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Abstract: The present paper provides a case study and an overview of the stability of high banks
bordering the eastern basin of the largest central European lake, Lake Balaton, in Hungary. External
factors such as rain, lake-water level, or pore water pressure are considered in the stability analysis.
The slope stability was assessed using two software with different approximations and calculation
methods. The results of the models using Plaxis and Rocscience Slide2 are compared. One of the major
identified failure scenarios is the deep-seating rotational landslides that are triggered by rain and
elevated groundwater table. The modeled slip surfaces are in good agreement with the inclinometer
monitoring data of the site; meanwhile, the top of the slope failures is not influenced by water level.

Keywords: shoreline slope; landslide; monitoring system; inclinometer; piezometer; lake-water level;
rainfall; slip surface

1. Introduction

Landslides are becoming more common around the world mainly because of cli-
mate change, weather conditions with an increasing number of storms and heavy rainfall
events [1,2], and increasing human disturbance [3,4]. A previous study in the Balaton
shore region has also shown that most slope movements are related to increased precipita-
tion [5]. The spatiotemporal analysis of a worldwide dataset of fatal non-seismic landslides
between 2004 and 2016 reported that nearly 5000 fatal surface movements killed almost
56,000 people, and the property damage caused was also enormous [6].

Coastal slopes and shorelines are often subject to active erosion processes linked to
their geology and morphology; thus, their stability is changing rapidly [7]. Several erosion
processes may include active toe erosion that initiates other processes such as surface
erosion and landslides [8]. Shoreline erosion and cliff recession along most of the shoreline
of the Great Lakes in the USA results in losses of millions of dollars annually [9]. Extreme
rainfall events often induce deep-seated landslides, for example, in southwestern Taiwan
in 2009 [10]. Case studies dealing with coastal zones [8] recognized that water (ground or
surface but also sea through wave action) was the main driving agent resulting in erosion
(superficial erosion, gully formation, mudflows) and slope instability (translational and
rotational slides, topples, and slumps). Other factors such as land-use change during
construction and traffic, featured strongly among the factors associated with triggering
slope instability [11].

The susceptibility of an area to landslides can be assessed using various methods
such as, morphological mapping [12], remote sensing techniques [13-17] or numerical
simulations [7,18]. Material properties [1,6,19] and moisture/precipitation [1,2] are key
factors in assessing the landslide susceptibility of an area, and the susceptibility can be
assessed even at the country scale [20]. Past landslides of Lake Balaton’s shoreline zones are
documented in this area [21]. Due to past landslides and documented disasters, information
from the area is available from as early as the 19th century. These are known from both
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published articles mainly from the last century [22-29] and maps, such as the National
Surface Movement Cadastre of Hungary [30] or the Online Landslide Hazard Map of
Hungary [31].

The aim of this paper is to present a case study in Hungary on the problem of slope
movement, which is a growing risk worldwide as well. The problem of the slope chosen
for the study is complex: on the one hand, it is a shoreline area, and on the other hand, it is
surrounded by populated residential areas. In addition, there is a railway line in the middle
of the slope as well as roads at the bottom and top of the slope. In the past, numerous
movements have affected and shaped the wider area, causing road closures and train
accidents. Thanks to several interventions, there have been no mass movements causing
serious damage in recent years, but movements have continued into the 21st century. For
example, in 2010, a section of the railway tracks in the immediate vicinity of the study
area had to be closed to traffic while the tracks were being restored [32]. In this work, we
have now performed deterministic, finite-element (Plaxis [33]) and probabilistic stability
analysis (RocScience Slide2 [34]) for different lake-water and groundwater levels in order
to model different meteorological and hydrogeological cases. These results were evaluated
in combination with the rainfall and lake-water-level data series in 2020. The monitoring
system for ground movement, groundwater and pore water pressure, were also recorded
to better understand the erosion process and to analyze the effect of rainfall periods and/or
changes in lake-water level on slope movement. The most useful outcome of these studies
and analyses could be the creation of a landslide-notification system for the area, using the
results and observations to predict harmful landslide movements. Warning strategies of
landslide risk are evolving and becoming more actively used [35,36]. A great example of
this is the Norwegian susceptibility and hazard maps, landslide forecasting, and warning
service (using real-time hydro-meteorological measurements) that is available online [37].

2. Geographic Setting and Geology

This study deals with a shoreline area of the largest lake in central Europe. The eastern
basin of Lake Balaton is surrounded by special geological formations and high banks that
are prone to movement. It is an area where many past examples of slope failure have been
documented since the 19th century [29], when roads and railway lines were threatened
by landslides [30]. During the construction of the railway in the spring of 1908, the bank,
where the railway cut was made, collapsed in the area of Balatonakarattya at a length of
about 400 m. A few years later in the spring of 1914, almost half a million cubic meters of
earth moved between Balatonf(izf6 and Balatonkenese, pushing the railway 40 m towards
Lake Balaton and turning the steam locomotive into the lake in a matter of minutes. It was
observed that the shear surface of the slides often extends deep below the lake bed, thus
causing bed rise [24]. As a result of such an event, two islands could have formed in front
of Balatonakarattya in the 18th century.

The shoreline zone of Lake Balaton was either formed by wave erosion or by the
deposition of lake sediments. High banks, their collapses, and slumps shaped the shores.
The lake dried out several times during its history and was filled with water again, with
significant water-level changes. In these days, there is only one draining river of the lake,
called the Si6 Channel, which allows the lowering of the water table. Before its construction,
the water levels were typically much higher than they are today [38].

The studied slope is in the eastern basin of the lake, on the border of Balatonakarattya
and Balatonkenese (Figure 1). In this area, the slope’s stability has a crucial importance due
to rail traffic, since a major railway track is cut into the steep slope. Additionally, the resort
area at the bottom and at the top of the slope is endangered by active, periodic landslides.
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Figure 1. The location of the study area (Google Earth Pro Application).

Triassic to Holocene layers provide the geological environment of the broader area.
The differences in the geological and morphological-structural geological settings cause
variations in hydrogeological conditions, which can explain the differences in the stabilities
of slopes [23], as was discussed in more detail in a previous publication [5]. The eastern
basin is dominated by the Miocene formations, prevailingly the Tihany Formation. The
sedimentary series of the Tihany Formation (clay, sand, silt) is predominantly involved
in constructing the high banks of the eastern basin. These are sediments of the deltas
arriving at Lake Pannon. Layers of the Tihany Formation were deposited as a series of
sequences in the diverse paleo-environments of the Pannonian sea, forming deltas arriving
into the lake. It consists of sediments of different particle sizes but predominantly fine
sand and silt [39]. In addition to changes in paleo lake levels, environmental changes
and climatic cyclicity also contributed to the non-uniform lithology and stratal patterns
of these beds. As a result, 15-30 m changes in water level were detected, indicating the
progression and regression of the lake (resulting in the cyclic displacement of its shoreline).
These series of events continued until Lake Pannon moved to the south about eight million
years ago, and suffusion has become more rare. The deposited sediments have different
particle sizes, but fine sand prevails. Calm sedimentation was interrupted by short-term
water-agitation events, settling thin, fine sand lenses at the mm-to-cm scale [40]. From a
geological-engineering point of view, this sediment pattern is unfavorable. Sand layers
between the clay layers behave like thin aquifers and facilitate water movement leading
to surface movements, especially when these sand beds are capped by loess. The geology
and characteristics of the Pannonian Basin’s sedimentary structures have been described
in detail in several studies [39-41]. Quaternary formations of different thicknesses cover
the layers of the Tihany Formation (Figure 2). The cold winds of the ice age formed a thin
loess, which has already been eroded in many places. The uppermost loess and sediment
cover is divided by coarse, gravel-debris bed embankments of the Pleistocene stream bed.
Beneath the lake bog, terrestrial variegated clays were formed, while deeper layers of sand
and clay alternate beneath mud layers with lignite seams, which play a significant role in
the horizontal flow of waters. The sliding surfaces of the large slides were formed at the
lake-bed level of Lake Balaton; the smaller ones destroy the sandy-clay sedimentary series
and shore sections above the railway track [24].
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Figure 2. The geological conditions of the study area (explanations from the online maps [42,43]).

Figure 3 shows a site plan of the area, on which the information from the Hungar-
ian Surface Movement Cadastre [30] is also displayed. There are three landslide-hazard
areas overlapping in the study area according to this map [30]. The largest polygon in-
dicates rotational landslide, where collapse occurs as a result of complex natural process.
A shoreline-protection system was built to eliminate wave erosion. It has reduced the
movements since 1979 and therefore, the area was temporarily stabilzed. The other two
polygons both indicate occasionally rotational landslides. One million cubic meters of
earthworks have been carried out to eliminate the movements. The railway track has been
modified; it was moved 30 m towards the hill, and a 90 m-long tunnel was built for safety
reasons. A surface drainage system was also constructed and a stone-paved surface was
created. Thus, while the condition of the smaller zone is already settled, the location of
the larger polygon is still moving according to measurements. The movements continued
into the 21st century: In May 2010, the railway track was affected by a 70 m-wide slip
and a collapse occurred. In March 2011, a 100 m-long slump occurred, and the railway
section was restored by piles and ground improvement by injection. In 2014, a gabion
retaining wall was built to support one of the streets. In 2017, 200-300 m? of soil slipped
due to irregular rainwater drainage. The recent movements signify the vulnerability of the
slope. The hydrogeology is unique since the hinterland feeds groundwater; additionally,
there is a complex interaction of lower horizons of groundwater with lake water. The lake
level has been fluctuating in ten meters of amplitude according to the records of the past
500 years. The groundwater table has an indirect link with precipitation. These conditions
lead to the presence of confined aquifers that reduce slope stability. A monitoring system
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is in operation, including groundwater-monitoring wells (Casagrande piezometers) and

inclinometers (Figure 3).
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Figure 3. Site plan of the study area with landslide-hazard areas (marked by black lines) according to
National Surface Movement Cadastre of Hungary [30] and the location of core drillings, inclinometers
and piezometers.

3. Materials and Methods

The geometry of the modeled section was constructed from three boreholes, as shown
in Figure 4. A borehole was drilled to a depth of 80 m at the top of the bank and at 30 m
and 20 m into the slope. Additional data sources were also used: core drillings of the
larger area of ~400 m x 800 m were taken into account in the model’s construction. The
geomorphological evolution of the site is unique since the lakeside has retreated due to
several phases of sliding. The area and section can be morphologically divided into four
parts: foot slope, debris slope (formed by previous movements), slope (with a cut-in railway
line) and convex slope. There are hardly any parallel layers or uniform layering due to
historical and recent slides which have disturbed the original geological structure [22]. This
factor complicates the geotechnical-soil-mechanical correlation and the representation of
reality in geotechnical software, but this is not the only reason why the model needs to
be simplified. The presence of many very thin layers that are difficult to handle in the
slope-section modeling is an additional reason for the simplification. Even with these
factors, the result was a rather complex section, with nineteen layers instead of the nine
used in previous studies [44-46].

Casagrande piezometers were installed to monitor water levels (Figure 5). Using
four piezometers, several water levels were recorded: WUP (water under pressure), the
level where water was first detected at the time of drilling; PWT (piezometric water table);
and MPWP (measured pore water pressures) are the pore water pressures in the screened
section of the piezometer tube. This latter one was recorded at three-day intervals. Figure 3
shows the location of piezometers on the site map. The stratification is slightly different in
the piezometers, but the most important hydrological relationships are visible.



Water 2022, 14, 1169

60of 18

llOASL x

100

90

80

70

[JSand/1 ASL
[ Clay/1 D3 W s
CD1 core drilling W silt 171.31 ASL
11161 ASL  sromtesl sbove sl M Clay 2 /ﬁ e
20m depth of drilling [JSand2 160

W Clay/3

150

140
CD2

Figure 5. 120.38 ASL 130

120
110
100
90
80

70

Figure 4. X-Y cross section with core drillings and Casagrande piezometers.
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Figure 5. Casagrande piezometers (P1-P4) with measured water levels (legend: WUP—water under
pressure, i.e., the level where water was first detected at the time of drilling; PWT—piezometric water
table; and MPWP—measured pore water pressures).

The input parameters of the modeling, i.e., the determinstic soil parameters, were
obtained from laboratory analyses and are summarized in Figure 6. The colors in the table
are the same as the layers in the section, following the traditional geotechnical notation.

In our previous work [44-46], we carried out limit-equilibrium, finite-element and
probabilistic stability analyses, which have consistently shown that the most likely and
highest risk mode of failure is a slide that is deeply located at the shore. Traces of such
events have been observed on the ground. Global failure can occur along a deep, circular
base-slip surface or the formation of the complex geometry of toe-slip surface. Signs of slow
surface creeping were also observed during field surveys such as curved trunks of trees [47].
Cracks have appeared in the concrete abutment at the foot of the slope, presumably due to
an active landslide. In this research, we combined field measurements with data-processing
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and computer-modeling methods. Field measurements covered the measurement of the
geotechnical monitoring system (inclinometers and piezometers) every three days. The data
processing entailed the processing of rainfall and lake-level data. The computer modeling
was performed using FEM deterministic and LEM probabilistic methods.

7nnszt ’}’sat E v C (P
[KN/m?] [KN/m?] [Mpa] [-] [kPa] [°]
Sand/1 18 19 15 035 12 26

21 22 16 0,4 100 20

Clay/3

Figure 6. Soil parameters applied in the models.

Ciampalini et al. [48] studied how to effectively monitor slow-moving landslides and
how to identify sudden accelerations, and as a follow-up, how to activate a response plan.
They have shown through a case study from Italy that the comparison between deformation
data and rainfall data suggests that rainfall is responsible for the identified accelerations in
the deformation rate of the landslide. Another Italian case study presented a procedure that
would allow a near-real-time and continuous update of the landslide-hazard-assessment
forecast, and the self-learning redefinition of the thresholds used to trigger the activation
of each different management alert level [49]. A third case study of a debris slide in
Italy (estimated volume of about 35,000 m®) was analyzed and stabilized through an
underground monitoring system, such as inclinometers and piezometers. Furthermore,
LEM and FEM models [50,51] demonstrated through four case studies that active landslides
are often controlled by the groundwater-level fluctuations which, in turn, are related to
rainfall. These landslides are generally characterized by low velocity with deformations
essentially concentrated within a distinct shear zone located at the base of the landslide
body [52]. The soil mass above the shear zone is, on the contrary, affected by small
deformations and moves like a rigid body (i.e., with a horizontal displacement profile
that is essentially constant with depth). Movements are usually generated by a rise in
groundwater level owing to rainfall. On the other hand, a decrease in groundwater reduces
the landslide velocity until the unstable soil mass comes to rest. Therefore, the mobility of
these landslides is marked by alternating phases of rest and motion. These studies have
used underground monitoring systems (inclinometer and piezometer data sets) among
other instruments. We followed this procedure in our study. Using inclinometers, horizontal
displacements are measured in the downward and perpendicular directions. The main
purpose of this is to identify sliding surfaces before surface movements occur, in order to
avoid damage by timely interventions. These data have been corelated with the rainfall,
water-level, pore-water-pressure data series and various modeling results. Our aim is to
analyze the effects of rainfall and lake-level changes on the occurrence of landslides and
surface movements. A number of studies have also been carried out in recent years on the
effect of different water patterns on slope stability [53—60].

Geotechnical modeling was carried out using two software tools. In Plaxis VEM
deterministic modeling was used, while in Rocscience Slide2, a probabilistic LEM method
was applied. Using these methods and software with parallel calculations helps to better
understand the slope stability and sliding mechanisms [61]. Plaxis software is widely used
in modeling geotechnical problems, including slope-stability issues [62]. Plaxis can perform
slope-stability analysis by reducing the strength parameters of the soil. This process is
called c-Phi reduction. The safety factor is given by the ratio of the available strength
over the strength at failure [63]. In Rocsience’s Slide2 software, which is also widely used
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for probabilistic analysis of slope-stability problems [64], we performed a probabilistic
analysis using the Latin-Hypercube sampling method and the global-minimum-analysis
type. The runs were performed in all programs at 7 different water levels to illustrate
different hydrogeological conditions.

4. Results and Discussion

4.1. Rainfall, Lake-Water-Level, Pore-Water-Pressure and Inclinometer-Displacement Data of 2020
The four piezometers were installed in different layers (Figure 5). The monthly

minimum and maximum values of the measurements (recordings every three days) for each

well are shown in Figure 7. The water level of Lake Balaton is also indicated by monthly

minimum and maximum values with a thick blue line, while the blue bars represent the

monthly rainfall.

X N O
,\@q’d DD ¢ Q& qu" & ¥ & F
Monthly rainfall amount (mm)

10673 10075 10676

——+ 100 .
=)\ onthly maximum pore water

pressure in P3 Casagrande
Piezometer

_
106.71

9

106.6  106.6

-
- Q005
10662 =

(mm)

81.8

= «Monthly minimum pore water
pressure in P3 Casagrande
Piezometer

67.8
61.5

7]
=)

40.7

«===Monthly maximum pore water
pressure in P2 Casagrande

28.6 29.5 N
Piezometer

Monthly rainfall amount

9.6 7 105.81 10582 13 = «Monthly minimum pore water

105.76 pressure in P2 Casagrande

105.68  105.67 Piezometer

- -
2= 10567 N ATe 66 10565~ .
#105.63 105.65 - Se-. Monthly maximum pore water
055 105.58 | 105.57 i PAC d
’ oo THoss6 pressure in asagrande

105.49 Piezometer

Monthly minimum pore water
pressure in P4 Casagrande
Piezometer
105.07
«==Monthly maximum pore water
pressure in P1 Casagrande
Piezometer

104.99

[§
104.87 - 104.96

104 NL)\\

N\ -

N o= 10481 = =Monthly minimum pore water
- - .
104.59 lo47) 10474 104.63 pressure in P1 Casagrande
! Piezometer

104.71 104.7
104.69 | 10467

104.56

- e oy
O 10457 | 10450 a» e

& o453 104.52

Lo, @M onthly maximum of water
104.46 Sl

~ level of Lake Balaton

L A

- 1
104.39 - , 104.43
]04.38\ 104.36

V4 @» Monthly minimum of water
\ level of Lake Balaton

Figure 7. The development of lake-water level, pore water pressures and rainfall in the area during
2020.
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In the wells screened in the covered confined aquifer (P1 and P4), the typical March—
September maximum-minimum groundwater-flow pattern is observed as well as the
lake-water level. The dry September shows that water levels drop by 20 cm compared to
August. This drop is followed by a slower rise in the extremely wet October. Precipitation
infiltrated quickly into the layer screened by P2 (which is probably a sand lens or vein),
and the effect of the summer rainfall months is also evident in the measurement data.
The pore water pressure in this layer reflects the meteorological factors most quickly and
accurately. This process may be due to the thick layer of sand that pinches out here. In well
P3, which is screened at the level of the groundwater table at rest, a pressure difference
of only 20 cm and a drop in pressure were observed throughout the year. So there is no
correlation with precipitation conditions or lake levels. This indicates either the presence
of a dependent groundwater lens or a remote system, zone, or source feeding the layer
with water. Although the wells are located in a common section (the modeled one), the
more distant ones are, in reality, more than 100 m apart (as shown in Figure 3). The already
mixed and modified geological structure can show significant differences at 100 m. Not
all wells were drilled with a detailed borehole description and laboratory analysis, which
makes it somewhat difficult to accurately formulate the hydrogeological phenomena. The
water seeps towards Lake Balaton in the debris slope following a complex path. According
to the piezometers, it flows above clay and in thin sand veins, while elsewhere it is found
in the loose, clayey, sandy silt layers. Thus, while in some places the water easily finds its
way to Lake Balaton, in others, it is congested behind layers of clay.

The monthly maximum displacements measured by two inclinometers are also vi-
sualized (Figure 8). According to these inclinometers, no shear zone is shown and the
displacements are largest near the surface and decrease with depth. Therefore, no sliding
surface was identified here, but a good correlation with precipitation is shown. The upper
layers of the shore edge are predominantly sand and sandy layers into which precipitation
infiltrates rapidly, resulting in an increase in displacements of more than 10 mm in August
following the summer rainfall of 2020. Localized slips can occur as confirmed by our
previous test results [44-46] and signs of small-scale slips [47].

It can be seen that even this small amount of movement is stabilized in the autumn,
and the IC4 inclinometer also shows a minimal effect of the October rainfall (Figure 8b).

4.2. The Results of Modeling Different Water Levels: Probabilities of Failure, Safety Factors and
Sliding Surfaces

The extreme values of the seven different modeled water levels at the model bound-
aries are presented (Figure 9). The historical minimum (October 2003) to maximum (April
1917) lake levels, the extreme dry periods and extreme water-level rises are also given. The
probability of failure values were calculated and compared to recommended values, which
are to be kept below 1%. The probability of failure (POF) of overall or inter-ramp slopes,
including haul road or key infrastructure, must be below 1% [65]. Maximum allowable POF
of natural slopes with major to catastrophic consequence levels and a low level of design
confidence is 2% [66]. The 2020 maximum water level and maximum pore water pressure
(WL4), which occurred in February-March, already resulted in a POF of 2.6% based on
the Janbu method (Figure 10), but also a larger landmass could be in motion based on the
Bishop simplification method (Figure 11).



Water 2022, 14, 1169 10 0of 18

(a) B Direction displacements of monthly rainfall (mm)
Inclinometer IC3 monthly maximums of displacements in negative direction (mm)
and monthly rainfall ~@—monthly maximums of displacements in positive direction (mm)
20 r 200
g
é 15 - 180
2 B+--—=— 11.47
g 3 r 160
§ 10
L} P40 2
2 5 E
E L1200 =
= <
2 0.24 y -0.46 -0.06 k=
Z 0 e s -1.66 - F100 §
g - -3.87 . . >
£ 4.44 80 =
g 5 615 67.8 E
g ’ Leo =
E -10 40.7
é 34.7 311 32.8 28.6 95 [0
s 15 k20
= 9.6 7 7.3
=
o -20 L0
= January  February Marh April May June July August  September  October  November December
. . . monthly rainfall (mm
(b) B Direction displacements of Y (mm)
Inclinometer 1C4 monthly maximums of displacements in negative direction (mm)
and monthly rainfall ~@—monthly maximums of displacements in positive direction (mm)
200
g 180
13.31
z 11.81 128 1247 12.73
=
15} 160
=)
g g
% 140 g
.2 5 =
= 120 =
- =
0.6 =}
5 043 0 o 0.14 . -0.65 -0.48 -0.49 0.77 0.72 -0.59 5
7] 0 - - - 4 4 100 o
g 477 81.8 g
5 -6.39 80 3
°c - -6.67
g 3 -7.41 2775 -7.71 615 67.8 =
60
=
g 10 40.7
2 §
g 34.7 311 32.8 286 295 |40
> -
= 15 20
g 9.6 7 73
= 20 0
January  February Marh April May June July August September  October  November December

Figure 8. Graphs of monthly maximum displacements measured by inclinometers and monthly
rainfall (a) B direction displacements of inclinometer IC3 and monthly rainfall (b) B direction dis-
placements of inclinometer IC4 and monthly rainfall.
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Figure 9. Probability of failure (POF) by Bishop and Janbu simplified methods for different modeled
water levels.
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Figure 10. Janbu simplified, complex shaped slides from Rocscience Slide2 software. (a) Results
for WL3 modeled water level, considering the minimum values of water levels measured in 2020;
(b) Results for WL4 modeled water level, taking into account the maximum values of water levels
measured in 2020.
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Figure 11. Bishop simplified sliding surfaces with safety factor less than 1.35 from Slide2 software.
(a) Results for WL3 modeled water level, considering the minimum values of water levels measured
in 2020; (b) Results for WL4 modeled water level, taking into account the maximum values of water
levels measured in 2020.

Slide2 models of the WL4 water level, with their deep circular slides, have been
recorded using the geometric conditions given in a previous study [22]. In this paper, three
methods were used to calculate the factor of safety, as a function of the modeled water level
(Figure 12). The safety factor at lower water levels (WL1, WL2, WL3) is only around 1.2,
which is less than the Eurocode value of 1.35 (green zone in Figure 12), but based on the
probability calculations, we should not expect a failure at this level. However, the 2020
maximum water level and pore water pressure (WL4) could be a notification level, as the
risk of movements is expected to increase rapidly as water levels continue to rise. The
probabilistic calculations showed many more possible slip geometries than in the Plaxis
software and the value of the factor of safety was lower in all cases by Slide2.
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Figure 12. The change in safety factor as a result of the different modeled water levels in Plaxis and
Rocscience (Bishop and Janbu simplified) software.

The previous application [67] of Slide2 has also proved that, for probabilistic regional
landslide-hazard assessment, the software is a handy tool. Hadjigeorgiou et al. [68] also
used Bishop’s simplified limit-equilibrium method to assess a road-embankment failure in
Southwest Cyprus, presenting various slope-failure scenarios.

In the Plaxis software, the safety factor began to decrease only with the extreme
water-level rise (WL6, WL7). The colors of the maximum displacement plots (Figure 13)
indicate the amount of displacement: the dark blue areas indicate zero displacement, and
the red areas show the maximum displacements at the time of failure. The typical rotational
landslide movement of the high banks of Lake Balaton now has two slump blocks shown
on the Plaxis result graphs: a red main body, and a slimmer, deeper block, the displacement
of which increases with the water level: WL1-L4—light blue, WL5—yellow and finally
WL6 and WL7—red zone.

The complex slip surface seen in Plaxis was previously identified by [28] in connection
with the 1908 collapse, which led to the redesign of the railway line.

Overall, we found that the risk of deep slides in the area increases from when the
lake level is higher than 104.7 asl and when the water table is higher than 105.4 asl (in P4
piezometer) and 106.8 asl (in P3 piezometer). It also increases the pore water pressures
of the sliding-prone beds. We define this as a 'notification water level’, which means that
at higher water levels, the probability of failure increases above the recommended level
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(<1) for slopes, and the safety factor decreases below 1.2. This water level was reached in
February—March 2020, leading to a deformation that was detected in the inclinometer of
IC1 in the lower part of the slope.
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Figure 13. Results of Plaxis software: shape of failure mechanism and safety factor for three different
modeled water levels (WL4: maximum values of water levels measured in 2020; WL5: maximum
lake-water level ever and congested waters; WL6: extra high water level 1).

4.3. Comparing the Results of Movement Monitoring and Modeling

The IC1 inclinometer in the slope in the month of March (during the 2020 maximum
water level and highest pore-water-pressure values) showed a visible downslope defor-
mation at the surface of the clay layer, where the high water content reduced the shear
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strength. In the IC2 inclinometer, in addition to this displacement plane, slowly increasing
displacement curves were also formed along the crest of a previous movement that had
been recorded in the borehole logs between summer 2017 and summer 2020. The maximum
measured displacement was around 18 mm, which stopped increasing in 2020-2021 and
stabilized. The small displacement peaks seen on inclinometers can be found and identified
in the peak clusters of the probabilistic calculation (Figures 14 and 15). Hence, at water lev-
els above the specified 'notification water level’ there is a serious risk of acceleration of slow
intermittent movement. It is evidenced by the displacement curves of the inclinometers
installed in the debris slope. An example clearly justifies this assumption, since during the
February-March 2020 a maximum water level and pore water pressure, and an acceleration
of movement was observed along the same slip surfaces that was modeled. With a decrease
in water level, the slowing down and stabilization of the movement is observed. Over the
long term, the alternations of suspended and reactivated phases are recorded [22].

model result
slip surfaces Y

weak layer,
slip surface of previous movement
(visible in drill core)

Figure 14. Slip surfaces of the model results and IC1 and IC2 displacements.

1C2
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== 2019.07.22. wepm 202002.12. ~=— 2020.06.11

IC e 2020.00.16. s— 2020.12.11. e 2020.12.29.
=~ 2020.01.16. == 2020.02.19. & 2020.03.20
g 2020.04.15. mmpm 2020.06.23. b= 2020.07.14.

e 2020.09.21, m— 2020.10.14. == 2020.12.22

20 10 mm

Figure 15. Displacements of IC1 and IC2 inclinometers with soil layers and sliding surfaces of the
model result.

Landslides commonly occur after heavy rainfall worldwide [1]. In fact, traces of
these local slips were also observed on the ground in the study area. Similar examples
were also reported for landslides that occurred when the rainfall intensity reached it
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peak [69,70]. As the lake level rises over time and pore water pressure increases in the
deeper layers, mass movement can occur along with deeper global slides. This is facilitated
by the mixed materials of the previous movements eroded at the bottom of the slope and
the torrential effect on the water table. One study found that such a dramatic change in
surface-groundwater interactions was due to quick surface-water recession and delayed
groundwater response [71]. Groundwater drawdown can protect the slopes from further
deterioration and can maintain the slope stability at an acceptable and satisfactory level [72].
The Plaxis models do not achieve the safety factor of 1.35 required by the international
geotechnical standard Eurocode? at any water level. Indeed, groundwater models are
extremely complex in reality [73], and it is difficult to implement these results in a slope-
stability analysis.

The literature [48] has warned that active landslides (usually with low velocities) are
often controlled by groundwater-level fluctuations, and that movements are generally
concentrated in a defined shear zone. These landslides are usually triggered by rising
groundwater levels, and the falling groundwater levels reduce the landslide velocity
until the unstable ground mass comes to rest. We have observed the same phenomenon.
According to the Surface Movement Cadastre of Hungary, the area is also in motion, namely
periodic slumping or intermitant sliding. During field inspection, we saw trees with curved
trunks on the slope, which is a characteristic of creep and it is possible that a section of
concrete retaining wall at the foot of the slope was cracked, potentially caused by the slow
global movement. Similar to previous studies [74], appropriate monitoring methods could
be used to detect precursors of landslides and thereby enable landslide prewarning.

5. Conclusions

In the present case study, a section of an active landslide area at the high bank of the
eastern basin of Lake Balaton was analyzed using annual ground-movement-monitoring
data, groundwater-porewater pressure-precipitation lake-water-level-monitoring systems,
and both deterministic FEM and probabilistic LEM geotechnical models under varying
water levels.

The study revealed that the entire shore is in slow, intermittent movement. Rainy
seasons can induce small-scale slumps around the shoreline by soaking the near-surface
layers. The top of the slope failures are not influenced by groundwater level; erosional pro-
cesses trigger these motions. These are induced by rain, as evidenced by the inclinometers’
maximum displacement values at the top of the shoreline. The largest displacements were
recorded after the wet summer. According to the results of modeling and monitoring, we
defined a 'notification water level’, which means that at higher water levels, the probability
of failure increases above the recommended level (<1) for slopes including important
infrastructure, and the safety factor decreases below 1.2.

The modeled results are in good agreement with the monitoring data of the site as
well as historical observations. Based on these results, it is possible to develop a motion-
prediction system for the high banks of the eastern basin of Lake Balaton. In this system,
a ‘notification water level” of the water table is given for different characteristic layers,
and through further analysis, it is possible to outline how long and to what extent the
precipitation influences the rise of the water level, leading to a risk of movement.
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