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Abstract: Although deep-seated gravitational slope deformations (DSGSDs) are common, they are not highly investigated
phenomena worldwide. In the Carpathian mountain range, they played an important role during the Quaternary evolution
of typical core mountain ridges formed by a crystalline basement and surrounded by Mesozoic deposits. There is
evidence that the majority of the largest catastrophic rock slope failures (collapses) in the Carpathians appeared precisely
in areas affected by DSGSDs. Two DSGSD-affected slopes in the northeast part of the Velka Fatra Mts. (Western
Carpathians, Slovakia) have recently been subjected to a detailed investigation involving geomorphic mapping, remote
sensing analysis, structural data collection, and numerical modeling. To improve our understanding of these gravity-
induced processes, we performed a back-analysis of collapsed DSGSDs through a continuum-based, finite-element
model composed using the RS2 code. Results show that these DSGSDs are strongly predisposed by regional geological
structures given by the intersection of bedding planes, joint sets, and thrust faults. The numerical modeling approach and
performed back-analysis have enabled a better view of the development of these deep-seated slope failures in the Velka
Fatra Mts. It suggests a high diversity of mechanisms leading to the origin of these DSGSD cases. The main causal factors
influencing their development have been bedrock structure, the lithological composition (dolomite and limestone), thrust
faults, and deep weathering of the rock mass. Both cases have deep basal shear zones, as well as a small number of series

of gravitational faults associated with complex joint sets.
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Introduction

Deep-seated gravitational slope deformations (DSGSDs) are
large-scale mass movements that can have a wide range of
geomorphic and geologic characteristics. They can occur in
a wide range of topographic settings, as well as in many rock
types (Dramis & Sorriso-Valvo 1994; Crosta 1996; Panek et
al. 2011). The primary characteristics of these processes are
the lack of a continuous sliding surface and the existence of
a deep basal deformation zone where displacement mostly
occurs as a result of rock microfracturing (Radbruch-Hall
1978; Lebourg et al. 2014). They are referred to by various
names, including sackung, gravity faulting, deep-reaching
gravitational deformation, deep-seated creep deformation,
gravitational block-type movement, gravitational spreading,
and gravitational creep (Malgot 1977; Discenza & Esposito
2021). DSGSDs have been documented practically every-
where in the world: from lowlands and mountains to the sea
floor and even on Mars’s surface (Kromuszczynska et al.
2019). In general, they are characterized by typical superficial
morphological features distributed along the entire mountain
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system, mostly including the ridges, slopes, and valleys
(Discenza et al. 2021). In most DSGSDs, it is quite difficult
to recognize continuous sliding surfaces or basal shear zones,
which are the typical elements of landslides. According to the
type of indicative movement processes, DSGSDs are divided
into sackung style deformation, lateral spreading of ridges,
and spreading of thrust fronts (Sorriso-Valvo et al. 1999).
Gravitationally deformed slopes often host rockslides or smal-
ler-scale, deep-seated landslides, which pose a serious land-
slide hazard. As a result of the prolonged timespan involved
and the frequent obliteration of the surface gravitational fea-
tures produced by DSGSD by weathering and erosion, the pro-
cess of slope deformation leading to a collapse (fast mass
movement) is not well understood (Agliardi et al. 2013).

This research focuses on two DSGSD cases (Brdo Mt. and
Zlabiny Mt.) in the NE part of the Velk4 Fatra Mts., Western
Carpathians, located in Slovakia (Fig. 1). In the region, a small
number of large-scale deformations were detected by inter-
preting the LIDAR digital terrain model (DTM) and by
observing the surface features (grabens, scarps, antislope
scarps, troughs, and landslides) in the field. The bedrock con-
sists mainly of Triassic—Cretaceous faulted and folded lime-
stones and dolomites. It forms the ideal conditions for the
development of diverse gravitational deformations and land-
slide types (Briestensky et al. 2011).
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Fig. 1. A — Location of the study area in Europe and Carpathians. B — The satellite image shows the location of the study area and Vel'ka
Fatra Mts. in Slovakia (GKU Bratislava, NLC 2024). C — Hillshade map of Vel’k4 Fatra Mts. shows the main landslide (according to Simekova

& Martincekova 2006) and DSGSD areas (according to authors).

In this work, we aim to introduce a multi-technique metho-
dology combined with field observations, structural, geomor-
phic, LIDAR data analysis, and numerical modeling, which
could be helpful for a more holistic understanding of the tran-
sition from DSGSD to its collapse. Numerical modeling was
performed to investigate the development and characteristics
of collapsed DSGSDs, as well as to reconstruct the initial con-
ditions and ensuing stages of the deformation. We present
an analysis of a mountain massif affected by a large-scale
DSGSD, which will allow us to evaluate stress and strain
fields, displacement rates, and magnitudes in the different
stages of deformation development. This case study shows
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well-preserved gravitational morphostructures in a relatively
isolated rock massif. However, the high local relief (>400 m)
geometry and volume of the massif prevent us from using tra-
ditional limit equilibrium slope stability models. In this study,
we perform a complete stress analysis using the finite element
method, which reveals the main predisposing factor for
DSGSD collapse in retrospective analysis and allows for
the prediction of the most probable areas and slip zones/
surfaces for future slope collapses in the research site.

The objectives of this paper are as follows: (i) to characte-
rize DSGSDs from a geological, geomorphological, and geo-
mechanical point of view; (ii) reconstruct the original slope
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and, after geomechanical characterization of the geological
materials and hydrogeological conditions, analyze the slope
failure using a 2D numerical model to identify the factors and
causes that have controlled the development of the landslide
(back analysis); (iii) integrate the process of DSGSD evolu-
tion within the context of the geomorphological evolution of
the Vel'ka Fatra Mts.

Regional background
Maliné Brdo study area

The Malind Brdo area is located in the northeastern Velka
Fatra Mts. (a part of the Western Carpathians) foothills and
contains a small number of partially-isolated, low mountain
massifs which are dissected by small river valleys (Fig. 1).
The land cover of the study area is mostly forested with
some grassland areas on the ski slopes and valley bottoms,
as well as small areas of buildings (mostly ski resorts and
summer houses; Fig. 2). The area is located in the greater
surroundings of the town of Ruzomberok on the left side of
the Vah River southwest of the town. Approximate geogra-
phical coordinates are 49°04’N and 19°16’E. The altitude
of the studied mountain massifs ranges from approximately
600 to 1000 m a.s.l. The study area has a varied bedrock litho-
logy, including carbonate rocks (limestones and dolomites),
as well as quartzites and claystones. Among the soil types,
brown cambisoils are the most common. For Slovak standards,
the study area is cool (the average temperature during the
warm season is 10—15 °C, while during the cold season it ran-
ges between —5 and 5 °C) and wet (Lepeska 2016). The local
drainage network is characterized by the SW to NE-oriented
Zajakovo, Hrabovsky potok, and Cutkovsky potok brooks,
which flow northwards into the NW to SE-oriented Véh
River.

Geology of the study area

The Vel'ka Fatra Mts., with an area of 784 km?, belong to the
Central Western Carpathians and are situated in north-central
Slovakia (Kocicky & Ivani¢ 2011). The mountain belt was
formed during the Alpine orogeny from the Mesozoic to the
Cenozoic era (Kovac et al. 1994; Kralikova et al. 2014b).
The Vel'ka Fatra Mts. are typical core mountains with a Tatric
crystalline basement and Mesozoic cover that is overlain by
two superficial nappes (Foldvary 2009; PlaSienka 2018).
The Tatric crystalline basement is composed predominantly of
the Cubochna granitoid massif (tonalite, granodiorite, granite,
and leucogranite), and it outcrops only to a limited extent.
The Variscan age of the granite was determined as 342+4 Ma
(Kohut et al. 1996) or 33743, 332+3 Ma (Kohtt & Larionov
2021) respectively. The northern part of the Velk4 Fatra Mts.
is built by Hronic and Fatric nappes. The tectonically-higher
(Triassic) Hronic Unit consists of dolomites and limestones,
while the tectonically-lower (Middle Triassic to Lower

Cretaceous) Fatric Unit contains both karstified carbonates
and argillaceous aquitards. The mountains exhibit complex
fold structures due to the intense tectonic forces involved in
their formation. Anticlines and synclines are common features
in the region. These fold structures give rise to the distinct
topography of the mountains, with prominent ridges and val-
leys (Foldvary 2009; Plasienka 2018). Tectonic faults were
most likely reactivated during the large-scale neotectonic
uplift in the Vel'ka Fatra Mts. (Maglay et al. 1999; Kralikova
et al. 2014b).

In general, the thrust sheet karst aquifer of the Hronic Unit
is mainly elevated above the erosional base, distinguished
from below by thrust fault and argillaceous aquitards of the
Fatric Unit. It is dissected by both tectonics and erosion, as
well as affected by dissolution (Malik et al. 2019). The dip of
the underlying aquitard influences the direction of karst
groundwater flow (Bednarik et al. 2010; Malik et al. 2019).
This is also true for the hydrogeological structure of our cases:
Brdo Mt. and ZFabiny Mt. in the Malind Brdo study area.
The slopes in the study area are predominantly built of
Mesozoic rocks (dolomites, limestones, marlstones, clayey
limestones, and shales) covered by Quaternary slope deposits
(Fig. 3). The karstified Triassic carbonates are overthrusted on
an aquitard of Lower Cretaceous clayey limestones.

Mass movements in the Vel’ka Fatra Mts.

Slope movements are one of the most important geody-
namic processes in Slovakia (Western Carpathians). A syste-
matic inventory of landslides in Slovakia started after the
Handlova town landslide disaster in 1960-1961 (Matula &
Nemcok 1966). In the most recent Slope stability atlas project
of Slovakia (Simekovd & Martinéekova 2006), more than
21,190 slope failures (mainly landslides) have been recorded
in the Slovak part of the Western Carpathians. They occupy
a total area of 2576 km?, accounting for 5.25 % of Slovakia’s
total land area (Kopecky et al. 2012). Only 9 % of the affected
area shares the core mountain region. However, the majority
of the mapped DSGSDs (86 % cases) were found in the core
mountains (Simekova et al. 2014). More than 140 different
forms of mass movements were recorded and validated in the
northern part of the Vel'kd Fatra Mts. near the Vah River valley
(Fig. 1C). Most landslides here occur in the Mesozoic lime-
stone and dolomite bedrock, which is covered by a thin
Quaternary sediment layer.

Materials and methods

Selection of study sites, remote sensing data interpretation,
and fieldwork

The Malind Brdo area (Brdo and Zl'abiny DSGSDs, Fig. 2)
was chosen for the research of this case study to represent both
typically and clearly expressed DSGSDs in the Vel'k4 Fatra
Mts. Here, the natural geographical conditions were more
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Fig. 2. Geomorphology of the study area. A — Hillshade map of Malin6 Brdo area with DSGSDs. B — 3D hillshade view of Brdo DSGSD.
C — 3D hillshade view of Zl'abiny DSGSD. D — 3D orthophoto view of Maliné Brdo area. Yellow dashed lines — DSGSDs areas, yellow

arrows — main scarps.

suitable for rock sampling and structural mapping. The terri-
tory is suitable for comparing the propagation of DSGSDs
with different geometries under the same geological condi-
tions. The surface area was also an important aspect of the
decision, because RS2 numerical model accuracy and preci-
sion relate to slope complexity and scale, as well as the geo-
logical complexity of rock mass. In the Maliné Brdo area,
the structural controls made this case more interesting to
investigate due to the possibility of evaluating the influence of
a thrust fault on DSGSD development.
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Initially, the study was carried out through the analysis and
interpretation of remote sensing data, such as topographic
maps, orthophotos, and DTM provided by the Geodesy,
Cartography and Cadastre Authority of the Slovak Republic
(GKU Bratislava, NLC 2024; UGKK SR 2024). The remote
study led to the first detection of the landforms used in further
analyses (scarps, ridges, gullies, troughs), as well as to preli-
minary measurements of the main scarp, moved blocks, and
landslide debris areas. Primary DTM created from LIDAR
point cloud data (filtered from vegetation) was used to create
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Fig. 3. Simplified geological map and profile of the study area (after Polak et al. 1997). Numbers in the geological profiles correspond to rock
types in the legend. Legend: Hronic Unit (Triassic): 1 — Gutenstein limestone; 2 — Ramsau dolomite; 3 — Schreyeralm limestone; 4 — Reifling
limestone; 5 — Carpathian Keuper: shales and dolomites; 6 — Hauptdolomit: organodetritic dolomites; 7 — Kdssen Fm.: organodetritic lime-
stones, marly limestones and shales. Fatric Unit (Jurassic): 8 — Allgau Fm.: limestones and shales; 9 — Zdiar Formation: radiolarian limestones
and radiolarites. Fatric Unit (Cretaceous): 10 — marly shales and limestones; 11 — Vlkolinec breccias: limestone and marly breccias;
12 — Mraznica Fm.: limestones, marlstones and shales. Quaternary: 13 — fluvial sediments; 14 — slope sediments. Other signs: 15 — thrust faults;
16 — tectonic reduction lines; 17 — normal faults and other tectonic lineaments; 18 — normal faults (in section only); 19 — a cross-section of
the geological profile; 20 — strike and dip of bedding.
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a hillshade, slope, topographic curvature, and aspect maps of
the DSGSD areas for a better understanding of surface topo-
graphy and landforms. In both locations, large-scale and small-
scale features, such as scarps, antislope scarps, and cliffs, were
visible on the derivated maps and were also helpful for detec-
tion of these features in the field with dense vegetation cover.
The topographic profiles derived from DTM were used in the
numerical model as an original surface. The topographic pro-
files of neighboring mountain ranges helped reconstruct the
possible initial surface geometry of Brdo Mt. and Zl'abiny Mt.
We were able to roughly define the DSGSD collapse limits
according to the distribution of landslide deposits on the maps.
The mapping of other DSGSDs and landslides in the Velka
Fatra Mts. was also done using remote sensing data.

Field mapping was carried out in 2022 by paying special
attention to geological and geomorphological structures bea-
ring essential significance for subsurface gravitational defor-
mation. Structural measurements of discontinuities (dip and
dip directions) were obtained throughout the head scarp and
upper areas of DSGSDs. The orientation of foliation, bedding
planes, and joint surfaces observed at bedrock outcrops was
measured. Morphological features associated with DSGSD
activity (scarps, extensional fractures, troughs, and tilted
blocks) were mapped in the field and digitized with the help of
a shaded relief model derived from DTM with a resolution of
1 m. Rock samples were collected for the further characteriza-
tion of geomechanical properties. Rock strength was measured
with a mechanical Schmidt hammer in horizontal and vertical
positions on in situ rock masses and moved block surfaces, as
well as on weathered and intact rock surfaces. The field map-
ping helped to recognize the boundaries between individual
shallow landslides and structural features inside DSGSDs.

Numerical modeling of the study sites

Model assumptions and determination of rock mass design
parameters

The finite element code RS2 (Rocscience Inc. 2019) was
used to conduct a complete stress-strain analysis. The essential

steps of the morphostructural evolution of the Brdo and
ZTlabiny DSGSDs were reproduced using a sequential analysis
of the areas of interest. A sensitivity analysis of the assigned
key parameters was performed to calibrate the in-situ proper-
ties of the rock mass involved in the deformational process
and back-analyses. DSGSD numerical analysis was carried
out by integrating information from geotechnical, field, and
laboratory investigations, as well as existing data about mass
movements and rock mass properties in the Vel'ka Fatra Mts.
During field and laboratory research, the geomechanical
properties required for numerical modeling were determined
(Table 1).

The rock mass strength envelopes were modeled using
the generalized Hoek-Brown criterion (Hoek et al. 2002),
which is based on the representative Uniaxial Compressive
Strength (UCS) and material constant for the intact rock (mi)
values, estimated by Schmidt hammer rebound number cor-
relation with USC, and back-calculated Geological Strength
Index (GSI) values. They characterize the quality of the rock
mass in terms of the degree of fracturing and the physical con-
dition of discontinuities (Hoek et al. 2013; Bertuzzi et al.
2016; Wallace et al. 2022). The extended Hoek and Diederichs
approach (Hoek & Diederichs 2006) was used to calculate
rock mass elastic modulus values based on presumed intact
Young’s modulus and GSI values. A disturbance factor (D)
was assigned to the rock mass due to stress relaxation, where
0 represents in-situ stressed rock mass and 1 represents a sig-
nificantly disturbed rock mass. The joint parameters were
estimated using data from fieldwork and geological maps.
The Hoek-Brown criterion was used to determine rock mass
design parameters and later to perform a parametric analysis.
The estimation of strength and deformability of rock masses
was made using the Hoek et al. (2002) and Hoek & Diederichs
(2006) approaches, which were parametrized using field esti-
mates of the Geological Strength Index (GSI). The reference
UCS of intact rocks was empirically derived from Schmidt
hammer measurements on the dolomite and limestone rocks,
according to the empirical relation proposed by Wang et al.
(2017).

Table 1: The determined rock mass data used in the numerical modelling.

Failure Criterion: Generalized Hoek Brown Rock mass
Parameter Symbol Uit | gionies  lmoones  shaler limestones

4 Uniaxial Compressive Strength ucs MPa 50 60 35 40
2 Geological Strength Index GSI 35 50 40 40
g Material constant for the intact rock mi 9 12 6 9
= | Disturbance factor (D) D 0.5 0.3 0.4 035

Reduced material constant mb 0.52 1.47 0.41 0.67
2 Tensile Strength MPa 0.03 0.09 0.04 0.03
‘j Uniaxial Compressive Strength UCS MPa 0.8 2.7 0.7 0.9
& | Global Strength MPa 4.6 9.7 2.9 4.2
£ Deformation Modulus E GPa 1.5 4.0 1.8 1.9
£ | Cohesion MPa 1.6 28 1.0 1.4

Friction Angle [0) 21.2 29.4 19.6 23.1
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Model building

To analyze the slope evolution and the kinematics of
DSGSD, a comprehensive numerical analysis was conducted
using the finite element software RS2 (Rocscience Inc. 2019).
The geology of the area determined from field analyses was
implemented into the RS2 model with reasonable accuracy
and the model was constructed in such a way that various
stages of deformation could be simulated. This enabled a rea-
listic simulation of deformation mechanisms occurring within
the high-relief regions of interest. The model extends from the
bottom of the slope (approximately 600 m a.s.l.) in the river
valleys up to the top of the mountains (at a height of approxi-
mately 900 m a.s.l.). A critical step was the reconstruction of
the initial slope geometry before DSGSD collapse. This was
done in ArcGIS Pro (Esri 2023) using the topography extrapo-
lation method of DTM in the shape of the nearest Za Brdom
Mt., taking into consideration the main tectonic features of
the area. Afterwards, the model geometry was set up assuming
the initial slope height of 950 m, which can be considered the
representative topography for the Vel'ka Fatra valleys without
the effect of erosion and slope deformations. The sequential
numerical analysis was based on a restored geomechanical
cross-section, which was then transferred to a numerical
domain consisting of a primitive uniform mesh grid with
a resolution of approximately 5 m. The numerical domain was
laterally extended by approximately 200 m on both the left and
right sides of the model, as well as 100 m below the topo-
graphy to avoid any boundary effects and represent accurate
mesh deformation in the valley bottom where toe bulging
occurs. Gravitational stress was considered an initial condi-
tion. The considered topographic profile is between 500 and
950 m a.s.l. in both the Brdo and Zlabiny cases. Since an
infinite half-space was assumed, the horizontal displacements
were avoided along the lateral boundaries of the numerical
domain, while vertical and horizontal displacements were
avoided at the model bottom, and the natural slope surface
was free. The master joints were added to represent the main
thrust faults, gravitational faults, and previous slip surfaces.
The minor joint set was added to some layers of rocks as
a representation of existing bedding planes and synclinal
structures. History query points were added to the model in
critical areas and near the slipping zones to investigate the
deformation mechanisms more in detail. Parametric analysis
of material and joint properties, such as Young’s modulus and
friction angle, was performed for both DSGSD cases to eva-
luate the influence and variation of geomechanical parameters
for the model behavior.

In the constructed models of both DSGSDs, four analysis
sequences were considered: 1 stage — initial surface geometry
without any discontinuity; 2" stage — initial geometry with
fault discontinuities; 3™ stage — initial geometry with main
fault discontinuities, minor joint discontinuities, and material
boundaries, which separate eroded/displaced material and
the current topography; 4% stage — current topography with
discontinuities and without eroded/displaced rock mass.

Geology, landforms, and numerical modeling
results of DSGSDs

During this research using high-resolution LIDAR data,
10 large-scale DSGSDs were identified in the northern part of
the Vel'ka Fatra Mts. (Fig. 1C). Many of them are found in
dolomitic limestone rocks of the Hronic and Fatric tectonic
units. Northeast of Ostredok Mt. (1596 m a.s.l.), the highest
peak in the Vel'ka Fatra Mts., a further 2 large-scale DSGSDs
were recognized. In total, we mapped 13 possible DSGSD
areas in the Vel'k4 Fatra Mts. with areas varying from appro-
ximately 0.5 km? to more than 4 km?, where some smaller
mass movements are nested (Fig. 1C).

Brdo DSGSD: Stratigraphy, morphostructure, and landslide
characteristics

The Brdo Mt. massif is composed of two tectonic units:
Triassic formations of the Hronic Unit at the top and Creta-
ceous formations of the Fatric Unit towards the bottom
(Fig. 3). These two units are separated by a thrust fault.
The Hronic Unit consists of bedded Ramsau dolomite of Late
Anisian age and Gutenstein limestone of Early Anisian age.
The Fatric Unit is typically represented by the Mraznica
Formation, consisting of clayey limestones, marlstones, and
calcareous shales of Valanginian—Early Barremian ages, as
well as calcareous shales and limestones of the Late Barre-
mian—Early Albian. Surficial parts of Brdo Mt. are covered by
Quaternary deposits, mainly unconsolidated material origina-
ting from weathering and landslides, partially covering the
sedimentary formations of the Fatric Unit on the eastern slopes
of the mountain (Fig. 4). Angular rock debris deposited on
slopes has also been observed. Along the slopes, there are
numerous Quaternary landslides of several typologies (rock
toppling, rock slides, and rock falls).

Brdo Mt. is a morphologically-isolated mountain, sym-
metric in the N—S direction. Structural measurements taken at
various locations of the Brdo DSGSD (Fig. 4A,C) indicate
that bedding planes are oriented between S,080/23° and
S, 090/25°, with the main fault plane at the surface oriented at
200/85° and 043/30° (all data as dip direction and dip). These
planes are found within the Gutenstein limestone in the nor-
thern part of the mount, just below the ridge (site b on
Figs. 4A, 5B). In the Ramsau dolomite, bedding planes are
oriented S, 060/35° to S, 070/40° in the central trough on the
top of the mount, and the main joints are oriented at 170/70°
and 230/80° (site e on Figs. 4A, 5C). The Brdo DSGSD is
a typical sackung with double ridges at the top that are several
meters deep, as well as hundred-meter-long N—S-oriented
trough systems symmetrically on the E and W slopes of the
mount, and a NW-SE-oriented trough system crossing the
ridge (Figs. 4A, 5C,E,F). Gravity-induced caves were obser-
ved in the central trough (Fig. 5D). Numerous fractures and
steep slope walls have also formed in the Gutenstein lime-
stone. The affected zone is visible on the slope map of the area
(Fig. 4B) with 75-90° steepness along the NW and E slopes of
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10 TOLOCKA, KAPUSTOVA, MORTAZAVI and BREZNY

Shallow
landslides

Cliff
Scarp

i ] erwoDnscsp

Geological profile

~

Cutkovska
valley

500

Dolomites

trough\ .
thrust fault

__bedding
planes

—— joint set
poles

Landslide
deposits

Zajakovo valley F

Calcareous shales

1 1
1000 1500 m

Fig. 4. Brdo DSGSD: A — Hillshade map with the main gravitational features. B — Slope map. C — Plots of main discontinuity systems
corresponding to the locations a—e in the hillshade map: a — western trough, b — main scarp below the ridge, ¢ — eastern trough, d, e — central
trough. D — Simplified geological cross-section. Dashed line shows the assumed rock mass contact surface. Black lines indicate faults.

Brdo Mt. In these zones, most of the rock falls and toppling
events occur. The rocks of the Fatric Unit below the contact
zone are covered by Quaternary deposits; therefore, structural
investigation was not possible.

The Brdo DSGSD varied from 600 to 902 m a.s.1., including
the small mountain massif (Fig. 2). The Cutkovsky Potok
valley limits DSGSD on the west and the Zajakovo valley on
the east. From the north, it is limited by Cutkovo Mt. (737 m
a.s.l.), and from the south, by Za Brdom Mt. (890 m a.s.l.).
Brdo sackung is a complex mass movement around 1x1.3 km,
with an asymmetric landslide deposit on the NW and E slopes
of the mountain, mainly affecting formations of the Fatric Unit
(Fig. 4). In the upper part, the huge limestone and dolomite
blocks are detached from the main massif and moved to the
sides, forming the main antislope scarps and troughs (Fig. 5).
Several smaller blocks of variable size were also observed
in the troughs and on the slopes (Fig. 5C). The shape of the
blocks is controlled by the sets of discontinuities that affect the
rock mass. The rock walls surrounding the slopes of Brdo Mt.
(Fig. 4B) could be considered head scarps, because just below
them, typical landslide deposits extend with elongated toes to
the valley sides. The S and SE slopes of the Brdo DSGSD are

GEOLOGICA CARPATHICA, 2025, 76, 1, 3-22

least affected by gravitational processes and thus keep the
original curvature of the mountain ridge.

ZPabiny DSGSD: Stratigraphy, morphostructure and land-
slide characteristics

Zlabiny Mt. consists of the Cretaceous Mraznica Fm.
(clayey limestones, marlstones, calcareous shales) of the
Fatric Unit, which are in a footwall position with respect to
the Triassic Gutenstein limestone and Ramsau dolomite of
the Hronic Unit of Gutenstein limestones and Ramsau dolo-
mites in a hangingwall position (Figs. 3, 6). From the field
observations and orthophotos, it is clear that in the main land-
slide on the eastern slope, there is a thick layer of slope depo-
sits, which are not shown in the general geological map
(Fig. 3). The landslide debris now covers an area of about
1 km?, mainly formed on the Fatric Unit on the eastern slope
and has a typical, hummocky topography with a marked land-
slide toe. The upper parts of the Hronic Unit display frequent
karst features.

The main structural measurements on this site were perfor-
med in the upper western part of DSGSD in the troughs and
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Main scarp

Zajakoy,,, yalley

Stanovie hills

Fig. 5. A— Panoramic view of the Brdo mountain and the surrounding areas. Yellow lines show the main scarp area which separates the upper
and lower sectors of DSGSD. Locations of the photos B-F are indicated. B — Main scarp wall corresponding to location b in Fig. 4A. White
dashed lines — beddings, red dashed lines — main joints. C — Central trough in the upper part of DSGSD with separated dolomitic blocks and
gravity-induced caves. View corresponding to the location e in Fig. 4A. Red arrows show the assumed movement directions of blocks.
D — Cave entrance detail. E — Main eastern trough corresponding to the location ¢ in Fig. 4A. F — Main western trough corresponding to

the location a in Fig. 4A.

outcrops on the top of the mountain (Fig. 6A, C). The layers of
the Fatric Unit are covered by Quaternary sediments and have
no outcrops; therefore, it was impossible to perform any mea-
surement. The formations of the Hronic Unit above the thrust
plane show a syncline geometry with layers dipping 40—45° to
NE on the western side of the mountain and 35° to SW on the
lower eastern side of slopes (Fig. 6A). On the western slopes

of Zlabiny Mt., there are numerous blocks tilted and/or
moved downslope towards the Zajakovo valley. The joint
measurements of in situ rock mass (site a on Figs. 6A,C, 7D)
show the main two sets of discontinuitics: NE-SW-oriented,
dipping at about 15° and N-S-oriented, dipping at 80°. The til-
ted block (site b on Figs. 6A,C, 7D) shows NE-SW-oriented
discontinuities with a dip of about 10° and N-S-oriented, with
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Fig. 6. Zlabiny DSGSD: A — Hillshade map with the main gravitational features. B— Slope map. C — Plots of main discontinuity systems
corresponding to the locations a-d in the hillshade map: a — in situ block of Haliny rocks, b — tilted block of Haliny rocks, ¢ — the northern part
of Haliny rocks, d — ridge top scarp outcrop. D — Simplified geological cross-section. Dashed lines show assumed rock mass contact surfaces.

Black lines show faults.

a sub-vertical 85-90° dip angle. At the top of Zlabiny Mt.,
the bedding of dolomites is oriented SW—NE with about
35-40° dip angle. Measurements show a chaotic joint network
oriented mainly in both the NW-SE and W-E directions dip-
ping 70-80°. In the northern part, the dolomite has no bedding
and shows a massif blocky structure with NE-SW and SE—
NW oriented 50-55° dipping cracks (Fig. 7E).

Geomorphic evidence of DSGSD, which affects mainly the
eastern slope of Zlabiny Mt., is present over an area of about
1.2 km? and extends 1.7 km in the north-south direction and
1 km in the east-west direction, between 650 and 990 m a.s.l.
The deformation is bounded in the east, north, and west by the
Zajakovo and Prieseka valleys and in the south by the Malind
Brdo pass. The main ridge of Zlabiny Mt. consists of three
subsided blocks at the top (Fig. 7C), bounded by two promi-
nent scarps parallel to the main ridge. The western scarp
(Haliny rocks, Fig. 7A) runs from north to south along an
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elongated karstic aquifer system of cliffs, rock towers, and
caves (Fig. 7D, E), intensively affected by gravitational and
weathering processes. In some places, typical karstic cavities
formed inside the rock. In the rockfall areas and cliffs, gravity-
induced caves and extensional corridors are formed as well.
The eastern scarp runs along the N—S-oriented main escarp-
ment of DSGSD, with a vertical displacement of few meters
below the main ridge (Fig. 7B). It comprises several disconti-
nuous sections from 100 to 500 m long (Fig. 6A). Surface geo-
morphic features show that the landslide body is divided into
three subsided rigid blocks separated by sub-vertical NW—-SE
fractures or sliding surfaces that appear at different levels on
the slope. Furthermore, we found large slope sediment accu-
mulations on slopes with hummocky surfaces and dissected by
gullies. The landslide mainly moves NE towards the valley.
Two shallow landslides were observed in the lower part of
the DSGSD.
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Fig. 7. A — Panoramic 3D view of the ZI'abiny mountain and the surrounding areas. Yellow lines show the main scarps. Locations of photos
B-E are indicated. B — Scarp outcrop in the top of the mountain corresponding to the location d in Fig. 6A. White dashed lines — bedding,
red dashed lines — main joints. C — Ridge top scarps of DSGSD with visible blocks (1-3). View corresponding to location ¢ in Fig. 6A.
D — The view of Haliny rocks. White arrows indicate erosional features in the rock mass. 1 — in situ rock block corresponding to the location
a in Fig. 6A, 2 — tilted rock block corresponding to the location b in Fig. 6A. E — Close-up view of moved and tilted small block in Haliny
rocks area.
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Numerical modeling results and model evaluation

In this study, the slope geometry, as well as the geomecha-
nical and tectonic properties are considered for the finite ele-
ment numerical model of the Brdo and Zlabiny DSGSDs.
Figure 8 shows the model build-up geometry and boundary
conditions, as well as material composition and joints for the
Brdo DSGSD (Fig. 8A) and Zl'abiny DSGSD (Fig. 8B), which
are based on geological cross-sections of both mountains.

Brdo DSGSD

The back-analysis results obtained by the sequential nume-
rical modeling in correspondence with stages 1 and 2 (i.e.,
the initial and thrust fault stages) show a wide symmetrical
shear zone development reaching the yield conditions, with
a depth of about 300—400 m and an extent of about 1 km from
the mountain top ridge to both sides of the ridge (Fig. 9). In the
following stage 3, with added material boundaries correspon-
ding to the collapsed and eroded rock mass, which reaches
yield conditions, the entire mountain slope is involved in

420 m

DSGSD and corresponds well to the portion of the rock mass
assumed to have failed to create the present topography.
Modeling revealed major principal stresses concentrated
within localized landslide toe sectors and a deep underground
near the thrust fault area. Less intense stress concentrations
also occur at localized spots of the surficial intermediate and
lower sectors of the slope on both mountainsides. Moreover,
the resulting released zones at the end of the back-thrust stage
are associated with vertical failures within the rock mass, with
a depth of up to 50 m. The whole released area, as well as the
above-mentioned vertical failures, correspond well to the rock
mass presently involved in intense rockfall and rockslide pro-
cesses associated with high-relief slopes. The released rock
mass, which is assumed to have been displaced to create the
present topography, can be related to landslide phenomena
evidenced by visible landslide deposits around the upper part
of Brdo Mt. In the final conditions, which correspond to the
present topography (stage 4) as a consequence of the widening
of the thrust fault-controlled zone, vertical failures caused by
areleased rock mass that reaches yield conditions occur at dis-
tances of up to 1 km from the peak of the mountain.

450 m

1200 m

Fig. 8. Model building: A — Discretized RS2 model of Brdo slope section with mesh details with assumed initial and current topography.
B — Discretized RS2 model of Zl'abiny slope section with mesh details with assumed initial and current topography.
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Fig. 9. Finite element simulation results of the Brdo DSGSD: A — Sigma 1 stress distribution. B— Total displacement vectors. C — Maximum
shear strain contours: stage 1 — model with assumed initial surface topography before the deformation, stage 2 — initial topography with fault
discontinuities, stage 3 — model with added material boundaries between the current topography and eroded/displaced rock mass, stage

4 — model with current topography.

Zlabiny DSGSD

The major principal stress (Sigma 1) distribution shows
the behavior of the Zlabiny slope in the vertical direction
(Fig. 10A). The total displacement vectors (Fig. 10B) show
the increasing displacement on the eastern slope of the moun-
tain, with a maximum value of approximately 25 cm near
the landslide toe. The largest vertical displacement was recor-
ded in the peak zone of Zlabiny mountain and the largest
horizontal displacement was in the toe zones on both sides of
the mountain. The movement is one-sided and oriented down-
slope. Maximum shear strain analysis revealed the rotational
basal shear surface pattern, which follows the thrust fault
geometry. In the initial stage 1, without considering any faults,
the model predicts the development of two perpendicular
shear surfaces similar to the Brdo case (Fig. 10C). However,
after introducing the thrust fault discontinuity in stage 2,
we observed just one clear shear zone. In stage 3, after intro-
ducing surficial material boundaries between the initial and
the current surface, it is possible to observe decreasing shear
in the central part of the mountain. In stage 4, with the current
topography, the clear development of a deep-seated shear zone
can be observed in the model.

Parametric analysis

The numerical model and its parametric study allow us to
evaluate the influence of rock mass key parameters, as well as

mountain geometry on the mechanisms and evolution of
DSGSD. To validate and evaluate the accuracy of the models,
a comprehensive parametric analysis was conducted. To reduce
the number of playing variables and achieve a generalized
understanding of DSGSD predispositions, we considered
the influence of specific stratigraphic and inherited tectonic
features of Brdo Mt. and Zlabiny Mt., which significantly
affect the slope deformation and its collapse mechanisms on
a local and regional scale. For the same reason, both the initial
and current topographies were simplified. When compared
to findings from a single-case study, this allowed us to
draw more general and robust conclusions about the factors
influencing DSGSD evolution. The modeled results of
DSGSD’s formation and further collapse with deep-seated
and shallow landslides correspond well with real-world case
studies that had been developed in similar settings. The mode-
ling results suggest that the collapse process could have been
predisposed by the thrust fault and later initiated by progres-
sive rock mass strength weakening. The numerical model
results showed that the kinematic failure modes derived from
the analysis of structural data and current geometry are rea-
sonable. However, it is necessary to highlight that these
models remain simplified and conceptual, limited by know-
ledge of the input parameters and subsurface structure. Con-
ducting sensitivity analyses helped to explore the influence of
the critical input parameters on the kinematic behavior of
DSGSD. Parameters, such as rock mass deformation modulus
(Young’s modulus), discontinuity cohesion, and friction angle
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Fig. 10. Finite element simulation results of the Zlabiny DSGSD: A — Sigma 1 stress distribution. B — Total displacement vectors.
C — Maximum shear strain contours: stage 1 — model with assumed initial surface topography before the deformation, stage 2 — initial topo-
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mass, stage 4 — model with current topography.

were varied between +25 % of the mean values used for
the models in Fig. 8. The outcomes of the parametric analysis
are described as a function of total displacement changes in
meters (Fig. 11). Young’s modulus values of the materials
were increased and decreased by 5, 10, and 15 %. The hori-
zontal, vertical, and total displacement, as well as Sigma 1
stress distribution values, were collected using query data
points. Using the same principle, we investigated the effect of
joint cohesion and joint friction angle on displacement rate
(Fig. 11B). In the Brdo case, data points were selected in
the deep-seated block, which is separated by a thrust fault
(upper block in Fig. 11A) and surficial material mass that was
eroded during the development of DSGSD (western block in
Fig. 11A). In the Zlabiny case, one deep-seated block sepa-
rated by a thrust fault from the mountain massif was selected
for investigation (Fig. 11A).

Rock mass deformation modulus is a key factor in the ove-
rall model displacement. The higher its values, the lower the
displacement, and thus the model is more stable. In the Brdo
upper block, the mean total displacement changes between
0.08 and 0.06 m, while in the western block, it is between 0.11
and 0.08 m. In the Zl'abiny case, the same trend was observed
with a mean displacement changing from 0.15 to 0.12 m,
when increasing the E values. Still, the analysis results show
that the joint cohesion parameter is not an important player in
the model’s stability. In the Zl'abiny case, there are no major
changes in the deformation and displacement rates. However,
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in the Brdo case, the increase of joint cohesion from 0 to
10 MPa caused a slight (0.01 m) decrease in mean displace-
ment. The last tested parameter, the friction angle of the thrust
fault discontinuities, shows significant changes in displace-
ment values. The model with a 10-degree friction angle is not
stable and collapses in both Brdo and ZI'abiny cases. Higher
values of the friction angle show a decreasing trend in the
displacement from about 0.12 to 0.06 m in the Brdo case.
In the Zlabiny case, the decrease in mean displacement is
smaller, from 0.14 to 0.12 m.

The conducted parametric analysis on key rock mass design
parameters (deformation modulus, cohesion, and friction
angle values) shows the main influence of the friction angle on
the joints and slip surface development (Fig. 11B). The defor-
mation modulus also has a strong impact on the total displace-
ment of the landslide blocks.

Discussion

Modeling interpretation: evolution and kinematics of studied
DSGSDs

It is important to highlight that numerical back-analysis
of collapsed DSGSDs can help us to better understand the
geomechanical behavior and evolution of slope deforma-
tions, even predict their occurrence in similar geological—
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geomorphic conditions (Bozzano et al. 2012). In this research,
we conducted a 2D finite element analysis on two topographi-
cally different collapsed DSGSDs to describe their possible
stress-strain regime and their changes during the different
development stages of deformation. Through the numerical
modeling of the Brdo and Zlabiny DSGSDs, we were able
to reconstruct the main evolutionary phases and infer the pri-
mary predisposing factors, as well as the kinematics of the
deformation. The modeling outcomes correspond with the
geomorphological field data, as well as with remote sensing
data interpretation. They highlight the kinematic components
of DSGSDs and the strong control of inherited structural
features as a crucial basis for the model’s development.
The evolution of the Brdo DSGSD could be explained as
a continuous sequence of slope movements (Fig. 12). With
regards to the field evidence of existing troughs, scarps,
and antislope scarps parallel to the ridge, it is possible to
assume that the Brdo DSGSD is a symmetric case of sackung
with two deep-reaching slip surfaces and one down-dropped

(Al

800

600

500

keystone block on the top of the mountain (Fig. 12C).
The evolution model of the Zlabiny DSGSD based on the
numerical model shows the activation of two initial deep-
seated shear planes, as well as further deactivation of one
of them (Fig. 13). The upper part of the landslide developed
into the rockfall areas, which evolved later into the current
Haliny rocks (Fig. 13B,C). The geometry and synclinal
structure of the mountain predisposed the main deep-seated
landslide development and a slope deformation scenario
thus followed. According to this interpretation, one deep
block moved downslope on the eastern flank of the mountain
and later, a second rock mass block followed it because of
the secondary shear zone development near the surface
(Fig. 13C). The studied DSGSDs demonstrate geotechnically
and temporally complicated failures and deformation pro-
cesses, distinguished by the sequential movement of indivi-
dual rock slide slabs. A parametric study of all 4 model stages
revealed the ranges of the main rock mass characteristics
values (cohesion, friction angle, and deformation modulus)
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Fig. 12. Conceptual model of Brdo DSGSD evolution: A — Initial stable slope conditions with pre-failure topography of Brdo mountain along
the cross-sectional profile and the development of deep shear zones. B — Basal shear zone formation and development of main scarp areas.
C — Main symmetric sackung formation. Internal main discontinuities are developed, separating the rock mass into a few blocks.
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discontinuities are developed, separating the rock mass into a few blocks.

which produce validated harmonic model behavior during
the stress-strain analysis.

Causes of studied DSGSDs

A detailed understanding of the predisposition, preparatory,
and triggering factors of DSGSDs and their collapses is
a critical aspect of the analysis of such complex phenomena.
In the Carpathians, including the Velk4 Fatra Mts., we face
growing anthropogenic pressures that can cause an increase in
DSGSD collapse hazards (Skrzypczak et al. 2021). Previous
DSGSD research in Slovakia and other regions has identified
causal factors at the local and regional levels and were focused
on the active ongoing DSGSD cases (Briestensky et al. 2011;
Baron et al. 2019; Crippa et al. 2020). The fact that the area

has never been glaciated allows us to exclude glacial and
post-glacial dynamics in predisposition. We thus consider
other factors, including inherited and other morphodynamic
controls, as possible DSGSD predispositions. Inherited tec-
tonic and morphostructural predispositions are one of the
major causal factors in both the Brdo and Zlabiny DSGSDs.
The faulted and folded limestone/dolomite layers combined
with a major thrust create favorable conditions for deep move-
ment and instability scenarios along main discontinuity pla-
nes. The tectonic predisposing factor corresponds with field
observations in DSDSDs, as well as to similar case studies
around the other European orogenic belts (Baron et al. 2019;
Faccini et al. 2020; Aringoli et al. 2021; Discenza et al. 2023).
Deformability contrasts between the underlying (softer) and
overlying (rigid) rock formations that had been reinforced
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by Kkarstification processes and specific hydrogeological
conditions, as well as fluvial incision along the slope toes,
could also be considered possible predisposing factors
(Briestensky et al. 2011; Discenza & Esposito 2021). After
initial deep gravitational movements along the inherited
thrust fault, the shear zone developed and involved larger
areas of the mountain rock massif. This could be considered
gravitational rejuvenation of the thrust fault, which represents
a process comparable to the results of other studies performed
previously in the Carpathians (Panek et al. 2011, 2013; Sikora
2022). According to our results, gravitational processes
were included in the further development of more shallow
shear zones which separated mountain massif into blocks
and started the main DSGSD collapse. The topography (slope
geometry) influenced slightly different scenarios for the
development and collapse of the DSGSDs. In the Brdo case,
the separated, blocky structures moved symmetrically down-
wards from the mountain crest and created upper and lower
DSGSD areas with cliffs and deep troughs between them.
The upper part was also disintegrated and typical sackung
features with mountain-ridge spreading and antislope scarps
appeared in the area (Fig. 12). In the Zl'abiny area, the deep
shear surface developed into an eastward-deepening slip
zone with several more surficial shear zones on the eastern
side of the mountain. Topographical stresses and slope critical
state likely provoked the deep-seated landslide occurrence
which caused a collapse of the ZI'abiny DSGSD. A few deep-
seated rock mass blocks moved towards the valley side
(Fig.13).

As we did not conduct any chronological analyses,
we can only assume the probable triggering factors of the
episodic deformations that contributed to the deep gravita-
tional creep. Slovakia is a region with moderate-to-low seismic
activity, but several historical earthquakes with local magni-
tude >4 have been recorded in the country since the onset of
instrumental measurements (Csicsay et al. 2018). Moreover,
extreme rainfall events are considered to be a major factor
provoking slope movements in the Carpathians (Panek et al.
2013, 2016). The shallow landslide/rockfall deposits all
around the studied mountains show intense weathering of
rock from the upper slope sections and its transportation
to the valleys. Shallow landslides and rockfalls could thus
be predisposed by rock weathering and bedrock fragmenta-
tion and triggered by extreme hydroclimatic events or earth-
quakes.

We can argue that for settings similar to our case study,
a combined action of pre-existing thrust fault, morphostruc-
tural, and topographic conditions could be considered a pre-
disposing factor. The seismic, climatic, and hydrogeologic
players also could be included just as a triggering factor.
The progressive weakening of the rock mass and the reach of
a critical state of the slope can eventually result in a major
reactivation triggered by a seismic or hydroclimatic event.
Alternatively, fluvial incision, particularly along slopes with
substantial local relief, may disrupt the equilibrium of stabi-
lity, further intensifying the likelihood of failure.
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The model and analysis results agree with field observations
and other DSGSD case studies from the nearby High Tatra
Mts. (Kralikova et al. 2014a; Panek et al. 2016), and suggest
a strong influence of gravitational-tectonic control on deep-
slope movements in the region. The results of this study add
a piece to the mosaic of the Quaternary gravitational morpho-
genesis of Central Western Carpathians, highlighting the role
of passive morpho-structural control on high-relief gravita-
tional deformations in the Velka Fatra Mts. There are wide
possibilities to deepen the understanding of collapsed DSGSD
by more detailed borehole, geophysical, and remote sensing
investigations of this area, as well as exploring the widely-
mapped DSGSD cases around the Carpathian Mountains.

Conclusions

In this paper, the characteristics, predisposing factors, and
failure mechanisms of the Brdo and Zl'abiny DSGSDs in
the Velka Fatra Mts., Slovakia, were investigated by remote
sensing data interpretation, fieldwork, and numerical mode-
ling. The finite element numerical modeling approach pre-
sented here allows us to analyze the main evolutionary stages
of relatively small mountain areas affected by DSGSD through
a stress-strain sequential numerical model based on detailed
geomorphological, geological-structural, and geomechanical
data. Several conclusions can be drawn from this study:

The landslides occur in the active Alpine tectonic region of
the Velka Fatra Mts. Due to the previous tectonic evolution,
the geological structure is characterized by thrust-faulted,
folded, and weathered dolomite and limestone rocks that are
favorable for karst processes. The geological, topographic,
and climatic conditions were beneficial for DSGSD and land-
slide development.

The numerical model analysis indicated that among the pre-
disposing causes of DSGSDs, the thrust fault structure was
a predominant contributing factor. The initial topography
also influenced the geometry of DSGSDs: in the symmetric
Brdo case, the mass movement evolved into the symmetric
sackung, while in the elongated Zl'abiny case, DSGSD deve-
loped to block movements on the eastern side of the mountain.
In general, the modeling does not support the hypothesis of
a DSGSD collapse of the Brdo and ZFabiny mountains under
gravity alone.

These findings could provide a good starting point for fur-
ther numerical modeling applications in the natural high-relief
stability problems and give insight into a deeper and more
detailed investigation of DSGSDs around the Central Western
Carpathians.
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