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Based on the anal y ses of land slide spa tial oc cur rence, a re gional land slide sus cep ti bil ity model for the area of Slovenia with me dium spa -
tial res o lu tion was cal cu lated. Of 3241 land slides with known lo ca tions, 67% were se lected ran domly but rep re sen ta tively as the learn ing 
sub-set and used for univariate sta tis ti cal anal y ses (c2) to ana lyse the land slide oc cur rence in re la tion to the pre con di tion fac tors (li thol -
ogy, slope in cli na tion, slope cur va ture, slope as pect, dis tance to geo log i cal bound aries, dis tance to struc tural el e ments, dis tance to sur -
face wa ters, flow length and land-cover type). In ad di tion, a re la tion to the trig ger ing fac tors (max i mum 24-hour rain fall in ten sity with a
re turn pe riod of 100 years, av er age an nual rain fall, and peak ground ac cel er a tion with a re turn pe riod of 475 years) was as sessed. The
anal y ses were per formed us ing a geo graphic in for ma tion sys tem – GIS in ras ter for mat with 25 × 25 m pixel size. The re sults of the anal y -
ses were later used for the de vel op ment of a weighted lin ear sus cep ti bil ity model where more than 156 000 au to mat i cally cal cu lated mod -
els with ran dom weight com bi na tions were de rived. The land slide test ing sub-set (33% of land slides) and rep re sen ta tive ar eas with no
land slides were used for the val i da tion of all mod els de vel oped. The re sults showed that rel e vant pre con di tion fac tors for land slide oc cur -
rence are (with their weight in a lin ear model): li thol ogy (0.33), slope in cli na tion (0.23), land-cover type (0.27), slope cur va ture (0.08),
dis tance to struc tural el e ments (0.05), and slope as pect (0.05).
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INTRODUCTION

Land slides, de fined as a sud den move ment of a mass of soil 
and weath ered rock mainly driven by grav ity (Park, 1997), are
the most com mon lo cal geohazard prob lem in Slovenia. An ho -
lis tic re gional land slide pro tec tion and pre ven tion ap proach is
com posed of sev eral stages and it starts with de fin ing the land -
slide – sus cep ti ble ar eas. This stage con sists of data col lec tion
which is fol lowed by anal y ses of the avail able data. Based on
the an a lyt i cal re sults and mod els/maps as their spa tial rep re sen -
ta tion, the leg is la tive part of the pro cess has the re spon si bil ity
of de fin ing fur ther steps in the field of pro tec tion and pre ven -
tion mea sures at a more de tailed level. The pro cess does not
stop at this point, since it can be re garded as a live spi ral-shaped 
con tin u ous pro cess that im proves with ev ery re peated “cy cle”.
There are nu mer ous ap proaches to land slide sus cep ti bil ity
model de vel op ment at dif fer ent lev els such as Remondo et al.
(2003), Ayalew and Yamagishi (2005), Moreiras (2005),
Guzzetti et al. (2006), Conoscenti et al. (2008), Bai et al.

(2009), Kawabata and Bandibas (2009), van den Eeckhaut et
al. (2009), Hervás et al. (2010) and Rossi et al. (2010).

For the first time in Slovenia a na tional land slide da ta base,
con tain ing 6602 land slides, was col lected within the frame work
of the pro ject “Re newal and up grad ing of land slide in for ma tion
sys tem and its in clu sion into the GIS_UJME da ta base” (pro ject
CRP V2-0857; Komac and Ribičič, 2006). The da ta base, in
which roughly half of the land slides (3241) were geo graph i cally
lo cated, en abled the spa tial and tem po ral anal y ses of land slide
oc cur rence in re la tion to dif fer ent fac tors. The an a lyt i cal re sults
rep re sented a solid foun da tion for the pro duc tion of a re gional
land slide sus cep ti bil ity map at a scale of 1:250 000 for the area of 
Slovenia with the Monte Carlo ap proach as an up grade to the ex -
pert-driven ap proach that was used by Komac and Ribičič
(2006). Monte Carlo meth ods are a class of com pu ta tional al go -
rithms that rely on re peated ran dom sam pling to com pute their
re sults (Me trop o lis and Ulam, 1949). For the pur pose of as sess -
ing the land slide sus cep ti bil ity in Slovenia a Monte Carlo
method was used to cal cu late the most re li able lin ear weighted
sus cep ti bil ity model. The Monte Carlo ap proach was used to



over come the un cer tain ties re lated to the in flu enc ing fac tors and
un cer tain ties in the model eval u a tion pro cess. All anal y ses were
con ducted in the GIS with ESRI’s ArcGISTM and ArcViewTM

soft ware on the 25 × 25 m pixel res o lu tion and the re sults were
sta tis ti cally ana lysed with univariate meth ods (c2). Al though the
ma jor ity of land slides in Slovenia are trig gered by in ten sive rain -
fall in com bi na tion with hu man ac tiv i ties, the fi nal land slide sus -
cep ti bil ity model only in di cates or de fines ar eas that are prone to
land slide oc cur rence and does not try to tackle the trig ger ing rea -
sons such as rain fall, snow melt, earth quakes or hu man in ter ac -
tion. De spite the ex clu sion of the trig ger ing fac tors from the sus -
cep ti bil ity mod el ling, the im pacts of two nat u ral trig ger ing fac -
tors on land slide oc cur rence were ana lysed and thresh olds of
these fac tors were as sessed.

Land slide sus cep ti bil ity is a rather sim ple con cept, ex press -
ing the lo ca tions where pos si ble new land slide phe nom e na, de -
fined by their ty po logi cal fea tures, are more likely to oc cur.
The tem po ral oc cur rence and the “rel a tive haz ard” are ne -
glected (Guzzetti et al., 2005, 2006). 

STUDY AREA AND DATA USED

The goal was to as sess the gen eral land slide sus cep ti bil ity
on, ac cord ing to Soeters and van Westen (1996), the re gional

scale (while in fact the model cov ers the whole coun try). More
than 155 800 mod els were de vel oped for the whole of Slovenia, 
that is, for  an area of ap prox i mately 21 000 km2 (Fig. 1).

For the pur pose of model de vel op ment, there were gath -
ered spa tial fac tor data that have al ready been proven to be
rel e vant to land slide sus cep ti bil ity by many au thors (Car ra ra,
1983; Car ra ra et al., 1991; Kojima et al., 2000; Fabbri et al.,
2003; Cro zier and Glade, 2005; Dahal et al., 2008; van den
Eeckhaut et al., 2009). The land slide data were ob tained from
the re newed GIS_UJME land slide da ta base. Land slides are
pre dom i nantly of smaller size and their area spreads from 68
to 95 300 m2 with an av er age of 6700 m2. Due to the rea son
that al most half of the land slides in the da ta base were de -
scribed only by a point, an ap prox i ma tion was made where a
scar area of each land slide was rep re sented by one pixel (cell
of 25 × 25 m), which was con se quently in cluded in the anal y -
sis. The land slide set con sisted of 3241 land slides (Fig. 1), of
which 2/3 (2165) were par ti tioned ran domly for each of the 29 
lithological units. This learn ing sub-set was then used for the
land slide sus cep ti bil ity model train ing phase, which con sisted 
of univariate sta tis ti cal anal y ses of land slide oc cur rence
within each class of each fac tor. The re main ing 1076 land -
slides or nearly 1/3 of the land slide pop u la tion – a test ing
sub-set – was used for the model eval u a tion. Where in a spe -
cific lithological unit less than 40 land slides oc curred, the
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Fig. 1. Shaded re lief of the area of Slovenia with ma jor cit ies, ma jor rivers and lo ca tions of 3241 known land slide oc cur rences



land slide oc cur rence served as an in di ca tion, based on which,
the fi nal rank ing of a given unit and hence its land slide oc cur -
rence prob a bil ity was cho sen us ing an ex pert de ci sion. This
cor rec tion was in ev i ta ble due to the fact that the map ping of
land slides did not cover the whole study area (which would be 
al most im pos si ble due to its size). In ad di tion 729 con trol cells 
were ran domly se lected from ar eas where no land slides
should oc cur. To gether with the land slide test ing sub-set it
rep re sented test points (1805 cells) for model eval u a tion. The
dig i tal el e va tion model (DEM) data were ob tained from the
na tional 25 m res o lu tion InSAR DEM 25 (GURS, 2000), as
the best avail able DEM dataset for the whole Slovenian area
that was de rived from 26 SAR sat el lite ERS1 and ERS2 im -
ages. The av er age DEM er ror for flat ter rains was 1.5 metres
and for moun tain ous ar eas 6.5 metres (GURS, 2000), which
in flu ences the qual ity of the fi nal sus cep ti bil ity model to a
cer tain ex tent, but, due to the gen eral scale of the sus cep ti bil -
ity model and its pur pose of overviewing the sta tus of land -
slide sus cep ti bil ity in Slovenia, do not rep re sent a sig nif i cant
ob sta cle in its us age. All the ad di tional data on the ter rain
mor phol ogy (el e va tion, slope cur va ture, slope in cli na tion and 
slope as pect) were de rived from the DEM. The Geo log i cal
Map of Slovenia at the scale of 1:250 000 (Buser, 2010)
served as a source for the geo log i cal data and en gi neer ing
geo log i cal data (Komac, 2005). For the land-cover and the
veg e ta tion cover the CORINE land-cover data were used
(ARSO, 2004). The sur face wa ter data were ob tained from
ARSO (2005) and are at a scale of 1:25 000. Al though the
trig ger ing fac tors were not in cluded in the sus cep ti bil ity mod -
el ling we as sessed them and we in cluded them in the pa per for 
the pur pose of pre sent ing the re sults of the anal y ses of their
in flu ence on land slide trig ger ing in Slovenia. The max i mum
24-hour rain fall data with a re turn pe riod of 100 years and the
av er age an nual rain fall data, based on a 30-year ob ser va tion
pe riod were ob tained from in ter po lated data for the whole of
Slovenia with 100 m pixel res o lu tion (ARSO, 2005). The
peak ground ac cel er a tion (PGA) data with a res o lu tion of
0.25 g for a re turn pe riod of 475 years were ob tained from

Lapajne et al., (2001). Ta ble 1 sum ma rises the the matic data
layer in for ma tion for the study area.

METHODOLOGY

To un der stand nat u ral pro cesses, the in flu enc ing fac tors on
ob served pro cesses have to be de fined and their in ter ac tion has
to be ad dressed. The most ap pro pri ate way to un der stand the
“back-stage” of nat u ral pro cesses is to ana lyse the fac tors or
their ap prox i ma tions. The better the un der stand ing, the better
the pre dic tion of fu ture events or at least the sus cep ti bil ity to
them. The anal y ses, be ing the first stage in the land slide sus cep -
ti bil ity model cre ation pro cess, were con ducted on the land slide 
train ing sub-set for all of the fac tors for the whole of Slovenia.
Fig ure 2 rep re sents a di a gram of the whole pro cess.

Sev eral au thors (Stančič and Veljanovski, 1998, 2000a, b;
Lineback Gritzner et al., 2000; Komac, 2005) showed the ap -

pli ca bil ity of the c2 (Chi-square) method for test ing nor mally
dis trib uted cat e gor i cal vari ables. The Chi-square method is
based on the com par i son of ob served and ex pected fre quen cies
of the phe nom e non (Da vis, 1986). For the pur pose of the model 
de vel op ment, the cat e gor i cal vari ables were trans formed to nu -
mer i cal form on the ba sis of the rel a tive prob a bil ity of phe nom -
e non oc cur rence. In short, they were nor mal ised but it has to be
emphasised that such an or di nal scale does not re flect the real
re la tion be tween the class prob a bil i ties.

Based on the re sults of the c2 univariate anal y ses, the
classes within each fac tor were or dered (ranked) ac cord ing to
the sta tis ti cal land slide oc cur rence prob a bil ity. Where ob vi -
ous dis crep an cies of class rank ing oc curred, the ex pert de ci -
sion was made to cor rect the er ror. Be fore the in clu sion of rel -
e vant fac tors into the model de vel op ment, the val ues of each
fac tor were nor mal ised. It was a nec es sary step to equa lise the
in flu ence of fac tors and to emphasise the role of weights used
in the mod els.
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T a  b l e  1

The matic data layer in for ma tion of study area

The matic layer Fac tor Scale Data type De scrip tion De no ta tion

Land slide da ta base land slide <50K land slide oc cur rence LS

Geo log i cal map 
of Slovenia li thol ogy 250K vec tor, poly gon en gi neer ing geo log i cal units EG

struc tural el e ments 250K vec tor, line dis tance to struc tural el e ments [m] D_EL

geo log i cal bound aries 250K vec tor, line dis tance to geo log i cal bound aries [m] D_GB

InSAR DEM 25

slope in cli na tion 25 × 25 m grid slope [°] SLP

slope cur va ture 25 × 25 m grid cur va ture (unit-less) CURV

slope as pect 25 × 25 m grid as pect (az i muth) ASP

CORINE 2000 landcover type 30 m vec tor, poly gon, dig i tized
from Land sat TM landuse type CLC

Wa ter net sur face wa ters 25K vec tor, line dis tance to sur face wa ter [m] D_WN

Rain fall

24-h rain fall; 
re turn p. 100 y 100 × 100 m grid max i mum 24-hour rain fall [mm] 24_RF

av er age an nual rain fall;
30 year av er age 100 × 100 m grid av er age an nual rain fall [mm] AN_RF

Seis mic ac tiv ity PGA; re turn p. 475 y 500K vec tor, poly gon peak ground ac cel er a tion [g] PGA



The nor mali za tion was done us ing the equa tion: 

 NV
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-

-
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max min

[1]

where: NV– stands for a new, nor mal ised value; OV – rep re sents the old
(nom i nal) value; the dif fer ence be tween max i mum (max) and min i mum
(min) is al ways one less than the orig i nal num ber of classes; nor mal ized
val ues ranged from 0 to 1.

The nor mal ized fac tors were used to de velop the op ti mum
land slide sus cep ti bil ity model. The mod els were de vel oped us -
ing the lin ear weighted sum (Voogd, 1983). The re sult is stand -
ard ised land slide sus cep ti bil ity, cal cu lated from the equa tion:

 LSUSCR = ´
=

åw fj ij

j

n

1

[2]

where: LSUSCR – rep re sents the stand ard ized rel a tive land slide sus cep ti -
bil ity (0–1) at a given lo ca tion; wj – rep re sents the weight for the given fac -
tor; fij  – rep re sents a con tin u ous or dis crete vari able at a given lo ca tion. 

The range of weight val ues for each fac tor in the Monte
Carlo cal cu la tions was based upon weights cal cu lated by
Komac (2006) and Komac and Ribičič (2006). Land slide sus -
cep ti bil ity mod els for the whole of Slovenia were cal cu lated
us ing the Monte Carlo ap proach where the au thor de fined the
up per and lower value and the weight step, with which the
weight val ues were se lected be tween the min i mum and max i -
mum value, for each of the fac tors (Ta ble 2). Weights of fac tors 
are listed in Ta ble 2, in the col umn “Fac tor” be neath the fac -
tor’s name. WMin rep re sents the min i mum and WMax the max i -
mum weight val ues used in the ran dom com bi na tions cal cu la -
tion and “Step” rep re sents the step. 

The Monte Carlo ap proach in the field of land slide sus cep ti -
bil ity was pre vi ously used for safety fac tor as sess ment on a small 
area (Hammond et al., 1992; Zhou et al., 2003; Gorsevski et al.,
2006; Liu, 2008; Liu and Wu, 2008), while this land slide sus -
cep ti bil ity as sess ment is fo cused on re gional land slide sus cep ti -
bil ity as sess ment and is rather sim ple. By ran domly se lect ing
weight val ues for fac tors used in the lin ear weighted sus cep ti bil -
ity model cal cu la tion, nu mer ous dif fer ent com bi na tions of

weights were used to pro duce a unique model each time, which
was tested for the ac cu racy of land slide sus cep ti bil ity pre dic tion.
Based on this ap proach, 156 169 mod els with ran dom weight
com bi na tions (within de fined ranges) were cal cu lated. All mod -
els were tested on the land slide test sub-set (1076 land slides –
LO) and on the test ar eas where no land slides should oc cur (729
cells – NoLO). In the fol low ing text both test sets are re garded as
1805 test points. In or der to se lect the op ti mum model, a com par -
i son of mod els was nec es sary. The com par i son was based on the
equal area cri te rion to avoid dif fer ences be tween the mod els’
land slide sus cep ti bil ity value dis tri bu tions. Put sim ply, each of
the sus cep ti bil ity classes is sup ported by the same sta tis ti cal re li -
abil ity and hence ro bust ness of the ap proach is achieved. Each of 
the mod els eval u ated was clas si fied into 100 classes, ac cord ing
to land slide sus cep ti bil ity, mean ing that the re search area was
split into 100 classes with one class cov er ing 1% of the area. The
class with the high est land slide sus cep ti bil ity score, cal cu lated
from (1), was ranked as 100 and the class with the low est land -
slide sus cep ti bil ity score was ranked as 1. The pre dic tion rate
curves for some of the mod els are shown in Fig ure 3 where the
cu mu la tive pro por tion of the land slide test ing sub-set is pre -
sented on the ver ti cal axis (y), while along the hor i zon tal axis (x)
land slide sus cep ti bil ity de creases from left to right. At the same
time, the x axis ex presses the cu mu la tive pro por tion of the area.
For each sus cep ti bil ity class (1% of the study area), the pro por -
tion of the land slide test ing sub-set was com pared with the ran -
dom pro por tion (if a ran dom pre dic tion model were cho sen
where in each class ap prox i mately 1% of land slides would oc -
cur) to as sess whether the prob a bil ity of land slide oc cur rence for
the given class was higher than a ran dom one (LOACTUAL

>LORANDOM). For the pur pose of the model qual ity as sess ment

and model com par i son the Co hen kappa (k) in dex was used (Co -

hen, 1960): 

k =
-

-

P P

P
c E

E1

[3]

where: PC – pro por tion of cor rectly clas si fied con trol points (ei ther LO lo -
cated at a land slide sus cep ti ble area or NoLO lo cated at a land slide averse
area); PE – pro por tion of hy po thet i cal prob a bil ity cor rectly clas si fied con -
trol points. 
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Fig. 2. Di a gram of the land slide sus cep ti bil ity model cre ation pro cess

SRC – suc cess rate curves
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T a  b l e  2

Re la tion of each class in a given spatio-tem po ral fac tor and land slide oc cur rence based on Chi-square anal y ses 
and nor mal ized new val ues for the land slide sus cep ti bil ity mod el ling

Fac tor Class Ob served LO Ex pected LO (O-E)^2/E Class 
in flu ence Rank Nor mal ized

value De scrip tion

EG Chi-Sq. = 1822.7 df = 5 p <0.000 lith o logic de scrip tion

1 152 394.73 149.26 – 1* 0.00 units on flood plains

WMin = 0.2 2 307 869.83 364.19 – 2* 0.20 car bon ates. re sist. ig ne ous r.

WMax = 0.6 3 42   43.93      0.08 – 3 0.40 re sist. meta mor phic r. less re sist. ign. r.

Step = 0.02 4 191 129.39     29.34 + 4** 0.60 carb. with incl. of less re sist. r. grav els

5 538 413.40     37.55 + 5** 0.80
less re sist. metam. r. re sist. clastites. clayey 

r. conglom. lime stone with marl.
anthropog. sedim.

6 932 310.72 1242.27 + 6 1.00 clayey and marly soils. gravel. less re sist.
clast. combin. of soils of diff. fract.

SLP Chi-Sq. = 853.5 df = 15 p <0. 000 Slope [°]

  1 121 600.56 382.9383 –   1 0.00 0–5

WMin = 0.2   2 146 237.76 35.4114 –   2 0.07 5–8

WMax = 0.6   3 255 234.78   1.7409 + 10 0.60 8–11

Step = 0.02   4 326 213.61 59.1368 + 13 0.80 11–14

  5 334 187.72 113.9802 + 15 0.93 14–17

  6 295 157.55 119.9079 + 16 1.00 17–20

  7 228 130.02 73.8438 + 14 0.87 20–23

  8 178 103.72 53.1870 + 12 0.73 23–26

  9  99    82.69   3.2166 + 11 0.67 26–29

10  69    66.40   0.1014 +  9 0.53 29–32

11  39    51.78   3.1555 –  3 0.13 32–35

12  25   35.54   3.1282 –  4 0.20 35–38

13  15   20.54   1.4946 –  6 0.33 38–41

14  10   11.72   0.2524 –  7 0.40 41–44

15   7     7.18   0.0046 –  8 0.47 44–47

16   9   14.41   2.0321 –  5 0.27 47–90

CURV Chi-Sq. = 156.7 df = 10 p <0.000 Cur va ture (unit-less)

  1    0    0.01   0.01 –   6 0.50 ex tremely con cave (–8 – –4)

WMin = 0.0   2    6    2.87   3.40 +   8 0.70 –4 – –2

WMax = 0.3   3  74  44.34 19.84 + 10 0.90 –2 – –1

Step = 0.02   4 231 132.81 72.60 + 11 1.00 –1 – –0.5

  5 785 690.77 12.86 +   9 0.80 –0.5 – –0.01

  6 327 439.96 29.00 –   1 0.00 flat (–0.01–0.01)

  7 556 659.07 16.12 –   2 0.10 0.01–0.5

  8 127 134.34   0.40 –   4 0.30 0.5–1

  9   49    47.63   0.04 +   7 0.60 1–2

10     1     4.14   2.38 –   3 0.20 2–4

11     0     0.06   0.06 –   5 0.40 ex tremely con vex (4–8)

ASP Chi-Sq. = 51.53 df = 8 p <0.000 Az i muth

1    1    30.63 28.66 – 1 0.00 Flat

WMin = 0.0 2 246 269.93   2.12 – 3 0.25 N

WMax = 0.2 3 254 277.36   1.97 – 4 0.38 NE

Step = 0.02 4 272 260.13   0.54 + 7 0.75 E

5 271 249.49   1.85 + 8 0.88 SE

6 343 281.66 13.36 + 9 1.00 S

7 290 283.74   0.14 + 6 0.63 SW

8 262 259.64   0.02 + 5 0.50 W

9 217 243.43   2.87 – 2 0.13 NW
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Tab. 2 cont.

Fac tor Class Ob served LO Ex pected LO (O-E)^2/E Class 
in flu ence Rank Nor mal ised

value De scrip tion

CLC Chi-Sq. = 1532.9 df = 35 p <0.000 CLC no men cla ture

  1     1    0.20    3.28 + 30 0.83 111

WMin = 0.0   2   59  44.39    4.81 + 31 0.86 112

WMax = 0.4   3     3    6.98    2.27 – 11 0.29 121

Step = 0.02   4     1    1.92    0.44 – 16 0.43 122

  5     0    0.20    0.20 – 20 0.54 123

  6     0    0.71    0.71 – 14 0.37 124

  7     2    1.25    0.44 + 29 0.80 131

  8     0    0.33    0.33 – 17 0.46 132

  9     0    0.26    0.26 – 18 0.49 133

10     2    0.29  10.05 + 32 0.89 141

11     2    1.32    0.35 + 28 0.77 142

12     5 120.42 110.62 – 1 0.00 211

13     0    0.11    0.11 – 22 0.60 212

14   34  16.74  17.79 + 33 0.91 221

15     3    3.84    0.19 – 21 0.57 222

16 224 124.13  80.34 + 35 0.97 231

17     0    0.20    0.20 – 19 0.51 241

18 439 295.76   69.38 + 34 0.94 242

19 621 193.46 944.87 + 36 1.00 243

20 309 470.34   55.34 –  4 0.09 311

21 115 263.24  83.48 –  2 0.03 312

22 310 475.37  57.53 –  3 0.06 313

23     4   22.84  15.54 –  8 0.20 321

24     4   23.42  16.10 –  7 0.17 322

25     0     0.02    0.02 – 26 0.71 323

26  12   46.67  25.76 –  5 0.11 324

27    1    0.69   0.14 + 27 0.74 331

28    0  18.19  18.19 –  6 0.14 332

29    2  11.36    7.72 –  9 0.23 333

30   0    0.04    0.04 – 25 0.69 335

31   0    2.69    2.69 – 10 0.26 411

32   0    0.10    0.10 – 23 0.63 421

33   0    0.56    0.56 – 15 0.40 422

34   2    5.17    1.95 – 12 0.31 511

35   1    2.70    1.07 – 13 0.34 512

36   0   0.09   0.09 – 24 0.66 523

D_EL Chi-Sq. = 2360.8 df = 6 p <0.000 Dis tance [m]

1   40 1089.54 1011.01 – 1 0.00 <25

WMin = 0.0 2 803  320.57  726.02 + 7 1.00 25–55

WMax = 0.2 3 692  355.07  319.71 + 6 0.83 55–148

Step = 0.02 4 518  308.13  142.94 + 4 0.50 148–403

5   97    74.73     6.63 + 3 0.33 403–1097

6    2      7.85     4.36 – 2 0.17 1097–2981

7    4      0.10 150.13 + 5 0.67 >2981

AN_RF Chi-Sq. = 736.8 df = 13 p <0.000 Amount [mm]

  1     5   34.67  25.40 –   5 0.31 <800

  2   21   91.73  54.54 –   2 0.08 800– 900

  3 110 106.33    0.13 +   9 0.62 900–1000

  4 240 157.17  43.65 + 12 0.85 1000–1100

  5 264 243.01     1.81 + 10 0.69 1100–1200

  6 407 289.53  47.66 + 13 0.92 1200–1300

  7   91 189.29  51.04 –   3 0.15 1300–1400

  8   83 221.47  86.58 –   1 0.00 1400–1500



For model qual ity as sess ment, a sim pli fied term of sus cep ti -
bil ity was used, where half of the land slide sus cep ti ble area (cf.,
Rank_LSUSC = 0–50) with a lower land slide sus cep ti bil ity
score was de fined as re sis tant or averse to land slides, while the
other half of the land slide sus cep ti ble area (Rank_LSUSC =
51–100) was de fined as prone or sus cep ti ble to land slides. In its
con cept, the de scribed val i da tion pro ce dure for the sus cep ti bil ity 
mod els is the same as the as sess ment of the land slide haz ard pre -
dic tion us ing suc cess rate curves – SRC (Chung and Fabbri,
2001, 2003, 2005; Chi et al., 2002; Fabbri et al., 2003; Remondo 
et al., 2003; Chung, 2006; Da vis et al., 2006; Guzzetti et al.,
2006; Conoscenti et al., 2008; van den Eeckhaut et al., 2009). 

RESULTS AND DISCUSSION

GENERAL RESULTS OF ANALYSES

The sum ma rised re sults of Chi-square anal y ses, the in flu -
ence of each class on the land slide oc cur rence, ranked val ues

for each class within the fac tor, its nor mal ised value ac cord ing
to its sus cep ti bil ity to land slides, and ad di tional de scrip tion of
classes are shown in Ta ble 2. Re sults for each fac tor are given
in the fol low ing text.

From the orig i nal 29 lithological units, rocks and soils were
clas si fied based on their geomechanical prop er ties (Ribičič et
al., 2003), into six groups of en gi neer ing geo log i cal units with
dif fer ent land slide sus cep ti bil ity. The least sus cep ti ble to land -
slide phe nom e non were units lo cated on flood plains, but it has
to be stressed at this point that these units were clas si fied into
this group merely due to their lo ca tion and not due to their
geomechanical prop er ties. A sec ond group con sisted of car -
bon ates (lime stones, dolomites, and rocks con sist ing of the
two) and re sis tant ig ne ous rocks (tonalites, dacites and
granodiorites), fol lowed by the third group of re sis tant meta -
mor phic rocks (mica-schists and gneiss es), less re sis tant ig ne -
ous (in tru sive and pyroclastic) rocks. Car bon ates with the in -
clu sion of less re sis tant rocks, and grav elly soils lo cated on
slopes (grav els) were clas si fied into the fourth group. The fifth
group (and also the sec ond most sus cep ti ble to land slides) was
com posed of less re sis tant meta mor phic rocks (am phi bo lites,
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Tab. 2 cont.

Fac tor Class Ob served LO Ex pected LO (O-E)^2/E Class 
in flu ence Rank Nor mal ised

value De scrip tion

AN_RF Chi-Sq. = 736.8 df = 13 p <0.000 Amount [mm]

  9 128 220.29  38.66 – 4 0.23 1500–1600

10 296 215.81  29.80 + 11 0.77 1600–1800

11 343 133.87 326.71 + 14 1.00 1800–2000

12   97 155.87  22.24 – 6 0.38 2000–2500

13   62   78.38    3.42 – 8 0.54 2500–3000

 14     8   17.57    5.21 – 7 0.46 >3000

24_RF Chi-Sq. = 166.6 df = 9 p <0.000 Amount [mm]

1     1  31.78 29.81 –  3 0.22 <100

2  500 667.61 42.08 –  1 0.00 100–150

3 1043 872.04 33.52 + 10 1.00 150–200

4   352 292.86 11.94 +  9 0.89 200–250

5  143 115.59   6.50 +  8 0.78 250–300

6    31   88.77 37.60 –  2 0.11 300–350

7   28   35.56   1.61 –  4 0.33 350–400

8   33   25.36   2.30 +  7 0.67 400–450

9   16   14.00   0.29 +  6 0.56 450–500

 10      9   12.43   0.95 –  5 0.44 >500

PGA Chi-Sq. = 408.3 df = 6 p <0.000 Ac cel er a tion [g]

1 251 363.64  34.89 – 2 0.17 0.1

2 269 288.92     1.37 – 4 0.50    0.125

3 477 375.45   27.47 + 5 0.67  0.15

4 270 534.10 130.59 – 1 0.00    0.175

5 584 388.34  98.59 + 7 1.00 0.2 

6 292 165.36  96.99 + 6 0.83   0.225

 7   13   40.21   18.41 – 3 0.33 0.25

In the col umn “Fac tor”, be neath the fac tor’s name, weight val ues’ span and step for each of the spatio-tem po ral fac tors that was used for the au to matic ran -
dom weight com bi na tions cal cu la tion is rep re sented. * and ** – based upon the en gi neer ing-ge ol o gist’s ex pert de ci sion, the ranks of classes 1 and 2 were
switched; the same was done for ranks of classes 4 and 5. Ob served LO – num ber of ob served land slides in a given class. Ex pected LO – num ber of ex -
pected land slides in a given class cor re sponds to a real pro por tion of the same class. (O-E)^2/E – square of the dif fer ence be tween ob served and ex pected
values, di vided by the ex pected value. A sum of these val ues of all the classes rep re sents a Chi-square test value. Class in flu ence – if characterized by plus
(+) the class stim u lates the land slide oc cur rence. If characterized by mi nus (–) the given class hin ders land slide oc cur rence. Rank – new val ues where
classes within a fac tor are ranked ac cord ing to their sus cep ti bil ity to land slide oc cur rence. Nor mal ized value – cal cu lated value of a class based on its rank
and the num ber of classes in a fac tor; val ues range from 0 to 1. Chi-Sq. – Chi-square, df – de grees of free dom, p – prob a bil ity of er ror, WMin – min i mum
weight value, WMax – max i mum weight value



serpentinites, diaphthorites, meta mor phic slates and phillites),
re sis tant clastites, clayey rocks, con glom er ates, lime stones
with marls and anthropogenic sed i ments. The most sus cep ti ble
group of lith o logical units, where soils pre vail, was formed by
clayey and marly soils, gravel, less re sis tant clastites and a
com bi na tion of soils of dif fer ent frac tions. 

Land slides oc cur sig nif i cantly dif fer ently than ran domly
ex pected at slope in cli na tions be tween 11 and 14°, and be -
tween 23 and 26°, and con di tion ally be tween 26 and 29°. The
over all crit i cal slope in cli na tions for land slide oc cur rence
range from 11 to 29°. 

The con cave ar eas of slopes proved to be crit i cal for land -
slide oc cur rence. This cor re la tion is most prob a bly re lated to
col lu vial ma te rial and pore wa ter con cen tra tion (Hayne and
Gordon, 2001; Lee and Pradhan, 2006; Claessens et al., 2007)
that leads to sub se quent re duced shear strength of the soil in the 
con cave ar eas and even tu ally to slope fail ure. The cor re la tion
could also be the re sult of con cave ar eas (scarp ar eas) formed
by al ready trig gered land slides. 

In terms of slope as pect, the south ern slopes are the most
sus cep ti ble to mass move ments. This could be re lated to the
greater ex po sure of the slopes to tem per a ture vari a tions, which
are more marked on south ern slopes and gov ern the rock
weath er ing pro cesses. In ad di tion the south ern slopes are more
suit able for cul ti va tion and are hence sub jected to hu man in ter -
ac tion with slope sta bil ity.

Land slides oc cur with sig nif i cance at dis tances rang ing
from 25 to 1100 metres from larger faults, in cluded in the anal -

y ses at a scale of 1:250 000. These dis tances point to the fact
that smaller fault sys tems, which were not in cluded in the anal -
y ses, tend to have in flu ence on land slide oc cur rence. Nev er the -
less, smaller fault sys tems are re lated to greater sys tems, re sult -
ing in the de pend ence of land slide oc cur rence upon the dis -
tance to struc tural el e ments. Frac tured zones, which are al ways
re lated to fault sys tems, are more prone to land slide oc cur rence
due to the lack of com pact ness of or dis rup tion in the soil and
bed rock.

Among the CORINE 2000 land-cover types, the fol low ing
proved to have in flu ence on land slide oc cur rence: dis con tin u -
ous ur ban fab ric (112), vine yards (221), pas tures (231), com -
plex cul ti va tion pat terns (242), and land prin ci pally oc cu pied
by ag ri cul ture, with sig nif i cant ar eas of nat u ral veg e ta tion
(243). The in creased oc cur rence of land slides in the ar eas of
dis con tin u ous ur ban fab ric is most prob a bly the con se quence
of in fra struc ture place ment over land slide – sus cep ti ble ar eas.
Vine yards are al ways lo cated on south ern slopes, where the
nat u ral veg e ta tion was re placed by cul ti vated plants with rel a -
tively poor root sys tems. The shal low root sys tem of pas tures

that lie on the steeper slopes, rang ing from 21 to 33° (Vrišer,
1997), does not pro vide ef fec tive pro tec tion against mass
move ment. The neg a tive in flu ence is in creased by pas tur ing.
The pre ven tion of land slide oc cur rence is not of great im por -
tance in ar eas of land prin ci pally oc cu pied by ag ri cul ture with
sig nif i cant ar eas of nat u ral veg e ta tion, which is usu ally not of
great eco nom i c sig nif i cance, hence lit tle or no pre ven ta tive
mea sures are un der taken there.
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Fig. 3. Graph i cal rep re sen ta tion the cu mu la tive dis tri bu tion of land slides (pre dic tion rate curves) in the up per 30% 
of the area, ac cord ing to land slide sus cep ti bil ity for 6 of 13 mod els

Line marked as “ran dom pre dic tion” de fines the bound ary, be low which as sig na tion of land slide sus cep ti bil ity 
to pix els is purely co in ci den tal



The fac tors: dis tance from geo log i cal bound aries, dis -
tance from sur face wa ters and flow length, proved to be in sig -
nif i cant for land slide oc cur rence and were ex cluded from fur -
ther anal y ses.

As re gards the trig ger fac tors (which were not in cluded in
the model cal cu la tion as they rep re sent com po nents of haz ard
mod el ling), an av er age an nual rain fall in ten sity above
1000 mm/year proved to be a crit i cal trig ger fac tor for land -
slide oc cur rence in looser soils in east ern parts of Slovenia
(Paleogene and Neo gene de pos its) and an an nual amount of
rain fall above 1600 mm/year in flu ences the land slide trig ger
in less re sis tant rocks (Paleogene, Neo gene and Permo-
 Carbonian rocks). De spite these in di ca tions there is rea son -
able doubt that av er age an nual rain fall in ten si ties play an im -
por tant trig ger ing role in land slide oc cur rence. Most prob a bly 
the long-term rain fall at trib utes to the ear lier trig ger ing con di -
tions dur ing in ten sive short-term rain fall.

On the con trary, max i mum 24-hour rain fall in ten sity above
100 mm proved to be crit i cal for land slide oc cur rence, es pe -
cially in looser soils and in less re sis tant rocks (Qua ter nary,
Ter tiary, Tri as sic and Permo-Carbonian rocks). The trend is
sim i lar to the one of the av er age an nual rain fall. The re sults
prove the as sump tion that for the trig ger ing of land slides in
land slide – sus cep ti ble soils and rocks, lower amounts of rain -
fall (around 130 mm/24 h, af ter Komac, 2005) are sufficient.

Land slide oc cur rence pos i tively cor re lates with the am pli -
tude of peak ground ac cel er a tion (PGA). The value of the de sign 
ground ac cel er a tion that proved to be sig nif i cant for the land slide 
oc cur rence is 0.15 g. This is mainly in flu enced by the rel a tively
large num ber of land slides (124) in the area of one unit, which is
clas si fied among soft rocks. The lower num ber of land slides in
the ar eas of PGA of 0.25 g is due to the fact that the ma jor ity of
these ar eas lie on flat plains or con sist of solid rocks.

LANDSLIDE SUSCEPTIBILITY 
MODELLING

The re sults of the sta tis ti cal anal y ses pre sented in sec tion
“Gen eral re sults of anal y ses” formed a ba sis for pre dic tion

mod el ling, in this case a re gional land slide sus cep ti bil ity as -
sess ment for the area of Slovenia. Us ing equa tion [2] a math e -
mat i cal model was de vel oped and the re sult rep re sented in the
form of a GIS ras ter dataset and its visu ali sa tion, a map. A re -
gional land slide sus cep ti bil ity map of Slovenia at a scale of
1:250 000 is a fi nal prod uct of the math e mat i cal mod el ling
based on fac tors that gov ern land slide oc cur rence and hence
land slide sus cep ti bil ity. Based on ex pert de ci sions and lit er a -

ture [5–10° by OAS (1991); 6–10° by Jäger and Wieczorek

(1994); 5.7° by Ricchetti (2000)], the ar eas with slope in cli na -
tions of less than 5° were clas si fied into the low est pos si ble sus -
cep ti bil ity class. In the ar eas with slope in cli na tions of less than
5°, where no land slides should oc cur, 55 (roughly 5.1%) of
these phe nom ena from the test ing sub-set are pres ent. The er ror 
of this 5% of land slides is most prob a bly the con se quence of
gen er ali sa tion of the DEM (gen er ali sa tion of slopes of river ter -
races) and due to coarse anal y sis scales. The er ror is pres ent in
all of the mod els. The 28% of the to tal area of Slovenia that
these “flat” ter rains cover is rep re sented in each model by the
low est 28 classes, to which equal and min i mum land slide sus -
cep ti bil i ties were as signed. To each of these 28 classes equal
pro por tions of 55 land slides were as signed (0.183% per class).

All 156 169 mod els were ranked ac cord ing to the pro por -
tion of land slides oc cur ring in the 15% of the area with the
high est land slide sus cep ti bil ity score. The av er age er ror, i.e. the 
num ber of land slides that oc curred in the area that was clas si -
fied as averse to land slides for all mod els, was 192.6 (23%),
while the me dian was 193 (23%) and the mode was 202
(23.9%) with 2362 hits. The low est er ror was 136 (17.75%)
and the high est er ror was 289 (32%). Ta ble 3 rep re sents weight
val ues for 13 mod els: 12 mod els cal cu lated from the rank ing
re sults and 1 model taken from Komac and Ribičič (2006) for
com par i son. Ex cept for the first “Best” and the last “Ex pert de -
ci sion model – EDM”, weight val ues were av er age val ues of
sev eral mod els. The best model (Best) rep re sents the model that 
among all 156 169 mod els gave the best re sults. Al though this
model shows the best re sults it is most prob a bly bi ased and rep -
re sents an over-trained model. To avoid this, av er age weight
val ues for the best 10, 25, 50, 100, 1562 and 7808 mod els were
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T a  b l e  3

Weight val ues of spatio-tem po ral fac tors for each model

MODEL Ab bre vi a tion EG SLP CURV ASP CLC D_EL

Best m_b 0.3        0.2        0.14      0.02      0.26      0.08      

Av er age best 10 m_b10 0.308    0.2        0.136    0.02      0.254    0.082    

Av er age best 25 m_b25 0.3088  0.2008  0.1384  0.02      0.2656  0.0664  

Av er age best 50 m_b50  0.3136   0.2016  0.142    0.02      0.2684  0.0544  

Av er age best 100 m_b100  0.3258   0.2056  0.12      0.0248  0.2724  0.0514  

Av er age best 1562 m_b1562 0.3469 0.21579 0.08063 0.04052 0.27287 0.04329

Av er age best 7808 m_b7808 0.32804 0.22974 0.07571 0.04626 0.27434 0.0459  

Av er age er ror mean m_b_avr 0.366    0.28985 0.12532 0.08406 0.0891  0.04567

Av er age me dian m_b_med 0.366    0.28985 0.12532 0.08406 0.0891  0.04567

Av er age er ror model m_b_frq 0.35482 0.32086 0.12353 0.08422 0.07101 0.04556

Ex pert de ci sion model m_edm 0.3       0.25      0.1       0.05      0.25      0.05       

Worst model m_w 0.2       0.26      0.28      0.2        0.0        0.06       

3 fac tors m_3f 0.39474 0.26316 0.0        0.0        0.34211 0.0        



cal cu lated. The last two rep re sent the up per 1% and up per 5%
of the pop u la tion re spec tively. In ad di tion to these 7 mod els,
av er age weight val ues of mod els with me dian er ror (MED), av -
er age er ror (AVR), mode er ror (FRQ), the worst model (W),
and the model cal cu lated from the three most im por tant fac tors
– li thol ogy (EG), slope (SLP) an gle and land-cover (CLC) –
were cal cu lated. 

All mod els were tested for the ac cu racy of the pre dic tion of
test points us ing pre dic tion rate curves (Fig. 3) and Co hen’s

kappa (k) in dex [equa tion 3] shown in Ta ble 4. In Ta ble 4 the
cu mu la tive dis tri bu tions of the pro por tion of the land slide
train ing sub-set by the pro por tion of the area for 6 of the 13
mod els de vel oped are rep re sented and Fig ure 3 shows the pre -
dic tion rate curves for the test ing sub-set ac cord ing to the land -
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T a  b l e  4

Cu mu la tive dis tri bu tion of land slide test ing sub-set (LO) for 13 mod els ac cord ing to the up per most 
sus cep ti ble (LSUSC) 30% of the study area

Cu mu la tive pro por tions of land slide test ing sub-set [%]

Rank
_LSUSC

A
[%] m_b m_b10 m_b25 m_b50 m_b100 m_b1562 m_b7808 m_b_avr m_b_med m_b_frq m_edm m_w m_3f

100  1 10.87 10.87 10.87 10.78 11.15 11.15 11.06  9.67  9.67  8.92 10.41 4.74 9.57

99  2 14.96 14.96 14.87 14.87 15.52 17.47 17.66 15.15 15.15 14.03 16.45 8.36 20.17

98  3 21.19 21.84 21.47 21.00 22.30 24.07 23.88 18.59 18.59 17.75 22.77 11.43 23.70

97  4 27.88 27.97 28.25 28.44 28.90 28.25 28.44 22.68 22.68 21.38 28.81 14.22 28.44

96  5 33.09 33.09 32.81 33.09 33.18 32.62 32.62 27.14 27.14 25.28 32.81 17.19 32.16

95  6 36.52 36.80 36.52 36.34 36.90 36.71 36.62 30.48 30.48 29.00 36.43 19.89 34.76

94  7 39.03 39.13 39.22 38.85 39.41 40.33 40.52 33.83 33.83 32.71 40.24 22.49 38.57

93  8 42.47 42.29 42.84 42.94 43.31 43.03 42.94 37.27 37.27 35.50 43.49 24.07 42.94

92  9 45.17 45.26 45.07 45.07 45.07 45.26 45.72 39.41 39.41 38.38 45.07 26.30 44.70

91 10 47.21 47.12 47.30 47.21 47.40 47.49 47.03 42.10 42.10 41.17 47.49 29.09 47.03

90 11 49.81 49.44 49.91 49.63 49.63 49.16 49.91 44.42 44.42 43.59 49.54 30.30 48.14

89 12 51.12 51.12 51.21 51.21 51.77 51.67 51.95 46.84 46.84 45.54 51.12 32.06 51.21

88 13 53.16 53.07 53.62 53.72 53.72 53.81 53.72 48.79 48.79 47.12 53.16 33.92 52.79

87 14 55.20 55.30 55.20 55.11 55.30 55.02 55.20 51.02 51.02 49.72 55.11 35.97 55.39

86 15 56.78 56.60 56.88 56.78 57.25 57.34 56.51 53.35 53.35 51.95 57.71 37.36 57.34

85 16 58.64 58.83 58.83 58.64 58.74 59.11 59.11 54.83 54.83 53.44 59.01 39.68 58.36

84 17 60.22 60.41 60.04 60.22 60.59 60.32 60.59 55.95 55.95 55.20 60.13 40.80 59.76

83 18 61.52 61.71 61.62 61.71 61.99 61.90 61.90 57.43 57.43 56.51 61.62 41.82 61.15

82 19 62.83 63.10 62.73 62.83 63.20 63.29 62.55 58.92 58.92 57.71 62.64 43.77 61.90

81 20 64.22 64.31 64.59 64.50 64.41 64.50 64.22 60.41 60.41 59.67 64.41 45.35 64.31

80 21 65.43 65.33 65.24 65.24 65.33 65.52 65.99 62.17 62.17 61.25 65.61 47.21 66.08

79 22 66.45 66.45 66.54 66.17 66.82 67.10 67.38 63.38 63.38 63.29 66.82 48.70 67.19

78 23 67.57 67.38 67.84 67.75 67.57 67.84 68.49 64.78 64.78 64.13 68.40 50.56 68.68

77 24 68.96 68.77 68.59 68.40 68.96 69.24 69.24 66.08 66.08 65.61 69.52 52.97 70.26

76 25 69.98 70.17 69.89 69.89 69.98 70.35 71.00 67.57 67.57 66.73 70.45 54.74 71.47

75 26 71.38 71.00 71.28 70.91 70.82 71.75 72.21 68.40 68.40 67.75 71.56 56.32 71.93

74 27 72.86 72.30 72.49 72.68 72.30 72.58 73.42 69.70 69.70 68.96 73.14 57.81 73.61

73 28 74.35 74.26 74.35 74.07 74.16 73.88 74.35 70.63 70.63 69.89 74.54 59.76 74.72

72 29 75.65 75.84 75.84 75.84 75.65 75.09 75.65 72.30 72.30 71.19 76.02 60.87 75.84

71 30 76.95 76.30 76.67 76.67 77.14 76.30 76.86 73.23 73.23 72.21 76.77 61.62 76.58

(1) LO in up per
15% of LSUSC
[%]

56.78 56.60 56.88 56.78 57.25 57.34 56.51 53.35 53.35 51.95 57.71 37.36 57.34

(2) LO in up per
50% of LSUSC 959 961 956 957 956 948 949 944 944 938 949 915 931

(3) NoLO in
lower 50% of
LSUSC

718 716 716 716 716 716 726 727 727 727 727 727 725

(4) Co hen’s
kappa (k) in dex

0.856 0.856 0.851 0.852 0.851 0.842 0.854 0.850 0.850 0.844 0.856 0.819 0.834

The cu mu la tive pro por tions of land slides are given for ev ery per cent of the area. The col umn “A” rep re sents the cu mu la tive pro por tion of the area, start -
ing with the most sus cep ti ble per cent age of the study area, ranked as 100 (col umn “Rank_LSUSC”). The last three rows rep re sent: (1) – pro por tion of
the land slides in the up per 15% of the area, ac cord ing to land slide sus cep ti bil ity, (2) – num ber of land slides from the train ing sub-set in the up per 50% of
the area, ac cord ing to land slide sus cep ti bil ity, (3) – num ber of cells where no land slides should oc cur in the lower 50% of the area, ac cord ing to land slide 
sus cep ti bil ity, (4) – val ues of Co hen’s kappa in dex. Num ber of land slide oc cur rences (LO) – 1076; num ber of con trol points where no land slides should
oc cur – 729



slide sus cep ti bil ity classes for each
model. For the pur pose of clear land slide
dis tri bu tion pre sen ta tion only, the 30
most sus cep ti ble classes that equal 30%
of the re search area were cho sen, while
qual ity as sess ment fo cused on the top
50% of the re search area as be ing the
most sus cep ti ble to land slides. 

For each of the cal cu lated mod els, the
re sults of the qual ity as sess ment ap proach 
de scribed are listed at the end of Ta ble 4.
From the com par i son of the qual ity as -
sess ment re sults it can be de duced that the 
best re sults were achieved by the model
that gave the best re sults among au to mat i -
cally cal cu lated mod els with ran dom
weight com bi na tions (m_b), the model
cal cu lated from the av er age weight val ues 
of the best 10 mod els (m_b10), and (sur -
pris ingly) the model with weight val ues de fined by an ex pert.
The kappa value for all three of them was 0.856. Next to those
three mod els came model m_b7808, cal cu lated from the av er -
age weight val ues of the best 5% of all (or 7808) mod els with
kappa 0.854, fol lowed by the model m_b50 (best 50 mod els)
with kappa 0.852, and by the mod els m_b25 (best 25 mod els)
and m_b100 (best 100 mod els) with kappa 0.851. For com par i -
son, the worst model’s kappa value was 0.81. The fact that even 
the worst model’s kappa had such a high value is the re sult of
rank ing classes within each fac tor ac cord ing to land slide oc cur -
rence prob a bil ity prior to mod el ling. The ran dom model’s
kappa value was 0.019.

To avoid the over-fit ting of the de vel oped land slide sus -
cep ti bil ity model, model m_b7808 would seem to be the ob vi -
ous choice for the re li able land slide sus cep ti bil ity model, al -
though the suc cess of the model based on an ex pert de ci sion
should not be ne glected, but the model should en able re li able,
in de pend ent and re peated land slide sus cep ti bil ity pre dic tion.
Based on a good kappa value and the rea sons stated above, the 
model m_b7808 was cho sen as the most suc cess ful and suit -
able land slide sus cep ti bil ity model. At only 14% of the area
55.2% of land slides oc cur and on less than 1/3 of the area
(33%), 79.65% and at 50% of the area 88.01% of land slides
oc cur. In Ta ble 5 ba sic char ac ter is tics of the model m_b7808,
val ues of re clas si fied sus cep ti bil ity classes and their area pro -
por tions are rep re sented. The model m_b7808 is rep re sented
in a form of a land slide sus cep ti bil ity map of Slovenia at a
scale of 1:250 000 (Fig. 4) where new de scrip tive classes
were de fined on nat u ral breaks or on Jenk’s op ti mi sa tion
tech nique (Jenks, 1967) in the value dis tri bu tion to maxi mise
the be tween-class and mini mise within-class dif fer ences. In
the class of the high est land slide sus cep ti bil ity the ar eas
where on av er age 5.43 times more land slides oc curred than
ex pected were clas si fied. The class rep re sents 7.8% of the
area ranked as the top for land slide sus cep ti bil ity, and com -
prises 42.5% of land slides. All ar eas where the land slide to
area ra tio is greater than 1 (1.68 on av er age) were placed in
the class of high land slide sus cep ti bil ity that spreads over
15.6% of the to tal area, and in which 26.2% of land slides

were lo cated. The class of mod er ate land slide sus cep ti bil ity
com prises ar eas where the land slide to area ra tio is near or
equal to 1 (1.11 on av er age). In this class, which spreads over
11.6% of the area, 10.6% of land slides oc curred. In the ar eas
with low land slide sus cep ti bil ity that spreads over 19.8% of
the area, 8.5% of land slides oc cur, and in the ar eas with very
low, but still some land slide sus cep ti bil ity, cov er ing 18.5% of
the Slovenian area, 6.8% land slides oc cur. The rest of the area
be longs to the “land slide safe” zone. Here 4.5% of land slides
oc cur. This er ror is, as al ready pre sented, a con se quence of a
coarse an a lyt i cal scale, but for the pur pose of a land slide sus -
cep ti bil ity model on a re gional scale, it is an ac cept able er ror.
Cu mu la tively in the first class 42.5%, in the first two 68.7%,
in the first three 80.3%, and in the up per four sus cep ti bil ity
classes 88.8% of land slides oc cur. In the low est two land slide
sus cep ti ble classes, 11.2% of land slides oc cur.

Be sides li thol ogy (fac tor EG) and slope in cli na tion (fac tor
SLP), the land-cover type (fac tor CLC) showed it self to be an
im por tant fac tor for land slide sus cep ti bil ity mod el ling. It can be 
con cluded that for re gional (and most prob a bly also for larger)
ar eas these three fac tors can form a ba sis for land slide sus cep ti -
bil ity mod el ling by them selves.

CONCLUSIONS

The cre ation of a land slide sus cep ti bil ity map on a re gional
scale is a chal leng ing task com prised of many steps, from land -
slide data col lec tion, through data anal y ses to sus cep ti bil ity
model cal cu la tion and se lec tion of the best model. The first step 
in achiev ing this goal was the as sess ment of the in flu ence of
sev eral fac tors on land slide oc cur rence. Six of the fac tors tested  
proved to have a sig nif i cant im pact on land slide oc cur rence,
hence they were used to de rive 13 fi nal mod els that were com -
pared in de tail to de fine the most suit able and log i cal model.

The re sults of anal y ses in di cated the im por tance of 3 fac -
tors: lithological or en gi neer ing geo log i cal char ac ter is tics of
rocks and soils; slope in cli na tion; and land use or land-cover
type, the first one play ing a slightly more im por tant role than
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T a  b l e  5

Dis tri bu tion of land slide sus cep ti bil ity classes’ ar eas for the model m_b7808

Class A
[%] Model val ues Land slide 

sus cep ti bil ity

Land slide
pro por tion

[%]
LO vs. A ra tio

1 27.88      0–0.97 none  4.46 0.16

2 18.45 0.97–2.67 very low  6.78 0.37

3 19.82 2.67–4.15 low  8.45 0.43

4 10.43 4.15–5.50 mod er ate 11.61 1.11

5 15.58 5.50–7.09 high 26.18 1.68

6 7.84 7.09–9.88 very high 42.53 5.43

Col umn “A” rep re sents the pro por tion of the area cov ered by a given class (col umn “Class”). Col -
umn “Model val ues” rep re sents the range of model val ues for a given class in model m_b7808.
“Land slide sus cep ti bil ity” de fines the de scrip tion of sus cep ti bil ity. “Land slide pro por tion” – states
the pro por tion of land slides in a given class, and “LO vs. A ra tio” shows the ra tio of land slide pro por -
tion in re la tion to the given class area pro por tion. Mean of the model val ues is 3.27 and stan dard de -
vi a tion is 2.6



the lat ter two. Due to the phys i cal prop er ties of land slides, li -
thol ogy and slope in cli na tions are log i cally the most im por tant
fac tors in land slide sus cep ti bil ity pre dic tion, but as the re sults
of the anal y ses have shown, the land-cover type fac tor that rep -
re sents the land use also plays an im por tant role. Al though the
lat ter is not the most im por tant fac tor, it still plays an es sen tial
role and can not be ex cluded from the model al though it can be
sub sti tuted by li thol ogy to a cer tain de gree. Us ing only these 3
fac tors in stead of all 6, mod els would not achieve such pre dic -
tion per for mances since the de tail of the model would be lost to
a cer tain de gree, but the re sults would still be sat is fac tory. 

An im por tant con tri bu tion to the qual ity of the land slide
sus cep ti bil ity pre dic tion would be the in clu sion of fac tor syn -
chro nism of geo log i cal strata dip ver sus slope as pect and in cli -
na tion, but mod el ling and in ter po la tion of geo log i cal stratal dip 
data on a re gional scale still rep re sents a con sid er able chal lenge 
for ge ol o gists, GIS and com puter ca pa bil ity. In clu sion of this
fac tor would be log i cal and fea si ble at a more de tailed level,
such as land slide pre dic tion at the scale of 1:25 000.

The de vel op ment of land slide sus cep ti bil ity mod els, and
later the stages of land slide haz ard and land slide risk mod el -
ling, rep re sents a live cy cle, which is ame lio rated with ev ery

new dis cov ery, ev ery new (set of) data, with ev ery im prove -
ment of mod el ling ap proach. A model of high qual ity and re li -
abil ity serves as a ba sis for sound spa tial plan ning re gard less of
the scale, at na tional, re gional or on lo cal levels al though at the
lat ter scale better pre dic tion ac cu racy can be achieved. As ex -
pected, re sults of sus cep ti bil ity pre dic tion on a re gional scale
do not achieve pre dic tion lev els of land slide sus cep ti bil ity
mod els on a lo cal scale due to gen er al ised in put data. Still they
rep re sent a sound over view of the sta tus in Slovenia as a whole
and a solid foun da tion for stra te gic spa tial plan ning as warn ing
in for ma tion. 
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Fig. 4. Land slide sus cep ti bil ity map of Slovenia de rived from the model m_b7808 (orig i nal scale is 1:250 000)
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