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Values of rainfall thresholds on selected shallow landslide slopes (Dziat, Gwozdziec) located in the Nowy Wisnicz Foothills
are determined using a physically-based slope stability model considering a long-term period of analysis (GeoSlope Inc.
software). Slope stability analysis included determination of the impact of rainfall on changes of stress state within the soil
substrate and their influence on estimation of mass movement risk. The slope stability calculation results have shown that
the rainfall threshold values are a function of many variables, primarily the hydraulic properties of soil and rock substratum,
temporal distribution of precipitation, and soil moisture content conditions in the period proceeding rainfall. The results of the
calculations indicate that, in extreme cases, accumulated rainfall threshold values for the same slope can range from ~100 to
500 mm. Estimated rainfall threshold values were lower than those values reported in the literature for the Polish
Carpathians, but are similar to those determined by Guzetti et al. (2007) for Central and Southern Europe.
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INTRODUCTION

Mass movements are one of the main factors contributing to
transformation of terrain in mountainous areas. In Poland, the
region of the Outer Carpathians (the so-called Flysch
Carpathians) is notably exposed to this type of process, as its
terrain features and complex geological structure promote land-
slides. Periods of intensification and activation of mass move-
ments in the Carpathians are mostly associated with periods of
precipitation (Starkel, 1960; Jakubowski, 1964; Gil, 1997; Ger-
man, 1998; Poprawa and Raczkowski, 1998, 2003; Gorczyca,
2000, 2002, 2008; Lach and Lewik, 2002; Lach, 2004; Diugosz,
2009; Bodziony and Baziak, 2007; Bucata, 2009, 2012), but
also with lateral river erosion (Klimaszewski, 1935; Zietara,
1968; Kotarba, 1986; Gorczyca, 2004), headward erosion
(Starkel, 1960; Margielewski, 1994), the increased weight of
slope soil via over-saturation with rainwater (Kleczkowski,
1955; Starkel, 1960; Jakubowski, 1968; Gil, 1997;
Margielewski, 2002; Rgczkowski and Mrozek, 2002), and seis-
mic activity (Sawicki, 1917; Kleczkowski, 1955; Gerlach, 1958;
Starkel, 1960; Jakubowski, 1968; Bajgier, 1993; Schenk et al.,
2001). Most research into mass-movement processes is fo-
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cused on determination of the magnitude of rainfall thresholds
that initiate these processes. In general, there are two groups of
methods for determination of rainfall threshold values. One
group comprises empirical methods (e.g., Caine, 1980; Glade
et al., 2000; Guzetti et al., 2007; Brunetti et al., 2010) related to
observations of actual events in regions where mass move-
ments have occurred. The other group consists of model calcu-
lations taking into account physical processes in the soil sub-
strate which lead to perturbation of the slope limit equilibrium.
Typically, these methods involve the use of a simplified calcula-
tion model for spatial analysis in GIS (Pack et al., 1999; Crosta
and Frattini, 2003; Baum et al., 2005; Zizioli et al., 2013), in
which the slide plane is assumed to be a planar surface
(translational landslide) parallel to the ground surface. The ba-
sic problem in the application of deterministic methods lies in
the usually limited data on the engineering-geological condi-
tions in any given basin.

Determination of the magnitude of the rainfall threshold is a
complex task (Gil, 1997; Gil and Dtugosz, 2006; Guzzetii et al.,
2007), as it depends both on the properties of the engineer-
ing-geological materials present on slopes and their lithological
conditions, and on the intensity and duration of precipitation.
The basic method for reduction of the effects of mass move-
ments is monitoring the process, e.g. by an automatic control
system. A prototype of such a system is being used in
Szymbark near Gorlice (Polish Flysch Carpathians)
(Bednarczyk, 2010, 2018) for continuous measurements of dis-
placements of inclinometer columns. This type of measurement
system is expensive and its large-scale use is therefore often
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limited due to the complex (varied) structure of the area being
analysed. It seems that meteorological monitoring is potentially
a relatively cost-efficient indicator of landslide hazards, as mon-
itoring data in combination with knowledge of the geological
structure and adequate engineering tools (models of the soil
and rock substrate) can greatly contribute to identification of the
magnitude of rainfall that can pose a threat to slope stability.
Calculation programs, which include the physical description of
changes in the stress state in the soil substrate, are widely used
tools for assessment of slope stability conditions (Rahardjo et
al., 2007, 2010; Tsai, 2008; Tsai et al., 2008; Zabuski et al.,
2009; Tsai and Wang, 2011; Rahimi et al., 2011; Ukleja, 2016).
Such programs consider static models of slope or take into ac-
count only the impact of rainfall on slope stability conditions but
disregard the role of other meteorological factors e.g. air and
soil temperature, air humidity, wind velocity.

This study determines the threshold values of cumulative
rainfall sums triggering processes that lead to reduction of the
stability of selected shallow landslide slopes located in the area
of the Wisnicz Foothills. The calculation method applied is de-
veloped from typical stability analysis and allows determination
of the impact of a number of meteorological factors (not only
precipitation) on the distribution of rainwater within a slope.

STUDY AREA

The study area is in the mesoregion of the Wisnicz Foothills,
which lies within a physico-geographical division that comprises
the eastern part of the higher-level region — the West Beskid
Foothills (Kondracki, 2009). Classified geomorphologically,
(Klimaszewski, 1972), it forms the eastern part of the Wieliczka
Foothills.

In terms of geological structure, the study area is located
within two tectonic units: the Carpathian Foredeep and the
Outer Carpathians (Oszczypko et al., 2008). The main tectonic
units of the Wisnicz Foothills are: the Skole Unit, the
Subsilesian Unit, the Silesian Unit, the Magura Unit and the
Neogene formations of the Carpathian Foredeep.

The youngest lithostratigraphic formations are Quaternary
deposits with a thickness of a few to several metres. They result
from the South Polish Glaciation and Central Polish (Vistula)
Glaciation as well as including Holocene deposits. They are
mainly developed as fluvial deposits in valleys, aelian slope de-
posits, deluvial covers and colluvial slope deposits (Burtan,
1954; Skoczylas-Ciszewska and Burtan, 1954).

Slope sediments are represented by silty, loess-like deposits.
These formed as a result of weathering of the Carpathian flysch
and aeolian sedimentation of loess during the Vistula Glaciation.
It is estimated that the thickness of loess deposits in the northern
part of the test area is 3—5 m, whereas the thickness of loess-like
units, silts and silty-sandy loams, varies from 2-3 m to 6-12m. In
the area around Wola Stréska (eastern side of the Dunajec
River) the thickness of silt and loess-like loams, lying above lay-
ers of sands and diluvial silts, reaches a total of ~30 m (Zasonski,
1981). According to Alexandrowicz (1991), based on the grain
size distribution, sedimentation structure, analysis of heavy met-
als and mollusc assemblages, the Wisnicz Foothills succession
correlates with the loess profiles of the Roznéw Foothills, being
the age equivalent of the younger loess according to Maruszczak
(1985, 1991).

At the foot of the slopes there are deposits which are the re-
sult of denudation processes, ablation, and water-sorting of
loess and loess-like covers. Diluvial-solifluction deposits, as
well as colluviums formed around the Pleistocene—Holocene
transition, and in the Holocene itself, can also be found on the

lower part of the slopes (Burtan, 1954). The thickness of a land-
slide colluvium, formed as clays, loams and clays with rubble,
can reach up to 30 m (SOPO).

The Wisnicz Foothills is an example of a mature fluvial-de-
nudation relief, consisting of flat upland areas at 350—420 m
above sea level. Hummocks and ridges relate to the main tec-
tonic units of the Silesian Unit and the outcrops of more resis-
tant rocks. The Silesian Unit rocks form large synclines that
orographically divide the Foothills into two close-set ranges of
lowland foothills (relative altitude of 40—100 m above the bottom
of the valleys) and medium foothills (relative altitude of 120-250
above the valley bottoms). The foothill level, in both types of
foothill, cuts and levels ridges built of less resistant flysch strata.
This level dates back to the Early Pliocene and developed in a
cold and dry climate. In bigger valleys one can find a valley
level, cut to 40—60 m in relation to the bottom of modern river
valleys. It consists of almost flat surfaces with a slope that is not
always consistent with the direction of the valleys, but is always
inclined towards their axis. This level dates back to the early
Pleistocene (Starkel, 1972).

One of the slopes studied as part of the field and laboratory
tests is in Dziat, in the western part of the Wisnicz Foothills
(Raciechowice commune; Fig. 1A, B). The region where this
slope is located is one of the most landslide-prone areas in the
Wisnicz Foothills. The landslide in Dziat forms a straight slope
with a clear offset and a steep descent to the valley. The aver-
age inclination of the entire slope can be estimated at ~10°,
however, at the bottom of the slope it reaches a maximum of
48°. It is a south-east-facing slope, the middle part which is
used as pasture, with no traces of agrotechnical operations.
The lower part of the slope — the valley slope — is overgrown
with bushes and trees up to 20 cm in diameter. The roots of
these plants reach up to ~70 cm below ground level. The bot-
tom of the river valley is ~4—5 m wide. There are no traces of lat-
eral erosion caused by water flowing through the riverbed.
Within the slope examined there are no signs of water stagna-
tion or exudation. In the elevation profile of the lower part of the
slope there is a fault, about 1 m high, formed after a set of Qua-
ternary slope covers broke off and slid. The colluvial packet ro-
tated by only ~10° and rested on the unharmed part of the
slope. At present, the slope has been additionally supported by
this rotated colluvial packet. The landslide does not threaten
any infrastructure, and there are no visible traces of undercut-
ting of the lower part of the colluvial packet by the water flowing
in the stream. The landslide was classified a rotational slide that
occurred within the slope covers without any contact with the
bedrock.

The second test object is a straight slope in Gwozdziec
(Zakliczyn commune), with a constant inclination along its en-
tire length. From the top to the bottom of the valley, the slope is
~340 m long, and the height difference between the bottom and
the top is 60 m. The average inclination of the slope is 12°. The
extension of the slope is a floodplain terrace which is 55 m wide.
The slope in Gwozdziec is north-facing (Fig. 1A, C) and, during
the tests, was overgrown with meadow vegetation. There were
no visible traces of water stagnation or exudation. The landslide
occurred in the central part of the slope, at 170 m in the height
profile. The length of this landslide is ~60 m and the width is
~10 m. It is a translational landslide, its maximum thickness be-
ing ~2 m. The height of the landslide is ~1.2 m. Currently, the
upper part is overgrown with bushes and the landslide does not
threaten any infrastructure.

Importantly, the landslides on both slopes occurred at the
same time, i.e. in May 2010, when the monthly precipitation to-
tals recorded in the tazy station exceeded 330 mm and the
maximum daily value noted on May 16 was 110 mm. The data
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presented by Wozniak (2011) indicate that the rainfall in May
2010 was substantially greater (even five-fold in an extreme
case) than the multi-year average of 1881 to 2010.

MATERIAL AND METHODS

The research included field investigations, laboratory tests
and slope stability calculations.

Field measurements comprised tacheometric surveying,
drilling and collection of undisturbed soil samples. Boreholes
were drilled to the depth of bedrock at characteristic points of
the slopes, with at least five such soil profiles for each slope
analysed.

Soil parameters were determined in the field (soil moisture
content, density) and by laboratory tests (Atterberg’s limits, per-
meability coefficients and effective shear strength parameters).
The permeability coefficients and shear strength parameters
were determined based on triaxial tests. The traxial tests com-
prised multi-stage consolidated isotropic undrained tests and a
sample saturation was done using the back-pressure tech-
nique.

Based on meteorological data provided by the tazy Re-
search Station of the Institute of Geography and Spatial Man-
agement, Jagiellonian University, taking into account the
lithological composition of the slopes analysed and the values
of geotechnical parameters determined from laboratory tests,
calculations of slope stability were made for the period
2004-2013. The calculations yielded the range of pore pres-
sure changes in the period analysed, which facilitated determi-
nation of extreme slope stability conditions prevailing during the
vegetation seasons in the years analysed. It was assumed in
the study that the safety factor was equivalent to the distribution
of pore water pressure in the soil, which is a derivative of soil
moisture content.

The next stage consisted of analysis of the daily precipita-
tion sums obtained from the meteorological stations and posts
across the area of the Wisnicz Foothills (Dziat and Gwozdziec).
In order to ensure representativeness, only data from stations
that had been continually measuring precipitation during the
vegetation period for over 30 years were analysed. The aver-
age onset and end of the vegetation period were determined
based on satellite data (MCD12Q2) from the area analysed.
The respective beginning and end dates of the growing season
in the Foothills were estimated at day 88 and 304 of the year.
Daily precipitation sums were used for developing “accumu-
lated rainfall-rainfall duration” curves for various probabilities of
precipitation occurrence and duration. Given the relatively long
rainfall sequences characterising each station, the probability of
rainfall occurrence was estimated at 1, 2, 10, 20, 50 and 99%.
The magnitude of the probability intervals was determined with
the Gumbel method based on the distribution of extreme value
type | (Otop, 2004). This method is recommended by the WMO
for analysis of rainfall sequences.

Calculations of extreme rainfall were performed for 1-, 5-,
10-, 20-, 50-, 100- and 120-day intervals of daily totals. The to-
tals of these periods were calculated as sums from the anteced-
ent period of the time interval analysed.

Further investigations were focused on determination of
changes in slope stability conditions induced in response to
120-day long rainfalls with increasing, constant, and decreasing
intensities characterised by a 1-99% probability of occurrence.
For the analysis, three variants of pore water pressure distribu-
tion within the slope were employed. Two of these corre-
sponded to the maximum (antecedent wet period) and mini-
mum (antecedent dry period) pore water pressure values at the

beginning of the vegetation seasons in 2004—-2013. This as-
sumption facilitated determination of changes in slope stability
in the period between late March and late July, which substan-
tially coincides with periods of intensification of mass move-
ments in the Polish Flysch Carpathians (Gorczyca, 2004). The
third calculation variant corresponded with the minimum pore
water pressure of the slope soils (antecedent extremely dry pe-
riod) observed during the vegetation season.

The analyses were performed with the calculation modules
of the following GeoSlope Inc. package:

— VADOSE/W was used to determine the impact of mete-
orological conditions on the pore pressure distribution in
the slope. The analysis was based on an assumption
that meteorological conditions (temperature, air humid-
ity, wind speed, Leaf Area Index) represented the
multi-year mean values of the corresponding meteoro-
logical elements from the period of 2004—2013,

— SLOPE/W - calculations of stability with the Janbu

method (limit equilibrium method).

Slope failure (initiation of landslide process) was interpreted
as an event where the factor of safety reached a value equal or
below 1.0. For each event the total sum of precipitation occur-
ring up to the day of slope failure was considered as a value of
threshold rainfall. For each slope 54 analyses were performed.

In the next step of the investigations, the rainfall totals in-
ducing slope failure were converted in each calculation event
into the average rainfall intensity and presented as a rainfall in-
tensity vs. rainfall duration (/-D) function. These data calculated
for both slopes were joined and illustrated in one figure and the
threshold rainfall line (/-D) was drawn as a lower envelope of
the all data illustrated in the figure. The I-D equation is as fol-
lows:

I=c+aD’ (1]

where: [ — (mean) rainfall intensity, D — rainfall duration, c, a, B —re-
gional parameters (c > 0).

The rainfall thresholds obtained in this way were compared
with the characteristics of some rainfall thresholds reported in
the literature and with the rainfall data.

The scope of tests and generalized work methodology is
shown in Figure 2.

RESULTS AND DISCUSSION

GEOLOGICAL-ENGINEERING CHARACTERISTICS
OF THE SLOPES STUDIED

During the field tests in Dziat, 5 boreholes to the bedrock of
the Krosno strata (Oligocene), up to a maximum of 5.5 m, were
drilled across the slope profile (Fig. 3A). Fragments of shale,
overlain by some river deposits and a layer of slope diluvium
(>10 cm thick) were visible in the stream bed. In the upper part
of the slope, the slope covers were only 70 cm thick. Based on
the geological profiles, a humic layer, which reaches ~10 cm
thickness (the depth of the grass root systems), and four basic
geotechnical layers were determined.

The field tests in Gwozdziec included 6 boreholes in the
slope profile, carried out to a depth of 1-1.2 min the upper and
middle parts of the slope and up to 2.5 m depth in its lower part
(Fig. 3B). Each borehole encountered sandstone rocks of the
Sub-Magura and Frydman strata. Sandstone rocks were also
visible within the stream riverbed. Based on the grain size distri-
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bution, an uppermost humic layer and four geotechnical layers
were distinguished.

Field and laboratory tests revealed that the slopes analysed
differ in their lithological structure (Fig. 3) and geotechnical
properties (Table 1). On the Dziat slope, the substrate com-
prises mottled clay shales characterized by low permeability,
whereas the rock substrate of the Gwozdziec slope is built of
permeable sandstones. The filtration capacity of the bedrock is
reflected by the permeability of the soil layers deposited on the
flysch substrate, i.e. the permeability coefficients of the soil on
the Gwozdziec slope are over two orders of magnitude higher
than the values noted for the Dziat slope.

ANALYSIS OF STABILITY CONDITIONS ON THE SLOPES
ANALYSED IN 2004-2013

The results of slope stability calculations of both slopes
(Fig. 4) support the results of the meteorological observations
and demonstrate the most unfavourable stability conditions in
May 2010, i.e. the time of the latest landslide disaster in the Pol-
ish Flysch Carpathians (Wysokinski, 2011). By contrast, the
most favourable slope stability conditions can be noted for Au-
gust 2007 in the case of the Dziat slope and for September

2012 in the case of Gwozdziec slope; additionally, high values
of the safety factor were obtained for July 2008. Analysis of the
calculation results also revealed that, at the beginning of the
vegetation period at the end of March, the lowest values of the
safety factor occurred in 2010 and the highest values were cal-
culated for 2008 (Dziat) or 2012 (Gwozdziec). In turn, the high-
est values of the safety factor in the multi-year period analysed
were noted in early July 2008, with a precipitation rate of 30 mm
in the preceding 40-day period.

STATISTICAL ANALYSIS OF RAINFALL SEQUENCES

Values of the cumulative maximum rainfall values as a func-
tion of the duration and the probability of rainfall occurrence
(Fig. 5) recorded by the meteorological station in tapandw,
which is located near the slope at Dziat, were considered as
representative for further analysis. The calculations yielded only
slightly lower maximum daily rainfall values than those reported
by Cebulak (1992, 1994), which may be associated with the dif-
ferent periods of data acquisition, i.e. the recent 30 years in the
present study and the period of 1951-1980 in the cited paper.
For comparison, the analysis of maximum monthly precipitation
totals during the period 1951-2005 in the Western Carpathian

Table 1

Geotechnical characteristics of slope soils

No. of | Type of soil acc. to | Plastic limit | Liquid limit | Coefficient of permeability Effective ?r?c%!gnOf internal | Etfective cohesion
laver | PN-EN ISO 14688-2 [%] (%] ms] s [kPa]
Y [’
Slope in Dziat
1 Si 21.1 324 51107 30.0 0.7
2 clSi 18.0 31.4 2.9107° 27.0 6.9
3 clSi 18.7 36.2 2.1.107° 34.0 3.7
4 clSi 17.1 29.2 2.0-107° 32.3 5.6
5 mottled clay shales - - 1.0-107° - -
Slope in Gwozdziec
1 Si 19.6 26.8 5.3-107 34.4 0.0
2 clSi 19.6 31.9 8.6.107 16.6 0.5
3 sasiCl 22.8 427 6.9-1077 18.6 1.0
4 siSa - - 107° 29.5 0.0
5 sandstones _ - 107° - _
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Mts. in Poland (Cebulska and Twardosz, 2012) indicates that
these values ranged from 317 to 512 mm, respectively for Nowy
Sacz and Makoéw Podhalanski. These values correspond rela-
tively well to maximum monthly precipitation totals with 1-2%
probabilities of occurrence determined for the area analyzed
(see Fig. 5). Besides, mean seasonal sums of atmospheric pre-
cipitation in the period of 1951-2010 reported by Czarnecka
and Nidzgorska-Lencewicz (2012) for the northern part of Pol-
ish Carpathians were 120—140 and 260—280 mm in spring and
summer respectively. Such values are lower than the sum of
precipitation determined in this study with 99% probability of oc-
currence.

The precipitation totals obtained in this study are slightly
lower than the cumulative values presented by Floris et al.
(2012) for the north-western part of the Italian Alps and higher
than the cumulative rainfall rates noted in in the Apennines
(Floris and Bozzano, 2008) and the Lisbon region (Vaz et al.,
2018). Such differences of the precipitation totals for different
regions are related to their geographical location, altitude and
local climate. In general, average annual precipitation in the re-
gion of the Alps and western Balcans are significantly higher
that those in the Carpathians in Poland.

IMPACT OF RAINFALL ON SLOPE STABILITY

Based on the slope stability calculation results obtained for
different rainfall totals and their patterns, it can generally be
stated that the response of a slope to rainfall depends on the
magnitude (and the associated probability of occurrence) and
temporal distribution of precipitation as well as the initial pore
water pressure distribution conditions (Fig. 6).

Clearly, the increase in the probability of rainfall occurrence
(decreased rainfall frequency) is accompanied by a delayed re-
sponse to the impulse; in extreme cases, the calculated factors
of safety exceed 1.0, indicating that the threat of landslide initia-
tion is not extremely high. Such situations occur when rainfall
events are preceded by low pore water pressure levels in the
middle of the vegetation period. In such conditions, even high
values of precipitation (over 1100 mm) in the preceding period
of 120 days are not sufficient to induce loss of stability. In turn,
at high values of antecedent wetness (early 2010), rainfall
causes relatively rapid deterioration of stability conditions, and
the length of the period in which critical conditions of slope equi-
librium are achieved is clearly associated with the intensity of
precipitation, which is particularly evident in the case of the
Gwozdziec slope.

The time of the slope response to the rainfall impulse de-
pends on the temporal rainfall distribution. It is the shortest in
the case of high intensity rainfall events in the initial stage of the
rainfall period. Similar results were obtained by Tsai (2008) and
Tsai and Wang (2011), performing theoretical calculations us-
ing infinite slope analysis. In the cases analysed in this study,
the minimum rainfall volume that led to slope failure was
105 and 92 mm for the Dziat and Gwozdziec slopes, respec-
tively. These data are very similar to the rainfall threshold val-
ues reported (Gil and Dtugosz, 2006) for debris-type landslides
in the Outer Carpathians.

Figure 7 shows accumulated rainfall threshold values for
both slopes analysed by comparison with accumulated rainfall
values with a 1-99% probability of transgression. The analysis
of the relationships generally suggests differences in the re-
sponse of both slopes to rainfall impulses. Evidently, slope fail-
ure is noted after a 3-day rainfall event in an extreme case of the
Gwozdziec slope and after 11 days of rainfall on the Dziat slope.
The differences in the response of the slopes to the rainfall are

related to their geological structure, primarily to the permeability
of the soil and rock substrate. Soils deposited on the
Gwozdziec slope exhibit clearly higher permeability than the
deposits on the Dziat slope. Similar relationships were shown
by Rahardjo et al. (2007), who analysed e.g. the impact of soil
permeability on a slope exposed to simulated intense daily rain-
fall, on changes in its safety factor. The authors demonstrated
that slopes with low permeability were generally resistant to in-
tense short-term rainfall events.

The data shown in Figure 8 show a significant effect of the
antecedent soil moisture content conditions on the rainfall
threshold values. At high values of profile soil moisture content
in the period preceding the rainfall, the minimum rainfall thresh-
old values are ~100 mm for both slopes, which is similar to the
values reported for debris-type landslides (Gil and Dtugosz,
2006) in the Polish Flysch Carpathians. In turn, when the period
that precedes rainfall occurs in the middle of the vegetation
season (antecedent extremely dry period), the rainfall threshold
values are ~350 mm for the Gwozdziec slope and over
1100 mm for the Dziat slope. It can also be observed that, with
increasing rainfall duration, the calculated rainfall threshold val-
ues are similar to the curves of accumulated rainfall with an al-
most 99% probability. This implies that, in theory, slope failure
does not have to be triggered by high rainfall values but rather
by the occurrence of continuous rainfall. The analysis of the
precipitation data from the first 60 days of the vegetation period
in 2004—2013 shows that the accumulated rainfall in 2010 was
376 mm, which corresponds to the cumulative value of rainfall
with a ~50% probability of occurrence. In the other years, the
accumulated rainfall values from 60 days did not exceed
150 mm. The discrepancies between the calculated cumulative
rainfall values and the results of observations of the beginning
of the vegetation period are associated with the fact that the
highest rainfall values in Poland are noted in the summer
months (Wozniak, 2011), and the rainfall values observed at
the beginning of the vegetation period are half of that.

ANALYSIS OF OBTAINED RAINFALL THRESHOLD

Results of totals and durations of rainfall that caused slope
failure were converted into a rainfall intensity—duration function
(Fig. 8). Interestingly, a 3-day-long rainfall with intensity slightly
higher than 1 mm-h™" is sufficient for initiation of failure in the
case of the Gwozdziec slope. The rainfall depth that leads to
slope instability is clearly associated with the initial soil moisture
conditions, i.e. the lower the slope soil moisture content, the
more precipitation must be accumulated in the profile. In both
variants, there is a clear, nearly vertical /-D (rainfall inten-
sity-rainfall duration) correlation. This may indicate that the pe-
riod preceding the major rainfall is relevant for the stability of
this slope, which is consistent with the results of Rahimi et al.
(2011), whose calculations showed that slopes covered by
low-permeability deposits were more susceptible to antecedent
long-term rainfalls.

The rainfall intensity-duration data obtained for both slopes
were compared with the characteristics of some rainfall thresh-
olds reported in the literature and with rainfall data reported in
different regions in the world (Fig. 9) and extreme rainfall values
noted in the Polish Flysch Carpathians, which were reported by
German (2000), Gorczyca (2004), Starkel (2006, 2011),
Bodziony and Baziak (2007), Bucata (2009) and Dtugosz
(2011; in Fig. 9 described as the Carpathians Mountain). In
most cases, the calculated rainfall threshold values for the
Nowy Wisnicz Foothills are lower than those triggering floods
and landslides in the Carpathians. These differences may be
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caused by two factors. Most importantly, the values reported in
the literature often refer to the summer period with
evapotranspiration as an important factor of water balance, as it
reduces the effective amount of rainwater infiltrating the slope.
In the case of the slopes investigated in this study, the analyses
included rainfall events occurring at the beginning of the vege-
tation period when the evapotranspiration process is weak due
to low temperatures and low plant water demand. The other
cause of the differences between the results of this paper and
data reported in the literature may be associated with different
methods of interpretating the rainfall threshold values. Most lit-
erature focuses on rainfall events initiating slope processes
(typically lasting from 1 to 5 days), whereas longer rainfall peri-
ods preceding the initiating event are analysed infrequently.
The data presented indicate that the rainfall threshold val-
ues obtained for the slopes analysed are very similar to rainfall
threshold values suggested for the Central European Adriatic

Danubian South-Eastern Space (CADSES) area (located in
Central and Southern Europe), including the Polish Flysch
Carpathians, developed by Guzetti et al. (2007) and to the rain-
fall values provided by Moser and Hohensinn (1983) for
Carinthia and East Tyrol in Austria.

The calculated threshold rainfall for the slopes analysed
was determined using the following formula:

1=69.9-D7%% for 72 < D < 600 (2]

where: the unit of /is mm-h™" and the unit of D is hour.

I-D values for periods longer than 600 hours do not fit within
the proposed /-D envelope. For such periods, the inclination of
the I-D line is low and for determination of the critical rainfall
threshold envelope for the whole period of analysis an asymp-
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totic function is most suitable, as in Wieczorek (1987) and
Crosta and Frattini (2001). In the case of the slopes analysed,
the range of data is insufficient to estimate the parameters of
such a function. These relationships, supported by data from
the literature, also indicate that determination of an intensity-du-
ration rainfall threshold for a very long period (over 500 hours)
can be challenging. In such situations, slope stability calcula-
tions can be a suitable tool in landslide risk management.
Figure 10 shows accumulated rainfall values from 2010
shown in reverse order, i.e. the 110.2-mm rainfall event on May
16 is shown first. Comparison of these data demonstrates a
<1% probability of occurrence of such rainfall; hence, the
geomorphological effects induced by the rainfall were substan-
tial. For comparison, Figure 10 presents the same precipitation
data from early 2010, disregarding the rainfall on May 16. This
was aimed at determining whether the rainfall events in April
and May 2010 were statistically high in comparison with the cu-
mulative rainfall curves with 1-99% probabilities shown in Fig-
ure 4. It is evident that the rainfall totals at the beginning of the
growing season in 2010 preceding the disastrous rainfall on
May 16 were not extremely high in comparison with a typical
rainfall pattern (p = 99%). The amount of the daily rainfall corre-

sponded to a 50% probability of occurrence of maximum pre-
cipitation rates only on two days (6-04-2010 — 26.7 mm,
1-05-2010 — 25.3 mm). Therefore, it seems that meteorological
conditions, primarily relatively low temperatures compared with
those prevailing in the middle of the vegetation season and at
the beginning of vegetation growth, were an important factor
contributing to increased rainfall infiltration into the soil in this
period. Both these factors probably had an impact on the low
evapotranspiration rates; hence, a substantial portion of rainfall
had accumulated in the slope covers. Figure 10 shows two rain-
fall events preceding the disastrous rainfall (~150 mm) on July
9, 2010 near Zegocina (German, 2000) and the rainfall in the
Wielka Puszcza catchment on August 24, 2005 (~125 mm)
(Bodziony and Baziak, 2007). In both cases the cumulative
rainfall values preceding both these disastrous rainfalls were in
the probability range <50%; hence, the probability of their oc-
currence was significantly lower than that of the rainfall events
in April and May 2010. Both these events occurred in summer,
when evapotranspiration rates are higher than at the beginning
of the vegetation season. In the light of these data, it seems that
the rainfall values that cause saturation of the soil profile differ
depending on the period of rainfall occurrence. At the beginning
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of the vegetation period, the volume of rainfall inducing signifi-
cant changes in soil profile saturation is ~25 mm, which corre-
sponds to a 50% probability of daily rainfall occurrence. As sug-
gested by Floris and Bozzano (2008) as well as by Floris et al.
(2012), this probability can be an indicator of landslide hazards.
In turn, the same effect is observed in the middle of the vegeta-
tion period (July and August) in the case of a rainfall volume of
~40 mm, which corresponds to a 20% probability of occurrence.
Such rainfall preceded the catastrophic torrential rains from
July 9, 1997 and August 24, 2005.

The critical stability conditions in the case of both slopes
were achieved at full soil saturation, which in practice means
that changes in stability can be correlated with fluctuations in
the groundwater table. Figure 11 shows the dependence of
safety factor values on the pore pressure values calculated at a
site located in the central part of the landslides analysed on the
rock substrate. The data indicate relatively good correlation be-
tween both parameters, in particular in the range of the positive
pore pressure values. The critical pore pressure values of the
Dziat slope are ~25 kPa, whereas the positive pore pressure
values yield a safety factor in the range of 1.3—1.4. In the light of
requirements of standards for earth-made constructions of
lower-class technical, this implies acceptable stability condi-
tions for earth structures. Similar, in the case of the Gwozdziec
slope, mobilisation of positive pore pressure values occurs at a
safety factor of 1.3, whereas pore pressure values exceeding
30 kPa indicate full saturation of the soil profile. These correla-
tions indicate that observations of the groundwater level are a
good indicator of landslide hazards, particularly when the geo-
logical structure of the region is of mosaic type, which impacts
on the rate of slope response to rainfall impulses.

CONCLUSIONS

Slope stability calculations have shown that the rainfall
threshold values are a function of many variables, primarily the
hydraulic properties of slope covers and rock substrate, tempo-
ral distribution of precipitation, and soil moisture content condi-
tions (degree of slope cover saturation).

Permeable deposits have been shown to respond more
readily to rainfall. In turn, in the case of less permeable depos-
its, the rainfall duration, which causes slow saturation of soils,
plays an essential role.

The amount of rainfall that causes slope failure is signifi-
cantly influenced by the prevalent moisture content conditions
of the slope soil in the period preceding rainfall. Calculations in-
dicate that, in extreme cases, accumulated rainfall threshold
values for the same slope can range from ~100 to 500 mm.

Calculated rainfall threshold values, represented by the
rainfall intensity-duration threshold, were compared with ex-
treme rainfall values noted in the Polish Flysch Carpathians and
in other regions in the world. Comparison of those data showed
estimated rainfall threshold values lower than those reported in
the literature for Polish Carpathians. These differences may be
associated with different methods of interpretation of the rainfall
threshold values. However, the calculated rainfall threshold val-
ues are similar to those determined for Central and Southern
Europe by Guzetti et al. (2007).
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prove the manuscript.
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