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Val ues of rain fall thresh olds on se lected shal low land slide slopes (Dzia³, GwoŸdziec) lo cated in the Nowy Wiœnicz Foot hills
are de ter mined us ing a phys i cally-based slope sta bil ity model con sid er ing a long-term pe riod of anal y sis (GeoSlope Inc.
soft ware). Slope sta bil ity anal y sis in cluded de ter mi na tion of the im pact of rain fall on changes of stress state within the soil
sub strate and their in flu ence on es ti ma tion of mass move ment risk. The slope sta bil ity cal cu la tion re sults have shown that
the rain fall thresh old val ues are a func tion of many vari ables, pri mar ily the hy drau lic prop er ties of soil and rock sub stra tum,
tem po ral dis tri bu tion of pre cip i ta tion, and soil mois ture con tent con di tions in the pe riod pro ceed ing rain fall. The re sults of the
cal cu la tions in di cate that, in ex treme cases, ac cu mu lated rain fall thresh old val ues for the same slope can range from ~100 to 
500 mm. Es ti mated rain fall thresh old val ues were lower than those val ues re ported in the lit er a ture for the Pol ish
Carpathians, but are sim i lar to those de ter mined by Guzetti et al. (2007) for Cen tral and South ern Eu rope.
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INTRODUCTION

Mass move ments are one of the main fac tors con trib ut ing to 
trans for ma tion of ter rain in moun tain ous ar eas. In Po land, the
re gion of the Outer Carpathians (the so-called Flysch
Carpathians) is no ta bly ex posed to this type of pro cess, as its
ter rain fea tures and com plex geo log i cal struc ture pro mote land -
slides. Pe ri ods of in ten si fi ca tion and ac ti va tion of mass move -
ments in the Carpathians are mostly as so ci ated with pe ri ods of
pre cip i ta tion (Starkel, 1960; Jakubowski, 1964; Gil, 1997; Ger -
man, 1998; Poprawa and R¹czkowski, 1998, 2003; Gorczyca,
2000, 2002, 2008; Lach and Lewik, 2002; Lach, 2004; D³ugosz,
2009; Bodziony and Baziak, 2007; Buca³a, 2009, 2012), but
also with lat eral river ero sion (Klimaszewski, 1935; Ziêtara,
1968; Kotarba, 1986; Gorczyca, 2004), headward ero sion
(Starkel, 1960; Margielewski, 1994), the in creased weight of
slope soil via over-sat u ra tion with rain wa ter (Kleczkowski,
1955; Starkel, 1960; Jakubowski, 1968; Gil, 1997;
Margielewski, 2002; R¹czkowski and Mrozek, 2002), and seis -
mic ac tiv ity (Sawicki, 1917; Kleczkowski, 1955; Gerlach, 1958;
Starkel, 1960; Jakubowski, 1968; Bajgier, 1993; Schenk et al.,
2001). Most re search into mass-move ment pro cesses is fo -

cused on de ter mi na tion of the mag ni tude of rain fall thresh olds
that ini ti ate these pro cesses. In gen eral, there are two groups of 
meth ods for de ter mi na tion of rain fall thresh old val ues. One
group com prises em pir i cal meth ods (e.g., Caine, 1980; Glade
et al., 2000; Guzetti et al., 2007; Brunetti et al., 2010) re lated to
ob ser va tions of ac tual events in re gions where mass move -
ments have oc curred. The other group con sists of model cal cu -
la tions tak ing into ac count phys i cal pro cesses in the soil sub -
strate which lead to per tur ba tion of the slope limit equi lib rium.
Typ i cally, these meth ods in volve the use of a sim pli fied cal cu la -
tion model for spa tial anal y sis in GIS (Pack et al., 1999; Crosta
and Frattini, 2003; Baum et al., 2005; Zizioli et al., 2013), in
which the slide plane is as sumed to be a pla nar sur face
(translational land slide) par al lel to the ground sur face. The ba -
sic prob lem in the ap pli ca tion of de ter min is tic meth ods lies in
the usu ally lim ited data on the en gi neer ing-geo log i cal con di -
tions in any given ba sin.

De ter mi na tion of the mag ni tude of the rain fall thresh old is a
com plex task (Gil, 1997; Gil and D³ugosz, 2006; Guzzetii et al.,
2007), as it de pends both on the prop er ties of the en gi neer -
ing-geo log i cal ma te ri als pres ent on slopes and their lithological
con di tions, and on the in ten sity and du ra tion of pre cip i ta tion.
The ba sic method for re duc tion of the ef fects of mass move -
ments is mon i tor ing the pro cess, e.g. by an au to matic con trol
sys tem. A pro to type of such a sys tem is be ing used in
Szymbark near Gorlice (Pol ish Flysch Carpathians)
(Bednarczyk, 2010, 2018) for con tin u ous mea sure ments of dis -
place ments of in cli nom e ter col umns. This type of mea sure ment 
sys tem is ex pen sive and its large-scale use is there fore of ten
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lim ited due to the com plex (var ied) struc ture of the area be ing
ana lysed. It seems that me te o ro log i cal mon i tor ing is po ten tially
a rel a tively cost-ef fi cient in di ca tor of land slide haz ards, as mon -
i tor ing data in com bi na tion with knowl edge of the geo log i cal
struc ture and ad e quate en gi neer ing tools (mod els of the soil
and rock sub strate) can greatly con trib ute to iden ti fi ca tion of the
mag ni tude of rain fall that can pose a threat to slope sta bil ity.
Cal cu la tion pro grams, which in clude the phys i cal de scrip tion of
changes in the stress state in the soil sub strate, are widely used
tools for as sess ment of slope sta bil ity con di tions (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 pro grams con sider static mod els of slope or take into ac -
count only the im pact of rain fall on slope sta bil ity con di tions but
dis re gard the role of other me te o ro log i cal fac tors e.g. air and
soil tem per a ture, air hu mid ity, wind ve loc ity.

This study de ter mines the thresh old val ues of cu mu la tive
rain fall sums trig ger ing pro cesses that lead to re duc tion of the
sta bil ity of se lected shal low land slide slopes lo cated in the area
of the Wiœnicz Foot hills. The cal cu la tion method ap plied is de -
vel oped from typ i cal sta bil ity anal y sis and al lows de ter mi na tion
of the im pact of a num ber of me te o ro log i cal fac tors (not only
pre cip i ta tion) on the dis tri bu tion of rain wa ter within a slope.

STUDY AREA 

The study area is in the mesoregion of the Wiœnicz Foot hills, 
which lies within a physico-geo graph ical di vi sion that com prises 
the east ern part of the higher-level re gion – the West Beskid
Foot hills (Kondracki, 2009). Clas si fied geomorphologically,
(Klimaszewski, 1972), it forms the east ern part of the Wieliczka
Foot hills.

In terms of geo log i cal struc ture, the study area is lo cated
within two tec tonic units: the Carpathian Foredeep and the
Outer Carpathians (Oszczypko et al., 2008). The main tec tonic
units of the Wiœnicz Foot hills are: the Skole Unit, the
Subsilesian Unit, the Silesian Unit, the Magura Unit and the
Neo gene for ma tions of the Carpathian Foredeep.

The youn gest lithostratigraphic for ma tions are Qua ter nary
de pos its with a thick ness of a few to sev eral metres. They re sult 
from the South Pol ish Gla ci ation and Cen tral Pol ish (Vistula)
Gla ci ation as well as in clud ing Ho lo cene de pos its. They are
mainly de vel oped as flu vial de pos its in val leys, aelian slope de -
pos its, deluvial cov ers and col lu vial slope de pos its (Burtan,
1954; Skoczylas-Ciszewska and Burtan, 1954).

Slope sed i ments are rep re sented by silty, loess-like de pos its. 
These formed as a re sult of weath er ing of the Carpathian flysch
and ae olian sed i men ta tion of loess dur ing the Vistula Gla ci ation.
It is es ti mated that the thick ness of loess de pos its in the north ern
part of the test area is 3–5 m, whereas the thick ness of loess-like
units, silts and silty-sandy loams, var ies from 2–3 m to 6–12 m. In 
the area around Wola Stróska (east ern side of the Dunajec
River) the thick ness of silt and loess-like loams, ly ing above lay -
ers of sands and diluvial silts, reaches a to tal of ~30 m (Zasoñski, 
1981). Ac cord ing to Alexandrowicz (1991), based on the grain
size dis tri bu tion, sed i men ta tion struc ture, anal y sis of heavy met -
als and mol lusc as sem blages, the Wiœnicz Foot hills suc ces sion
cor re lates with the loess pro files of the Ro¿nów Foot hills, be ing
the age equiv a lent of the youn ger loess ac cord ing to Maruszczak 
(1985, 1991).

At the foot of the slopes there are de pos its which are the re -
sult of de nu da tion pro cesses, ab la tion, and wa ter-sort ing of
loess and loess-like cov ers. Diluvial-solifluction de pos its, as
well as colluviums formed around the Pleis to cene–Ho lo cene
tran si tion, and in the Ho lo cene it self, can also be found on the

lower part of the slopes (Burtan, 1954). The thick ness of a land -
slide col lu vium, formed as clays, loams and clays with rub ble,
can reach up to 30 m (SOPO).

The Wiœnicz Foot hills is an ex am ple of a ma ture flu vial-de -
nu da tion re lief, con sist ing of flat up land ar eas at 350–420 m
above sea level. Hum mocks and ridges re late to the main tec -
tonic units of the Silesian Unit and the out crops of more re sis -
tant rocks. The Silesian Unit rocks form large syn clines that
orographically di vide the Foot hills into two close-set ranges of
low land foot hills (rel a tive al ti tude of 40–100 m above the bot tom 
of the val leys) and me dium foot hills (rel a tive al ti tude of 120–250 
above the val ley bot toms). The foot hill level, in both types of
foot hill, cuts and lev els ridges built of less re sis tant flysch strata. 
This level dates back to the Early Plio cene and de vel oped in a
cold and dry cli mate. In big ger val leys one can find a val ley
level, cut to 40–60 m in re la tion to the bot tom of mod ern river
val leys. It con sists of al most flat sur faces with a slope that is not
al ways con sis tent with the di rec tion of the val leys, but is al ways
in clined to wards their axis. This level dates back to the early
Pleis to cene (Starkel, 1972).

One of the slopes stud ied as part of the field and lab o ra tory
tests is in Dzia³, in the west ern part of the Wiœnicz Foot hills
(Raciechowice com mune; Fig. 1A, B). The re gion where this
slope is lo cated is one of the most land slide-prone ar eas in the
Wiœnicz Foot hills. The land slide in Dzia³ forms a straight slope
with a clear off set and a steep de scent to the val ley. The av er -
age in cli na tion of the en tire slope can be es ti mated at ~10°,
how ever, at the bot tom of the slope it reaches a max i mum of
48°. It is a south-east-fac ing slope, the mid dle part which is
used as pas ture, with no traces of agrotechnical op er a tions.
The lower part of the slope – the val ley slope – is over grown
with bushes and trees up to 20 cm in di am e ter. The roots of
these plants reach up to ~70 cm be low ground level. The bot -
tom of the river val ley is ~4–5 m wide. There are no traces of lat -
eral ero sion caused by wa ter flow ing through the riverbed.
Within the slope ex am ined there are no signs of wa ter stag na -
tion or ex u da tion. In the el e va tion pro file of the lower part of the
slope there is a fault, about 1 m high, formed af ter a set of Qua -
ter nary slope cov ers broke off and slid. The col lu vial packet ro -
tated by only ~10° and rested on the un harmed part of the
slope. At pres ent, the slope has been ad di tion ally sup ported by
this ro tated col lu vial packet. The land slide does not threaten
any in fra struc ture, and there are no vis i ble traces of un der cut -
ting of the lower part of the col lu vial packet by the wa ter flow ing
in the stream. The land slide was clas si fied a ro ta tional slide that 
oc curred within the slope cov ers with out any con tact with the
bed rock.

The sec ond test ob ject is a straight slope in GwoŸdziec
(Zakliczyn com mune), with a con stant in cli na tion along its en -
tire length. From the top to the bot tom of the val ley, the slope is
~340 m long, and the height dif fer ence be tween the bot tom and 
the top is 60 m. The av er age in cli na tion of the slope is 12°. The
ex ten sion of the slope is a floodplain ter race which is 55 m wide. 
The slope in GwoŸdziec is north-fac ing (Fig. 1A, C) and, dur ing
the tests, was over grown with meadow veg e ta tion. There were
no vis i ble traces of wa ter stag na tion or ex u da tion. The land slide 
oc curred in the cen tral part of the slope, at 170 m in the height
pro file. The length of this land slide is ~60 m and the width is
~10 m. It is a translational land slide, its max i mum thick ness be -
ing ~2 m. The height of the land slide is ~1.2 m. Cur rently, the
up per part is over grown with bushes and the land slide does not
threaten any in fra struc ture.

Im por tantly, the land slides on both slopes oc curred at the
same time, i.e. in May 2010, when the monthly pre cip i ta tion to -
tals re corded in the £azy sta tion ex ceeded 330 mm and the
max i mum daily value noted on May 16 was 110 mm. The data
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Fig. 1. Lo ca tion of re search fa cil i ties in the Wiœnickie Foot hills (A) and the con text of cur rent land slide forms 
(B, C – source SOPO da ta base)

SOPO – na tion wide pro ject in volv ing land slide in ven tory in Po land im ple mented by the Pol ish Geo log i cal In sti tute 
(Boratyn et al., 2009; Jurys et al., 2011)



pre sented by WoŸniak (2011) in di cate that the rain fall in May
2010 was sub stan tially greater (even five-fold in an ex treme
case) than the multi-year av er age of 1881 to 2010.

MATERIAL AND METHODS

The re search in cluded field in ves ti ga tions, lab o ra tory tests
and slope sta bil ity cal cu la tions.

Field mea sure ments com prised tacheometric sur vey ing,
drill ing and col lec tion of un dis turbed soil sam ples. Bore holes
were drilled to the depth of bed rock at char ac ter is tic points of
the slopes, with at least five such soil pro files for each slope
analysed.

Soil pa ram e ters were de ter mined in the field (soil mois ture
con tent, den sity) and by lab o ra tory tests (Atterberg’s lim its, per -
me abil ity co ef fi cients and ef fec tive shear strength pa ram e ters).
The per me abil ity co ef fi cients and shear strength pa ram e ters
were de ter mined based on triaxial tests. The traxial tests com -
prised multi-stage con sol i dated iso tro pic un drained tests and a
sam ple sat u ra tion was done us ing the back-pres sure tech -
nique.

Based on me te o ro log i cal data pro vided by the £azy Re -
search Sta tion of the In sti tute of Ge og ra phy and Spa tial Man -
age ment, Jagiellonian Uni ver sity, tak ing into ac count the
lithological com po si tion of the slopes ana lysed and the val ues
of geotechnical pa ram e ters de ter mined from lab o ra tory tests,
cal cu la tions of slope sta bil ity were made for the pe riod
2004–2013. The cal cu la tions yielded the range of pore pres -
sure changes in the pe riod ana lysed, which fa cil i tated de ter mi -
na tion of ex treme slope sta bil ity con di tions pre vail ing dur ing the
veg e ta tion sea sons in the years ana lysed. It was as sumed in
the study that the safety fac tor was equiv a lent to the dis tri bu tion
of pore wa ter pres sure in the soil, which is a de riv a tive of soil
mois ture con tent.

The next stage con sisted of anal y sis of the daily pre cip i ta -
tion sums ob tained from the me te o ro log i cal sta tions and posts
across the area of the Wiœnicz Foot hills (Dzia³ and GwoŸdziec).
In or der to en sure rep re sen ta tive ness, only data from sta tions
that had been con tin u ally mea sur ing pre cip i ta tion dur ing the
veg e ta tion pe riod for over 30 years were ana lysed. The av er -
age on set and end of the veg e ta tion pe riod were de ter mined
based on sat el lite data (MCD12Q2) from the area ana lysed.
The re spec tive be gin ning and end dates of the grow ing sea son
in the Foot hills were es ti mated at day 88 and 304 of the year.
Daily pre cip i ta tion sums were used for de vel op ing “ac cu mu -
lated rain fall-rain fall du ra tion” curves for var i ous prob a bil i ties of
pre cip i ta tion oc cur rence and du ra tion. Given the rel a tively long
rain fall se quences char ac ter is ing each sta tion, the prob a bil ity of 
rain fall oc cur rence was es ti mated at 1, 2, 10, 20, 50 and 99%.
The mag ni tude of the prob a bil ity in ter vals was de ter mined with
the Gumbel method based on the dis tri bu tion of ex treme value
type I (Otop, 2004). This method is rec om mended by the WMO
for anal y sis of rain fall se quences.

Cal cu la tions of ex treme rain fall were per formed for 1-, 5-,
10-, 20-, 50-, 100- and 120-day in ter vals of daily to tals. The to -
tals of these pe ri ods were cal cu lated as sums from the an te ced -
ent pe riod of the time in ter val ana lysed.

Fur ther in ves ti ga tions were fo cused on de ter mi na tion of
changes in slope sta bil ity con di tions in duced in re sponse to
120-day long rain falls with in creas ing, con stant, and de creas ing 
in ten si ties char ac ter ised by a 1–99% prob a bil ity of oc cur rence.
For the anal y sis, three vari ants of pore wa ter pres sure dis tri bu -
tion within the slope were em ployed. Two of these cor re -
sponded to the max i mum (an te ced ent wet pe riod) and min i -
mum (an te ced ent dry pe riod) pore wa ter pres sure val ues at the

be gin ning of the veg e ta tion sea sons in 2004–2013. This as -
sump tion fa cil i tated de ter mi na tion of changes in slope sta bil ity
in the pe riod be tween late March and late July, which sub stan -
tially co in cides with pe ri ods of in ten si fi ca tion of mass move -
ments in the Pol ish Flysch Carpathians (Gorczyca, 2004). The
third cal cu la tion vari ant cor re sponded with the min i mum pore
wa ter pres sure of the slope soils (an te ced ent ex tremely dry pe -
riod) ob served dur ing the veg e ta tion sea son.

The anal y ses were per formed with the cal cu la tion mod ules
of the fol low ing GeoSlope Inc. pack age: 

– VADOSE/W was used to de ter mine the im pact of me te -
o ro log i cal con di tions on the pore pres sure dis tri bu tion in
the slope. The anal y sis was based on an as sump tion
that me te o ro log i cal con di tions (tem per a ture, air hu mid -
ity, wind speed, Leaf Area In dex) rep re sented the
multi-year mean val ues of the cor re spond ing me te o ro -
log i cal el e ments from the pe riod of 2004–2013,

– SLOPE/W – cal cu la tions of sta bil ity with the Janbu
method (limit equi lib rium method).

Slope fail ure (ini ti a tion of land slide pro cess) was in ter preted 
as an event where the fac tor of safety reached a value equal or
be low 1.0. For each event the to tal sum of pre cip i ta tion oc cur -
ring up to the day of slope fail ure was con sid ered as a value of
thresh old rain fall. For each slope 54 anal y ses were per formed. 

In the next step of the in ves ti ga tions, the rain fall to tals in -
duc ing slope fail ure were con verted in each cal cu la tion event
into the av er age rain fall in ten sity and pre sented as a rain fall in -
ten sity vs. rain fall du ra tion (I–D) func tion. These data cal cu lated 
for both slopes were joined and il lus trated in one fig ure and the
thresh old rain fall line (I–D) was drawn as a lower en ve lope of
the all data il lus trated in the fig ure. The I–D equa tion is as fol -
lows:

I = c + aDb [1]

where: I – (mean) rain fall in ten sity, D – rain fall du ra tion, c, a, b – re -

gional pa ram e ters (c ³ 0).

The rain fall thresh olds ob tained in this way were com pared
with the char ac ter is tics of some rain fall thresh olds re ported in
the lit er a ture and with the rain fall data.

The scope of tests and gen er al ized work meth od ol ogy is
shown in Fig ure 2.

RESULTS AND DISCUSSION 

GEOLOGICAL-ENGINEERING CHARACTERISTICS 
OF THE SLOPES STUDIED 

Dur ing the field tests in Dzia³, 5 bore holes to the bed rock of
the Krosno strata (Oligocene), up to a max i mum of 5.5 m, were
drilled across the slope pro file (Fig. 3A). Frag ments of shale,
over lain by some river de pos its and a layer of slope diluvium
(>10 cm thick) were vis i ble in the stream bed. In the up per part
of the slope, the slope cov ers were only 70 cm thick. Based on
the geo log i cal pro files, a humic layer, which reaches ~10 cm
thick ness (the depth of the grass root sys tems), and four ba sic
geotechnical lay ers were de ter mined. 

The field tests in GwoŸdziec in cluded 6 bore holes in the
slope pro file, car ried out to a depth of 1–1.2 m in the up per and
mid dle parts of the slope and up to 2.5 m depth in its lower part
(Fig. 3B). Each bore hole en coun tered sand stone rocks of the
Sub-Magura and Frydman strata. Sand stone rocks were also
vis i ble within the stream riverbed. Based on the grain size dis tri -
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bu tion, an up per most humic layer and four geotechnical lay ers
were dis tin guished. 

Field and lab o ra tory tests re vealed that the slopes ana lysed 
dif fer in their lithological struc ture (Fig. 3) and geotechnical
prop er ties (Ta ble 1). On the Dzia³ slope, the sub strate com -
prises mot tled clay shales char ac ter ized by low per me abil ity,
whereas the rock sub strate of the GwoŸdziec slope is built of
per me able sand stones. The fil tra tion ca pac ity of the bed rock is
re flected by the per me abil ity of the soil lay ers de pos ited on the
flysch sub strate, i.e. the per me abil ity co ef fi cients of the soil on
the GwoŸdziec slope are over two or ders of mag ni tude higher
than the val ues noted for the Dzia³ slope. 

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

The re sults of slope sta bil ity cal cu la tions of both slopes
(Fig. 4) sup port the re sults of the me te o ro log i cal ob ser va tions
and dem on strate the most un fa vour able sta bil ity con di tions in
May 2010, i.e. the time of the lat est land slide di sas ter in the Pol -
ish Flysch Carpathians (Wysokiñski, 2011). By con trast, the
most fa vour able slope sta bil ity con di tions can be noted for Au -
gust 2007 in the case of the Dzia³ slope and for Sep tem ber

2012 in the case of GwoŸdziec slope; ad di tion ally, high val ues
of the safety fac tor were ob tained for July 2008. Anal y sis of the
cal cu la tion re sults  also re vealed that, at the be gin ning of the
veg e ta tion pe riod at the end of March, the low est val ues of the
safety fac tor oc curred in 2010 and the high est val ues were cal -
cu lated for 2008 (Dzia³) or 2012 (GwoŸdziec). In turn, the high -
est val ues of the safety fac tor in the multi-year pe riod ana lysed
were noted in early July 2008, with a pre cip i ta tion rate of 30 mm
in the pre ced ing 40-day pe riod.

STATISTICAL ANALYSIS OF RAINFALL SEQUENCES

Val ues of the cu mu la tive max i mum rain fall val ues as a func -
tion of the du ra tion and the prob a bil ity of rain fall oc cur rence
(Fig. 5) re corded by the me te o ro log i cal sta tion in £apanów,
which is lo cated near the slope at Dzia³, were con sid ered as
rep re sen ta tive for fur ther anal y sis. The cal cu la tions yielded only 
slightly lower max i mum daily rain fall val ues than those re ported
by Cebulak (1992, 1994), which may be as so ci ated with the dif -
fer ent pe ri ods of data ac qui si tion, i.e. the re cent 30 years in the
pres ent study and the pe riod of 1951–1980 in the cited pa per.
For com par i son, the anal y sis of max i mum monthly pre cip i ta tion 
to tals dur ing the pe riod 1951–2005 in the West ern Carpathian
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Fig. 2. Re search scheme

No. of 
layer

Type of soil acc. to
PN-EN ISO 14688-2

Plas tic limit
[%]

Liq uid limit
[%]

Co ef fi cient of per me abil ity
[m×s–1]

Ef fec tive an gle of in ter nal
fric tion

[o]

Ef fec tive co he sion
[kPa]

Slope in Dzia³

1 Si 21.1 32.4 5.1×10–8 30.0 0.7

2 clSi 18.0 31.4 2.9×10–8 27.0 6.9

3 clSi 18.7 36.2 2.1×10–9 34.0 3.7

4 clSi 17.1 29.2 2.0×10–9 32.3 5.6

5 mot tled clay shales – – 1.0×10–9 – –

Slope in GwoŸdziec

1 Si 19.6 26.8 5.3×10–7 34.4 0.0

2 clSi 19.6 31.9 8.6×10–7 16.6 0.5

3 sasiCl 22.8 42.7 6.9×10–7 18.6 1.0

4 siSa – – 10–5 29.5 0.0

5 sand stones – – 10–6 – –

T a  b l e  1

Geotechnical char ac ter is tics of slope soils
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Fig. 3. Geo log i cal-en gi neer ing pro files of soils de pos ited on the ana lysed slopes in Dzia³ (A) and GwoŸdziec (B)
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Fig. 4. Cal cu lated re sults of sta bil ity for the Dzia³ (A) and GwoŸdziec (B) slopes

Fig. 5. Prob a bil ity of ac cu mu lated rain fall to tals as a func tion of rain fall du ra tion in the £apanów



Mts. in Po land (Cebulska and Twardosz, 2012) in di cates that
these val ues ranged from 317 to 512 mm, re spec tively for Nowy 
S¹cz and Maków Podhalañski. These val ues cor re spond rel a -
tively well to max i mum monthly pre cip i ta tion to tals with 1–2%
prob a bil i ties of oc cur rence de ter mined for the area an a lyzed
(see Fig. 5). Be sides, mean sea sonal sums of at mo spheric pre -
cip i ta tion in the pe riod of 1951–2010 re ported by Czarnecka
and Nidzgorska-Lencewicz (2012) for the north ern part of Pol -
ish Carpathians were 120–140 and 260–280 mm in spring and
sum mer re spec tively. Such val ues are lower than the sum of
pre cip i ta tion de ter mined in this study with 99% prob a bil ity of oc -
cur rence. 

The pre cip i ta tion to tals ob tained in this study are slightly
lower than the cu mu la tive val ues pre sented by Floris et al.
(2012) for the north-west ern part of the Ital ian Alps and higher
than the cu mu la tive rain fall rates noted in in the Apennines
(Floris and Bozzano, 2008) and the Lis bon re gion (Vaz et al.,
2018). Such dif fer ences of the pre cip i ta tion to tals for dif fer ent
re gions are re lated to their geo graph ical lo ca tion, al ti tude and
lo cal cli mate. In gen eral, av er age an nual pre cip i ta tion in the re -
gion of the Alps and west ern Balcans are sig nif i cantly higher
that those in the Carpathians in Po land.

IMPACT OF RAINFALL ON SLOPE STABILITY 

Based on the slope sta bil ity cal cu la tion re sults ob tained for
dif fer ent rain fall to tals and their pat terns, it can gen er ally be
stated that the re sponse of a slope to rain fall de pends on the
mag ni tude (and the as so ci ated prob a bil ity of oc cur rence) and
tem po ral dis tri bu tion of pre cip i ta tion as well as the ini tial pore
wa ter pres sure dis tri bu tion con di tions (Fig. 6). 

Clearly, the in crease in the prob a bil ity of rain fall oc cur rence
(de creased rain fall fre quency) is ac com pa nied by a de layed re -
sponse to the im pulse; in ex treme cases, the cal cu lated fac tors
of safety ex ceed 1.0, in di cat ing that the threat of land slide ini ti a -
tion is not ex tremely high. Such sit u a tions oc cur when rain fall
events are pre ceded by low pore wa ter pres sure lev els in the
mid dle of the veg e ta tion pe riod. In such con di tions, even high
val ues of pre cip i ta tion (over 1100 mm) in the pre ced ing pe riod
of 120 days are not suf fi cient to in duce loss of sta bil ity. In turn,
at high val ues of an te ced ent wet ness (early 2010), rain fall
causes rel a tively rapid de te ri o ra tion of sta bil ity con di tions, and
the length of the pe riod in which crit i cal con di tions of slope equi -
lib rium are achieved is clearly as so ci ated with the in ten sity of
pre cip i ta tion, which is par tic u larly ev i dent in the case of the
GwoŸdziec slope.

The time of the slope re sponse to the rain fall im pulse de -
pends on the tem po ral rain fall dis tri bu tion. It is the short est in
the case of high in ten sity rain fall events in the ini tial stage of the
rain fall pe riod. Sim i lar re sults were ob tained by Tsai (2008) and
Tsai and Wang (2011), per form ing the o ret i cal cal cu la tions us -
ing in fi nite slope anal y sis. In the cases ana lysed in this study,
the min i mum rain fall vol ume that led to slope fail ure was
105 and 92 mm for the Dzia³ and GwoŸdziec slopes, re spec -
tively. These data are very sim i lar to the rain fall thresh old val -
ues re ported (Gil and D³ugosz, 2006) for de bris-type land slides
in the Outer Carpathians. 

Fig ure 7 shows ac cu mu lated rain fall thresh old val ues for
both slopes ana lysed by com par i son with ac cu mu lated rain fall
val ues with a 1–99% prob a bil ity of trans gres sion. The anal y sis
of the re la tion ships gen er ally sug gests dif fer ences in the re -
sponse of both slopes to rain fall im pulses. Ev i dently, slope fail -
ure is noted af ter a 3-day rain fall event in an ex treme case of the 
GwoŸdziec slope and af ter 11 days of rain fall on the Dzia³ slope. 
The dif fer ences in the re sponse of the slopes to the rain fall are

re lated to their geo log i cal struc ture, pri mar ily to the per me abil ity 
of the soil and rock sub strate. Soils de pos ited on the
GwoŸdziec slope ex hibit clearly higher per me abil ity than the
de pos its on the Dzia³ slope. Sim i lar re la tion ships were shown
by Rahardjo et al. (2007), who ana lysed e.g. the im pact of soil
per me abil ity on a slope ex posed to sim u lated in tense daily rain -
fall, on changes in its safety fac tor. The au thors dem on strated
that slopes with low per me abil ity were gen er ally re sis tant to in -
tense short-term rain fall events.

The data shown in Fig ure 8 show a sig nif i cant ef fect of the
an te ced ent soil mois ture con tent con di tions on the rain fall
thresh old val ues. At high val ues of pro file soil mois ture con tent
in the pe riod pre ced ing the rain fall, the min i mum rain fall thresh -
old val ues are ~100 mm for both slopes, which is sim i lar to the
val ues re ported for de bris-type land slides (Gil and D³ugosz,
2006) in the Pol ish Flysch Carpathians. In turn, when the pe riod 
that pre cedes rain fall oc curs in the mid dle of the veg e ta tion
sea son (an te ced ent ex tremely dry pe riod), the rain fall thresh old 
val ues are ~350 mm for the GwoŸdziec slope and over
1100 mm for the Dzia³ slope. It can also be ob served that, with
in creas ing rain fall du ra tion, the cal cu lated rain fall thresh old val -
ues are sim i lar to the curves of ac cu mu lated rain fall with an al -
most 99% prob a bil ity. This im plies that, in the ory, slope fail ure
does not have to be trig gered by high rain fall val ues but rather
by the oc cur rence of con tin u ous rain fall. The anal y sis of the
pre cip i ta tion data from the first 60 days of the veg e ta tion pe riod
in 2004–2013 shows that the ac cu mu lated rain fall in 2010 was
376 mm, which cor re sponds to the cu mu la tive value of rain fall
with a ~50% prob a bil ity of oc cur rence. In the other years, the
ac cu mu lated rain fall val ues from 60 days did not ex ceed
150 mm. The dis crep an cies be tween the cal cu lated cu mu la tive
rain fall val ues and the re sults of ob ser va tions of the be gin ning
of the veg e ta tion pe riod are as so ci ated with the fact that the
high est rain fall val ues in Po land are noted in the sum mer
months (WoŸniak, 2011), and the rain fall val ues ob served at
the be gin ning of the veg e ta tion pe riod are half of that.

ANALYSIS OF OBTAINED RAINFALL THRESHOLD

Re sults of to tals and du ra tions of rain fall that caused slope
fail ure were con verted into a rain fall in ten sity–du ra tion func tion
(Fig. 8). In ter est ingly, a 3-day-long rain fall with in ten sity slightly
higher than 1 mm×h–1 is suf fi cient for ini ti a tion of fail ure in the
case of the GwoŸdziec slope. The rain fall depth that leads to
slope in sta bil ity is clearly as so ci ated with the ini tial soil mois ture 
con di tions, i.e. the lower the slope soil mois ture con tent, the
more pre cip i ta tion must be ac cu mu lated in the pro file. In both
vari ants, there is a clear, nearly ver ti cal I–D (rain fall in ten -
sity-rain fall du ra tion) cor re la tion. This may in di cate that the pe -
riod pre ced ing the ma jor rain fall is rel e vant for the sta bil ity of
this slope, which is con sis tent with the re sults of Rahimi et al.
(2011), whose cal cu la tions showed that slopes cov ered by
low-per me abil ity de pos its were more sus cep ti ble to an te ced ent
long-term rain falls.

The rain fall in ten sity-du ra tion data ob tained for both slopes
were com pared with the char ac ter is tics of some rain fall thresh -
olds re ported in the lit er a ture and with rain fall data re ported in
dif fer ent re gions in the world (Fig. 9) and ex treme rain fall val ues 
noted in the Pol ish Flysch Carpathians, which were re ported by
Ger man (2000), Gorczyca (2004), Starkel (2006, 2011),
Bodziony and Baziak (2007), Buca³a (2009) and D³ugosz
(2011; in Fig. 9 de scribed as the Carpathians Moun tain). In
most cases, the cal cu lated rain fall thresh old val ues for the
Nowy Wiœnicz Foot hills are lower than those trig ger ing floods
and land slides in the Carpathians. These dif fer ences may be
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caused by two fac tors. Most im por tantly, the val ues re ported in
the lit er a ture of ten re fer to the sum mer pe riod with
evapotranspiration as an im por tant fac tor of wa ter bal ance, as it 
re duces the ef fec tive amount of rain wa ter in fil trat ing the slope.
In the case of the slopes in ves ti gated in this study, the anal y ses
in cluded rain fall events oc cur ring at the be gin ning of the veg e -
ta tion pe riod when the evapotranspiration pro cess is weak due
to low tem per a tures and low plant wa ter de mand. The other
cause of the dif fer ences be tween the re sults of this pa per and
data re ported in the lit er a ture may be as so ci ated with dif fer ent
meth ods of interpretating the rain fall thresh old val ues. Most lit -
er a ture fo cuses on rain fall events ini ti at ing slope pro cesses
(typ i cally last ing from 1 to 5 days), whereas lon ger rain fall pe ri -
ods pre ced ing the ini ti at ing event are ana lysed in fre quently.

The data pre sented in di cate that the rain fall thresh old val -
ues ob tained for the slopes ana lysed are very sim i lar to rain fall
thresh old val ues sug gested for the Cen tral Eu ro pean Adri atic

Danubian South-East ern Space (CADSES) area (lo cated in
Cen tral and South ern Eu rope), in clud ing the Pol ish Flysch
Carpathians, de vel oped by Guzetti et al. (2007) and to the rain -
fall val ues pro vided by Moser and Hohensinn (1983) for
Carinthia and East Tyrol in Aus tria. 

The cal cu lated thresh old rain fall for the slopes analysed
was de ter mined us ing the fol low ing for mula:

I = 69.9×D–0.93 for 72 £ D £ 600 [2]

where: the unit of I is mm×h–1 and the unit of D is hour.

I–D val ues for pe ri ods lon ger than 600 hours do not fit within 
the pro posed I–D en ve lope. For such pe ri ods, the in cli na tion of
the I–D line is low and for de ter mi na tion of the crit i cal rain fall
thresh old en ve lope for the whole pe riod of anal y sis an as ymp -
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Fig. 6. Cal cu lated sta bil ity of the in ves ti gated slopes in re la tion to the prob a bil ity of oc cur rence of ac cu mu lated rain fall 
and ini tial soil mois ture content conditions
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Fig. 7. Rain fall thresh old val ues for the Dzia³ (A) and GwoŸdziec (B) slopes in re la tion to the ini tial wet ness
con di tions
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Fig. 8. Re la tion ship be tween the mean thresh old rain fall in ten sity and rain fall du ra tion 
and the an te ced ent wet ness con di tions on the Dzia³ (A) and GwoŸdziec (B) slopes



totic func tion is most suit able, as in Wieczorek (1987) and
Crosta and Frattini (2001). In the case of the slopes ana lysed,
the range of data is in suf fi cient to es ti mate the pa ram e ters of
such a func tion. These re la tion ships, sup ported by data from
the lit er a ture, also in di cate that de ter mi na tion of an in ten sity-du -
ra tion rain fall thresh old for a very long pe riod (over 500 hours)
can be chal leng ing. In such sit u a tions, slope sta bil ity cal cu la -
tions can be a suit able tool in land slide risk man age ment.

Fig ure 10 shows ac cu mu lated rain fall val ues from 2010
shown in re verse or der, i.e. the 110.2-mm rain fall event on May
16 is shown first. Com par i son of these data dem on strates a
<1% prob a bil ity of oc cur rence of such rain fall; hence, the
geomorphological ef fects in duced by the rain fall were sub stan -
tial. For com par i son, Fig ure 10 pres ents the same pre cip i ta tion
data from early 2010, dis re gard ing the rain fall on May 16. This
was aimed at de ter min ing whether the rain fall events in April
and May 2010 were sta tis ti cally high in com par i son with the cu -
mu la tive rain fall curves with 1–99% prob a bil i ties shown in Fig -
ure 4. It is ev i dent that the rain fall to tals at the be gin ning of the
grow ing sea son in 2010 pre ced ing the di sas trous rain fall on
May 16 were not ex tremely high in com par i son with a typ i cal
rain fall pat tern (p = 99%). The amount of the daily rain fall cor re -

sponded to a 50% prob a bil ity of oc cur rence of max i mum pre -
cip i ta tion rates only on two days (6-04-2010 – 26.7 mm,
1-05-2010 – 25.3 mm). There fore, it seems that me te o ro log i cal
con di tions, pri mar ily rel a tively low tem per a tures com pared with
those pre vail ing in the mid dle of the veg e ta tion sea son and at
the be gin ning of veg e ta tion growth, were an im por tant fac tor
con trib ut ing to in creased rain fall in fil tra tion into the soil in this
pe riod. Both these fac tors prob a bly had an im pact on the low
evapotranspiration rates; hence, a sub stan tial por tion of rain fall
had ac cu mu lated in the slope cov ers. Fig ure 10 shows two rain -
fall events pre ced ing the di sas trous rain fall (~150 mm) on July
9, 2010 near ¯egocina (Ger man, 2000) and the rain fall in the
Wielka Puszcza catch ment on Au gust 24, 2005 (~125 mm)
(Bodziony and Baziak, 2007). In both cases the cu mu la tive
rain fall val ues pre ced ing both these di sas trous rain falls were in
the prob a bil ity range <50%; hence, the prob a bil ity of their oc -
cur rence was sig nif i cantly lower than that of the rain fall events
in April and May 2010. Both these events oc curred in sum mer,
when evapotranspiration rates are higher than at the be gin ning
of the veg e ta tion sea son. In the light of these data, it seems that 
the rain fall val ues that cause sat u ra tion of the soil pro file dif fer
de pend ing on the pe riod of rain fall oc cur rence. At the be gin ning 
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Fig. 9. Com par i son of the cal cu lated rain fall thresh old val ues with se lected lit er a ture data*

* Rain fall thresh old for the Pol ish Carpathian Moun tains were de ter mined us ing the data taken from: Bodziony and Baziak (2007); Buca³a 
(2009, 2012); Ger man (1998); Gil and D³ugosz (2006); Gorczyca (2000, 2002, 2008); Guzetti et al. (2007, 2008); Hurlimann et al. (2003); 

Jakubowski (1964); Lach (2004); Lach and Lewik (2002); Poprawa and R¹czkowski (1998); Starkel (1960)



of the veg e ta tion pe riod, the vol ume of rain fall in duc ing sig nif i -
cant changes in soil pro file sat u ra tion is ~25 mm, which cor re -
sponds to a 50% prob a bil ity of daily rain fall oc cur rence. As sug -
gested by Floris and Bozzano (2008) as well as by Floris et al.
(2012), this prob a bil ity can be an in di ca tor of land slide haz ards.
In turn, the same ef fect is ob served in the mid dle of the veg e ta -
tion pe riod (July and Au gust) in the case of a rain fall vol ume of
~40 mm, which cor re sponds to a 20% prob a bil ity of oc cur rence. 
Such rain fall pre ceded the cat a strophic tor ren tial rains from
July 9, 1997 and Au gust 24, 2005. 

The crit i cal sta bil ity con di tions in the case of both slopes
were achieved at full soil sat u ra tion, which in prac tice means
that changes in sta bil ity can be cor re lated with fluc tu a tions in
the ground wa ter ta ble. Fig ure 11 shows the de pend ence of
safety fac tor val ues on the pore pres sure val ues cal cu lated at a
site lo cated in the cen tral part of the land slides ana lysed on the
rock sub strate. The data in di cate rel a tively good cor re la tion be -
tween both pa ram e ters, in par tic u lar in the range of the pos i tive
pore pres sure val ues. The crit i cal pore pres sure val ues of the
Dzia³ slope are ~25 kPa, whereas the pos i tive pore pres sure
val ues yield a safety fac tor in the range of 1.3–1.4. In the light of
re quire ments of stan dards for earth-made con struc tions of
lower-class tech ni cal, this im plies ac cept able sta bil ity con di -
tions for earth struc tures. Sim i lar, in the case of the GwoŸdziec
slope, mo bi li sa tion of pos i tive pore pres sure val ues oc curs at a
safety fac tor of 1.3, whereas pore pres sure val ues ex ceed ing
30 kPa in di cate full sat u ra tion of the soil pro file. These cor re la -
tions in di cate that ob ser va tions of the ground wa ter level are a
good in di ca tor of land slide haz ards, par tic u larly when the geo -
log i cal struc ture of the re gion is of mo saic type, which im pacts
on the rate of slope re sponse to rain fall im pulses.

CONCLUSIONS

Slope sta bil ity cal cu la tions have shown that the rain fall
thresh old val ues are a func tion of many vari ables, pri mar ily the
hy drau lic prop er ties of slope cov ers and rock sub strate, tem po -
ral dis tri bu tion of pre cip i ta tion, and soil mois ture con tent con di -
tions (de gree of slope cover sat u ra tion).

Per me able de pos its have been shown to re spond more
readily to rain fall. In turn, in the case of less per me able de pos -
its, the rain fall du ra tion, which causes slow sat u ra tion of soils,
plays an es sen tial role.

The amount of rain fall that causes slope fail ure is sig nif i -
cantly in flu enced by the prev a lent mois ture con tent con di tions
of the slope soil in the pe riod pre ced ing rain fall. Cal cu la tions in -
di cate that, in ex treme cases, ac cu mu lated rain fall thresh old
val ues for the same slope can range from ~100 to 500 mm.

Cal cu lated rain fall thresh old val ues, rep re sented by the
rain fall in ten sity-du ra tion thresh old, were com pared with ex -
treme rain fall val ues noted in the Pol ish Flysch Carpathians and 
in other re gions in the world. Com par i son of those data showed
es ti mated rain fall thresh old val ues lower than those re ported in
the lit er a ture for Pol ish Carpathians.  These dif fer ences may be
as so ci ated with dif fer ent meth ods of in ter pre ta tion of the rain fall
thresh old val ues. How ever, the cal cu lated rain fall thresh old val -
ues are sim i lar to those de ter mined for Cen tral and South ern
Eu rope by Guzetti et al. (2007).

Ac knowl edge ments. We thank anon y mous re view ers for
crit i cal com ments and sug ges tions which en abled us to im -
prove the manu script.
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Fig. 10. Curves of the rain fall oc cur rence prob a bil ity in light of the events at the be gin ning of the veg e ta tion pe riod in 2010
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Fig. 11. Cor re la tion be tween the fac tor of safety for the Dzia³ (A) and GwoŸdziec (B)
slopes and pore wa ter pres sure val ues
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