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Abstract: The Krbavčići landslide occurred in January 1979 near the town of Buzet, Croatia, after a
long period of heavy rainfall. It is located in Northern Istria in the area built of flysch rock mass where
numerous mass movements in the past and recent history have been recorded. A flysch rock mass is
highly susceptible to weathering, which leads to material disintegration, changes in geotechnical
properties, and shear strength decrease, finally resulting in instability processes in flysch slopes. This
paper describes existing information about the Krbavčići landslide occurrence, laboratory testing
of siltstone samples from a flysch rock mass, and numerical slope stability analyses of a possible
landslide reactivation caused by possible long rainy periods and further weathering of the flysch rock
mass. Slope stability analysis using the Rocscience, Slide software, as well as landslide numerical
simulations using the LS-Rapid simulation software were performed on the basis of the digital
elevation model (DEM) and laboratory test results of siltstones with different weathering grades.
A DEM of the Krbavčići landslide was obtained on the basis of the unmanned aerial vehicle (UAV)
survey conducted in March 2016. The residual shear strength of siltstones to predict a reactivation
of landslides is of highest importance and was determined by ring shear and direct shear tests on
siltstone samples with different weathering grades. The results of the numerical simulations show
that an increase of the groundwater level in the landslide body in combination with the further
weathering of the flysch rock material at the sliding surface would have the main influence on a
possible landslide reactivation and the further development of the landslide displacement.

Keywords: landslide; flysch rock mass; slope stability analysis; landslide numerical simulation;
laboratory testing; residual shear strength; rainfall

1. Introduction

The Krbavčići landslide occurred in January 1979 near the town of Buzet, Croatia, after a long
period of heavy rainfall. It is located in the northern part of the Istrian peninsula; an area consisting of
Paleogene flysch, limestone from the Cretaceous, and Jurassic period and alluvial deposits (Figure 1) [1].

In the study area, the flysch rock mass is characterized by lithological heterogeneity, as the
lithological sequences show common vertical and lateral alterations that include marls, siltstones,
and fine-grained sandstones, as well as distinct calcarenite layers (Figure 2).

Geosciences 2020, 10, 294; doi:10.3390/geosciences10080294 www.mdpi.com/journal/geosciences

http://www.mdpi.com/journal/geosciences
http://www.mdpi.com
https://orcid.org/0000-0003-0464-2687
https://orcid.org/0000-0002-5736-6746
http://dx.doi.org/10.3390/geosciences10080294
http://www.mdpi.com/journal/geosciences
https://www.mdpi.com/2076-3263/10/8/294?type=check_update&version=2


Geosciences 2020, 10, 294 2 of 22

Geosciences 2020, 10, x FOR PEER REVIEW 2 of 22 

 

 
Figure 1. Geological map of the North Istria peninsula (modified according to [1]) with location of the 
Krbavčići landslide and some of recent landslides (updated according to [2]). 

 
Figure 2. Vertical alternation of sandstones and siltstones in the flysch rock mass at the road cut near 
the Krbavčići landslide (photo: Vivoda Prodan). 

A flysch rock mass can have different physical and mechanical properties depending on its 
lithological composition and weathering grade. Weathering processes are particularly evident in 
incompetent members, such as claystone, shales, and siltstones. In contrast, sandstones, limestone, 
and breccia-conglomerates are competent members and are considerably more resistant to the effects 
of exogenetic forces [3]. 

This study is focused on siltstones, which are the component of the flysch complex, characterized 
by high erodibility, low durability, and high susceptibility to weathering. Therefore, the mechanical 
behavior of siltstones has the greatest influence on the behavior of the whole flysch rock mass 
complex. Figure 3 shows the high degradation of a flysch rock mass due to weathering in flysch 
pillars that were exposed to atmospheric conditions for seven years. These processes gradually 
transformed the fresh rock mass into residual soil, causing changes in its mineralogical composition 

Figure 1. Geological map of the North Istria peninsula (modified according to [1]) with location of the
Krbavčići landslide and some of recent landslides (updated according to [2]).
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Figure 2. Vertical alternation of sandstones and siltstones in the flysch rock mass at the road cut near
the Krbavčići landslide (photo: Vivoda Prodan).

A flysch rock mass can have different physical and mechanical properties depending on its
lithological composition and weathering grade. Weathering processes are particularly evident in
incompetent members, such as claystone, shales, and siltstones. In contrast, sandstones, limestone,
and breccia-conglomerates are competent members and are considerably more resistant to the effects
of exogenetic forces [3].

This study is focused on siltstones, which are the component of the flysch complex, characterized
by high erodibility, low durability, and high susceptibility to weathering. Therefore, the mechanical
behavior of siltstones has the greatest influence on the behavior of the whole flysch rock mass complex.
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Figure 3 shows the high degradation of a flysch rock mass due to weathering in flysch pillars that were
exposed to atmospheric conditions for seven years. These processes gradually transformed the fresh
rock mass into residual soil, causing changes in its mineralogical composition and a reduction in its
mechanical properties, which led to many landslides that occurred in this region in the past. Mainly
rotational and translational landslides occurred with sliding surfaces located at the contact between
the surficial deposits and the flysch bedrock, within the colluvium surficial deposits, or through the
flysch rock mass [4,5]. The occurrence of debris flows has also been recorded in this area [6]. Different
intensive erosion processes are also observed in the flysch deposits in the study area [7,8]. Many studies
have investigated the effects of weathering on the strength of the flysch rock masses [9–14], as well as
the hydro-mechanical properties of the soil in the unsaturated zone of the flysch slopes [15–19].
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further displacements were observed (Figure 4c). 

Figure 3. View at the flysch pillars at the Brus landslide in: (a) August 2005; (b) January 2013.

Numerous authors have investigated triggers of slope instabilities in soft rocks such as flysch
rock mass [20,21] and have performed slope stability analyses of flysch slopes that are susceptible to
weathering processes causing a decrease in material strength [22–37].

Digital photogrammetry using the structure from motion (SfM) technique with a high-resolution
digital camera mounted on an unmanned aerial vehicle (UAV) [38] provides a 3D model from a
sequence of multi-view captured images [39]. UAVs are now used for the analysis of landslide
phenomena [39–46], coastal engineering [47–51], structural mapping [52–55], agriculture [56], etc.
The use of UAVs has shown great potential in the last decade for the management of natural hazard
events, their detection and monitoring, such as landslides, floods, earthquakes, volcanic activity,
and forest wildfires [38].

In this paper, the weathering process of flysch rock mass and influence of possible long-term
rain periods on the Krbavčići landslide reactivation is analyzed. Numerical 2D slope stability and
3D landslide simulations were carried out based on the input parameters obtained by ring shear and
direct shear tests on siltstone samples from flysch rock mass of different weathering grades. Data of
the current slope topography were provided by the UAV, using SfM photogrammetry to derive the 3D
point cloud.

2. Description of the Krbavčići Landslide

The Krbavčići landslide occurred at the end of January 1979 near the town of Buzet, Croatia, after a
long period of heavy rainfall. The landslide included terrain from the foot of the railway Buzet–Divača
to the road Buzet–railway station (Figure 4a). The biggest damage occurred on the newly built road
where the pavement was deformed and the retaining wall at the foot of the landslide was damaged
(Figure 4b). According to memories of the Krbavčići village residents, the retaining wall was founded
on the talus instead of in flysch rock mass. After a major slide, a new stable landslide position was
taken, and no further displacements were observed (Figure 4c).
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Figure 4. (a) Aerial view of the flysch and limestone rock masses contact in North Istria with marked
area of Krbavčići landslide (photo: Medica); (b) the damaged retaining wall at the foot of the landslide
in 1979 (photo: Benac); (c) the rest of the retaining wall in 2020 (photo: Vivoda Prodan).

Longer rainfall events are critical for a landslide initiation, while short and intensive rainfall events
play a greater role in the erosion processes. Dugonjić Jovančević and Arbanas [2] have shown that
the cumulative twelve-month values, as well as the maximum monthly, weekly, or daily precipitation
which precede sliding, do not have significant influence on a landslide initiation. Their analyses
provide evidence that the precipitation from approximately three months before a landslide initiation
has the primary influence on the rising infiltration and ground water level as the main triggering
factor for the activation of landslides on flysch slopes in North Istria. The monthly and annual rainfall
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amounts in the period from 1961 to 2017 were observed and taken from the Abrami rain gauge (85 m
a.s.l.), approximately 5 km away from the Krbavčići landslide. As it is shown in Figure 5, November is
the rainiest month with the mean rainfall amount of 132.15 mm in the period 1961–2017. The rainfall
amount in January 1979 reached 266.80 mm. The crucial three month cumulative rainfall amount,
which triggered the Krbavčići landslide at the end of January 1979, was 479.1 mm.
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Figure 5. Monthly rainfall of the 1978 and 1979 years (histograms) and mean rainfall for the period
1961–2017 (solid line) recorded at Abrami rain gauge.

The digital elevation model (DEM) of the Krbavčići landslide was derived from SfM
photogrammetry, which was carried out in March 2016. A Sony Alpha 7R digital camera was
used on an unmanned aerial vehicle (UAV) with a Real Time Kinematic (RTK) positioning system.
The data are linked in the Croatian national coordinate system HTRS96/TM using the HVRS71 geoid.
The result was the digital orthophoto map with 1 cm resolution, as shown in Figure 6b.

The field investigation carried out in summer 1979 consisted of geological mapping and drilling of
15 boreholes (Figure 6a) and is documented in the Geotechnical elaborate of the Krbavčići landslide [57].
Landslide head and flanks were clearly visible due to main scarp, and the transverse and radial
cracks and moved material in the landslide toe are also visible. The identified landslide dimensions
according to WP/WLI [58] are 370 m long, 30 m wide in the upper part, and 150 m in the lower
part. The investigation indicated the sliding surface at a depth of approximately 13 m, within
the weathered bedrock zone, at the contact between the weathered and fresh flysch rock mass.
The engineering–geological cross-section of the landslide determined in 1979 is shown in Figure 7.
According to Skempton and Hutchinson [59], it is classified as a translational landslide, and as a rock
planar slide according to Hungr et al. [60], while the style was moderately moving according to Cruden
and Varnes [61]. The landslide can now be considered as a dormant landslide because after initial
sliding, no movements were visible at the local road or remains of the retaining wall (Figure 4b).



Geosciences 2020, 10, 294 6 of 22
Geosciences 2020, 10, x FOR PEER REVIEW 6 of 22 

 

 

(a) 

Figure 6. Cont.



Geosciences 2020, 10, 294 7 of 22
Geosciences 2020, 10, x FOR PEER REVIEW 7 of 22 

 

 

(b) 

Figure 6. The Krbavčići landslide: (a) Engineering geological map from 1979 [57]; (b) Orthophoto map 
from 2016 derived from aerial SfM photogrammetry, with highlighted position of boreholes, 
engineering geological profile, and a landslide border. 
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Figure 7. Engineering geological cross section 2–2′ of the Krbavčići landslide (modified according
to [57]).

Atmospheric activity and unfavorable hydrological conditions led to weathering of the flysch rock
mass, which altered its geotechnical and shear strength properties and formed potentially unstable
deposits. The six standard grades of siltstone weathering were investigated in a flysch weathering
profile (Figure 8) defined by the following categories: Fresh (FR), slightly weathered (SW), moderately
weathered (MW), highly weathered (HW), and completely weathered (CW) rock masses and residual
soil (RS). Vivoda Prodan and Arbanas [12], Vivoda Prodan [13], and Vivoda Prodan et al. [14] evaluated
the weathering profile in the study area based on a qualitative description of the colors and discoloration,
the discontinuity conditions, the presence or absence of the original rock texture, and the uniaxial
compressive strength of the intact rock based on the Schmidt hammer rebound value.

Geosciences 2020, 10, x FOR PEER REVIEW 8 of 22 

 

 
Figure 7. Engineering geological cross section 2–2′ of the Krbavčići landslide (modified according to 
[57]). 

Atmospheric activity and unfavorable hydrological conditions led to weathering of the flysch 
rock mass, which altered its geotechnical and shear strength properties and formed potentially 
unstable deposits. The six standard grades of siltstone weathering were investigated in a flysch 
weathering profile (Figure 8) defined by the following categories: Fresh (FR), slightly weathered 
(SW), moderately weathered (MW), highly weathered (HW), and completely weathered (CW) rock 
masses and residual soil (RS). Vivoda Prodan and Arbanas [12], Vivoda Prodan [13], and Vivoda 
Prodan et al. [14] evaluated the weathering profile in the study area based on a qualitative description 
of the colors and discoloration, the discontinuity conditions, the presence or absence of the original 
rock texture, and the uniaxial compressive strength of the intact rock based on the Schmidt hammer 
rebound value.  

 
Figure 8. Weathering profile for the flysch rock mass in the study area, near the Krbavčići landslide 
(according to Brown [62]) [12,13]. 

Vivoda Prodan et al. [14] performed X-ray diffraction mineralogical analyses of siltstone samples 
of four different weathering grades, including I (FR), III (MW), V (CW), and VI (RS), taken from the 
flysch outcrop shown in Figure 8. The siltstone samples of different weathering grades consisted of 
small amounts of quartz and calcite, negligible amounts of plagioclase, and major amounts of clay 
minerals. On the basis of dissolution (calcite and chlorite) and comparison with standard 
diffractograms, the mineralogical composition of the samples (Figure 9a) was defined as follows: 
Calcite (35–50%), quartz (5–10%), plagioclase (up to 10%), K-feldspar (traces), and clay minerals (40–
55%). Calcite, quartz, and phyllosilicates constituted 93–97% of the mineralogical composition, with 
phyllosilicates being the predominant minerals. Figure 9a shows the mineralogical content of 

Figure 8. Weathering profile for the flysch rock mass in the study area, near the Krbavčići landslide
(according to Brown [62]) [12,13].

Vivoda Prodan et al. [14] performed X-ray diffraction mineralogical analyses of siltstone samples
of four different weathering grades, including I (FR), III (MW), V (CW), and VI (RS), taken from the
flysch outcrop shown in Figure 8. The siltstone samples of different weathering grades consisted of
small amounts of quartz and calcite, negligible amounts of plagioclase, and major amounts of clay
minerals. On the basis of dissolution (calcite and chlorite) and comparison with standard diffractograms,
the mineralogical composition of the samples (Figure 9a) was defined as follows: Calcite (35–50%),
quartz (5–10%), plagioclase (up to 10%), K-feldspar (traces), and clay minerals (40–55%). Calcite,
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quartz, and phyllosilicates constituted 93–97% of the mineralogical composition, with phyllosilicates
being the predominant minerals. Figure 9a shows the mineralogical content of siltstones according
to the weathering grade where clay mineral content increased, and calcite content decreased with
increasing weathering grades. The most important clay minerals were illite and chlorite, with trace
amounts of kaolinite and mixed layer minerals (Figure 9b), where an increase in chlorite and illite
content is visible with increasing weathering grades.
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Figure 9. (a) Mineralogical content; (b) content of different clay minerals in siltstone samples with
different weathering grades from the Istrian peninsula [14]; (c) mineralogical content of flysch samples
from the Krbavčići landslide in Northern Istria [6]. The arrows indicate an increase in phyllosilicates
content (a,c) and illite and chlorite content (b), and a decrease in calcite content (a,c), with increasing
weathering grades.

The results of mineralogical analyzes performed by Vivoda Prodan et al. [14] were compared
to previous mineralogical data from flysch samples from the Krbavčići landslide in Northern Istria
and the nearby area analyzed by Arbanas et al. [6]. The samples consisted of the minerals shown in
Figure 9c: Calcite (13–36%), quartz (13–26%), plagioclase (up to 5%), and phyllosilicates (48–65%).
The analyses revealed higher concentrations of clay minerals (muscovite and illite) in the sample
taken from the landslide area compared to the other analyzed samples. The clay mineral content
also increased, and the calcite content decreased with increasing weathering grades. The results from
previous studies [6] and newly undertaken studies [14] in the same geological deposit are consistent
with one another.

3. Methodology

The aim of this article is to discuss and identify the influence of changes in the geotechnical
properties of siltstones due to long-term weathering processes on the Krbavčići landslide reactivation
case study. Siltstone samples of different weathering grades taken from the flysch rock mass were
subjected to laboratory tests to obtain data on their geotechnical properties. Subsequently, these
geotechnical parameters of siltstones with different weathering grades were used in the 2D and 3D
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numerical analysis of the landslide reactivation. Details about the applied methodology are described
in the following sections.

3.1. Laboratory Testing

Slope instabilities in flysch rock formations in North Istria are related to the weathering effect
on the shear strength of siltstones from the flysch rock mass. Vivoda Prodan et al. [14] have carried
out research to determine the geotechnical properties of siltstones of different weathering grades and
their changes within the weathering process. A series of laboratory tests was performed to determine
the variability of the geotechnical parameters of the siltstone samples of different weathering grades:
I (FR), III (MW), and V (CW). Three samples of different weathering grades I (FR), III (MW), and V
(CW) were taken from the flysch outcrop near the Krbavčići landslide in North Istria (Figure 8) and
crumbled before the laboratory testing of the residual shear strength in the ring shear and direct shear
devices. Disturbed and remolded up to the engineering soil grade siltstone samples match with the
material condition at the sliding surface where the natural disintegration of the siltstone occurs due
to stresses and strains during sliding. The strength of naturally disturbed materials and laboratory
remolded samples decreased from peak to residual values due to sliding (deformation), that imply on
the necessity of the residual strength of siltstones testing.

The ICL-1 ring shear device used (Marui & Co., Ltd., Osaka, Japan, 2011) (Figure 10) can maintain
an undrained condition in a sample with pore water pressure up to 1 MPa and load normal stress up
to 1 MPa [63,64]. Prior to testing of the prepared siltstone samples, an initial water leakage test and a
friction test between the upper and lower rubber were performed. Water leakage test was performed
at maximum device speed of 5.4 cm/s, total maximum normal stress of 800 kPa, and a contact stress
of 1.0 kN, and no water leakage occurred. Therefore, all further testing on siltstone samples was
conducted at the contact stress of 1.0 kN. The amount of friction or shearing resistance between the
upper and lower pair of rubbers at a contact stress of 1.0 kN depends on the magnitude of the normal
stress. For a normal stress value of 200 kPa, the friction between the upper and lower rubber is 15
kPa, for a normal stress of 400 kPa it is 17 kPa, while the friction at normal stress of 800 kPa is 33 kPa.
The total shearing resistance, measured during the siltstone sample shearing, must be reduced for the
value of the rubber friction to obtain the real value of the shearing resistance of a material. Siltstone
samples of different weathering grades were completely saturated with de-aired distilled water prior
to testing in the device. The ring shear box was filled with CO2 and de-aired distilled water, and then
the disturbed, previously saturated sample was built in. After the sample saturation checking and
consolidation at (σ0, τ0) = (190, 70), (280, 100), and (375, 137) kPa, shearing using pore pressure control
was conducted. Pore pressure in natural slopes gradually increases due to a rise of groundwater level
during rainfall and surface water infiltration. The pore pressure control tests, which simulate natural
groundwater rise conditions, were carried out at a constant speed of 0.50 kPa/min. The water pressure
supplied to the shear box was gradually increased and the water was allowed to drain up through a
sample. The basic parameters were determined from the pore pressure control test: Peak and residual
friction angle and cohesion, as well as the steady-state normal and shear stresses could be determined.
Results of the ring shear tests on three samples of different weathering grades I (FR), III (MW), and V
(CW) are published by Vivoda Prodan et al. [14].

Siltstone samples of different weathering grades were also tested in a standard direct shear device
model 27-WF2160, Controls, in the 60 × 60 mm shear box. Siltstone slurry samples were consolidated
under effective stresses of 50, 100, 200, and 400 kPa and then sheared in two cycles at a constant shear
speed of 0.015 mm/min. The samples were sheared in two cycles to provide the necessary deformations
to achieve the residual shear strength of materials. Direct shear tests are performed on the three
samples of different weathering grades I (FR), III (MW), and V (CW), and are the test results new to
this study. Direct shear test results published by Vivoda Prodan et al. [14] were performed in another
device and sheared only in one cycle and, consequently, presented different results. However, newly
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performed tests in two cycles have shown that, after the second cycle, the samples showed a slight but
regular decrease in residual shear strength with increasing weathering grades.Geosciences 2020, 10, x FOR PEER REVIEW 11 of 22 
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shear box after testing [17] (S = Specimen, CR = Connection Ring, C = Connection, SM = Shear Motor, 
N = Load cell for Normal Stress; S1, S2 = Load cell for shear resistance; P = Pore pressure transducer; 
GS = Gap sensor; VD = Vertical Displacement; SD = Shear Displacement). 
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parameters obtained with the direct shear and ring shear devices. The ring shear device is more 
precise and better suited for testing residual strength than the direct shear device due to, the 
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Figure 10. The ICL-1 ring shear device (Marui & Co., Ltd., Osaka, Japan, 2011) (a) Schematic view of
the device mechanical structure [64]; (b) upper part of the instrument box; (c) siltstone sample in the
shear box after testing [17] (S = Specimen, CR = Connection Ring, C = Connection, SM = Shear Motor,
N = Load cell for Normal Stress; S1, S2 = Load cell for shear resistance; P = Pore pressure transducer;
GS = Gap sensor; VD = Vertical Displacement; SD = Shear Displacement).

3.2. Laboratory Test Results

Peak and residual friction angle and cohesion, as well as steady-state normal and shear stress,
were determined on the basis of the ring shear and direct shear laboratory tests on the siltstone samples
of different weathering grades and are presented in Table 1. Shear stress–shear displacement diagrams
are shown in Figure 11a,c and normal stress–shear stress diagrams are shown in Figure 11b,d, based on
the ring shear and direct shear tests. The residual friction angle of siltstone samples increased from 23◦

in the fresh sample I (FR) to 31◦ in the completely weathered V (CW) sample, and residual cohesion
decreased from 56 to 14 kPa, respectively. All test results indicated a decrease in the overall residual
shear strength with the increase of the weathering grade of the siltstone samples: The residual friction
angle increased, and the residual cohesion decreased with increasing weathering grades.

Table 1. Ring shear [14] and direct shear test results on the siltstone samples from flysch rock mass
with different weathering grades from North Istria.

Term Symbol Direct Shear Test Ring Shear Test

φr (◦) cr (kPa) φr (◦) cr (kPa) τss (kPa)

Fresh FR 22.56 15.24 23 56 38
Moderately weathered MW 21.8 14.73 27 51 44
Completely weathered CW 20.44 14.12 31 42 42

Vivoda Prodan et al. [14] found significant differences between the results of the strength
parameters obtained with the direct shear and ring shear devices. The ring shear device is more
precise and better suited for testing residual strength than the direct shear device due to, the following
reasons: (1) The ring shear device allows large (practically unlimited) shear deformations along the
shear surface compared to the direct shear device (only a few cm), which affects the final shear strength
value; (2) the sample shearing in the ring shear device develops at constant shear surface, whereas
the shear surface changes (decreases) during shearing in the direct shear device; and (3) the strength
envelope in the direct shear device is based on three specific individual results, whereas the ring shear
device allows the full strength envelope to be represented.
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Figure 11. Ring shear test results: (a) Shear stress–shear displacement diagram and (b) effective and total
stress paths [13,14]; Direct shear test results: (c) shear stress–shear displacement diagram for completely
weathered sample V (CW) and (d) normal stress–residual shear stress diagram, for flysch samples with
different weathering grades from North Istria. (ESP = Effective Stress Path, TSP = Total Stress Path).
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3.3. Slope Stability Analysis and Numerical Simulations of Landslide Reactivation

In order to determine possible scenarios in the slope in case of an increase of the groundwater
level and further flysch rock mass weathering at the sliding surface, the slope stability analyses and
numerical simulations of a possible Krbavčići landslide reactivation are performed. Two-dimensional
slope stability analyses were performed employing the Rocscience Slide software, version 6,032
(Rocscience Inc., Toronto, ON, Canada), using the Bishop’s limit equilibrium method. The analyses
were performed at the profile 2–2′ in the central part of the Krbavčići landslide which was recorded in
2016. The sliding surface was coopted from the field investigations carried out in 1979 (Figures 6a and
7). The material below the terrain surface is assumed to be homogeneous and the saturation ratio was
assumed to rise to the value of ru = 0.6 corresponding to the ground water level at the ground surface.
The values of the Mohr–Coulomb parameters used in the 2D analyses were the same values of the
residual strength parameters obtained by the direct shear tests (Table 1).

Three-dimensional numerical landslide simulations were performed using the LS-Rapid software
(Version 2.01, Godai Kaihatsu Co., Ltd., Kanazawa, Japan, 2010). The LS-Rapid simulation software
aims to integrate the initialization process (stability analysis) by pore pressure increasing and/or seismic
loading and the movement process (dynamic analysis), including the process of volume increasing by
entraining unstable deposits within the traveling course. The basic concept of this simulation was
described by Sassa et al. [65].

The numerical model of the Krbavčići landslide covers the matrix 535 m in x-direction and 880 m
in y-direction with 1.0 m distance contours (Figure 12a), based on the DEM derived in 2016 (Figure 6b).
The maximum altitude of the model was 462 m a.s.l. and the lowest 260 m a.s.l. According to results of
field investigations from 1979 and engineering-geological cross sections through the boreholes [57],
the sliding surface elevation was determined (Figure 12b). The depth of the sliding surface ranged
from 10.4 m (borehole B-11) to a maximum of 15.4 m (borehole B-15). The number of column elements
within a landslide mass was 321.435.Geosciences 2020, 10, x FOR PEER REVIEW 14 of 22 
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In order to include an influence of the weathering of the siltstones from flysch rock mass on a
possible reactivation of Krbavčići landslide, the numerical analyses were carried out taking shear
strength for three different weathering grades of flysch rock mass at the sliding surface: I (FR), III
(MW), and V (CW). The parameter values of the siltstone material used in these numerical models,
which depended on the weathering grade, are presented in Table 2. These values were obtained on
the basis of a combination of data values obtained by laboratory tests in direct and ring shear devices
(Figure 11), average parameter values from previous studies, and indicative parameter values for cases
where all the data from the field of research are not available [65]. The rise of the groundwater level was
given as the main triggering factor and it was defined by the rise of saturation ratio, ru. The saturation
ratio, ru, increased from 0 to a value of 0.60, after which the value remained constant. The value of the
saturation ratio ru = 0 corresponded to the case without groundwater in the slope, while the value
ru = 0.60 corresponded to the groundwater level at the ground surface and the saturated state in the
landslide body. The default duration of an increase of the saturation ratio in the model was 3 s, which
is proportional to the 30 days of the real-time period.

Table 2. Values of siltstone parameters used in LS-Rapid numerical model for different
weathering grades.

Parameter
Parameter Values Depending on the Weathering Grade of

Siltstones from Flysch Rock Mass

I (FR) III (MW) V (CW)

Friction angle during motion at sliding
surface (tan φm) 2 0.42 0.40 0.37

Peak friction angle at sliding
surface (tan φp) 3 0.5 0.45 0.42

Friction angle inside landslide
mass (tan φi) 3 0.45 0.42 0.39

Steady state shear resistance at sliding
surface (τss) 1 38 kPa 44 kPa 42 kPa

Cohesion at sliding surface during
motion (cp) 2 15.24 kPa 14.73 kPa 14.12 kPa

Peak cohesion at sliding surface (cm) 2 15.24 kPa 14.73 kPa 14.12 kPa
Cohesion inside mass (ci) 4 0 kPa 0 kPa 0 kPa

Total unit weight of the mass (γt) 3 20 kN/m3

Lateral pressure ratio (k = σh/σv) 3 0.7
Shear displacement at the start of strength

reduction (DL) 1 5 mm

Shear displacement at the end of strength
reduction (DU) 1 200 mm

Pore pressure generation rate (Bss) 4 0.5
1 Values determined in ring shear tests, 2 Values determined in direct shear tests, 3 Average parameter values from
previous investigations on similar flysch locations, 4 Indicative recommended parameter values when all the data in
the study area is not available [65].

4. Results of the Slope Stability Analysis and Numerical Simulations of Landslide Reactivation

The conditions that could cause the reactivation of Krbavčići landslide were analyzed and
discussed. Two-dimensional stability analysis was performed for fully saturated slope conditions
when the ru = 0.6. The safety factors obtained in the two-dimensional stability analysis depending on
the weathering grade of the siltstones from the flysch rock mass are shown in Figure 13.

The safety factor decreased with increases in siltstone weathering grade. The slope built in
the siltstone material of weathering grade I (FR) indicated a safety factor of 1.175. The safety factor
decreased slightly to the value 1.132 for the slope built in the siltstone material with a III (MW)
weathering grade and to the value 1.064 for the slope built in the siltstone material with a V (CW)
weathering grade. The safety factor for the slope built in the completely weathered siltstone material
was 1.064, which is very close to the slope stability limit.
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Figure 13. 2D analysis results of the Krbavčići landslide at ru = 0.6 in siltstones of: (a) I (FR); (b) III
(MW); (c) V (CW) weathering grades.



Geosciences 2020, 10, 294 16 of 22

The results of 3D stability analyses using the LS-Rapid software for different weathering grades of
flysch rock mass show the areas within the landslide body that will be reactivated under unfavorable
hydrogeological conditions. The comparison between the initial slope surface and the results of the
numerical analysis for the sliding surface in I (FR), III (MW), and V (CW) weathering grades, at ru = 0.6
is shown in Figure 14a–c respectively. The yellow line shows the border of the old landslide and the
violet lines show the areas of the landslide reactivation zones. The numerical simulation is terminated
when all points in the model reach a velocity equal to zero, or when the triggered sliding mass has
taken a new stable position. The results of the numerical simulations show slight differences in the
movement of the sliding mass with a change in the weathering grade of the siltstones from a flysch rock
mass below the ground surface. The area involved in the sliding is larger for the slope built of fully
weathered V (CW) siltstones relative to the slopes built of siltstones of II (MW) and I (FR) weathering
grades. If we analyze the increase in areas of the landslide reactivation zones (Figure 14), it can be
seen that the reactivated areas for slopes built of fully weathered V (CW) siltstones cover 12,597 m2;
for slopes built of moderately weathered II (MW) siltstones, they cover 11,483 m2, and for slopes
built of fresh I (FR) siltstones, they cover 9.637 m2, while the entire landslide area covers 40,936 m2.
Numerical simulation results show the increase in landslide reactivated areas with an increasing of
weathering grades, from 23.5%, 28.1%, to 30.8% of the entire landslide area for I (FR), II (MW), and V
(CW) weathering grades, respectively.

The results of the 2D analysis agree with the results of the 3D simulation, as only a slight difference
in the sliding mass distribution and slope safety factor is visible in the slope built in flysch rock mass of
different weathering grades. From the analyses it can be concluded that the stability of the Krbavčići
landslide decreases slightly with increases in the flysch rock mass weathering grade.
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5. Discussion and Conclusions

The weathering of flysch rock masses, especially of their incompetent members such as siltstones,
plays an important role in the behavior of flysch rock masses, and thus influences the processes on
slopes. The aim of this article was to investigate the influence of weathering of flysch rock mass and
appropriate decrease of the residual shear strength on possible landslide reactivation.

Laboratory results obtained by ring shear and direct shear tests on samples with different
weathering grades taken from the flysch rock mass outcrop indicated a decrease in residual shear
strength with an increase in the weathering grade. Changes in the mineralogical composition were
also observed with changes in the siltstone weathering grade, leading to the significant decomposition
of rock mass structure.

Shear strength parameters obtained from laboratory tests were used as input parameters to
provide 2D stability analyses using the Rocscience slope stability software and deterministic 3D
stability analyses using the landslide simulation software LS-Rapid. The LS-Rapid simulation software
integrates the initiation of the landslide process triggered by rainfall and the development of sliding
due to strength reduction and entrainment of deposits in the runout path.

The results of the 2D and deterministic 3D slope stability analyses carried out at the Krbavčići
landslide case study match quite well and show the critical areas for a possible reactivation of a
landslide under unfavorable hydrogeological conditions. From the results of numerical 2D stability
analyses and 3D simulations carried out for the Krbavčići landslide it is clearly identified that the rise
of the ground water level to the surface will not cause any significant movements of the landslide body,
regardless of the flysch rock mass weathering on the slope. However, with a weathering of material at
the sliding surface to the completely weathered rock mass V (CW), the safety factor will fall down and
will be slightly higher than 1.0 (1.064), which, given the accuracy of the model and the reliability of the
geotechnical analyses, indicates that the landslide can reach the state of possible reactivation.

The Krbavčići landslide activated in North Istria in 1979 is currently dormant and has not been
moving for the last 40 years. A large number of landslides on the flysch slopes have been reactivated by
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extreme weather events, such as the Grohovo landslide reactivated in 1996 [32,66], the Valići landslide
reactivated in 2014 [33,34] in Rječina Valley, the Krbavčići debris flow in North Istria reactivated
in 2003 [2] in Croatia, the Ca’ Lita landslide reactivated in period from 2002 to 2004 in Italy [67],
and numerous landslides reactivated in Slovenia in 2010 [68]. A reactivation of the Krbavčići landslide
is possible under the conditions of long-lasting precipitation events and the resulting rise in the
groundwater level or in the case of landslides where a further weathering of rock mass has developed
along existing sliding surfaces. The weathering process on the sliding surface is greater than on the
ground surface and a decrease in the shear strength can be expected.

Prolonged rainfall events are critical for landslide initiation, while short and intensive rainfall
events play a greater role in erosion processes. An increase in the total precipitation is expected to result
in wetter antecedent conditions, which can have multiple negative consequences on slope instability,
including (i) less rain required to reach a critical level that could cause a slope to fail, and (ii) higher
water table contributing to the reduction of shear strength, to the reduction in soil suction and cohesion,
and to an increase in the weight (wet density) of the slope materials, all working to enhance the slope
instability [69]. The three month cumulative rainfall amount which triggered the Krbavčići landslide
at the end of January 1979 was 479.1 mm. There were 33 such events recorded from 1961 to 2017, 10 of
them occurred before 1979 (in 1964, 1966, 1967, 1970, 1976, and 1977) and 23 of them after Krbavčići
landslide event (in 1979, 1980, 1992, 1993, 1997, 1998, 2000, 2001, 2009, 2010, and 2012). Under the
circumstances of global climate change with changes in rainfall patterns, with longer summer dry
periods and rainy winters in research area, a rise in the three-month cumulative rainfall amounts is
expected in the future. In combination with the described influence of rock mass weathering on shear
strength along the slip surface, these circumstances would lead to the Krbavčići landslide reactivation.

The use of SfM techniques enables the application of UAV flights to obtain DTMs from which
vertical and horizontal displacements and volumetric slope changes can be calculated. Further research
will use new DTMs determined by UAV flights, which will provide insight into the Krbavčići landslide’s
possible movements and signs of a possible reactivation. In addition, laboratory tests of flysch rock
mass samples from the landslide body will be carried out and the parameters obtained will be used in
further stability analyses.
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& Ćićarija. In Proceedings of the International Symposium Geomorphology and Sea, Meeting of the
Geomorphological Commission of the Carpatho-Balkan Countries, Mali Lošinj, Croatia, 22–26 September
1992; pp. 13–24.

4. Arbanas, Z.; Dugonjic, S.; Benac, C. Causes of small scale landslides in flysch deposits of Istria, Croatia.
In Landslide Science and Practice: Landslide Inventory and Susceptibility and Hazard Zoning; Margottini, C.,
Canuti, P., Sassa, K., Eds.; Springer: Rome, Italy, 2013; Volume 1, pp. 221–226. ISBN 9783642313240.
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30. Miščević, P.; Vlastelica, G. Time-dependent stability of slopes excavated in marl. Grad̄evinar 2012, 64, 451–461.
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