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Relationship between river bank stability and
hydrological processes using in situ measurement data
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Many river banks throughout the world are prone to landslides; therefore, serious efforts are made to
develop landslide early warning systems. This study presents a method by which the stability changes of the
river banks can be continuously monitored; necessary measures can be taken in time to reduce the damage.
The method was tested in Dunaszekcs6 (Hungary), where the high loess bank of the River Danube has been
intensively moving since 2007. The tilts of the high bank were measured by two borehole tiltmeters. The
connection between tilt values and the river- and groundwater-level variations was investigated by
multivariable and moving window regression analyses on the basis of a 6-year-long observation from
2011 to 2016. The results show that increasing regression coefficients mean decreasing stability of the high
river bank, so the developed method can be used for continuous supervision of the high bank stability.
The method is also suitable for studying the causes of motion processes. Investigations showed clearly that
the effect of groundwater table variations is two orders of magnitude higher than the water-level variations of
the River Danube. In addition to the erosion of the river, various small tilts of the stable and unstable parts
also contribute to the arising of new cracks in the stable part, decreasing its width.
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Introduction

Landslides are recognized as a significant source of threat to human lives, property,
and industrial objects, causing casualties and economic losses (Petley 2012). That is
the reason for sustained efforts to study the effects that contribute to triggering
landslides. In addition to the investigation of geologic, tectonic, and geometric
properties of hillslopes, many authors have studied meteorological effects
(e.g., Szabo 2003; Lollino et al. 2006; Mentes et al. 2014), particularly the effect
of precipitation (Kirkby 1978; ladanza et al. 2016), pore water pressure, soil moisture
(e.g., Casagli et al. 1999; Rinaldi et al. 2004; Iverson 2005; Fox and Wilson 2010;
Hencher 2010; Kim 2016; Amvrosiadi et al. 2017), soil erosion (e.g., Fox et al. 2007;
Tian et al. 2017; Zhang et al. 2017), vegetation (Micheli and Kirchner 2002; Simon
and Collison 2002; Marston 2010; Pollen-Bankhead and Simon 2010; Mentes and
Badis 2012), and groundwater- and river water-level variations (e.g., Schnellmann
et al. 2010; Mentes 2017b) on river bank stability. However, to date, the direct effect
of hydrological processes on movements and deformations of high river banks
(e.g., Uchimura et al. 2010; Bittelli et al. 2012; Devoti et al. 2015; Mentes 2017a,
2017b) were barely investigated. Since hydrological processes play a major role in
development of landslides, the understanding of their role in determining the stability
of high river banks is a significant research task for the development of early warning
systems (e.g., Fathani et al. 2016; Intrieri and Gigli 2016; Greco and Pagano 2017,
Wen et al. 2017).

The high, steep banks along the west side of the River Danube in Hungary are
greatly prone to landslides (Schweitzer et al. 1978; Kleb and Schweitzer 2001).
Figure 1 (left lower corner) shows the locations where disastrous landslides have
occurred previously. On these areas, traditional hydrological, geologic, and geome-
chanical investigations were carried out (e.g., Domjan 1952; Kézdi 1970; Pécsi 1971;
Karacsonyi and Scheuer 1972; Horvath and Scheuer 1976; Moyzes and Scheuer 1978;
Pécsi et al. 1979; Scheuer 1979; Szabd 2001; Mentes et al. 2009), but the relationships
between movements of the high bank and processes such as geophysical, hydrological,
and meteorological were not studied. In 2007, small movements commenced on the
high loess bank of the River Danube in Dunaszekcs6 (Fig. 1, left lower corner). In
August 2007, two borehole tiltmeters were installed on the high bank for continuous
recording of tilts of the high bank, in addition to a geodetic network for Global
Positioning System (GPS), electronic distance measurement, and precise leveling
(Ujvari et al. 2009). Since geodetic measurements could only be used for the
determination of the yearly change of the geometry (topography) of the high river
bank (Bugya et al. 2011; Mentes et al. 2012; Banyai et al. 2014), the continuous
recording tiltmeters enable the study of the relationships between meteorological and
hydrological processes and the high bank tilts (e.g., Garcia et al. 2010; Bodis and
Mentes 2012; Mentes and Bodis 2012). In this study, the effect of the interaction
between the Danube’s water level and groundwater level on the movements of the high
river bank is investigated for the development of an early warning system.
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Locations of landslides along the River Danube in Hungary (left lower corner) and the oblique aerial view
(source: Laszlo Kormendy) of the high loess bank in Dunaszekcso. T1 and T2 denote the borehole tiltmeters
on the stable and unstable part of the high bank, respectively. GW1 and GW2 show the locations of the
groundwater table sensors. White line denotes the crack that appeared in 2010

Geologic setting

According to published data, there was a large landslide of the high bank in
Dunaszekcso in 1862, followed by small movements. The next large movements
occurred in 1965 and 1976 (Kraft 2011). The traces of the previous slumps can also be
seen in Fig. 1. From 2007 on, the movements of the high bank accelerated again and
on February 12, 2008, one of the dangerous landslides occurred here.

Figure 1 shows the location (left lower corner) and the oblique aerial view of
the high bank. The height of the investigated high loess bank is 142 m above the
Baltic Sea level. The basement of the high bank consists of Triassic—Jurassic
limestone located at 200-250 m below the surface; it is overlain with clayey and
sandy sediments formed in the Upper Miocene and Pliocene. Above these layers, the
uppermost 70 m of sedimentary sequence consists of sandy and clayey loess layers
with brown to red fossil soils accumulated during the Pleistocene (Fig. 2). The high
bank consists of a 20- to 30-m-high vertical loess wall above the 10- to 20-m-high
slopes that consist of reworked loess from past landslides and fluvial mud, sand, and
gravel deposits of the Danube (Szederkényi 1964; Urbancsek 1977; Kaszas and Kraft
2009; Kraft 2011). The younger loess series on top is much more prone to collapse
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Fig. 2

Cross-section and geologic structure of the high bank at Dunaszekcsé (after Kaszas and Kraft 2009; Ujvari
et al. 2009; Kraft 2011). a.s.l.: above Baltic Sea level; GWL: groundwater level; HWL: highest water level;
LWL: lowest water level; E: east; W: west

(Moyzes and Scheuer 1978; Scheuer 1979); while the density of the younger loess
deposits is about 1.6 g/cm® than that of the older loess series, and the intercalated
paleosols is between 2.0 and 2.1 g/cm?, and that of the Pannonian clay and sand reach
2.16 g/em® (Hegedis et al. 2008; Ujvari et al. 2009).

The geologic structure of the high bank and its surroundings is summarized by
Ujvari et al. (2009) in detail.

Methods and data processing

The tilt of the loess wall was measured by the highly stable and sensitive Model
722A borehole tiltmeters produced by Applied Geomechanics Inc. (2018). This
instrument has a dual axis tilt sensor and a built-in temperature sensor for measurement
of the borehole temperature. The resolution of the tilt and temperature sensors is
0.1 prad (0.1 pm/m) and 0.1 °C, respectively. Two tiltmeters were installed on the
study area in 2007. One of the instruments (T1) was placed on the stable and the other
instrument (T2) on the unstable part of the high loess wall, as shown in Fig. 1. The +y
component (T1N and T2N) of the tiltmeters was directed to the north, parallel to the
River Danube, and the +x components (T1E and T2E) to the east, perpendicular to the
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river. The instruments are placed in boreholes at a depth of 2.5 m, which ensures stable
temperature for the tiltmeters. The installation of the instruments is described by
Mentes et al. (2012) in detail. Since the dry loess is a soft rock according to the
classification of the International Association of Engineering Geology (Moyzes and
Scheuer 1978), it can be assumed that the tilt of the deeper layer of the loess wall is the
same as that of the borehole.

Two groundwater table gauges were installed at locations GW1 (in October 2009)
and GW2 (in March 2010). GWI1 is located ca. 100 m west of the sliding block,
whereas GW?2 is approximately located 200 m south of GW1 at a slightly lower height
(Fig. 1). Tilt and groundwater-level data were recorded hourly. The water-level data of
the River Danube are measured relative to the zero point of the water gauge, which is
at a height of 79.92 m above the Baltic Sea. This data has been downloaded from the
accessible website of the Directorate of Water Management (www.vizugy.hu). Since
only daily water-level data of the River Danube were available, the daily averages of
hourly tilt and groundwater-level data were used for the investigations.

To obtain a quantitative insight into the effect of the ground and river water-level
variations on the high bank tilts, and to develop an early warning system, the data
series were subjected to moving window regression (MWR) and multivariable
regression (MVR) analyses using the TSoft (Van Camp and Vauterin 2005) and the
OriginPro 9.1 programs (http://www.originlab.com), respectively.

Results and discussion

Figure 3 shows the high bank tilts, the groundwater tables (GW1 and GW2), and
the water-level variations of the River Danube (DWL) between January 1, 2011 and
March 31, 2016. T1E and TIN are the east and north tilt components measured on
the stable part, and T2E and T2N are the east and north tilt components measured on
the unstable part of the high bank. Increasing tilt values mean eastward and northward
tilt, whereas decreasing values mean westward and southward tilts. The stable part of
the high bank tilted oscillating with amplitudes of 20—60 prad in the south direction
(TIN component). The east component (T1E) trends slowly to east with alternating
tilts with amplitudes of 10-30 prad. The rate of tilts increased both in the south and the
east directions in 2013 and from this time on, the tilt continued with decreased rate.
The resulting tilt in both directions was less than 150 prad, not a considerable amount,
in the whole measuring period. The movement of the unstable part is characterized by
high tilt rates both in the east and in the north. The rate of the tilts increased
considerably in both directions from 2015 on. During the investigated period, the tilt of
the unstable part was much higher than that of the stable part. The resulting tilt in both
directions is in the order of 1,000 prad. Figure 4 shows the resultant tilt (tick arrow) of
the stable (TIN vs. T1E) and the unstable part (T2N vs. T2E), respectively. The
direction of the resultant tilt of the stable part is approximately southeast, the tilt
direction of the unstable part is northeast (NE). It can be assumed that the shear stress
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Fig. 3

Daily averaged data measured on the high loess bank in Dunaszekcs6 between January 1, 2011 and March 31,
2016. T1E and TIN are the east and north tilt components measured on the stable part of the high bank. T2E
and T2N are the east and north tilt components measured on the unstable part of the high bank. Increasing tilt
values represent eastward and northward tilt, while decreasing values represent westward and southward tilts.
GW1 and GW2 denote the groundwater tables and DWL denotes the water level of the River Danube

between the stable and unstable parts of the high bank arising from the different
motion of the two parts contributes to reducing the stability of the high bank, causing
cracks in places where the shear stress exceeds cohesion. Since the movements caused
by tilts of the unstable parts are larger than that of the stable part of the high bank,
assuming a rigid loess wall, the cracks first appear on the top to a depth of some meters
(see also Rinaldi and Casagli 1999). Geophysical measurements carried out by the
pressure probe method (Szalai et al. 2014a) and electrical resistivity tomography
(Szalai et al. 2014b) prove the presence of visible and invisible surface and near-
surface cracks with a depth of 1-10 m. These surface cracks promote penetration and
seep of precipitation into the loess wall, thereby weakening the cohesion and further
reducing the stability of the high bank (e.g., Midgley et al. 2013; Mulas et al. 2016).
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Tilt variation of the stable (left) and the unstable (right) part of the high bank between January 1, 2011 and
March 31, 2016. The thick arrows show the total tilts during the observation period

The River Danube is washing away the north part of the unstable section of the high
bank more intensively than the south part; the undermining causes the long-term NE
tilt of the unstable part. The subsiding masses of the unstable part of the high bank
push the material simultaneously into the river and back into the loose base of the
stable high bank, which is soaked through with groundwater and the river (Fig. 2). The
recurring sinking of the unstable masses and the continuous transfer of the base
material into the river cause the alternating east—west tilt of the high bank (Fig. 4). This
vertically moving process can be seen in Fig. 5. The houses are vertical on the moving
part of the high bank during the subsidence.

Table 1 shows the results of the MVR analysis. Regression coefficients (caused tilt
per water level change of 1 m) between each tilt component and the water levels were

—18.03.2016

Fig. 5
Appearance and development of new cracks within the study site between 2010 and 2016 (photos were
captured by the author)
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Table 1
Regression coefficients between tilt data and the water level of the River Danube (DWL), and the
groundwater levels (GW1 and GW2) obtained by MVR analysis

GW1 GW2 DWL
Tilt Year (prad/m) (prad/m) (prad/m) R?
TIE 2011 -13 =35 4 0.800
2012 —41 —44 3 0.658
2013 —207 33 -2 0.484
2014 -23 63 2 0.533
2015 2 =37 -1 0.862
2016 13 13 —1 0.789
TIN 2011 -193 3 7 0.388
2012 28 -98 -1 0.793
2013 67 -56 1 0.619
2014 0 28 2 0.335
2015 28 —44 -2 0.775
2016 6 -38 -1 0.970
T2E 2011 —400 -178 18 0.862
2012 167 95 -8 0.373
2013 369 -83 11 0.733
2014 -156 —-1,095 15 0.859
2015 334 —2,430 40 0.800
2016 =712 1,073 53 0.859
T2N 2011 185 —287 —-16 0.965
2012 33 =512 -6 0.933
2013 -1,380 =71 -30 0.690
2014 776 —1,198 —22 0.531
2015 25 1,246 -208 0.272
2016 -199 114 -36 0.389

T1E, TIN and T2E, T2N denote the east and north tilt components measured on the top (stable part) and on
the unstable (sliding) part of the high bank, respectively. The positive values denote tilts in the east and north
and the negative values in the west and south directions. Regression coefficients mean the tilts in prad caused
by a water-level change of 1 m. R? is the R square of the adjustment. MVR: multivariable regression
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calculated separately for each year to investigate the changes of the regression
coefficients due to stability changes of the high bank. At first glance, it can be
observed that the effect of the groundwater is at least 1-2 orders of magnitude higher
than that of the Danube water level (DWL). The changing signs (plus sign of the
regression coefficients represents that increasing water level tilts the high bank in north
and east direction, while the minus sign represents tilts in the opposite direction) of the
regression coefficients can be explained by the different stability state of the high bank
and with the interaction between the groundwater level and the water level of the river.
This latter is especially obvious in the case of the east tilt component of the unstable
block (T2E), where regression coefficients between T2E-GW2 and T2E-DWL have
opposite signs. This means that the increasing water level of the River Danube hinders —
by its hydrostatic pressure — groundwater flow into the river (Fig. 2). The higher the
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Fig. 6

MWR coefficient (RC) between the north tilt component (T1N) of the stable part of the high bank and the
groundwater (GW2) level (RC TIN-GW2) and between the TIN and the water level (DWL) of the River
Danube (RC TIN-DWL). T1N tilt curve moving in the positive direction means northward tilt, whereas
moving in the negative direction means southward tilt
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Fig. 7

MWR coefficient (RC) between the east tilt component (T1E) of the stable part of the high bank and the
groundwater (GW2) level (RC TIE-GW2) and between the T1E and the water level (DWL) of the River
Danube (RC TIE-DWL). TIE tilt curve moving in the positive direction means eastward tilt, whereas
moving in the negative direction means westward tilt

regression coefficients (the higher the tilts caused by 1 m of water-level change), the
lower the stability of the high bank. This fact can be used to predict a possible landslide
due to stability loss of the high bank.

The first new crack after the large slump in 2008 (Ujvari et al. 2009) appeared in the
fall of 2010 (Fig. 1). The high regression coefficients between the tilts of the unstable
part (T2E and T2N) and the water levels (GW2 and DWL) are distinct, showing the
increased instability of the high bank. In 2014 and 2015, the regression coefficients
(T2N-GW?2) are much higher than before, as the new moving block arisen in 2010
(Fig. 5a) cracked into smaller blocks that were moving independently of each other
(Fig. 5b). In 2015 and 2016, these subblocks subsided differently between 0.5 and
2.5 m (Fig. 5c¢).
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Fig. 8

MWR coefficient (RC) between the north tilt component (T2N) of the unstable part of the high bank and the
groundwater (GW2) level (RC T2N-GW?2) and between the T2N and the water level (DWL) of the River
Danube (RC T2N-DWL). T2N tilt curve moving in the positive direction means northward tilt, whereas
moving in the negative direction means southward tilt

MWR analysis with a window width of 30 days and a window shift of 1 day was
used for continuous observation of the changing regression coefficients. Each tilt
component was separately involved into the regression analysis with the groundwater
level (GW2) and the water level of the Danube (DWL). The results can be seen in
Figs 6-9. Figure 6 shows the north tilt of the stable part of the high bank. It can be seen
that when both the groundwater level (GW2) and the DWL are high, the regression
coefficients (RC TIN-GW2 and RC TIN-DWL) are small, which means that the
hydrostatic pressures are balancing each other and that the tilt rate of the stable part
decreases.

Figure 7 shows well the interaction of the groundwater and the water of the river.
When the groundwater is very low, the stable part tilts westward (see, e.g., RC T1E-
GW?2 in October 2012) and simultaneously the change of the DWL causes a small
eastward tilt, slightly influencing the rate of the eastward tilt of the stable part. In July

Central European Geology 62, 2019



94  Mentes

1500
1000 -
500 4 e e - \o/

0 ] =] ToTEal - Y 4
-500 3 b,
-1000 +—+——1—"T—"""T""T""T" """ T T T T T
925
92,0
915 -

91.0 ]
10
8-
6 -
4.
2

10000

5000 -

04

T2E [urad]
|
[
1

GW2 [m]

DWL [m]

[urad/m]

B o L A L L L LA LA LA N A LA LA AL S LA LA L WL W
200
0
-200
400
-600 -

[urad/m]

16/07/2011

16/10/2011

16/01/2012

16/07/2012+

16/01/2013+

16/04/2013+

16/07/2013+

16/10/2013+

16/01/2014

16/04/2014

16/07/2014

16/10/2014

16/01/20154

16/04/2015

16/07/2015+

16/10/20154

RC T2E-DWL RC T2E-GW2
16/01/2011
16/04/2011
16/04/2012
16/10/2012
16/01/2016

Fig. 9

MWR coefficient (RC) between the east tilt component (T2E) of the unstable part of the high bank and the
groundwater (GW2) level (RC T2E-GW2) and between the T2E and the water level (DWL) of the River
Danube (RC T2E-DWL). T2E tilt curve moving in the positive direction means eastward tilt, whereas
moving in the negative direction means westward tilt

2015, both the GW2 and DWL influenced a westward tilt, but the effect of the
groundwater (RC TIE-GW?2 is —200) is much stronger then the effect of the river level
(RC TIN-DWL is —16). Neither effect changed the eastward tilt of the stable part of
the high bank. The tilt rate became only zero for a short period. In 2014, the stability of
the unstable part began to decrease, especially the northward tilt increased and in 2015
its westward tilt changed to eastward tilt with an increasing rate. The water-level
variation of the Danube can only modify the tilt rate, and sometimes the tilt direction,
for a short time (Figs 8 and 9). The results show that the water-level fluctuations of the
river do not directly trigger landslides (see also Scheuer 1979; Szabd 2003), as was
previously believed that a rapid drawdown following a high river stage causes
landslides (e.g., Horvath and Scheuer 1976). On the contrary, the river’s role is
twofold: on the one hand, especially during high water level, the river increases the
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moisture content, i.e., the pore water pressure, and loosens the basal material, thereby
reducing the stability of the high bank. On the other hand, it erodes and undercuts the
high bank (e.g., Rinaldi and Casagli 1999; Rinaldi et al. 2004; Fox et al. 2007; Fox and
Wilson 2010). This process widens the unstable part and causes the retreating of the
stable part of the high bank, which is proved by the appearance of new cracks from
time to time. Since the subsidence of the stable part of the high bank is below the
resolution of the GPS measurements (Banyai et al. 2014), the groundwater only
transfers the base material of the unstable part to the river.

According to the previous investigations, the direct effect of the precipitation can be
disregarded (Mentes and Bodis 2012; Mentes 2017a). Precipitation influences the
groundwater level and the river stage and by this means indirectly, the movements of
the high bank.

Conclusions

Using the developed method, the moving processes of the river banks can be well
studied by borehole tiltmeters and the repeated and expensive geophysical and
geodetic measurements for the stability control of the river banks can be performed
less frequently or omitted.

The used methodology proved successful in highlighting and quantifying the
interaction between groundwater- and river water-level variations, which play critical
role in slope stability.

The results show that the effect of the groundwater-level variations on the
high bank movements is about two orders of magnitude greater than that of
the river.

The major roles of the river are to increase moisture and thereby to loosen the base
material, to erode and undercut the high bank, and to continuously wash away the
material transferred to the river from the base of the unstable part of the high river bank
by the groundwater and thereby increase the width of unstable part.

Simultaneous tilt measurements on the stable and unstable parts of the high bank
showed that the different tilt amplitudes and directions of the stable and unstable parts
contribute to the arising of new cracks, decreasing the width of the stable part.
Precipitation can flow into these cracks, decreasing the cohesive force.

Continuous moving window regression analysis between the online measured tilt
and water-level data allows the remote sensing of the up-to-date stability of the high
bank without the need for expensive geodetic or geophysical measurements on the
high bank. Increasing regression coefficients represent decreasing stability. The
method can be adapted to any active river bank to observe slope stability variations
and to take the necessary measures for mitigation of damages in case of a possible
landslide due to stability loss; thus, it can be used as a landslide early warning
system or part of an early warning system.
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