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AsstrACT: This study covers the western part of Poland’s loess Nateczéw Plateau (Kazimierz Dolny, Zbedowice). Mass
movements in the Lublin Upland occur during periods of increased precipitation or after a snowy and cold winter.
To date, there are no comprehensive studies on active (precipitation, hydrology, vegetation, land use, anthropogenic
factors) or passive factors (lithology, slope angle) causing such geohazards in this region. This area’s formations are
characterised by high sensitivity to even small changes in moisture content; thus, their geotechnical parameters deteri-
orate as a result of precipitation or rising groundwater levels. The calculations in this study were chosen to determine
the time necessary for ground response to external factors, in addition to determining the impact of these factors on
decreases in the factor of safety (FS). Based on calculations in GeoStudio software, the impacts of rainfall totals and du-
ration on slope failure, interpreted as an event where the FS falls below 1.0, were analysed. Accordingly, the threshold
rainfall value was determined as the total rainfall at the time of slope failure. The study’s results indicate that loess cov-
ers are characterised by average water permeability, relatively high internal friction angles and low cohesion, which,
combined with high slope inclination, favour landslide formation even when the slope is only partially saturated. The
most unfavourable stability conditions occur at the beginning of spring, indicating that loess stability is significantly
affected by snowmelt and precipitation at the beginning of the vegetation season, as well as the occurrence of episodic
intense precipitation during the summer.
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Introduction events (Kaczmarczyk et al. 2011, Wysokinski
2011). Most ongoing research programmes are

There has been increasing interest in land- limited to short, one-off flooding events, sur-
slide processes in recent years, mainly in con- face measurements and mapping (Rybicki et.
nection with the formation and activation of al. 1998, Raczkowski, Mrozek 2002, Dziewariski
landslides in Poland following the floods in 1997 et al. 2004, Gorczyca 2004). A major component
(German 1998, Poprawa, Raczkowski 1998, 2003,  of these studies focuses on large structural land-
Oszczypko et al. 2002) and after the 2010 flooding  slides involving deep-seated Neogene, Paleogene
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and older rocks while neglecting shallow land-

slides that occur at the boundary between elu-

vium and solid rock, as well as those occurring
within the eluvium itself. According to SOPO

(Landslide Protection System), around 50% of

Carpathian landslides are ground and eluvium

landslides. In contrast, in other parts of Poland,

outside the Sudety area, most mass movements
occur mainly within the ground. Given climate
change predictions in future years, shallow mass
movements are expected to intensify in Europe,
with a decreased proportion of structural land-

slides (Gariano, Guzetti 2016).

The major factors contributing to landslide
susceptibility are generally divided into passive
and active types. Passive factors include litholo-
gy and slope inclination, whereas active factors
are precipitation, changing land use, hydrolo-
gy, seismic and para-seismic earthquakes and
anthropogenic effects. Presently, precipitation
and the erosion of riverbanks and watercourses
are considered to be the main factors contribut-
ing to landslide initiation. Thus, one of the most
important tasks faced by contemporary land-
slide researchers is determining the precipitation
thresholds triggering the formation of new land-
slides and the reactivation of old ones and, on
this basis, developing an early warning system
for mass movements (Segoni et al. 2014, Calvello
et al. 2015, Gariano et al., 2015, Chae et al. 2017,
Lee et al. 2020, Abraham et al. 2021).

Precisely determining these precipitation
thresholds requires knowledge not only of the
nature of precipitation in a given area but also its
geology and geomorphology, climate conditions
and temporal and spatial variability of landslide
formation conditions. Determining the critical
precipitation levels for landslide triggering con-
sists of:

- identifying the relationship between accumu-
lated precipitation and precipitation duration
(associated with landslide formation); and

- identifying the minimum value of the precip-
itation threshold (at which landslides start
forming). This is equivalent to describing the
relationship between rainfall and activation of
the slope cover (Demczuk et al. 2019).

The study covers the western part of the loess
Naleczéw Plateau, in the vicinity of Kazimierz
Dolny and Zbedowice, Poland. In terms of

mass movement studies, this area represents a
white spot only discussed in occasional pub-
lications (e.g. Harasimiuk et al. 2000, Borecka,
Kaczmarczyk 2007, Rodzik et al. 2008). Mass
movements in the Lublin Upland occur during
times of increased precipitation or after a cold
and snowy winter; however, to date, there are
no comprehensive studies on the active and pas-
sive factors causing such geohazards in this re-
gion. The high landslide potential of the area is
evidenced by SOPO data and landslide suscep-
tibility maps (Wojciechowski 2019). Research re-
sults and examples of building failures in areas
with loess cover from various regions indicate
that this deposit type is susceptible to denuda-
tion processes, including mass movements. In
general, due to the nature of their genesis, these
formations are characterised by high sensitivity
to even small changes in moisture content and
their geotechnical parameters thus deteriorate
as a result of precipitation or rising groundwa-
ter levels (Teisseyre 1994, Higgins and Modeer
1996, Mularz et al. 1999, Borecka, Kaczmarczyk
2007, Tu et al. 2009, Xu et al. 2012, 2018, Zhou et
al. 2014, Yates et al. 2018, Shi et al. 2020, Leng et
al. 2021, Xie et al. 2021, Zhu et al. 2021).

Due to the lack of precise data on landslide
formation in the western part of the Naleczéow
Plateau and, thus, the impossibility of determin-
ing threshold precipitation levels by empirical
means, a deterministic method based on analy-
sis of physical phenomena in the landslide slope
profile after precipitation is used in this study.
This approach considers the characteristics of a
given slope, its retention characteristics, the flow
and accumulation of water in the slope cover,
changes in stress force occurring in the slope
profile, decreases in frictional resistance and the
physical properties of the slope-forming material
(Demczuk et al. 2019).

The planned calculations were intended to
determine the time necessary for the ground (i.e.
slope failure) to react to external factors (e.g. pre-
cipitation, ground cover), as well as determine
the effects of these factors on decreases in the
factor of safety (FS). These calculations thus pro-
vide insights into the relationship between pre-
cipitation levels and their duration, which rep-
resent the basis for forecasting landslide hazard
risks.
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Study area

Geology and geomorphological
characteristics

The studied sites are located in the vicini-
ty of Zbedowice and Kazimierz Dolny, in the
western part of the Naleczéw Plateau, Poland.
The Naleczow Plateau forms part of the Lublin
Upland, stretching between the Vistula and
Bystrzyca valleys, in a WNW-ESE direction. It
forms a broad, flat bed rising 200-220 m a.s.l.
(with a length of around 45 km and a width of
10-13 km). To the north and south, the region is a
morphological edge. The bedrock of the western
part of the Naleczéow Plateau is formed from a
diverse range of fractured rocks of Maastrichtian
and Palaeogene ages (Pozaryski 1948, Pozaryska
1967, Henkiel, Nitychoruk 1983, Abdel-Gawad
1986, Zarski et al. 1998, Machalski 2005). The
topography of the sub-Quaternary basement in
the Vistula region exceeds 150 m, decreasing to
around 70 m towards the east (in the vicinity of
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Wawolnica) (Harasimiuk, Henkiel 1976). This
deep bedrock topography was formed at the end
of the Early Pleistocene in connection with the
development of the Vistula Valley and its ero-
sion. These features determine the contemporary
structure of the valley network in the Nateczéw
Plateau (Harasimiuk 1980, Henkiel, Nitychoruk
1983, Pozaryski et al. 1994) (Fig. 1).

In the Naleczow Plateau, Pleistocene glacial,
fluvioglacial and limnoglacial deposits from the
Odra glaciation directly overlie sub-Quaternary
rocks. North of the Bystra valley, the thickness
of the glacial deposits exceeds 20 m. On the oth-
er side of the Bystra valley, boulder clay deposits
form a thin, discontinuous cover. The formation
of these sediments results from the location of this
part of the Lublin Upland in the marginal zone
of the Odra continental glacier in the post-maxi-
mal stadial (Fig. 2A) (Harasimiuk, Henkiel 1976,
1978, Zarski 1988, Pozaryski et al. 1994).

The youngest Pleistocene sediments are rep-
resented by a continuous loess cover from the
Weichselian glacial period. These sediments
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Fig. 1. Location of research sites shown against a LIDAR elevation-based shaded relief map of the western part
of the Naleczow Plateau.
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originate from a uniform period of loess forma-
tion, which was preceded by several interstadial
phases during which poorly developed, initial
fossil soils were formed (Harasimiuk, Henkiel
1978, Maruszczak 1991). In the western part of
the Naleczow Plateau, the average depth of the
loess cover is 15-20 m, while in the northern and
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Fig. 2. Geological structure of the research area.

A - Geological map of the sub-loess surface of the west-
ern part of the Nateczéw Plateau, with the study area
marked by a red box (Harasimiuk, Henkiel 1975/1976),
B - Hypsometric tints of the sub-loess surface of the
western part of the Naleczow Plateau, with the study
area marked (Harasimiuk, Henkiel 1975/1976), C -
Map of loess cover thickness in the western part of the
Nateczéw Plateau with marked study area (Harasimiuk,
Henkiel 1975/1976).

marginal areas of this region and along the val-
leys of the Bystra and Grodarz rivers, the loess
depth reaches 30 m. This significant loess cover
thickness results from the infill of depressions,
valleys and pre-Quaternary valleys (Fig. 2B)
(Harasimiuk, Jezierski 1998).

The relief of the Nateczéow Plateau is domi-
nated by elements relating to loess cover thick-
ness and the formation of loess subsoils. In the
upper parts of the loess uplands, a network of
valleys and undulating relief is observed in fine-
grained deposits. In areas where the loess cover
thickness exceeds 10 m, the relief is of a denu-
dational subtype with low altitude differences
(up to 30 m), shallow denudation basins and
depressions without outflows. The denuda-
tion-erosion sculpture subtype appears in areas
where the loess thickness reaches 15-20 m. These
areas are characterised by altitude differences of
up to 60 m and a dense network of erosion-den-
udation valleys. In contrast, in areas where the
loess thickness reaches 30 m, an erosional relief
subtype with a contemporary system of exten-
sive systems of erosion-denudation valleys will
develop. Altitude differences in these areas may
reach up to 100 m and the network of valleys and
top parts is cut by ravines whose density reach-
es up to 17.6 km - km™ (mean = 8.6 km - km™;
own research based on LiDAR data). According
to the data of Kesik (1961), the density of gullies
network ranges from 0.5 km - km™ in the south-
ern part of the Plateau to 5.0 km - km™ between
Kazimierz Dolny and Putawy in the north-west-
ern part of this region. Such strong incision of the
western part of the Nateczow Plateau is connect-
ed with the deep erosional base of the Vistula
River (Fig. 2C) (Maruszczak 1973).

The presence of loess rocks as aeolian deposits,
which are poorly cemented and porous (and thus
susceptible to thawing and suffosion), in contact
with low- and very low-permeability glacial sed-
iments (boulder clays, proglacial clays) and steep
ravine slopes of up to 50°, favours landslide for-
mation processes.

Precipitation

Atmospheric precipitation is often the key fac-
tor driving slope instability processes. With time,
precipitation is transformed into surface runoff
and evaporation, with a part retained in the slope
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cover. The important features of precipitation, ul-
timately determining the occurrence or intensity
of the associated processes, are its height, dura-
tion and intensity.

Close to the Nateczéw Plateau, there is one
meteorological station from the Institute of
Meteorology and Water Management in Pulawy
(IMGW) that has conducted meteorological ob-
servations since 1951. Until 2000, there was a pre-
cipitation station of the Institute of Meteorology
and Water Management situated in Kazimierz
Dolny; however, over 50 years, the data are only
55% complete. In addition, there are single ob-
servation stations located in the Plateau, but
their observation periods do not exceed 10 years.
Precipitation in the marginal zone of the Lublin
Upland is characterised by large spatial and sea-
sonal variability. In this area, precipitation is
associated with diversified hypsometry, slope
exposure and the presence of valleys of various
sizes, as well as deep denudation and erosional
valleys.

The meteorological station in Putawy is locat-
ed close to the Nateczow Plateau at an altitude

1000
900
800
700

600

Precipitation [mm]

500

400

300

200

1951
1953
1955
1957
1959
1961
1963
1965
1967
1969
1971
1973
1975
1977
1979
1981
1983

H extremely humid year M very wet year

dry year W very dry year

of 142 m a.s.l. The average total precipitation for
the years 1951-2020 is 576.4 mm, with the high-
est annual precipitation level recorded in 1974
(797.3 mm) and the lowest recorded in the first ob-
servation year (1951) with 403.6 mm. According
to Kaczorowska's classification (1962), extremely
dry years (i.e. below 50% of the long-term mean
precipitation level, 289.2 mm) were recorded in
the 70-year observation period. According to this
classification, years with average precipitation
(90-110% of the average precipitation) dominat-
ed, of which there were around 30. There were
only 5 very wet years (126-150% of the average
precipitation), namely, 1966, 1974, 1980, 2014 and
2017. Notably, these years are none of those in
which catastrophic landslide events occurred in
the Carpathians and Carpathian Foothills (Fig. 3).

Precipitation in the summer half-year (May-
October) averaged 64% of the annual precipita-
tion levels for 1951-2020. In this period, only two
precipitation seasons differed in character, i.e.
precipitation in the winter half-year (November-
April) exceeded the summer (1967 and 1979).
In 14 cases, the precipitation prevalence in the
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Fig. 3. Total annual precipitation for the years 1951-2020 at the IMGW station in Putawy plotted against the
Kaczorowska classification (1962).
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Fig. 4. Distribution of maximum, average and minimum monthly precipitation totals in the 1951-2020 period at
the IMGW station in Pulawy.

summer half-year exceeded 70%, with a maxi-
mum value of 80.5% recorded in 1974. Similarly,
as in the case of precipitation in the summer
and winter seasons, the precipitation amount
recorded in climate seasons also fluctuated con-
siderably. The summer season, from June to July,
exhibited the highest seasonal sums of precipi-
tation (37.8% on average). The lowest precipita-
tion levels were observed in the winter season
(December-February), accounting for 17% of the
annual precipitation sum (Fig. 4).

The distribution of monthly mean precipita-
tion levels at the Pulawy station is marked by a
distinct peak in July and August, with the mean
sum exceeding 65 mm. The highest average pre-
cipitation sums were recorded in July (80.7 mm).
The highest monthly precipitation sums were re-
corded in July 2006 and August 2011, with values
of 228.4 mm and 222.5 mm, respectively (Fig. 4).

As shown in Figure 5, days without rain-
fall dominated in the period 1951-2020, during
which time they accounted for more than 56%
of the days of the year. Days with very weak
(0.1-1.0 mm) and weak (1.0-5.0 mm) precipi-
tation constituted 13.9% and 16.6% of the year,
respectively. Moderate and heavier precipitation
(>5.0 mm) accounted for 9.3% of the days of the
year. During the study period, precipitation ex-
ceeding 20 mm - day™ was recorded an average
of 3.6 times - year™. However, 1981 was an excep-
tion, with nine occasions when rainfall exceeded
20 mm. The maximum daily precipitation values
were recorded in July 1962 (73.3 mm), May 2014
(68 mm) and May 2001 (63.5 mm).

The structure of atmospheric precipitation in
the Nateczow Plateau area was determined by

analysing precipitation sequences for the period
between 1951 and 2020. The combination of at
least 2 days with precipitation and a precipita-
tion sum of 0.1 mm were defined as a precipi-
tation sequence. Above-average precipitation se-
quences were determined based on the analysis
of the duration and total precipitation level that
occurred within the sequence. Threshold values
defining above-average precipitation sequences
and precipitation sum were defined as values
whose probability exceeded 10% (i.e. 90* per-
centile). Based on this criterion, four classes were
identified:
* Class 1. Above-average precipitation with a
relatively short duration.
* Class 2. Above-average precipitation of long
duration.

2,8%,1:0%

m days without precipitation m days with precipitation <0.1 mm

@ days with precipitation 0.1-1.0 mm @ days with 1.0-5.0 mm precipitation

m days with 5.0-10.0 mm precipitation @ days with 10.0-20.0 mm precipitation
m days with precipitation >20 mm

Fig. 5. Distribution of the average number of days
with precipitation at various levels in the 1951-2020
period at the IMGW station in Pulawy.



PRECIPITATION AMOUNTS TRIGGERING LANDSLIDE PROCESSES IN THE WESTERN PART OF THE NALECZOW...

39

* C(lass 3. Prolonged precipitation of moderate
magnitude.

* Class 4. Precipitation of short duration and
moderate magnitude (Szalifiska, Otop 2012).
During the study period (1951-2020), there

were 2626 precipitation events lasting more than

1 day, of which 57% occurred in the period from

April to October (1489 cases). The highest precip-

itation sum was 129.5 mm over 11 days (from 1

August to 11 August 2006). The longest precipita-

tion sequence lasted 21 days (from 15 January to

4 February 1983), amounting to a total of 35 mm.

In the warm period, the longest precipitation

sequence lasted 16 days, with a sum of 63 mm.

The highest number of recorded rainfall sequenc-

es fell in June and July, with average values of

18-20 mm.

From an analysis of all precipitation sequenc-

es taking place during the vegetation period (i.e.

from April to October), the 90" percentile in pre-

cipitation duration was ascertained at 6 days, to-
gether with a precipitation sum of 38.8 mm. Class

2 precipitation, responsible for intensified surface

runoff, flushing and initiation of landslide pro-

cesses, occurred 54 times during the study period

(3.8% of all precipitation sequences lasting longer

than 1 day). The mean precipitation and duration

values of this class were 63.2 mm and 9.4 days

(0.29 mm - h™), respectively (Fig. 6).

The high precipitation period coincides with
the vegetation season and the associated agro-
technical cycle and lasts from April to September/
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October. Apart from mountainous areas and the
coastal zone, the Lublin Upland is character-
ised by numerous abrupt and heavy precipita-
tion events, which may result from the climate
being more continental in this part of Poland
(Chomicz 1951, Maruszczak, Trembaczowski
1958, Parczewski 1960, Maruszczak 1986, Starkel
1986, 1996, 1997, 2008, Rodzik et al. 1998, 2008,
Kaszewski, Siwek 2005, Siwek 2006, Kaszewski
2008, Lorenc et al. 2012). This part of the upland
belt is also characterised upland by significant
areas of high thermal and moisture contrasts,
such as loess marginal zones, areas adjacent to
zones of humid depressions or wide river val-
leys (the Vistula Valley), which generate down-
pours (Parczewski 1960, Rodzik et al. 1998, 2008,
Rodzik, Janicki 2003).

Methodology

This study comprised field and laboratory
tests, an analysis of precipitation in the study
area and slope stability analyses. Field investiga-
tions included field mapping, survey measure-
ments and geological drilling for the recognition
of subsoil. Six slopes of various lengths were se-
lected for analysis (Fig. 7). The land surveying
measurements enabled the preparation of pro-
files through the studied landslides. The original
shape of the analysed slopes was reproduced
based on measurements in the nearby intact part

Class 2

9 10 11 12 13 14 15

Duration [day]

Fig. 6. Distribution of precipitation sequence lengths and totals in the 1951-2020 period at the IMGW station in
Putawy.
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Fig. 7. Photos of the slopes covered by the research.

of the slope and observations of outcrops of dif-
ferent soils in the valleys.

Boreholes were used to determine the lithol-
ogy of the slopes and samples were taken for
laboratory tests to determine their geotechnical
parameters. In addition, soil permeability tests
of surface formations and rocks comprising the
slope were conducted in the field to a depth of
1.5 m below ground level. The laboratory tests
comprised determining the soil moisture con-
tent, bulk density, Atterberg limits, soil perme-
ability coefficient and effective values of shear
strength parameters (i.e. angle of internal friction
and cohesion). The shear strength was tested in
a triaxial compression apparatus with sample
saturation and application of the backpressure

technique until reaching a Skempton coefficient
of at least 0.95 (Consolidated Isotropic Drained
(CIU), Consolidated Isotropic Undrained (CID)).
Soil permeability was tested in a triaxial com-
pression apparatus. The laser diffraction method
was used to determine the granulometric compo-
sition of the soils. Liquid limits were determined
using the Cassagrande method.

Based on the land surveying and geotech-
nical tests, models of the slopes were prepared
and slope stability analyses were then performed
using GeoStudio software. This program en-
ables the integration of seepage (Vadose/W,
Seep/W) or dynamic stress distribution analysis
(Quake/W) results with slope stability calcula-
tion (module Slope/W). This program is a tool
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Fig. 8. Procedure for calculating the precipitation thresholds triggering landslides in the western part of the
Nateczow Plateau.

focused on typical engineering research but is
rarely used in research by naturalists or geog-
raphers (Xu et al. 2013, Xiao-Li et al. 2016). The
analysis was divided into two stages. In the first
stage, calculations were made for each of the
analysed slopes using meteorological data from
the period 1973-2020 from the IMGW station in
Putawy. The use of a shorter series of meteoro-
logical data (1973-2020) in the calculations in
GeoStudio was due to incomplete data availa-
bility for air and ground temperature measure-
ments. We used these calculations to determine
extreme moisture content conditions within the
ground during the analysed period. In addition,
on this basis, we assumed three different initial
soil moisture conditions for further slope stabil-
ity calculations:

- dry, including a condition when there was
no precipitation in the preceding period (Au-
gust),

- humid, corresponding to the conditions of
normal/most frequent soil moisture content
in the warm half-year (May-October),

- wet, corresponding to a meteorological situa-
tion in which the period for which the analysis
or calculation is performed was preceded by
heavy rainfall and snowmelt (April).

In the second stage of analysis, we used these
input moisture conditions’” variants and deter-
mined the threshold precipitation sum for slope
failure. As a factor contributing to changing slope
stability, we considered 120-day precipitation
periods of different occurrence probabilities. The

precipitation sum values with occurrence proba-
bilities of 1, 2, 5, 10, 25, 50 and 99% and durations
of 1-120 days were calculated using a logarith-
mic-normal distribution (Banasik et al. 2017). For
each of these scenarios, we performed slope sta-
bility calculations using 120-day cumulative pre-
cipitation values with probabilities of occurrence
of 1-99% and varying intensities (i.e. constant,
increasing and decreasing). The slope stabili-
ty calculations were performed using the Janbu
method (limit equilibrium method). Among the
many boundary equilibrium methods, the Janbu
method usually gives the most pessimistic re-
sults, and the analysis included the values of the
shear strength parameters at the maximum value
of the stress deviator. Based on these calculations,
the impacts of the rainfall totals and duration on
slope failure, interpreted as an event where the
FS reaches a value below 1.0, were analysed. In
turn, the threshold rainfall value was determined
as the total rainfall at the time of slope failure.

The overall scheme of the methodology used
in this study is presented in Figure 8.

Results and discussion

Lithology and geotechnical characteristics of
slopes

During geomorphological mapping of the
western part of the Naleczéw Plateau, we
mapped around 297 landslides (area of about
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30 km?). However, these are preliminary results
that may change with subsequent research. The
average landslide density in the area is about
10 landslides - km™. The maximum intensity of
landslides was identified in the Zbedowice area
and exceeds the study area’s average value by
more than three times. The most common land-
slides are shallow turf landslides, where the
thickness of the gravitationally displaced rock
package does not exceed 50 cm, and whose area
reaches up to 1 acre. In terms of surfaces, the
largest landslides occur in areas with the thick-
est loess cover (typically over 10-15 m thickness),
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Table 1. Parameters of research slopes.

Thickness of collu-

Coge sy Location [WGS84] | Slope | Length | Height vium Landuse
E[°] N [°] [°] [m] [%]
Ko01 21.95956 | 51.32689 | 30.0 120 21.0 7.7 Forest (100)
K02 21.974 51.32232 | 46,5 116 16.8 3.1 Forest (62), Fields (48)
K03 21.97799 | 51.32479 | 35.0 143 14.4 47 Forest (100)
701 22.00966 | 51.36299 | 36.5 255 36.6 79 Forest (50), Fields (50)
Z0la 22.00535 | 51.35397 | 45.0 190 16.8 5.6 Forest (74), Fields (26)
703 22.01034 | 51.34569 | 45.0 107 28.7 72 Forest (73), Fields (23)

(Table 1, Fig. 9). The selection of these study ob-
jects was based on literature analysis, environ-
mental interviews with local inhabitants and geo-
morphological mapping of landslide formations
in the western part of the Naleczow Plateau. The
selected slopes exhibited visible signs of landslide
activity. They are located close to other landslide
niches of various sizes, which are distinctly dis-
cernible from the surrounding region, and indi-
cate that contemporary landslide processes have
been in operation. The selected sites represent
erosional ravine valleys with varying exposures
and slopes, now shaped by the episodic flow of
precipitation and snowmelt water. All the slopes
are built of loess rocks with thicknesses varying
from 15 m to 30 m (Vistula glaciation); in the low-
er parts of the profiles, clay sediments are identi-
fied, originating from the Odra glaciation period,
or sandy/ gravelly units underlie the loess (in the
northern part of the research area). At the con-
tact between the sedimentary rocks and glacial
deposits, water effusions or zones of increased
slope cover moisture were observed.

The results of our fieldwork show that the
studied area experiences intense slope processes.
These forms vary in size, with a significant pro-
portion of the landslides being 20-40 m long and
tending to occur in the lower part of the slopes,
with visible zones of wetter soil in their vicinity.
However, the boreholes did not reveal the pres-
ence of a shallow groundwater table.

Since the upper parts of the slopes were locat-
ed in the vicinity of the landslides, the location
of sliding surface (its entry and exit) was inter-
preted to coincide with the location of cracks,
and colluvium thickness was ascertained based
on the shape of intact slopes. Additionally, the
Define Slip Surface Grid and Radius method
from GeoStudio was used to determine the slip
surface. This method is used to define the rota-
tion centres and radii for circular and composite
slip surfaces. To localise the position and inclina-
tion of the impermeable layer (e.g. clay layer), we
identified its outcrops at the toe of the slope and
in the beds of watercourses.

Table 2 contains the basic geotechnical param-
eters of the loess slope cover for each slope. The
loess deposits from different sites exhibit very
similar shear strength parameters and perme-
ability coefficients, which is probably an effect
of the highly consistent grain size distribution.
These soils can be classified as silt and are char-
acterised by medium permeability, relatively
high internal friction angle values and very low
cohesion, which are consistent with the results of
loess studies from other regions (Xing et al. 2016,
Xu et al. 2018).

Analysis of precipitation

Rainfall data from the vegetation sea-
sons of 1951-2020 were used to determine the

Table 2. Main geotechnical parameters of loess cover at each site.

Comm sty Angle of internal friction | Cohesion | Permeability CIZ;C‘tIOSnﬂiOT::; 4| uspA 11311216-]851;1;3;)6
(] [kPa] [m/s] [%] '

K01 33.9 3.2 3.27 x10°° 6.4 | 67.0 | 26.6 | siltloam silt

K02 314 0.0 714 x10° | 54 | 66.2 | 284 | siltloam silt

K03 30.4 0.0 3.86x10° | 48 | 61.4 | 33.8 | siltloam silt

701 312 0.0 220x10° | 51 | 65.0 | 29.9 | siltloam silt

Z0la 34.3 0.0 236x10° | 49 | 649 | 30.2 | siltloam silt

Z03 30.5 3.0 295x10° | 61 | 62.8 | 31.1 | siltloam silt
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based on data from the IMGW station in Putawy from 1951 to 2020.

precipitation sum values, including different
probabilities of occurrence (i.e. return periods)
(Fig. 10). The depth of daily rainfall with a 100-
year return period (1% occurrence probability)
is slightly lower than 100 mm, similar to the
maximum 24-hour rainfall values recorded in
meteorological stations in the centre of Poland
in the 1951-2015 period (Piriskwar et al. 2019).
However, the precipitation sum values for longer
periods are quite low relative to those estimated
for the Nowy Wisnicz Foothills in the northern
part of the Carpathians (Demczuk et al. 2019) or
even for the Lisbon Region (Vaz et al. 2018).

Slope stability calculation results

The next step of the analysis was the devel-
opment of a slope model for each analysed land-
slide; these models were then further subjected
to hydrological and geotechnical calculations,
assuming the meteorological values for the years
1973-2020 as boundary conditions. As a result
of these calculations, we determined the general
trend of slope equilibrium condition changes, in
addition to gaining insights into precipitation ep-
isodes threatening slope stability.

The calculation results (Figs 11 and 12) indi-
cate that the average FS value for the studied ob-
jects in the years 1973-2020 reaches an increased
probability of landslide occurrence (1 < FS < 1.3)
according to Wysokiniski’s (1980) criteria. The
lowest safety coefficient values were identified

in the autumn-winter season. Evaporation from
the ground and plants is inhibited during this pe-
riod. The lowest FS value occurs at the turn of
March and April, associated with relatively low
precipitation, largely accumulated in the form of
snow cover. This results in high landslide iner-
tia and delayed slope response to precipitation.
However, at the start of the vegetation season
(April), the FS increases, which is related to in-
tensified evaporation that exceeds precipitation.
In mid-May, a slight fluctuation/decrease in the
FS value was observed, which is associated with
an increase in precipitation sum and duration,
in addition to high, stabilised infiltration of pre-
cipitation into slope cover. At the end of August
and the beginning of September, the value of FS
decreases rapidly due to decreasing evaporation
from plants and the ground.

Analysis of slope stability during the 1973-
2020 period, including the mean monthly SF
values (Figs 12 and 13), indicates that slope sta-
bility is significantly correlated with seasons.
The analysis shows that there is a pattern of SF
fluctuation. Generally, the months at the begin-
ning of the year are the most unfavourable from
the perspective of slope stability. Also visible is a
slight trend of increasing slope stability in sum-
mer months within the analysed years, which is a
probable consequence of global warming,.

During our analysis, we implemented 138
computational scenarios for six ravine slopes in
the western part of the Naleczéw Plateau. The
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Fig. 11. Conceptual distribution of the FS against the background of annual hydrological balance components.
Eva - evaporation; FS - factor of safety; Inf (=) /SF (+) - infiltration (negative values)/subsurface flow (positive
values); Max FS - maximum value of the FS; Mean FS - mean value of the FS; Min FS - minimum value of the FS; R -
rainfall; RunO - runoff; SWE - snow water equivalent; Trans - transpiration.

computational scenarios considered the simulat-
ed variations in the precipitation amount and its
intensity (i.e. uniform, increasing or decreasing).

The critical precipitation level for landslide
triggering is mainly related to the condition of
the soil on the initial day of analysis (initial soil
moisture content condition). The average critical
precipitation level for the analysed slopes was
93.8 mm, with a minimum value of 35.2 mm,

and an average precipitation duration of about
27 days. The critical precipitation level for the wet
soil is 23% lower than that for dry slopes and 19%
lower than the critical precipitation level for hu-
mid soils. Increasing precipitation intensity is the
most conducive factor to landslides, irrespective
of initial soil moisture. This type of precipitation
series allows rapid, easy infiltration into slope
cover due to the precipitation intensity being
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Fig. 12. Distribution of the mean value of the safety coefficient in a given month for a multipleyear period
based on the selected slopes in the western part of the Naleczow Plateau [chart generated using Matplotlib
(Hunter 2007) and Seaborn (Waskom 2021) libraries in Python].
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Fig. 13. Threshold precipitation values based on calculations of slope stability of the western part of the
Naleczéw Plateau.
Intensity-duration thresholds: A-A’ - dry slope on the first analysis day; B-B” - humid slope on the first analysis day;
C-C’ - wet slope on the first analysis day.
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Table 3. Critical precipitation level values triggering landslides in the western part of the Nateczéw Plateau in
relation to initial slope cover moisture values.

Precipitation duration Precipitation sum Precipitation intensity
Nature of precipitation | Min ‘ Mean ‘ Max Min ‘ Mean ‘ Max Min ‘ Mean ‘ Max
[days] [mm] [mm/h]
Dry slope on the first analysis day
Uniformly 23 33.0 54 57.0 98.4 138.8 0.062 0.130 0.170
Decreasing 12 20.3 43 60.7 132.9 202.7 0.075 0.311 0.519
Increasing 28 40.0 57 53.4 82.9 110.9 0.056 0.089 0.116
Humid slope on the first analysis da
Uniformly 19 27.1 44 48.0 80.7 110.2 0.062 0.130 0.170
Decreasing 8 15.1 33 54.5 114.8 167.0 0.085 0.368 0.686
Increasing 23 33.5 48 46.4 68.1 90.9 0.055 0.087 0.115
Wet slope on the first analysis day
Uniformly 15 25.8 44 375 76.6 106.1 0.062 0.130 0.170
Decreasing 7 14.3 33 44.2 112.1 167.0 0.085 0.389 0.766
Increasing 18 31.7 47 35.2 64.1 88.0 0.054 0.086 0.115

smaller than or similar to the infiltration param-
eters of the rocks forming the slopes. The infil-
tration process increases the moisture content in
the slope soils and creates a saturated zone char-
acterised by low shear strength. The table below
summarises the results for the extreme and mean
values of the critical (threshold) precipitation lev-
els (Table 3).

Figure 13 shows the distribution of the ob-
tained critical precipitation results for all the
studied slopes. Notably, the (threshold) critical
precipitation values shift towards the left-hand
side of the plot with increasing initial soil mois-
ture, and the spectrum of precipitation intensity
data increases. The critical precipitation for land-
slide triggering in wet slopes is more intense, on
average, than that triggering landslides in cases
of dry or humid slopes. The distribution of the
critical precipitation levels mainly depends on the
size of the slope cover involved in the landslide
process. The larger the volume (i.e. the greater
the length of the slope), the greater the amount
of precipitation needed over a longer time for the
initiation of landslide processes.

In general, our results indicate that the pre-
cipitation levels initiating failure of the analysed
slopes are low compared to threshold precipita-
tion values reported in Polish (Gorczyca 2004,
Gil, Dlugosz 2006) and world literature (Lumb
1975, Guzetti et al. 2007, Peruccaci et al. 2017,
Marjanovic et al. 2018, Vaz et al. 2018, Teja et
al. 2019, He et al. 2020). For example, for Hong
Kong, Lumb (1975) reports that landslides are
initiated with rainfall totals exceeding 50 mm

in the 15 days preceding the landslide events,
with the principal rainfall initiating landslides
(on the day of occurrence) in excess of 50 mm.
Gil and Dtugosz (2006) report that the precipita-
tion initiating shallow mass movements for the
Carpathian area corresponds to a precipitation
total of 200-250 mm for 20-40 days, whereas
100 mm of high-intensity precipitation is condu-
cive to the formation of mudflows and combined
mud-stone slides. Gorczyca’s (2004) results from
observations of Carpathian landslides show that
such events can be initiated by smaller precipita-
tion depths. The relationships between the val-
ues of cumulative precipitation and their dura-
tion for the analysed slopes, presented in Figure
14, demonstrate that, for the most part, the values
from this study fall within the threshold ranges
given for various regions. However, it should be
stressed that the relationships from previous liter-
ature are empirical and usually take into account
short observational periods of several days; thus,
they may not be necessarily representative of all
possible cases of rainfall distribution over time.
The analysis of pore pressure distribution
showed that slope failure is usually related to wa-
ter accumulation in the soil in the lower part of
slopes, while the middle part of the slope remains
unsaturated. This means that the slope instabili-
ty occurs as a result of reduced suction pressure;
this appears reasonable considering that the
slope angle in the lower part of the slope exceeds
40°, while the internal friction angle values in
loess are 30.4°-33.9° and the cohesion is close to
0 kPa. Such a relationship deviates from previous
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Fig. 14. Overview of the precipitation thresholds initiating landslides worldwide.

observational results and analyses of the causes of
mass movements in the Carpathians (Thiel 1989,
Demczuk et al. 2019), where slope failure is most-
ly accompanied by saturation of the whole slope
with water. However, these results from the slope
stability analysis for loess slopes or steep slopes
indicate that, in many cases, slope failure results
from a reduction in suction pressure and partial
saturation of slope cover. Therefore, the precipita-
tion levels initiating the failure of loess slopes are
lower than those for the Carpathian slopes, whose
inclinations are usually gentler.

A comparison of the calculation results with
data on the levels of precipitation sequences for
warm periods of the years 1951-2020 highlighted
the sequences corresponding to Class 2, as deter-
mined by the 90" percentile for the precipitation
sum and duration. However, a 2-day extension
of the minimum precipitation duration (up to
8 days) is observed. Out of the 54 precipitation
events classified as extreme (Class 2), only 7 coin-
cided with the calculation results. Comparing the
results obtained with those for the slopes of the
Wisnickie Foothills, calculated using the same
method, the ravine slopes require, on average,
half the precipitation, with a 16% shorter dura-
tion for landslide initiation.

Conclusion

Field research results indicate that the
Nateczow Plateau area is characterised by a
high frequency of slope processes, including the
presence of numerous landslides formed on the
slopes of ravines and their anthropogenically
transformed sections (i.e. sunken lanes).

The research results indicate that loess slope
covers are characterised by average water per-
meability, relatively high internal friction an-
gle values and low cohesion, which, combined
with steep slope inclination, favours landslide
formation, even when the slope is only partially
saturated.

The results of deterministic analyses for the
1973-2020 period showed that the analysed slopes
exhibit cyclic changes in equilibrium conditions.
The most unfavourable stability conditions occur
at the beginning of spring, indicating that their
stability is significantly affected by snowmelt
and precipitation at the onset of the vegetation
season, in addition to the occurrence of episodic
intense precipitation during the summer.

Deterministically calculated threshold pre-
cipitation values present a relatively wide range,
thus showing a dependence on the slope moisture
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conditions in the period preceding rainfall occur-
rence and its distribution over time. The values
of cumulative precipitation initiating slope fail-
ure observed in this study fall within the range
reported in the literature.
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