful application of this method. It would be
beneficial to further automate the transformation procedure
within the GIS in order to have the results to hand more

rapidly. This could be an area for future development of the
PS technique in landslide monitoring practice.

All results obtained either with precise geodetic monitor-
ing and with satellite interferometry indicate that the
landslides located on the western bank of the Hutna River
are in continuous slow creep movement, and they require
constant monitoring even though the current threat to people
and property is not considered to be very high.
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