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Geo log i cal set ting and pre cip i ta tion trig gers seem to be ob vi ous pa ram e ters con trol ling land slides, but their re la tion to in di vid ual slid ing
pro cesses has not been clear. We take on in ter dis ci plin ary ap proach (com bin ing Earth sci ence meth ods with an en gi neer ing-geotechnical 
ap proach) to ex am ine slid ing pro cesses in the Kawiory land slide in the Pol ish Carpathians. Field pa ram e ters were ob tained from in cli -
nom e ter mon i tor ing, me te o ro log i cal re cords, piezometer data and geomechanical tests. Nu mer i cal sim u la tion of the land slide de vel op -
ment was per formed, both for the re con struc tion of the in ter nal de for ma tion phe nom ena on the slope and for ap prox i mate pre dic tion of
its fu ture be hav iour. An em pir i cal for mula de scrib ing the re la tion ship be tween the depth of ground wa ter level (GWL) and pre cip i ta tion
is pre sented. The case study showed that for the ob served quasi-con tin u ous creep, the depth and in par tic u lar the in ten sity of GWL fluc tu -
a tions might be cru cial.
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INTRODUCTION

Nu mer ous land slides have been re ported in the West ern
Carpathians. The tec tonic and lithological (flysch) struc ture
com bined with pre cip i ta tion trig gers means that this re gion is
prone to mass move ments (e.g., Nemčok, 1972; Starkel, 1997;
Krejči et al., 2002; Rączkowski and Mrozek, 2002;
Margielewski, 2004; Wójcik et al., 2006). The Beskidy, im por -
tant ranges of the Carpathians, are not ex cep tional in this re -
spect. This pa per anal y ses landsliding pro cesses on an ex per i -
men tal slope, lo cated in the Beskid Niski Mts., in the vi cin ity of 
Szymbark vil lage near Gorlice city. The slope se lected and
Kawiory land slide oc cur ring there are rep re sen ta tive of this re -
gion (Dauksza and Kotarba, 1973; Zabuski et al., 1999). Sim i -
lar forms have been ob served in ex ten sive parts of the Beskidy
ranges and in the Carpathian Foot hills (Mrozek et al., 2005;
Wójcik et al., 2006).

The idea of this study arose from a crit i cal as sess ment of the 
re sults of land slide pro cesses rec og nized in the Pol ish
Carpathians. Usu ally, such re search has been ei ther based to -
wards an Earth sci ence or — to a lesser ex tent — to wards an
en gi neer ing (geotechnical) ap proach. Fol low ing the first line of 
rea son ing, a given ob ject is char ac ter ized by its ge ol ogy, ge om -
e try and qual i ta tive as sess ment of pas sive (caus ative) fac tors
that in flu ence the ini ti a tion and de vel op ment of slid ing. Si mul -
ta neously, sim pli fied struc tural mod els are built, in which a
“slide sur face” is treated as a dis crete sur face sep a rat ing a mov -
ing mass (e.g., col lu vium) from sta ble bed rock. The sec ond, en -
gi neer ing (mainly geotechnical), ap proach, draw ing par tially
upon a pri mary en vi ron men tal-geo log i cal as sess ment and upon 
sim ple 2D nu mer i cal mod els and anal y ses, con cen trates on sta -
bil ity cal cu la tions. Un for tu nately, com plete re con struc tion of a
slope fail ure is un at tain able and, there fore, the real slid ing pro -
cess is dras ti cally sim pli fied or even er ro ne ously dealt with in
cer tain cases. For ex am ple, treat ing the slid ing rock mass as a
rigid body, as prac tised in sta bil ity anal y ses by limit equi lib -



rium meth ods (e.g., Bishop, 1955; Madej, 1981), is far from the 
com plex re al ity. In or der to over come such de fi cien cies, in this
study re con struc tion of the de for ma tion pro cess has been per -
formed con sid er ing the elas tic-plas tic and elas tic-visco-plas tic
be hav iour of a soil-rock me dium and us ing an ad vanced fi nite
dif fer ence method. Geomechanical and nu mer i cal mod els have 
been con structed and cal i brated on the ba sis of the re sults both
from geo log i cal and geotechnical in ves ti ga tions per formed on
the slope. The re sults of nu mer i cal sim u la tions of the de for ma -
tion pro cesses have been tested by com par i son with dis place -
ments mea sured in the bore holes by inclinometric meth ods.
The su per fi cial dis place ments (re trieved from GPS mea sure -
ments) also have been taken into ac count. 

SCOPE AND METHODS OF STUDY 

The re search meth ods were se lected as to be com ple men -
tary, thus the re sults of geo log i cal and geomorphological ex -
am i na tions were com pared with those from en gi neer -
ing-geotechnical tests and nu mer i cal sim u la tions, and vice
versa. The stud ies in volved: 

— ex am i na tion of geo log i cal and hydrogeological con di -
tions as well as phys i cal and me chan i cal pa ram e ters of soils
and rocks com pos ing the slope;

— mea sure ments of un der ground dis place ments in bore -
holes, us ing an in cli nom e ter probe;

— GPS mea sure ments; 
— quasi-con tin u ous mea sure ments and sys tem atic in ter -

pre ta tion of me te o ro log i cal fac tors as well as re cords of ground
wa ter level (GWL) us ing piezometers;

— nu mer i cal sim u la tions of slope de for ma tions tak ing into
ac count the rhe o log i cal be hav iour of the soil-rock me dium.

The geo log i cal set ting of the test area was rec og nized based 
on field map ping, anal y sis of ar chive doc u men ta ries and in ter -
pre ta tion of cores ob tained from 4 ex plor atory bore holes
(depths 8.7 to 30.8 m). Lab o ra tory geotechnical tests of the
sam pled cores pro vided ad di tional in for ma tion on the prop er -
ties of the slope mas sif.

Slope de for ma tions were mea sured by the in cli nom e ter
method (Zabuski, 2004; Stark and Choi, 2008) in the bore -
holes. Four bore holes were lo cated from the top to the base of
the land slide in or der to gain in sights into the de for ma tion
mech a nism in var i ous parts of the land slide. The mea sure ments 
were taken at time in ter vals of a month at av er age, and in this
way al most-real-time dis place ment re cords were ob tained for
comparison with hydro meteoro logi cal data.

Me te o ro log i cal and piezometric re cords were col lected to
de ter mine the in flu ence of hydro meteoro logi cal con di tions on 
the dy nam ics of mass move ment. The me te o ro log i cal pa ram -
e ters were re corded at the Re search Sta tion of the In sti tute of
Ge og ra phy and Spa tial Or ga ni za tion, Pol ish Acad emy of Sci -
ence (IGSO PAS) at Szymbark, lo cated ca. 500 m away from
the ex per i men tal slope. Thus, the re sults ob tained should rep -
re sent ad e quately con di tions on the land slide slope. 

The re sults of geomechanical mod el ling and nu mer i cal
sim u la tions of the land slide de vel op ment pro vide, firstly in -

for ma tion on de for ma tion mech a nisms, whose mea sur able
out comes are slope dis place ments. Sec ondly, they show the
in flu ence of pas sive (i.e. li thol ogy, tec ton ics) and ac tive (pre -
cip i ta tion, ground wa ter fluc tu a tions) fac tors on the mass
move ment. The geomechanical model that takes into ac count
the vis cous be hav iour of the me dium (ex cept for elas tic and
plas tic phe nom ena) was cal i brated by com par ing the dis -
place ments de rived from nu mer i cal sim u la tion and ob tained
by mea sure ments. Such a cal i brated model served as a tool for 
ap prox i mate pre dic tion of fu ture dis place ments. Draw ing
from that, nu mer i cal anal y sis al lows a more thor ough in ves ti -
ga tion of the land slide in terms of its de scrip tion as an ob ject
(static ap proach) and as a pro cess (dy namic ap proach). Nu -
mer i cal sim u la tion was car ried out us ing a FLAC 4.0
programme (Itasca, 2000) based on a fi nite dif fer ence method
in plane strain con di tions (2D). The main fea tures which
make this programme par tic u larly suit able for solv ing de for -
ma tion and sta bil ity prob lems in geo logic frame work are as
fol lows:

— con sid er ing non-elas tic (plas tic in par tic u lar) be hav iour
of the me dium as well as mod el ling its het er o ge ne ity;

— solv ing time-de pend ent prob lems; i.e. vis cous be hav iour 
of the me dium;

— solv ing in cre men tal prob lems, i.e. con sid er ing de vel op -
ment phases of the ob served pro cess and the as so ci ated
changes of stress.

STUDY AREA

LOCATION 

The study area (Fig. 1) is lo cated close to the IGSO PAS
Re search Sta tion at Szymbark near Gorlice, just at the bound -
ary of two large geomorphological units: the Beskid Niski Mts.
and the Jasło–Sanok De pres sion (Starkel, 1972). The va ri ety of 
re gional re lief is shown in height dif fer ences be tween elon -
gated ridges of me dium-high moun tains (600–750 m a.s.l),
foot hills (450–550 m a.s.l.) and val ley floors (300–350 m
a.s.l.). The altitudinal ar range ment gen er ally re flects the tec -
tonic de vel op ment. Com monly, slopes are steeper in the
Beskidian part (reach ing over 25–30o) while gen tler in cli na -
tions are typ i cal of the foot hills level. The nat u ral drain age net -
work has a rect an gu lar pat tern, thus gorge sec tions in con se -
quently dis sected ridges can be iden ti fied. This is the case of the 
Ropa River, close to Szymbark. 

The area of in ter est fo cuses on the south-fac ing slope of the
flat tened ridge of Taborówka (422.6 m a.s.l.), which is oc cu -
pied by an ex ten sive mor pho log i cal form known as the
Kawiory land slide (Figs. 1 and 2). The lat ter re flects a se ries of
slide events, which have been trans form ing the slope. The re -
sul tant com pos ite mor pho log i cal form, ex tend ing from the
ridge-crest to the bot tom of the Ropa val ley (ca. 300 m a.s.l),
has de mar cat ing fea tures bear ing the clos est re sem blance to the 
com pound land slide in the mass move ment clas si fi ca tion
(Dikau et al., 1996), and is re ferred to as the land slide sys tem
through out this pa per. 
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GEOLOGICAL SETTING

The Kawiory land slide is lo cated in the mar ginal zone of
the Magura Unit, where it hor i zon tally thrusts over the Silesian
Unit. The front of this overthrust is found east of the area stud -
ied near Gorlice (Świdziński, 1973). The thick ness of the
Magura se ries in this zone var ies from sev eral doz ens to
300–500 m. The ridge of Taborówka com prises rocks of the
Magura suc ces sion of Up per Cre ta ceous to Eocene age. The
rocks in clude the Inoceramus Beds and var ie gated shales
(Figs. 3 and 5) over lain by Qua ter nary de pos its. The lat ter con -
sist of clays, loams and loams that in clude de bris of var i ous or i -
gin, in clud ing land slide col lu vium, as well as river al lu via
which oc cur in the val ley of the Ropa River.

The Inoceramian Beds are ex posed in the main scarp of the
Kawiory land slide and in the chan nel of the Bystrzanka Stream
flow ing nearby. The beds are de vel oped as thin- and me -
dium-bed ded sand stones and shales. Grey-blue and lo cally
green ish sand stones are hard while their frac tures are of ten

filled with cal cite. The sand stones are in ter ca lated with clayey
shales of vari able thick ness. The shales, usu ally dark grey and
black or oc ca sion ally green-grey, are weakly cal car e ous or
non-cal car e ous. Marl in ter ca la tions oc cur here only spo rad i -
cally. There are roughly equal pro por tions of sand stones and
shales, so these beds are of ten re ferred to as “nor mal flysch”
(Bober and Zabuski, 1993). At the up per face of the
Inoceramian Beds, how ever, thick-bed ded, me dium-grained
(spo rad i cally coarse-grained) sand stones pre dom i nate in places 
and are vis i ble in the re gion of the land slide main scarp. 

The Inoceramian Beds are capped by Eocene var ie gated
shales. The lat ter, de vel oped as clayey shales, are dark-grey,
red, green, blue and grey. They rep re sent weakly re sis tant
clayey-shale flysch in which sand stones, usu ally green, oc cur
spo rad i cally as in di vid ual lay ers, a few centi metres thick. The
var ie gated shales crop out at the sur face near the east ern mar -
gins of the Kawiory land slide as well as be ing pres ent in the
bed rock (Fig. 3).
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Fig. 2. Kawiory land slide (seen from the south)

Fig. 3. Geo logical sketch and Kawiory land slide sys tem (af ter Wójcik, 2002) 



The land slide bed rock is strongly tectonised, a state re lated
to the neigh bour ing Magura overthrust and to the small thick -
ness of the Magura se ries. One of the larger dis lo ca tions run -
ning across the land slide is the sys tem of the Ropa River Fault
(Œwidziñski, 1973). The fault is ap prox i mately NE–SW ori -
ented and oc curs in the up per part of the Kawiory land slide.
Along the fault the Inoceramus Beds come into con tact with the 
var ie gated shales (Fig. 3). The north ern block is upthrown. In -
di vid ual rocks units have ad di tion ally been sliced and imbri -
cated. A few small slices are likely to oc cur in the bed rock of
the land slide. In the west ern part, the Inoceramus Beds over ride 
the var ie gated shales, as seen in bore holes (Œwidziñski, 1973).
Here, the overthrust is ori ented al most N–S.

LANDSLIDE DESCRIPTION

De tailed stud ies have fo cused on the west ern por tion of
the Kawiory land slide sys tem, which starts at an el e va tion of

387 m a.s.l. and has a dis tinct, 10–12 m — high main scarp
(Fig. 4). The land slide tongue (front 1–4 m high) rides over
the up per ter race of the Ropa River, while in the east ern por -
tion of the area stud ied, it de scends to the river chan nel
(297.5 m a.s.l.) as a nar row strip, ca. 100 m across. The height
dif fer ence be tween the edge of the scarp and the river chan nel
is 90 m. Steps, flat tened ar eas, bulges, ridges and de pres sions
oc cur in the land slide body. The most ex ten sive flat tened area
is found in the north east ern part of the land slide, di rectly be -
low the high main scarp (Fig. 4). The de pres sions are filled
with wa ter only af ter in ten sive rain fall or thaw ing events. At
the time when the stud ies were per formed, a slip sur face with
scratches was ex posed. Be tween the mar ginal cracks and slide 
steps, in the area of the tongue, lon gi tu di nal and trans verse
ten sion cracks as well as push-ridges and mounds oc cur. The
bend ing di rec tion of the ridges and trans verse cracks shows
the move ment di rec tion. 

As seen from top o graphic maps, the Kawiory land slide was 
formed be fore 1900, with its sub se quent ac tiv ity vary ing as re -
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gards in ten sity of move ment and lo ca tion of in di vid ual slip
events (Dauksza and Kotarba, 1973). Be cause of that, it may be 
con sid ered as a com pli cated land slide sys tem rather than as a
sin gu lar slide. Pres ent-day land slide ac tiv ity is shown an sur -
face de for ma tions (Fig. 4). The lat ter man i fest them selves as
fur rows and bulges, which form undulose belts with nu mer ous
open cracks. Traces of pres ent-day move ments are also vis i ble
in veg e tated ter rain. Trees and bushes are dis placed and twisted 
while ar ras of ground, over grown with grass, are swol len, fis -
sured or split and pushed over ar eas which cur rently are not
sub jected to slid ing. 

Geomorphological ex am i na tion shows that ac tive frag ments
oc cupy the cen tral part of the land slide body and form two dis -
tinct strips which, a lit tle down slope of the bore hole K1 and K2
transect, merge into one ac tive tongue. This is the tongue which
de scends to the Ropa chan nel and is eroded by the river (Figs. 1,
3 and 5). In the Ropa chan nel, “com pres sion slices“ can be ob -
served, es pe cially in win ter. The ac tiv ity of the land slide in the
lower part is shown in the mar ginal zone by open lon gi tu di nal
cracks with vis i ble slip sur faces. Bulges of fresh col lu vium
pushed over the sta ble bed rock pro vide fur ther ev i dence of
move ment. In places, the ac tive frag ments of the land slide are
ad joined by less ac tive ar eas where the move ment in ten sity is
lower.

Three other zones of con sid er able ac tiv ity of the land slide
are iden ti fied (Fig. 4). The first one oc curs west of the dis -
cussed area and is formed by a land slide el e ment which is
downslope ori ented, elon gated and slightly bent to SE. The
sec ond one has been rec og nized in the up per part of the land -
slide sys tem, east of bore hole K4. The third, quite large zone
oc curs east of bore hole K1 (Fig. 4). 

Based on the de tailed bore hole logs and nat u ral ex po sures,
a cross-sec tion of the land slide has been de vised (Fig. 5). Im -
por tant el e ments of this are the slip sur faces, which have been
rec og nized in the cores and — in the later stage of the in ves ti ga -
tions — by inclinometric mea sure ments. In bore holes K1, K3
and K4 sev eral slip sur faces have been iden ti fied. The low est
one oc curs at a depth of 28.3 m in bore hole K4, and be low ca.
7.8 m in bore hole K3, where it de scends be low the level of the
pres ent-day Ropa chan nel. The in ten sity of dis place ment along
in di vid ual slip sur faces var ies. In the high est bore hole, K4, dis -
place ment takes place at a depth of 28 m, i.e. at the low est slip
sur face, and at a depth of 6–8 m. In bore hole K3, the larg est dis -
place ment in cre ment has been re corded at a depth of 6 m, i.e.
just about at the level of the pres ent-day Ropa chan nel (Fig. 5).

RESULTS

PHYSICAL-MECHANICAL PROPERTIES
OF SOIL-ROCK MEDIUM

Based on in spec tion of the cores ob tained from the ex plor -
atory bore holes (Figs. 4 and 5) the col lu vium com po si tion has
been iden ti fied us ing lab o ra tory tests. The core ma te rial, sam -
pled in a dis turbed state from dif fer ent depths (be tween 4 and
26 m), was com pact and semi-com pact un der nat u ral con di -
tions. Co he sive soils and shales pre dom i nate in the col lu vium.
The nat u ral mois ture var ied from ca. 10 to 30%, only ex cep -
tion ally reach ing 40%. A re la tion ship be tween soil mois ture
and depth of a given soil type has not been found and prob a bly
does not ex ist. In the co he sive, clayey soils there are in ter ca la -
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Fig. 5. Geo log i cal cross-sec tion of Kawiory land slide

A, B — lo ca tion as in Fig ure 4



tions of rock de bris. The clay con tent is high and reaches up to
30% or even more. The soil is treated as loamy ag gre gate due to 
the pres ence of sand stone and shale de bris pushed into a soft,
plas tic ma trix.

The liq uid limit var ies from 30 to 60%. The vari abil ity of
the plas tic limit Wp is smaller: from 18.1 to 21.3%. The low
value of plas tic ity in dex (0.0–0.25 and ca. 0.5, ex cep tion ally)
pro vides ev i dence of the soil’s pro pen sity to flow (vis cous be -
hav iour), which can in flu ence the ini ti a tion of de for ma tion trig -
gered by rain wa ter, es pe cially in the subsurface zone. The co -
he sion and an gle of in ter nal fric tion, which de scribe the shear
strength, are pa ram e ters nec es sary for nu mer i cal sim u la tion of
the de for ma tion pro cesses. In this case study, these pa ram e ters
show a high vari abil ity, al though the same (mac ro scop i cally)

soil type is ana lysed: max i mum co he sion c = 2¸190 kPa, max i -

mum an gle of in ter nal fric tion j = 2.9¸20.6o, while the av er -

ages are 64 kPa and 15.2o, re spec tively. Re sid ual c and j val ues 
are ap prox i mately equal to the max i mum ones.

The above re sults are strongly biased by sam pling lo ca tions,
and so can not sat is fac to rily rep re sent the whole slope mas sif.
More over, the struc ture of the sam pled ma te rial was dis turbed
dur ing a core tak ing as well as dur ing ear lier de for ma tion of the
col lu vium. The re li abil ity of the pa ram e ters is also lim ited due to
the test ing tech nique ap plied (di rect shear of a small spec i men 6

´ 6 ́  2¸4 cm in a shear box ap pa ra tus) as well as due to the pres -
ence of sand stone de bris. Thus, these pa ram e ters do not sat is fac -
to rily rep re sent the slope mas sif and in fur ther anal y sis they were 
con sid ered only as qual i ta tive in for ma tion, de scrib ing the soil
type or used in the first tri als of nu mer i cal cal cu la tions. 

HYDROMETEORLOGICAL CONDITIONS
 DURING THE STUDY PERIOD

Rain fall is gen er ally re cog nized to be an im por tant fac tor
when con sid er ing slope sta bil ity. 

The lit er a ture pro vides the “thresh old val ues” de ter min ing
the lim its of rain fall to tals and rain fall in ten sity which, if reached
or ex ceeded, ac ti vate mass move ments (e.g., Caine, 1980; Govi
and Sorzana, 1980; Glade, 1998, 2000; Cro zier, 1999; Hennrich, 
2000; Zezere and Rodrigues, 2002). In re la tion to par tic u lar re -
gions of the Pol ish Flysch Carpathians, the thresh old val ues were 
given by e.g., Thiel (1989), Gil (1997), Rączkowski and Mrozek
(2002), Gorczyca (2004), and Gil and Długosz (2006). In such a
frame work, anal y sis of wa ter con di tions of an in di vid ual slope,
where var i ous slid ing pro cesses might oc cur, is usu ally ei ther
omit ted or treated very su per fi cially. 

The case study un der taken at tempts to re late hydro meteoro -
logi cal sit u a tions to ac tual wa ter con di tions ob served in the field
on the slope ex am ined and rel a tive to the cor re spond ing dis -
place ments. The study pe riod cov ered only 3 years; it is be lieved
that an ex tended pe riod of ex am i na tion might sig nif i cantly im -
prove the re li abil ity of the find ings ob tained. 

The hydro meteoro logi cal re cords col lected by the Re search 
Sta tion IGSO PAS at Szymbark showed that mean an nual pre -
cip i ta tion dur ing 36 years (1968–2003) was 815 mm. Pre cip i ta -
tion lower than the mean was re corded in 1982 (535 mm), but
in 1984 the mean an nual pre cip i ta tion (603 mm) was al most the 
same as in 2003 (614 mm). Curves of cu mu la tive pre cip i ta tion
to tals of 2001–2003 com pared with those of 1968–2003 in di -
cate that pre cip i ta tion was close to the av er age in 2002 while it
was much lower in 2003 (Fig. 6).

Landslide processes in a flysch massif — case study of the Kawiory landslide, Beskid Niski Mts. 323
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Wa ter con di tions in the slope mas sif were de ter mined
based on the ground wa ter level (GWL) mea sured in Casa -
grande piezometers, lo cated at a depth of 4–5 m in var i ous parts 
of the land slide stud ied (Fig. 4). The col lected re cords re fer to
the level of the shal low ground wa ter ta ble.

Based on the curves of ground wa ter level fluc tu a tions two
pe ri ods can be dis tin guished (Fig. 7). In the first one — from
au tumn 2001 to spring 2003 — the span of the ob served fluc tu -
a tions in ground wa ter level (GWL) var ies in a cer tain range.
The sec ond pe riod — from the spring (April–May) to the end
of 2003 — is char ac ter ized by a deep en ing of the GWL. This
re flects wa ter sup ply in the sec ond half of 2003 be ing re duced
due to drought, as can be seen in Fig ure 6. On the other hand, it
should not be for got ten that un der tem per ate cli ma tic con di -
tions, melt wa ter re charge as well as rain fall af fects soil sat u ra -
tion. In fact, in the first pe riod dis tin guished, the GWL rises
rap idly dur ing thaw ing sea sons, and then de scends rel a tively
slowly (de picted in Fig. 7). The rate of GWL de crease de pends
on at mo spheric con di tions suc ceed ing its rapid rise, thus the
gen eral low er ing trend can be mod i fied by su per im posed
short-term fluc tu a tions re lated to changes in wa ter sup ply due
to e.g. in flow of ad di tional rain or melt wa ter. The field stud ies
per formed  have shown that the depth and range of GWL fluc -
tu a tions cor re late weakly be tween par tic u lar piezometers, al -
though the lat ter are lo cated not far apart. This dem on strates the 
het er o ge ne ity of the geo log i cal me dium yet par tial ef fects of
the ter rain mor phol ogy can not dis re garded. 

DISPLACEMENTS OF THE LANDSLIDE
SLOPE STUDIED

Re sults of dis place ment mea sure ments are il lus trated by the 
curves show ing the po si tion of the bore hole axis with re spect to 
its ini tial po si tion (so called “zero read ing” or “ref er ence read -
ing”). The cu mu la tive curves do not al ways pro vide clear in for -
ma tion on the lo ca tion of a slide sur face (or a slide zone) and
the mag ni tude of dis place ment; there fore, they are ac com pa -
nied by the curves of in cre men tal dis place ment.

Dur ing the study pe riod, the move ment in the col lu vium
ma te rial oc curred mainly at small depths in bore holes K1 (ca.
2 m), K2 (1.5–2 m), K3 (6 m) and K4 (6–8 m). Deeper, mi nor
de for ma tions were re corded only in bore hole K1 (at a depth of
ca. 10 m) and in K4 (at ca. 28 m). The larg est move ments,
equal to ca. 50 mm/year, were re corded in the lower part of the
land slide in bore hole K3 (Fig. 8). The re cords of the un der -
ground de for ma tion con firm the sur face move ment reg is tered
by geo detic meth ods, both by the pre cise GPS (own re search)
and in the ear lier use of clas sic tech niques (Dauksza and
Kotarba, 1973). It should be emphasised that hor i zon tal dis -
place ments of cer tain benchmarks sit u ated on the land slide
tongue close to the river, re corded in 1968–1971, were as large
as 5 metres (Dauksza and Kotarba, 1973). At pres ent, such
large dis place ments are not ob served, and ac cord ing to Cruden
and Varnes ve loc ity scale (Cruden and Varnes, 1996), the pro -
cess is “very slow” (be tween 1.5 m/year and 60 mm/year) or
even “ex tremely slow”, i.e. be low 60 mm/year.
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Fig. 7. Ground wa ter level mea sured in piezometers



The re sults of GPS mea sure ments taken in 2001–2002, and
at some lo ca tions in 2001–2003, show a sig nif i cant dif fer en ti a -
tion of su per fi cial dis place ments, yet the larg est dis place ments
var ied from 47 to 617 mm only and were ob served on the land -
slide tongue near to the river. 

The in cli nom e ter mea sure ments, apart from show ing the
de for ma tion zones, al low the anal y sis of dis place ments ver sus
time. The re sults have been smooth ened us ing 6-or der poly no -
mial and by the curve de pict ing the mov ing av er age with a step
= 2. The above ap prox i ma tion re veals a sea sonal pat tern of the
slope de for ma tion. The rate of dis place ment in creases in late
spring and/or in sum mer. In the case of bore hole K3 the max i -
mum was in Au gust in the first year of re cord ing (2002) while
in the sec ond year (2003) it was in June (Fig. 9). A sim i lar pat -
tern has been ob served in other bore holes, al though the sea -
sonal dif fer en ti a tion of the dis place ment rate is not so pro -
nounced. The dis place ment pro cesses in all the bore holes are
sim i lar as in di cated by the cor re la tion co ef fi cients larger than

0.95 cal cu lated for the re la tion ships be tween them. The dif fer -
ences ob served show that the downslope sec tion of the land -
slide body “runs away” from its up per parts. 

RELATIONSHIPS BETWEEN PRECIPITATION,
GROUNDWATER LEVEL AND DISPLACEMENTS —

DISCUSSION

INFLUENCE OF PRECIPITATION
ON GROUNDWATER LEVEL

Changes in wa ter level in the land slide col lu vium in re -
sponse to pre cip i ta tion are com plex and dif fi cult to pre sent in
the form of a func tion. As shown above, lo cal fluc tu a tions are
im posed on a gen eral de scend ing or ris ing trend in ground wa ter 
level (GWL). These lo cal vari a tions de pend on wa ter sup ply
and re charge lag, which are re lated to en vi ron men tal con di -

Landslide processes in a flysch massif — case study of the Kawiory landslide, Beskid Niski Mts., 325

Fig. 8. Cu mu la tive and in cre men tal dis place ment mea sured by in cli nom e ter in bore hole K3



tions. Bear ing in mind the com plex ity of the prob lem, an at -
tempt was made to find the quan ti ta tive re la tion ship be tween
pre cip i ta tion and ground wa ter level. 

If the win ter sea son is dis re garded (i.e. from 1 De cem ber
2002 to 31 March 2003), then the re la tion link ing the changes

in GWL be tween par tic u lar mea sure ments (i.e. DGWL) and the 
pre cip i ta tion to tal dur ing “i” days, an te ced ent to the GWL mea -
sure ment date, can be ex pressed by an em pir i cal for mula:

( )DGWL = × + ×-
-

=

=

åb a iD DO i
i

i

( )
1

1

10 [1]

where: Do — pre cip i ta tion to tal at the mea sure ment date; D(-i) — pre cip i ta -
tion to tal at the day an te ced ent to the mea sure ment date by “i” days; co ef fi -

cients: b = 0.05 and a = 0.53

It has been stated that the weighted sum of pre cip i ta tion of 10 
an te ced ent days has the most sig nif i cant in flu ence on the GWL. 

RELATION BETWEEN GWL AND DISPLACEMENT
 IN BOREHOLES

The change, es pe cially the rise, in the ground wa ter level
does not trans form di rectly into in ten si fi ca tion of the landsliding
pro cess, i.e. into an in cre ment of dis place ment rate. Re sults of
the mea sure ments in bore hole K3 just in di cate that the deeper the 
ground wa ter level is, the larger is the dis place ment (Fig. 10). In
other bore holes, the GWL fluc tu a tions do not re sult in slope dis -

place ments. There fore, an other vari able, I(GWLcumul) called “cu -
mu lated in ten sity of GWL fluc tu a tions” (Zabuski et al., 2004),
which would re late the ground wa ter level to dis place ment, has
been sought. It is ex pressed by the for mula: 

( )D(GWL GWL GWLcumul ) = - -
=

=

å k k
k

k i

1
2

[2]

It is the sum of all ab so lute val ues of the ground wa ter level
fluc tu a tions be tween sub se quent mea sure ments (dis re gard ing
whether it is a fall or a rise) from the on set of mea sure ments to
the last re cord with in dex “i”. GWLk de notes the ground wa ter
level in the k-th mea sure ment. 

Fig ure 11 pres ents the re la tion ship be tween I(GWLcumul)
and hor i zon tal dis place ments in bore holes K1 and K3. High
val ues of cor re la tion co ef fi cients “r” con firm the ap pro pri ate -
ness of the in tro duced vari able (sig nif i cance level for both

cases is p << 0.05).
The rea son ing which clar i fies the re la tion ship be tween

hor i zon tal dis place ment and in ten sity of ground wa ter fluc tu a -
tions is based on the hy poth e sis that within the range of GWL
fluc tu a tions the soil is sub jected to al ter nat ing wet ting and
“dry ing” or at least its mois ture var ies to a great ex tent. In con -
se quence, the phys i cal pro cesses tak ing place in the soil lead
to its weak en ing (wors en ing of strength prop er ties). This
weak ened zone co in cides with a slide zone, so in ten si fied de -
for ma tion takes place. 
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Fig. 9. Dis place ment rate in bore hole K3 

Lo ca tion of bore hole in Fig ure 4; darker bars re fer to pe ri ods be tween au tumn and early spring 
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Fig. 11. Cu mu lative in ten sity of ground wa ter fluc tu a tions ver sus hor i zon tal dis place ment of K1 and K3 bore hole,
with re gres sion for mula and cor re la tion co ef fi cients

I(GWLcumul) — cu mu lated in ten sity of GWL fluc tu a tions (cm); lo ca tion of bore holes in Fig ure 4

Fig. 10. Ground wa ter level and hor i zon tal dis place ment in bore hole K3

Lo ca tion of bore hole in Fig ure 4



NUMERICAL ANALYSIS 
OF THE SLOPE DEFORMATION PROCESS

The nu mer i cal anal y sis aims at cal cu la tion of the stress dis -
tri bu tion and at sim u la tion of slope de for ma tion. Sim u la tion re -
sults re fer to the pro file run ning from the high est point of the
land slide to the river level, and are cal i brated us ing mea sured
dis place ment data. 

The nu mer i cal model has been di vided into fi nite dif fer ence 
zones (Fig. 12A). Due to the lack of ap pro pri ate data, a hy dro -
static stress field was as sumed. As the most un fa vour able hy -
dro log i cal con di tions have been taken into ac count, the ground
wa ter level is as sumed to co in cide with the ter rain sur face. The
cal cu la tions in the first stage have been pre formed us ing the
low est val ues of the strength pa ram e ters, ob tained from the
geotechnical anal y sis, and elasto-ide ally plas tic be hav iour of
the me dium was as sumed. The re sults showed that even with
such low pa ram e ters the slope is sta ble, which is ob vi ously in
con tra dic tion to the be hav iour ob served in na ture. More over,
the re sults do not take into ac count changes in time, so do not
re flect the real be hav iour of the slope. Be cause of that, a rhe o -
log i cal model of the me dium has been worked out which al -
lows sim u la tion the  creep pro cess. The model pa ram e ters were 
al tered and mod i fied in a trial-and-er ror pro ce dure and fi nally
an agree ment be tween the cal cu la tion re sults and the dis place -
ments was re corded. In such an ap proach good ness of model
pa ram e ter fit ting is tested on the ba sis of agree ment be tween
mea sure ments and cal cu la tion re sults. 

In or der to con sider slope dis place ment in time, a
visco-elas tic-ide ally plas tic be hav iour of the me dium is as -

sumed. The visco-elas tic be hav iour cor re sponds to Bur ger’s
model, which con sists of Kel vin and Maxwell seg ments, com -
posed of spring and dashpot, while the ide ally plas tic be hav -
iour, where the val ues of max i mum and re sid ual strength pa -
ram e ters are iden ti cal, cor re sponds to the well-known mod i fied 
Cou lomb-Mohr cri te rion. The de tails of these mod els are de -
scribed in many pa pers and text books (e.g., Jae ger, 1969;
Langer, 1979; Derski et al., 1982; Dusseault and Fordham,
1993; Zabuski, 2004; Marcato et al., 2008), thus a thor ough de -
scrip tion.

The model of the slope con sists of lay ers, the pa ram e ters of
which are listed in Ta ble 1, while the layer ar range ment is
shown in Fig ure 12B us ing co he sion as an ex am ple. The pa -
ram e ters given in the ta ble, when im ple mented to the model, al -
low the ob tain ing of sim u la tion re sults that agree with the dis -
place ments and the depth of the slide zone ob served in the field. 
The set of pa ram e ters can be con sid ered as ap pro pri ately as -
signed, if such agree ment is reached. Fig ure 13 pres ents a nu -
mer i cal sim u la tion of hor i zon tal dis place ment af ter 2-years.
Dis place ment curves ob tained from the 2-year long mea sure -
ments in bore holes K1 and K3 and the cor re spond ing dis place -
ment curves from cal cu la tions are shown in Fig ure 14. The
con for mity of cal cu la tions with the mea sure ment re sults is sat -
is fac tory if the com plex ity of the ob ject is taken into ac count.
The agree ment be tween dis place ments ob tained from sim u la -
tion and mea sure ments shows the ap pro pri ate ness both the
layer ar range ment (see Fig. 12B) and the pa ram e ter val ues (see
Ta ble 1). In other words, the re sults from nu mer i cal sim u la tion
are sup ported by the re sults from mea sure ments.
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Fig. 12. Nu mer i cal model of the Kawiory land slide sys tem 

A — fi nite dif fer ence mesh; B — ar range ment of lay ers based on geomechanical pa ram e ters — co he sion
dis tri bu tion shown as an ex am ple



CONCLUDING REMARKS 

The study per formed can be called in ter dis ci plin ary as the
au thors have at tempted to com bine earth sci ence and en gi neer -
ing ap proaches to ana lyse, de scribe and ex plain the landsliding
pro cess. 

Al though geo log i cal in ter pre ta tion of the bore hole logs
pointed to mul ti ple slip sur faces with the ma jor one be ing deep, 
the in cli nom e ter mon i tor ing car ried out for al most 3 years in di -
cated more sig nif i cant dis place ments at lower depths in a rel a -
tively shal low subsurface layer (2–6 m deep) of loam and clay
de pos its. Based on both nu mer i cal mod el ling and in cli nom e ter
data the slow move ment of the land slide sys tem ex am ined

seems to oc cur al most con tin u ally, hav ing a creep ing char ac ter. 
Sim i lar pro cesses have also been reg is tered in other parts of the

Carpathians, for ex am ple in Slovakia (Wag ner and Pauditë,
2002). These au thors de scribe the land slide near Liptovsky
Mikulas, which shows per ma nent creep. It pro vides ev i dence
that such a deformational mech a nism can be treated as typ i cal
of other Carpathian Flysch slopes. 

The on set of slide ac cel er a tion de pends on the tim ing of the
“wet test” pe ri ods. This study has shown that wa ter re charge is
of ten con trolled not ex clu sively by pre cip i ta tion but by melt -
wa ter or by a com bined ef fect of the both. This is why the on set
of slid ing may be ob served in the Pol ish Carpathians in early
spring (March–April). In this way, re gional cli ma tic con di tions
af fect the tim ing of move ment ac cel er a tion. For ex am ple, the
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Fig. 13. Field of hor i zon tal dis place ment af ter 2 years creep

T a  b l e  1

Geomechanical pa ram e ters of lay ers in the slope model

Layer

No.
Co he sion
c [kPa]

An gle of 
fric tion

ϕ [°]

Ten sion 
strength

σt [kPa]

Di la tion
an gle

ψ [°]

Maxwell’s
shear modulus

GM [kPa]

Maxwell’s
bulk modulus 

KM [kPa]

Kel vin’s shear
modulus

GK [kPa]

Maxwell’s vis cos ity
co ef fi cient

ηM [kPa s]

Kel vin’s vis cos ity 
co ef fi cient

ηK [kPa s]

1   0.4  9 0.2 2.25 7.7 16.67 5 4 ´ 107 4 ´ 107

2   2.0 15 1.0 3.75

65.4 141.7

1 ´ 103 1 ´ 1014 1 ´ 1012

3   4.0 20 2.0 5.0  1 ´ 103 5 ´ 1014 5 ´ 1012

4   5.0 25 2.5 6.25 1 ´ 104 1 ´ 1015 1 ´ 1013

5   6.0 30 3.0 7.5  5 ´ 104 5 ´ 1015 5 ´ 1013

6 15.0 35 7.5 8.75 1 ´ 106 1 ´ 1027 1 ´ 1027

7    1.0 10 0.5 2.5  1 ´ 103 5 ´ 1013 5 ´ 1011

8 10.0 32 5.0 8     1 ´ 106 1 ´ 1022 1 ´ 1022

Lay ers 6 and 8 — bed rock (sta ble); see Fig ure 12B



land slides in the Apennines re veal ing creep mech a nism are ac -
ti vated in the late au tumn or in win ter (Lollino et al., 2006;
Foglino et al., 2006; Tommasi et al., 2006). The tim ing in the
Al pine re gion is not so clearly de ter mined, al though two pe ri -
ods of creep ac cel er a tion of the land slides on slopes built of
flysch or flysch-like mas sive de pos its can be dis tin guished,
namely late au tumn–win ter and spring, af ter snow melt
(Borgatti et al., 2007; Van Asch, 2007). Many slopes in the
Alps move mo not o nously, in de pend ently of sea sonal at mo -
spheric changes (Marcato et al., 2008; Sup per et al., 2008). 

Many pa pers have dem on strated that land slide move ment
is as so ci ated with wa ter sat u ra tion of the me dium (i.a. Malet et
al., 2005; Lollino et al., 2006; Tommasi et al., 2006), which is
usu ally re flected in ground wa ter level. The re sults pre sented
here show that apart from the ground wa ter depth the in ten sity
of land slide move ment is re lated to the in ten sity of ground wa -
ter level fluc tu a tions. It is likely that the pro cess of fre quent
ground wa ter changes in the zone of weak soil causes al ter nat -
ing wet ting and dry ing. This leads to weak en ing of the mass
strength prop er ties. 

In or der to de scribe quan ti ta tively the slope de for ma tion
pro cess, it is nec es sary to use ad vanced nu mer i cal mod els in
which rhe o log i cal pro cesses are con sid ered. The model pre -
sented in this pa per al lowed sim u la tion of the slope dis place -
ments dur ing the re search. Sim i lar, cal i brated nu mer i cal mod -
els can also serve to ap prox i mate es ti ma tion of fu ture land -
slide move ments, pro vided that the ex ter nal con di tions

(which could al ter the model pa ram e ters) do not change sig -
nif i cantly. In such an ap proach, fu ture dis place ment from
sim u la tion and from field mea sure ments can be com pared and 
— in case of dis agree ment — pa ram e ters of the nu mer i cal
model can be mod i fied. This means that in such an ap proach
the model can be cal i brated many times, de pend ing on new re -
sults of mea sure ments. The ma jor prob lem here is lack of data
on the vis cos ity of the me dium. In ef fect, the only ac cept able
method of sim u la tion is by back anal y sis (trial-and-er ror strat -
egy), fol lowed by the com par i son of the cal cu la tion re sults
with the mea sured re cords. Re sults of nu mer i cal sim u la tion
show that (in the study pe riod), de for ma tion pre vailed in the
lower part of the slope; the de for ma tion zones did not con cen -
trate to form a large in di vid ual slide, but com prised a se ries of
smaller slides.

Sum ma riz ing, it has to be pointed out that the ex pla na tion
of land slide de vel op ment and pre dic tion of its fu ture be hav iour
as well as of an ap prox i mate time span to the fi nal sta bi li za tion
of the move ments is pos si ble when an in ter dis ci plin ary ap -
proach is used. How ever, each the o ret i cal (here geomechanical
and nu mer i cal) model has to be strictly for mu lated and cal i -
brated with the help of the re sults from meth ods used in the
Earth sci ences. The con sid er ations pre sented show the pos si -
bil i ties and lim i ta tions of this ap proach. They also show the
ben e fi cial ef fects of com bin ing the re search of spe cial ists from
dif fer ent do mains of sci ence.
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Fig. 14. Com par i son of mea sured and cal cu lated hor i zon tal dis place ment in bore holes K1 and K3

 Lo ca tion of bore holes in Fig ure 3



Ac knowl edge ments. The pa per is the re sult of the stud ies
en abled by KBN grant no 8 T12B 04720 “Ex am i na tion of a
rep re sen ta tive land slide pro cess in the Flysch mas sif — ex per i -
men tal land slide in the Beskid Niski Mts. (2001–2003)”. The

au thors ex press their thanks to Dr. W. Bochenek for his help
dur ing the fieldwork. 
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