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A B S T R A C T

There are high loess banks prone to landslide along the River Danube in Hungary. One of these is the high loess
bank in Dunaföldvár, where several landslides occurred in the last decades. Quantitative relationships between
the movements of the high loess bank and the variation of the water level of the River Danube, the ground water
table, precipitation and temperature are investigated by two borehole tiltmeters and a vertical borehole exten-
someter. The twelve-year long observation from 2002 to 2014 made it possible to distinguish between the high
bank movements due to slow recent tectonic and geomorphologic processes and the short-period (from hours
to months) movements caused by hydrometeorological effects. The results revealed that besides geomorphologic
processes recent tectonics can play an important role in the recurrence of landslides in the area. In the investi-
gated period the total tilt of the high bank was 162 μrad in the SSE direction according to the geomorphologic
and recent tectonic processes in the surroundings of Dunaföldvár. Investigations of the relationships between the
high bank movements and the water level of the River Danube, ground water table changes and the precipita-
tion revealed that the tilt magnitudes caused by the ground water table variations are two orders of magnitude
greater than the tilts caused by the water level regime of the river and the direct effect of the precipitation on
the high bank tilts can be disregarded.

1. Introduction

The 30–80 m high loess banks along the west side of the River
Danube in Hungary are greatly prone to landslides (Kleb and
Schweitzer, 2001). The abrupt mass movements cause a lot of damage in
settlements, industrial structures built on the high banks. Several land-
slides (e.g. in years 1960, 1970, 1973, 1994, 2004 and 2005) caused
damage in the small town Dunaföldvár which is partly built on the high
loess bank. This was the reason for the detailed hydrological, geological,
and geomechanical investigations carried out earlier in the area (e.g.
Horváth and Scheuer, 1976; Karácsonyi and Scheuer, 1972; Kleb and
Schweitzer, 2001; Pécsi, 1971; Pécsi et al., 1979; Scheuer, 1979; Szabó,
2001) but relationships between movements of the high bank and geo-
physical, hydrometeorological, etc. processes were not studied at that
time. In 2001 a test site has been established by the former Geodetic and

Geophysical Research Institute of the Hungarian Academy of Sciences
(now Geodetic and Geophysical Institute, Research Centre for Astron-
omy and Earth Sciences, Hungarian Academy of Sciences (GGI RCAES
of HAS)) to study the relationships between high bank movements and
different natural factors. First a geodetic monitoring network was es-
tablished, based on yearly repeated geodetic measurements (GPS, EDM,
precise levelling) and continuous borehole tilt measurements (Mentes
and Eperné, 2004). In 2005, a vertical borehole extensometer also was
installed on the test site to monitor the vertical deformation of the high
bank. Besides the deformation measurements, temperature, ground wa-
ter table variations were monitored and water level fluctuations of the
River Danube and precipitation data were involved into the investiga-
tions.

In contrast with the geodetic measurements the highly sensitive
(0.1 μrad corresponding to 0.0001 mm m− 1) continuously recording
borehole tiltmeters are well suited for observation of short pe
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riodic and small ground tilts due to ground water level and pore pres-
sure variations, as it was proved by pump tests (Fabian and Kümpel,
2003; Kümpel et al., 1996, 2001). Such kind of tiltmeters were used for
landslide monitoring by e.g. García et al. (2010). Highly sensitive, con-
tinuously recording borehole tiltmeters and extensometers provide more
information about the landslide movements than the intermittent mea-
surement techniques (Uhlemann et al., 2016; Brückl et al., 2013; García
et al., 2010; Corsini et al., 2005). They make possible to seek for quan-
titative connections between river bank movements and hydrological,
meteorological processes (water level of the river, ground water table
variations and precipitation events), which are in connection with the
slow seepage material transport from the basal sediment to the river
and the river erosion of the basal material. Many authors (e.g. Casagli et
al., 1999; Chu-Agor et al., 2008; Fox et al., 2007; Guzzetti et al., 2008;
Rahimi et al., 2010; Rinaldi et al., 2004) studied the effect of the precip-
itation, ground water and stream level variations onto river bank stabil-
ity in connection with seepage caused slope failures and erosion. Wilson
et al. (2007) carried out laboratory experiments on the basis of field
measurements to study the impact of soil properties on seepage erosion
and the resulting stream bank failure. Schnellmann et al. (2010) inves-
tigated experimentally the effect of rising water table in an unsaturated
slope model. Angely et al. (1998) developed a combined hydrology/
stability model by means of which the cumulative landslide displace-
ments could be estimated as a function of precipitation. The direct con-
nection between hydrological processes and landslide movements have
also been investigated by several authors (e.g. Bogaard and Greco, 2016;
Lehmann et al., 2013; Springman et al., 2013).

Similarly to other effects, active tectonics can also play an im-
portant role in development of landslide processes as they are able
to modify the slope geometry, causing structural discontinuities, and
changing the gravity field (Alexander and Formichi, 1993; Rapolla
et al., 2010). To detect the slow tectonic movements and their ef-
fects long-period and high accuracy deformation monitoring is nec-
essary. This is why the relationship between landslides and tectonic
movements has been mostly investigated using geomorphologic ap-
proaches (e.g. Agliardi et al., 2001; Dramis and Sorriso-

Valvo, 1994). Only some authors, e.g. Brückl et al. (2013) have carried
out seismic measurements and continuous deformation measurements
by geodetic methods and continuously recording extensometers.

In this paper the quantitative relationships between the movements
of the high loess bank and the water regime of the River Danube, the
ground water table, precipitation and temperature are investigated by
two borehole tiltmeters and a vertical borehole extensometer. The possi-
ble effect of recent tectonics on the high bank movements is also studied
on the basis of twelve-year long continuous data series recorded from
2002 to 2014.

2. Study area

Dunaföldvár is situated in the middle of Hungary on the right side
of the River Danube, on the margin of the Mezőföld, which is charac-
terized by NW-SE oriented valleys (Fig. 1). The bottom right corner of
the Figure shows the locations and dates of the largest landslides in
Dunaföldvár and the study area which is situated on the 120–130 m
high a.s.l. (a.s.l. = above Baltic Sea level) Felső Öreghegy (Upper Old
Hill). Fig. 2 shows the investigated section of the high bank and the
traces of the landslide occurred in February 2005. In Fig. 3 the contour
map of the study area is depicted. The loess plateau of the Felső Öregh-
egy has a 20–30 m steep, nearly vertical hillside to the flood plain of
the River Danube. The Felső Öreghegy is separated from the Alsó Öregh-
egy (Lower Old Hill) by a 150–200 m wide, N-S oriented, valley. Fig. 4
shows the simplified geological cross section of the area based on the re-
sults of geotechnical surveys carried out by Pyrus Ltd (1994). A detailed
description of the geological setting of the high bank is given by Horváth
and Scheuer (1976), Karácsonyi and Scheuer (1972) and Schweitzer et
al. (1978).

The hydro-geological properties of the area are strongly influenced
by the subsurface water flow from the elevated loess hinterland which
is a water catchment area. The water supply is derived from the sand
layers intercalated in the loess sequence, where the ground water is
accumulated, and from the confined water stored in the first sandy
Upper-Pannonian deposit (Fig. 4). The average

Fig. 1. Height map of Hungary showing the location of Dunaföldvár and the main geomorphologic units and fault lines (after Fodor et al., 2005; Horváth et al., 2006; Bada et al., 2010)
in the vicinity of the study area. In the bottom right corner the locations and years of the largest landslides on the test site and some geological features of the area are shown.
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Fig. 2. A section of the investigated high bank and the location of the landslide in 2005. The arrow shows the location of the borehole tiltmeter (T) and vertical extensometer (V). The
instruments are located about 8 m from the brink of the high bank.

Fig. 3. Contour map of the test site at Dunaföldvár. The contour lines denote the elevation above Baltic Sea level in meters. B, T, V, GW denote the location of the borehole tiltmeter at
the bottom and on the top of the high bank, the vertical borehole extensometer and the ground water level sensor, respectively. The x-y coordinate systems show the directions of the tilt
components. The broken arrows show the ground water flow directions (Horváth and Scheuer, 1976). Broken lines L1 and L2 denote a possible normal fault (Csontos et al., 2005; Síkhegyi,
2002) and a dextral (right lateral) strike fault (Csontos et al., 2005), respectively.
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Fig. 4. Simplified geological and hydrological features of the study area (after Horváth
and Scheuer, 1976; Karácsonyi and Scheuer, 1972). Legend: a.s.l: above (Baltic) sea level;
hl: high water level; ml: mean water level; ll: low water level; (p.): permeable; (imp.): im-
permeable.

depth of the ground water table, depending on the characteristics of the
terrain, is about 25–40 m in the loess-mantled area west of the mar-
gin of the high bank (Karácsonyi and Scheuer, 1972). The ground water
flow direction is mainly eastward, but this is influenced by the valleys
which reach the ground water table. In Fig. 3 the broken arrows show
the direction of the ground water flow to the investigated high bank
from the NW and SW (Horváth and Scheuer, 1976). At the margin of the
high bank the ground water table falls steeply and the water is trans-
ferred to the sediments of the River Danube or breaks to the surface
in form of springs or seepages 0.5–1 m above the mean water level of
the river (Scheuer, 1979). The height of the ground water table is about
104–106 m a.s.l. in the sandy layer (Pleistocene loess complex) of the
high bank and in the Holocene sandy gravel layer on the bank. Since the
ground water has a hydrological connection with the River Danube, its
level is largely influenced by the water level of the river (Horváth and
Scheuer, 1976).

The study area is bordered on the NNW-SSE orientated Bölcskei val-
ley from the west (Fig. 3). The 1–1.5 km wide Bölcskei valley is filled
with silts of high organic content and it is a soggy area, 98–102 m
a.s.l. The Pannonian basement rises gradually towards the west. On
the east side of the town Dunaföldvár, the strip of the high bank is
64–87 m high a.s.l. On the west side of the Bölcskei-valley the height
of the basement is already 102–112 m a.s.l. The Pannonian strata are
not exposed in the strip of the high bank. The basement is 5–30 m
deep under the mean water level of the River Danube (Schweitzer
et al., 1978). Fig. 1 shows the characteristic NW–SE oriented, par-
allel arranged draining valleys and ridges west of the high bank in
Transdanubia. It can be assumed that this orientation is due to the
Alpine compression (Síkhegyi, 2002). The north-south oriented com-
pression of the Eastern Alps is accompanied by vertical and lateral ex-
trusion and tectonic escape of large crustal wedges towards the un-
constrained margin in the east (Bada et al., 1999, 2001; Fodor et al.,
2005; Horváth et al., 2006). The heterogeneous intensity of this exten-
sion is accommodated by transfer faults (some of them are shown in
Fig. 1) bounding different regions (Csontos and Nagymarosy, 1998).
Dunaföldvár lies in the SW–NE oriented mid-Hungarian shear zone. The
internal deformation is characterized by late-stage subsidence anom-
alies and seismically active shear zones. In connection with the above
mentioned SW–NE extension Síkhegyi (2002) and Csontos et al. (2005)
identified a normal fault west of the test site, which is denoted with
broken line L1 in Fig. 3. The ENE–WSW oriented L2 fault between
Felső and Alsó Öreghegy can be supposed to be a shortening induced
dextral (right lateral) strike fault (Csontos et al., 2005). The

geological and geomorphologic properties of the vicinity of the area are
described by Mentes et al. (2009) in detail.

3. Methods

In the middle of 2002 two borehole tiltmeters, Model 722A made by
Applied Geomechanics Inc. (2016) were installed to monitor high bank
tilts. These tiltmeters have a dual-axis tilt and a built-in temperature
sensor. This latter served for instrument and soil temperature measure-
ment in the borehole. The resolution of the tilt and temperature sen-
sors is 0.1 μrad and 0.1 °C, respectively. The tiltmeters were installed
in 3 m deep boreholes which ensured a stable operating temperature
for the instruments. According to our investigations the drift of the tilt-
meters is negligible (Mentes and Bódis, 2012; Mentes, 2003; Mentes et
al., 1996). The installation of the tiltmeters is shown in Fig. 5a. One tilt-
meter was located on the top (T) and the other at the bottom (B) of the
high bank (Figs. 3 and 4). This latter tiltmeter is about 50 m from the
River Danube and is below the ground water level, but this circumstance
does not influence its measurement capacities (Mentes, 2004). The + y
tilt axes of the tiltmeters are directed perpendicular to the River Danube
pointing approximately towards the east, and so the + x tilt axes are
parallel to the river pointing approximately towards the south. Due to
the bend of the river in the study area the coordinate system of the tilt-
meters is counter-clockwise rotated to the north by about 30° (see Fig.
3) which is taken into consideration at the determination of the tilt di-
rection of the high bank.

In 2005 a sensitive borehole wire extensometer (V) was installed
close to the tiltmeter T (Fig. 3) to measure vertical ground movements
in the upper layer of the high bank due to meteorological and hydrolog-
ical processes. The extensometer is 3 m long and it is able to measure
distance variations in a range of 0–4 mm with a resolution of 1 μm. The
instrument is temperature compensated. The construction and installa-
tion of the extensometer is shown in Fig. 5b. The description of the in-
strument is given by Mentes (2012) in detail.

The ground water level has been measured by a sensor produced by
Dataqua (2016) since 2011. The location of the well where the ground
water level was recorded is denoted by GW in Fig. 3.

The tilt, extensometric, temperature and ground water level data
were recorded hourly. The precipitation was not directly measured at
the test site. We used data which were measured in Dunaföldvár and
were supplied by the Hungarian Meteorological Service. Daily aver-
ages water level data (DWL) of the River Danube have been down-
loaded from the publicly available website of the Directorate of Water
Management (2016).

Since we had daily precipitation and water level data of the River
Danube we also calculated the daily averages of tilt, extensometric, tem-
perature and ground water level data from the hourly measured val-
ues. To investigate the relationships between tilt, extensometric data
and water level, temperature data, the daily averaged data series were
subjected to Multivariable Regression (MVR) analysis. A polynomial of
ninth order was fitted to the tilt data series (low-pass filtering) to study
the long-term tilts of the high bank and their possible connection with
recent tectonics. Data processing was carried out by the ORIGIN 9.1
(2014) program.

4. Results and discussion

4.1. Long-term tilt

Fig. 6 shows the daily averaged tilt data measured at the toe (BN,
BE) and on the top (TN, TE) of the high bank and the soil tem
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Fig. 5. Installation of the tiltmeters (a) and the vertical extensometer (b) in the boreholes.

Fig. 6. Daily averaged tilt data measured on the top (TN, TE) and at the toe (BN, BE) of the high loess bank. Increasing values of TE and BE mean eastward tilt, while decreasing values
indicate tilt towards the west. Increasing northern components (TN and BN) mean tilt towards the north, while decreasing values indicate southward tilt. TT denotes the soil temperature
measured on the top of the high bank.

perature (TT) measured on the top of the high bank from 01.06.2002
to 31.07.2014. Increasing values of TE and BE mean eastward tilt,
while decreasing values indicate tilt towards the west. Increasing north-
ern components (TN and BN) mean tilt towards the north, while de-
creasing values indicate southward tilt. The linear trend of the tilt
data was estimated by fitting a regression line to the tilt curves. The
steepness of this line gives the rate of the long-term tilt. The ob-
tained tilt rates in the east and south directions in

μrad/year, the standard deviations of the tilt rate determinations, the
correlation coefficients and the resultant tilt rates calculated from the
east and south tilt rate components are given in Table 1. The direction
of the resultant tilt rates are given in the north-east coordinate system.
The top of the high bank tilts in the SSE, while the bottom of the high
bank tilts in the NEE direction.

The long-term tilt data are influenced by short periodic local ef-
fects as the Danube's water level and ground water table varia

5
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Table 1
Long-term tilt rates calculated from the daily averaged data measured at the toe (BN, BE) and on the top (TN, TE) of the high bank from 01.06.2002 to 31.07.2014. BE, TE are the east
and BN, TN are the north tilt components, respectively.

Tilt components
Tilt rate
[μrad y− 1]

Standard
deviation
[μrad y− 1] Correlation coefficients Resultant tilt rate (direction) Resultant tilt in 12 years (direction)

TE 1.52 0.25 0.089 20.43 μrad y− 1 248 μrad
TN − 20.38 0.19 0.846 (SSE) (SSE)
BE 10.04 0.13 0.766 11.51 μrad y− 1 141 μrad
BN 5.64 0.11 − 0.604 (NEE) (NEE)

tions, precipitation, temperature, etc. To show the long-period move-
ments of the high bank, the short-period variations of the tilts were
eliminated by fitting a polynomial of ninth order to the raw

tilt data series (Fig. 7). In Fig. 8 the north components are plotted
vs. east components of the tilt data polynomials to show the move-
ments of the top and the bottom of the high bank separately. Fig. 9

Fig. 7. Polynomials fitted to the daily averaged tilt data measured on the top (TN, TE) and at the toe (BN, BE) of the high loess bank. Increasing values of TE and BE mean eastward tilt,
while decreasing values indicate tilt towards the west. Increasing northern components (TN and BN) mean tilt towards the north, while decreasing values indicate southward tilt.

Fig. 8. Tilt variation of the base (a) and the top (b) of the high bank between 1 June 2002 and 31 July 2014. BE, BN and TE, TN are the east and north tilt components measured at the
toe and on the top of the high bank, respectively. The thick arrows show the total tilts during the observation.

6
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Fig. 9. Total tilt of the high bank between 1 June 2002 and 31 July 2014.

shows the magnitude and the direction of the total tilt of the top and
toe of the high bank in the observation interval, from 1 June 2002 to 31
July 2014. The tilts directions are about the same which were obtained
from the raw data by linear regression, but the tilt magnitudes calcu-
lated from the tilt rates (see Table 1) are greater than the tilts measured
from 1 June 2002 to 31 July 2014. This is due to the different methods
of the resultant tilt determination.

The long-term tilt of the high bank can be interpreted in three differ-
ent ways: it is due to either geomorphologic processes or recent tectonic
movements or a combination of both processes. The third seems to be
the most likely explanation. In the first case the River Danube undercuts
the high bank and washes away its material. The flow of the groundwa-
ter contributes to this process which causes the eastward tilt of the high
bank and its base (see in Section 4.3). The northward tilt of the base
slope of the high bank can be explained by the water flow direction of
the river. The northern part of the high bank base has more mass loss
than the southern part since the water flows from the north to the south.
This process occurs due to the development of the river bend (Lóczy and
Gupta, 2007). These processes explain the tilt of the high bank base in
the NEE and the tilt of the high bank in the east but do not shed light
on the southward tilt component of SSE tilt direction of the high bank.
This component can be explained by the ground water flow in the val-
ley southward from the investigated high bank section (see Fig. 3) caus-
ing an increased discharge of the base material and so a southward tilt
of the high bank. The second hypothesis can be supported by the as-
sumption that the faults on the test site are active. The territory west
of the test site is in a compressional, push-up neotectonic regime trig-
gering morphological uplift west of Dunaföldvár (Horváth et al., 2006;
Csontos et al., 2005). According to Síkhegyi (2002) the L1 fault (Fig. 3)
is a normal fault contributing to the eastward tilt of the high bank. The
southern part of the investigated high bank section along the L2 fault
is pushed downstairs causing the southern component of the tilt. This

is caused by the S-N compression of the Pannonian Basin due to the
push and counter-clockwise rotation of the Adriatic plate (Csontos et al.,
2005; Horváth et al., 2006; Síkhegyi, 2002). The subsidence of the Solt
Plain (e.g. Ruszkiczay-Rüdiger et al., 2005) on the opposite bank of the
River Danube (see Fig. 1) can also contribute to the eastward tilt of the
high bank (Síkhegyi, 2002).

4.2. Effect of precipitation

Fig. 10 shows the daily averaged tilt and precipitation data series
recorded between 6 June 2002 and 31 December 2007. No signifi-
cant direct connection can be detected between the tilt components
and precipitation, not even in the case of high precipitation events
(60–80 mm). As an example Fig. 11 shows the cumulative precipita-
tion (CP), vertical extensometric (VE) data and the north (TN) and east
(TE) tilt components of the high bank between 1 and 30 May 2006. It
is obvious that the precipitation causes only very small tilts and verti-
cal movements increasing the pore pressure in the upper layer in the
loess, which proves that the rainwater, especially during heavy rains
runs off from the high bank or flows into the cracks in the loess de-
creasing its strength in the lower layers. The tilt directions are not
always the same due to the rainfalls which means that other effects
are also present (Mentes and Bódis, 2012). Correlation and linear re-
gression analyses were performed between the cumulative precipita-
tion and the tilt and extensometric values. Before the analysis a lin-
ear trend was subtracted from the tilt and extensometric values to
eliminate the false correlation between the stepwise increasing cumu-
lative precipitation and the long-term tilt and vertical extension. Re-
sults are shown in Table 2. It can be seen that 1 mm precipitation
causes about 0.04 μm vertical extension and less than 0.02 μrad tilts.
The time lags between the cumulative precipitation and the extensomet-
ric and tilt values were also investigated by correlation analysis. Fig.
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Fig. 10. Daily averaged tilt (TN, TE, BN, BE) and precipitation (P) data series recorded between 6 June 2002 and 31 December 2007. Increasing values of TE and BE mean eastward tilt,
while decreasing values indicate tilt towards the west. Increasing northern components (TN and BN) mean tilt towards the north, while decreasing values indicate southward tilt.

Fig. 11. Daily averaged vertical extensometer (VE) and cumulative precipitation (Cum. precip.) data series recorded between 1 and 30 May 2006.

12 shows the results. The maximum correlation between the precipi-
tation and the vertical extension occurs about two days after the rain-
fall. After 2 days the correlation coefficient decreases continuously.
In the case of the tilt components the time delay is about 4–6 days
(see the BN tilt component) and with exception of BN the

absolute values of the correlation coefficients are increasing (TN, BE)
or decreasing (TE) continuously. In these cases an accurate determi-
nation of the time lag is not possible, probably due to the super-
posed strong influence of the ground water table and river

8
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Table 2
Results of the regression and correlation analysis between vertical extension (VE), tilt data
and cumulative precipitation (CP). TN, TE and BN, BE are the north and east tilt compo-
nents of the top and bottom of the high bank, respectively.

Data CP

Corr. coeff. Reg. coeff.

VE 0.785 0.040 μm mm− 1

TN − 0.123 − 0.009 μrad mm− 1

TE 0.566 0.026 μrad mm− 1

BN 0.125 0.003 μrad mm− 1

BE − 0.484 − 0.022 μrad mm− 1

Fig. 12. Change of the correlation coefficients between vertical extensometer (VE), tilt
components (TN and TE are the north and east tilt components of the high bank, respec-
tively) and the cumulative precipitation (CP) data series due to change of the time lag be-
tween precipitation and the extensometric and tilt data. Negative correlation coefficients
mean westward and southward tilt and vertical compression due to increasing cumulative
precipitation.

stage fluctuations. We can assume that the time lag of the effect of the
rainfall is between 2 and 8 days. Other authors relate similar values, e.g.
Lollino et al. (2006) obtained a time lag of 9 days at the Montaldo di
Cosola test site in Italy. The large lags show that the regional precipita-
tion should have a much larger effect than the local rainfall. It is prob-
ably owing to the fact that the vertical permeability of loess is 2–3 or-
der of magnitude lower than the permeability of the horizontal sand
layers (see Fig. 4) in the high bank (Karácsonyi and Scheuer, 1972), so
the water infiltration from above is much lower than the ground water
afflux from the hinterland, and thus the ground water level variations
cause much larger tilts than the rainfall in the study area. Guzzetti et al.
(2008) investigated the effect of intensity and duration of rainfall on the
stability of shallow hill-slopes and found that rainfalls exciding about
48 h can initiate slope failures. He showed that the threshold for arising
slope failures depends on climate and the antecedent rainfalls and soil
moisture. According to Mentes and Bódis (2012), the effect of precipita-
tion is also strongly influenced by the vegetation on the high bank. On
the basis of our investigation we can state that the direct effect of the
precipitation on the movements of the high bank can be disregarded and
the precipitation mainly changes the stability of the high bank by de-
creasing the shear strength of loess and the friction along the slip planes
(see also Li et al., 2015).

4.3. Effect of the ground water table, the river water level variations and
the temperature

Fig. 13 shows the tilt (TN, TE, BN, BE), the vertical extension (VE),
the ground water table (GW) and the Danube's water level variation
(DWL) data series recorded from 3 March 2011 till 31 August 2014. As
it can be seen in Fig. 6 the tilt data have a seasonal variation which is
in connection with the ground temperature. This is the motion of the
high bank due to the thermal effect and it is not of instrumental ori-
gin (Mentes, 2012; Mentes and Bódis, 2012; Mentes, 2003). The effect
of the temperature on the high bank tilts was investigated by Mentes
and Bódis (2012) in detail. For this reason the ground temperature data
series is not plotted in Fig. 13 but it is involved into the data analysis.
Some correlations between the data series are obvious in Fig. 13. The
increasing ground water level causes decreasing vertical extension and
conversely. It can be explained as follows: the increasing pore pressure
in the lower part of the high bank due to the increased ground water
level causes vertical compression acting against the gravity force of the
upper layer. Therefore, the extensometer measures shortening in the up-
per layer of the high bank. The connection between the ground water
level and the north components (TN and BN) of the tilts is also conspic-
uous. To obtain a numerical connection between each tilt component
and the water level variation of the River Danube (DWL), the ground
water level (GW) variation and the temperature (T) the data series were
subjected to MVR and correlation analysis. The analysis was carried out
with yearly data to study the yearly changes of the obtained regres-
sion and correlation coefficients which characterize also the stability of
the high bank. We can assume that lower coefficients mean higher high
bank stability, since e.g. a unit of ground water level change causes
smaller tilt than in the case when the high bank is in an unstable state.
The MVR and correlation analyses were carried out with extensometric
data similarly to the tilt data. The results (regression coefficients ± RMS
errors of their determination, R2 is the quality of the determination of
the regression coefficients and correlation coefficients) are summarized
in Tables 3 and 4. It can be seen that the effect of the ground water table
variations are about two orders of magnitude higher than that of the
water level range of the River Danube. There are no significant changes
in the values of the yearly regression coefficients which mean that the
highbank is in the same stability state. This is proved by the fact that in
the investigated period (2011–2014) there were no landslide events in
the study area.

5. Conclusions

The twelve-year long observation of the movements of the high loess
bank by borehole tiltmeters and extensometer have made it possible to
study the high bank movements due to slow recent tectonic and ge-
omorphologic processes and the short-period (from hours to months)
movements caused by hydrometeorological effects. The results revealed
that besides geomorphologic processes recent tectonics can also play an
important role in the recurrent landslides in the area. The measured
long-period tilt direction of the high bank is in good agreement with re-
cent tectonic processes. As a result of the superposition of the tectonic
and geomorphologic effects, landslides can be triggered in 10–15 year
intervals (recently, in 1994 and 2005) concentrated on the southern end
of the investigated high bank section.

The magnitude of the high bank tilt due to the ground water table
variations is about 10–100 μrad m− 1, while a change of 1 m
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Fig. 13. Tilt (TN, TE, BN, BE), vertical extensometer (VE), ground water table (GW), and Danube's water level variation (DWL) data series recorded from 3 March 2011 to 31 August
2014. Increasing values of TE and BE mean eastward tilt, while decreasing values indicate tilt towards the west. Increasing northern components (TN and BN) mean tilt towards the north,
while decreasing values indicate southward tilt.

in the river level causes a 1–5 μrad tilt of the high bank. The direction
of the resultant tilt due to ground water table and river level variations
is E-SE in most cases. Since the effect of the ground water level depends
also on the river regime, the magnitude of the resultant tilt due the in-
teraction of these two processes can be higher than 20–30 μrad. Dur-
ing the whole recording period, the highest tilt variations were about
300 μrad on the top and 200 μrad at the bottom of the high bank.

The direct effect of the precipitation on the high bank tilts is negli-
gible. However, it influences the high bank stability through changing
soil properties.

Continuous tilt measurements showed that the effect of hydrological
processes is more complicated than it had been claimed from geome-
chanical and hydrogeological investigations.

For a more exact interpretation of motions and deformations of the
high bank due to hydrological processes, further research is needed on
local hydraulic conditions:

− ground water levels should be measured at the southern and north-
ern ends and in the middle directly at the back of the high bank,

− altogether four tiltmeters should be installed on the test site: at both
ends on the top and at the toe of the high bank,

− pore pressure should be measured at different places and different
depths on the high bank,

− distribution of the precipitation in the catchment area of the test site
should be continuously determined.

The investigations showed that high-sensitive borehole tiltmeters are
very useful and indispensable instruments for understanding kinematic
and dynamic landslide processes. Due to their high spatial and tem-
poral resolution, high stability and plainness for maintenance they are
very suitable for long-term monitoring of landslides as a part of an early
warning system.
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Table 3
Results of the MVR and correlation analysis between tilt components and ground water level (GW), water level of the River Danube (DWL) and the temperature (T). TN, TE, BN and BE are the tilt components on the top and on the bottom of the high bank.
BE, TE are the east and BN, TN are the north tilt components, respectively. R2 is the quality of the determination of the regression coefficients. The p-values for each result are less than 0.0001 with exception of data denoted by N (not significant).

Years Tilt components GW DWL T R2

Corr. coeff.
Reg. coeff. ± error
[μrad m− 1] Corr. coeff.

Reg. coeff. ± error
[μrad m− 1] Corr. coeff.

Reg. coeff. ± error
[μrad °C− 1]

2011 TN 0.925 11.856 ± 1.011 0.076 0.831 ± 0.309 − 0.973 − 5.740 ± 0.185 0.971
TE 0.785 81.410 ± 2.895 0.445 − 0.053 ± 0.009 − 0.451 9.143 ± 0.531 0.838
BN − 0.673 − 76.898 ± 1.545 − 0.507 0.381 ± 0.868 N − 0.249 − 10.995 ± 0.303 0.920
BE 0.729 29.307 ± 2.629 0.010 1.267 ± 1.476 N − 0.709 − 5.626 ± 0.516 0.684

2012 TN − 0.392 − 122.526 ± 2.282 − 0.307 0.526 ± 0.525 − 0.031 − 18.045 ± 0.349 0.898
TE 0.704 65.010 ± 3.670 0.572 3.655 ± 0.812 − 0.468 6.544 ± 0.547 0.682
BN − 0.906 − 74.539 ± 1.274 − 0.576 − 1.796 ± 0.497 0.308 − 4.487 ± 0.180 0.941
BE − 0.559 − 77.489 ± 2.854 − 0.314 5.589 ± 1.114 − 0.122 − 9.019 ± 0.403 0.709

2013 TN 0.627 − 19.321 ± 3.439 0.428 − 4.343 ± 0.939 − 0.934 − 25.718 ± 0.658 0.887
TE − 0.135 70.019 ± 2.606 − 0.142 0.713 ± 0.743 N 0.751 24.430 ± 0.513 0.865
BN 0.031 − 16.930 ± 0.938 0.182 3.572 ± 0.330 − 0.892 − 9.418 ± 0.176 0.892
BE 0.629 27.525 ± 2.443 0.456 4.677 ± 0.860 − 0.747 − 10.242 ± 0.457 0.754

2014 TN − 0.398 − 16.073 ± 4.056 N − 0.378 − 0.315 ± 0.662 N − 0.957 − 13.812 ± 0.355 0.923
TE − 0.325 89.192 ± 8.073 0.382 − 2.467 ± 1.318 N 0.960 36.866 ± 0.706 0.951
BN 0.168 19.186 ± 1.393 0.612 1.599 ± 0.273 0.880 3.745 ± 0.108 0.908
BE 0.737 51.585 ± 3.338 0.112 3.908 ± 0.654 − 0.525 − 3.230 ± 0.258 0.736

2011–2014 TN 0.288 21.931 ± 3.437 0.230 0.076 ± 0.010 − 0.509 − 12.396 ± 0.662 0.300
TE 0.215 82.783 ± 4.122 0.019 − 4.089 ± 1.217 N 0.171 15.363 ± 0.794 0.267
BN − 0.580 − 58.147 ± 1.287 0.004 − 7.500 ± 0.498 − 0.247 7.472 ± 0.243 0.643
BE 0.110 − 17.370 ± 2.156 0.332 13.635 ± 8.350 − 0.463 − 8.868 ± 0.407 0.355

Table 4
Results of the MVR and correlation analysis between vertical extension (VE) and ground water level (GW), water level of the River Danube (DWL) and temperature (T). R2 is the quality of the determination of the regression coefficients. The p-values for each
result are less than 0.0001 with exception of data denoted by N (not significant).

Years Vertical extensometer GW DWL T R2

Corr. coeff.
Reg. coeff. ± error
[mm m− 1] Corr. coeff.

Reg. coeff. ± error
[mm m− 1] Corr. coeff.

Reg. coeff. ± error
[mm °C− 1]

2011 VE − 0.974 − 0.341 ± 0.008 − 0.272 0.001 ± 0.000 N 0.794 − 0.015 ± 0.001 0.962
2012 VE − 0.948 − 0.162 ± 0.011 − 0.424 0.001 ± 0.000 N 0.929 0.017 ± 0.002 0.924
2013 VE − 0.889 − 0.148 ± 0.005 − 0.618 0.013 ± 0.001 0.527 − 0.007 ± 0.001 0.842
2014 VE − 0.722 − 0.161 ± 0.017 0.115 − 0.012 ± 0.003 0.839 0.028 ± 0.002 0.837
2011–2014 VE − 0.908 − 0.197 ± 0.004 − 0.245 0.003 ± 0.001 N 0.704 0.005 ± 0.001 0.831
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