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Abstract

The preparation of landslide hazard and risk maps is required as a
base for rational land use planning and decision-making, in landslide
prone arcas. In this paper, an inventory was made of the currently
available methods for landslide hazard and risk zonation, in order to
produce recommendations for the use of specific methods in relation
to the scale of analysis. A hierarchical set of activities aimed at
obtaining landslide-related information for all levels of land use plan-
ning in the Republic of Croatia is constructed. This set encompasses:
the establishment of a national landslide inventory on a regional scale
(< 1:100,000), statistical landslide hazard analysis of geological-mor-
phological factors at the medium scale (1:25,000) and the geotechni-
cal characterisation of slope movements followed by landslide risk
analysis on a detailed scale (>1:5,000).

1. INTRODUCTION

The term landslide denotes the movement of a mass
of rock, debris or earth down a slope (CRUDEN, 1991).
Most of the terrain in hillside areas has been subjected
to landslides at least once under the influence of a vari-
cty ol causal lfactors. The number of slope instability is
significantly increased due to urbanisation and develop-
ment in landslide-prone areas. Hence, landslides conti-
nue to be one of the most threatening and widespread
geohazards.

There is an increasing trend for geohazards to be
recognised in planning legislation and guidance, espe-
cially in the last decade (the International Decade for
Natural Disaster Reduction). Many countries presently
have specific planning or development policies aimed
to reduce the losses due to natural hazards (SCHUS-
TER, 1991; McINNES, 1996). Methods vary from gui-
dance documentation alone, through mandatory build-
ing codes and finally to insurance or disaster reliel
schemes (STATHAM et al., 1995). Zoning and subdivi-
sion ordinances are used to divert development into
arcas where the risks are less and to ensure that, where
developments are permitted, the appropriate engineer-
ing measures are incorporated.

Faculty of Mining, Geology and Petroleum Engineering, University
of Zagreb, Picrottijeva 6, HR-10000 Zagreb, Croatia.

Risk assessment is a prerequisite for all the methods
of hazard prevention and mitigation. It consists of three
steps: (1) hazard assessment - identification of past/pre-
sent landslides as well as the prediction of future occur-
rences; (2) vulnerability analysis - identification of the
location and distribution of population, infrastructurc
and vital economic activitics exposed to a potential or
present landslide; and (3) calculation of the expected
loss (risk) from the hazard and vulnerability. Hazard
analysis requires a detailed knowledge of the geoenvi-
ronmental predisposition factors and initiation events
that lead to landsliding. This lies within the domain of
earth scientists. Vulnerability and risk evaluation also
includes other disciplines, such as urban planning,
social geography, economy, etec. The end result of haz-
ard and risk analysis should be presented in informative
documents, usually in the form of various maps which
display the spatial distribution of hazard and risk clas-
ses. These documents are used by decision-makers who
have to define a general risk prevention policy.

Many methods and techniques have been proposed
for landslide hazard and risk mapping over the last 30
years (BRABB, 1984; HANSEN, 1987; MIHALIC,
1996). Significant progress has been made by establish-
ing the basic definition of terms related to hazard and
risk assessment (VARNES, 1984). Van WESTEN’s
(1993) overview ol the available methods is of great
importance for improving the quality, as well as for
achieving a uniform approach to landslide hazard map-
ping on an international level. On the other hand, exam-
ples of landslide risk zonations are still rare because of
the difficulties in assessing the probability of landslid-
ing and of the vulnerability of elements at risk. Howev-
er, the evaluation of risk corresponds to a political, eco-
nomic and social necessity. Therefore, research of oper-
ational risk evaluation methods is in progress (RAGO-
ZIN, 1994; REZIG et al., 1996).

The first fundamental step of hazard and risk assess-
ment is the identification and mapping of all landslide
phenomena, i.e. compilation of the landslide inventory
(FERNANDEZ et al., 1996; ROSENBAUM & POPES-
CU, 1996). Collection and management ol spatial data
require the utilisation of geographic information sys-
tems (GIS). Furthermore, the cartographic landslide
data bases should be valid nation-wide in order to ena-
ble extrapolation of acquired experience to areas with
similar characteristics (LEROI, 1996). In many coun-
trics, the development of such databases started in the
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1990’s. The most important are examples {rom France
(LEROI, 1996), Germany (POSCHINGER, 1994,
KRAUTER et al., 1996), the USA (BROWN, 1992)
and Canada (CRUDEN, 1996). Morecover, there is a
tendency towards cstablishment of a World Landslide
Inventory (BROWN et al., 1992). To ensure the consis-
tency of data recording, the International Geotechnical
Societies” UNESCO Working Party on World Land-
slide Inventory (WP/WLI), initiated in the 1988 at the
5th International Symposium on Landslides, is suggest-
ing a standard terminology for describing landslides
(WP/WLI, 1993). GIS technology is also essential for
assembling the hazard and risk models, as well as for an
efficient and rapid information exchange between sci-
entists, engineers, policy makers, and all the people and
institutions dealing with the landslide hazard.

Belore starting any data collection, a number of
interrelated things should be clearly defined, such as the
aim of a study, the scale and degree of precision of the
presented results, and the available resources in the
form of money and manpower. To achieve the optimi-
sation of costs and quality, the application of different
data analysis methods at various scales is required.

Accordingly, a concise review of current methods of
landslide hazard and risk assessment is presented in this
paper. The review is aimed at a comparison of the me-
thods, and proposition of a logical set of activilies relat-
ed to the preparation and implementation of hazard and
risk maps, in the lield of land use planning in the Repu-
blic of Croatia. This set comprises all levels of urban
planning, from national to the local scale.

2. LANDSLIDE HAZARD AND RISK

The terminology concerning hazards and risk used
in this paper conforms to the definitions proposed by
VARNES (1984). Evaluation of various risk compo-
nents (hazard, vulnerability, cost), and of the landslide
risk as a whole, presupposes that answers are available
for the questions as shown in Table 1 (LEROI, 1996).

Accordingly, landslide research aimed at hazard and
risk mapping comprises the aspects of landslides sum-
marised in the following paragraphs.

Since the term ol landsliding encompasses “all
movement of a mass of rock, debris or carth down a

slope” (CRUDEN, 1991), which types of movement are
present in the studied area should be delined. The types
ol movement are essentially those defined by the Inter-
national Geotechnical Societies” UNESCO Working
Party on World Landslide Inventory: fall, topple, slide,
spread and flow (CRUDEN & VARNES, 1996).

Location of the unstable areas should be determined
by the engineering geological mapping of the land-
slides. The objective would be to record identifiable
landslide features and their dimensions (IAEG COM-
MISSION ON LANDSLIDES, 1990).

Evaluation of the probability or timing of the future
occurrence is dependent on the probability of occur-
rence of the triggering factor, A trigger is an external
stimulus, such as intense rainfall, that causes a near-
immediate response in the form ol a landslide by rapid-
ly increasing the stresses or by reducing the strength of
slope material (WIECZOREK, 1996). Hence, it is of
primary importance to dilferentiate the conditions that
caused slope instability [rom the processes that trig-
gered the movement (POPESCU, 1994),

Landsliding causes damage both in the areas of
instability initiation and in the areas of transport and of
the reception of the movements. In order to be able to
describe where the landslide is moving, it is necessary
to investigate it’s activity. The UNESCO WORKING
PARTY ON WORLD LANDSLIDE INVENTORY
(1993) suggests describing the landslide activity in
terms relating to state, distribution and style ol activity.

The assessment of losses consists of analysis of the
interactions between the phenomenon and goods, i.c.
behaviour of structures and people that are exposed to
landsliding. Hence, it is [undamental to determine the
level of intensity of a potential phenomenon. An impor-
tant characteristic of the movement comprised in the
intensity analysis is the rate of landsliding (IUGS
WG/L, 1995).

3. METHODS OF LANDSLIDE HAZARD
ZONATION

All the methods proposed are founded upon a single
principle “the past and present are keys to the future”
which implies that slope-failures in the [uture will be
more likely to occur under those conditions which led

Component Question

Hazard 1) Which type of movement is involved?

)
2) Where are the potentially unstable areas?
3) At which moment can the identified phenomenon be triggered?
)

4) How far can the phenomenon be propagated?

Vulnerability
modified by Man?

5) What are the interactions with the environment, natural or

Table | Risk components with ques-

Cost

6) What is the cost of the resulting damage?

tions connected to landslide risk
assessment.
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van WESTEN, 1996 LEROI, 1996

Expert evaluation
Statistical return analysis
Mechanical models

Heuristic approach
Statistical approach
Deterministic approach

Table 2 Methods of landslide hazard zonation.

to past and present instability (CARRARA et al., 1995).
Application of the above principle requires mapping
both the landslides and a set of geological-morphologi-
cal causal factors, and establishment of a hazard model.
There are threc main approaches for the developing of
hazard modcls: heuristic, statistical and deterministic
approach. Each of them is based on different elements
as shown in Table 2.

3.1. HEURISTIC APPROACH

In heuristic methods the expert opinion of the engi-
neering geologist and/or geomorphologist is used to
classify the hazard. Two types of heuristic analysis can
be distinguished: geomorphic analysis and qualitative
map combination.

The geomorphic method is also known as the direct
mapping method (HANSEN, [987). It consists of geco-
morphological and/or engineering geological mapping
through which the surveyor identifies past and present
landslides and makes assumptions on those sites where
failures are likely to occur in the future. Direct hazard
determination is based on individual experience. The
decision rules vary from place to place and are difficult
to formulate. In addition, the resulting documents gen-
erally are “paper” ones (KIENHOLZ, 1978).

To overcome the problem of the “hidden rules™ in
direct mapping, indirect mapping methods have been
developed. Qualitative map combination is based on a
priori knowledge of the causes of landsliding in the
investigated area. Hence, instability [actors are ranked
and weighted according (o their assumed or expected
importance in causing a mass-movement. In this meth-
od the expert’s knowledge can be formalised into rules,
but the result essentially depends on the experience of
the surveyor. At present, maps obtained by this method
cannot readily be evaluated in terms of reliability or
certainty.

3.2. STATISTICAL APPROACH

In the statistical approach, causal factors are defined
a posteriori, through back analysis of historical events.
Therefore, the role of each factor (that led to landslides
in the past) is determined on the basis of the observed
relations with the past/present landslide distribution.
The statistical approach can be applied following differ-
ent techniques which essentially differ on the statistical
procedure used: bivariate or multivariate analysis.

In bivariate statistical analysis each instability factor
map is combined with a landslide distribution map, and
weighting values based on landslide densities are calcu-
lated (SIDDLE et al., 1991; van WESTEN, 1993; YIN,
1994).

Multivariate statistical analysis of the important fac-
tors related to landslide occurrence, give the relative
contribution of each of these factors to the total hazard
within a defined land unit. For each sampling unit, the
presence or absence of landslides is also determined.
The model is conceptually fairly simple, but large data
sels are nceded to obtain enough cases to produce reli-
able results (CARRARA et al., 1995).

3.3. DETERMINISTIC APPROACH

There are some examples of landslide hazard asses-
sment by calculating safety factors over large areas
(van WESTEN, 1993; LEROI, 1996). The resulting
safety factors are only indicative and are used to test
multiple scenarios based on variable triggering hypo-
theses. The most frequently considered are hydraulic
and seismic triggers. The main problem with these me-
thods lies in the choice of the representative input para-
meters and the slope stability model.

For the rational consideration of the natural variabi-
lity and uncertainty of each input variable in slope sta-
bility analyses, a probabilistic approach is essential
(HAMMOND et al., 1992; TERLIEN et al., 1995). The
objective is to obtain the probability distribution of the
factor of safety and hence probability of failure. The
most important limitation to the application of proba-
bilistic methods in landslide hazard assessment may be
the lack of statistical data on soil properties, pore water
pressures and on loads (CHOWDHURY, 1984).

4. LANDSLIDE RISK ASSESSMENT

Landslide risk assessment requires the understand-
ing, analysis and control of damage which are the con-
sequences of the interaction between slope movements
and exposed elements (property, pcople and various
activities). However, due to the complexity of the phe-
nomena and partly to an absence of conceptual know-
ledge of certain risk components, a unified approach to
the problem does not exist. As a result of technical and
sociological advances several rescarchers and organisa-
tions started to develop a methodology for landslide
risk evaluation in the last decade (FELL, 1994; RAGO-
ZIN, 1994; LEONE et al., 1996; LEROUEIL et al.,
1996).

ANDERSON'’s et al. (1996) proposal of a risk-
based method for selecting alternatives for landslide
risk mitigation is presented as follows. The proposal is
interesting because it comprises the whole procedure:
the identification of risk, the estimation of risk, and the
evaluation of risk through either aversion or acceptance
(Fig. 1). Risk identification involves development of
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INITIATING SYSTEM OUTCOME EXPOSURE CONSEQUENCES
EVENT RESPONSE
Freeze-Thaw Action Debris slide Mobilize Debris Time of Day
Rapid Snowmelt Debris flow Complete Failure Prox. to Failure Property Damage
Earthquake Rockslide Partial Failure Warning Time Loss of Revenue
e Extreme Precipitation Rockfall Discrete Boulders Time of Year Loss of Life
(Examples)
EVENT GESIEM OUTCOME EXPOSURE ol e
P(E) RESPONSE PO |F) PL|O 2 LOSSES —
p(F |E) ¢ ) pclL)
ESTIMATION T Remove Slide Debris Warning Systems T
= Weather Stabilize Slide Rockfall Barricade
Modification ! L Relocate Road
G SELECT RISK AVERSION :
AVERSION
ACCEPTANCE RISK
ACCEPTANCE

A

CRITERION MET?

Fig. 1 Framework model for risk-based method to mitigate landslides (ANDERSON ct al., 1996).

the risk model for the evaluation of an existing land-
slide risk. In order to achieve this it is necessary to
recognise and list the various lactors which could con-
tribute to the landslide lailure risk, and then to organise
these into logical event sequences. The model is organi-
sed in the form of an event tree, which commences with
events that can initiate failure, and ends with the conse-
quences of a failure (Fig. 2). In the later phase the risk
model serves for evaluation of the effectiveness of pro-
posed rehabilitation alternatives. The second step
involves risk estimation, i.c. assigning the probabilities
and consequences to the occurrence of each failure
mode. If these risks are unacceptable, the assessment
proceeds to the third step - risk aversion. This involves
the formulation and evaluation of remedial action (rcha-
bilitation) alternatives. The final step in the risk assess-
ment process is the decision on what degree of safety is
acceptable.

A crucial stage lor a good understanding of slope
movements and the risk associated with them, is the
characterisation of movement through factors having a
mechanical significance. It requires establishing a rcla-

tionship between the characteristics of a given move-
ment, existence of definite predisposition [actlors,
occurrence of triggering or aggravating [actors, exis-
tence ol definite revealing factors, and of the conse-
quences of the movement. For this purpose, VAUNAT
et al. (1994) arc developing geotechnical characterisa-
tion of slope movements, taking into account slope
movement type, involved material and movement sta-
ges. Such a characterisation constitutes an essential step
for the development of expert systems on slope engi-
neering, for the selection of numerical models for the
simulation of specific aspects of slope behaviour, as
well as for the design of remedial measures for stabilis-
ing a slope.

5. SCALE-RELATED RECOMMENDATIONS

Not all the methods of landslide hazard zonation are
equally applicable at cach scale of analysis, becausc of
the difference in required input data and degree of pre-
cision ol the obtained results, Table 3 provides an over-
view of the various methods of landslide hazard analy-

INITIATING EVENT SYSTEM RESPONSE OUTCOME | EXPOSURE | CONSEQUENCES
Off-season Night...
Ranid Partial Failure 10(T—s.casson Day}.\.{.— - Road Closed
api ‘ourist Season Night... P 7
Snowmelt... Rockslide Complete failure... N . S / Car Hits Debris
~ Tourist Season Day  /
Bxtreric Discrete Boulders... Debris Hits Car
Precipitation \ Debris Kills Motorist
Rockfall...

Freeze-Thaw
Action...

Fig. 2 Hypothetical event tree branch for evaluating outcome probability for landslide risk assessment (ANDERSON et al., 1996).
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Type of analysis Technique

Scale of use recommended

Regional Medium Large
(<1:100,000) (1:25,000 -1:50,000) (1:5000-1:10,000)

Geomorphological

' Yes Yes® Yes?
analysis
Heuristic analysis .
Qualitative map Yes** Yes* No
combination
Bivariate statistical No Yes No
) analysis
Statistical analysis
Multivariate statistical No Yios No
analysis
Deterministic analysis Safety factor analysis No No Yes***

*  But strongly supported by other more quantitative techniques to obtain an acceptable level of objectivity.
** But only if sufficient reliable data exist on the spatial distribution of the landslide controlling factors.

But only under homogeneous terrain conditions,

considering the-variability of the geotechnical parameters.

Table 3. Hazard analysis techniques in relation to mapping scales (SOETERS & van WESTEN, 1996).

sis and recommendations for their use at the three most
relevant scales. From consideration of the advantages
and pitfalls of landslide hazard zonation techniques, it
follows that the best scale for landslide hazard mapping
is the medium scale, i.e. 1:25,000. At this scale it is
possible to obtain an overview of the hazard in its
entirety, at a reasonable cost.

Regardless of the scale at which the hazard is evalu-
ated, the risk maps should be drawn at scales above
1:5,000. This is due to the impossibility of acquisition
of required input data at smaller scales.

The main field of application for landslide hazard
and risk maps concerns land use planning, development
and regulations. Hence, hazard and risk zonation has to
comprise all levels of land use planning. To obtain an
acceptable cost/benefit ratio and to ensure the practical
applicability of the zonation, the development of a clear
hierarchical methodology for the structuring and analy-
sis of data is necessary.

5.1. APPLICATION TO CROATIA

Regional and medium scale landslide hazard map-
ping has never been undertaken in the Republic of
Croatia. There are some examples of landslide hazard
analyses at large and detailed scales, aimed at urban
planning of particular areas. There is no experience of
landslide risk assessment in Croatia.

Slope stability categorisations for the Zagreb City
arca have been undertaken twice. In 1979 the lithologi-
cal classification and slope stability categorisation was
produced, and in 1988 categorisation were made in the
{ramework of The Scismic Microzonation of Zagreb
City. In both cases the methods of direct mapping were
applied, and the derived maps are at the 1:10,000 scale.
Both of these maps are still relevant for urban develop-
ment in Zagreb. Morcover, the Map of lithological clas-
sification and slope stability categorisation of the Mt.

Medvednica hillsides is part of the legislative document
- The Physical Plan of the Zagreb City. The drawback
of these maps is the outdated data, as well as in the
applied assessment method, because the criteria of eval-
uation are not clearly defined.

At the level of detailed physical development plans
(i.e. on a large scale) it is common to perform the geo-
technical slope stability analysis with the definition of
construction conditions according to the planned land
use. This could prove rational only for small areas, i.e.
<100 ha (STANIC & MIHALIC, 1995).

In respect of the fact that consideration of instability
in the planning processes in Croatia is only partial, and
thus unsatisfactory (MIHALIC & STANIC, 1995), the
proposal of a logical set of activities connected to the
hazard and risk mapping was constructed which com-
prises all the levels of urban planning. The proposal is
presented in the framework of recommendation for the
application to urban planning documents currently valid
in the Republic of Croatia with special emphasis to the
territory of Zagreb City. These recommendations are
applicable at three levels (Fig. 3):

1) At the regional scale (1:100,000 or smaller) the
national landslide inventory should be made. The obje-
ctive of the inventory is to provide an insight into the
spatial distribution of landslides in Croatia. It is also
possible to analyse landslide density. Although the
method does not enable the production of a landslide
hazard map, the quantitative presentation of landslide
density would indicate arcas in Croatia where mass
movements can be a constraint to development. The
information obtained should serve for physical planning
at the national and county level. Overlaying of a land-
slide distribution map with the maps which display cle-
ments at risk (i.e. land use map) should also indicale
areas where landslide hazard mapping is necessary.
Additionally, the records ol the most signilicant land-
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slides in Croatia could also serve as input for the World
Landslide Inventory.

The Croatian Institute of Geology is currently deve-
loping a landslide inventory as part of the preparation  tral part of the Zagreb section.

HA0000 P+ 03 o8 PR R e B8 RS

B —mm——

: a= A Ea
 DETAILED SCALE
=s000 . D

Bl 15
LANDSLIDES
RISK MAP

Fig. 3 Hierarchical mo-
del for landslide ha-
zard and risk map-
ping.

of the Basic Engineering Geological Map of the Repub-

lic of Croatia scale 1:100,000. Figure 4 is a cartogra-

phic representation of a landslide inventory in the cen-

Fig. 4 Landslide
inventory map
of the central
part of Zagreb
section (Engi-
neering Geo-
logical Data
Base - Institu-
te of Geology,

Zagreb),




Mihalié: Recommendations for Landslide Hazard and Risk Mapping in Croatia

201

2) At the medium scale (1:25,000) statistical hazard
analysis ol geological-morphological causal lactors is
required. The detail on the hazard map should be such,
that adjacent slopes of the same lithology are evaluated
separately, and may obtain different hazard scores,
depending on other characteristics, such as slope angle
and slope segments. This map should represent a base
for rational land-use planning, in order to locate devel-
opments on stable ground. The field of application
would be the physical planning at the municipal and
city level. Accordingly, a landslide hazard map for the
territory of Zagreb City should also become a compo-
nent of the Physical Plan of Zagreb City, by replacing
the existing Map of lithological classification and the
slope stability catcgorisation of the Mt. Medvednica
hillsides. On the basis of a landslide hazard map, the
legislation restricting development in the areas most
susceptible to landslides could be enacted.

Enlargement of the landslide hazard map to the
1:10,000 scale could also serve as the basis or con-
struction of the Physical Development Master Plan of
Zagreb City. Overlaying of the hazard map with the
map which displays elements at risk could indicate the
level of risk. In the areas where risk is low, landslide
hazard analysis will sullice.

Fig. 5 Aerial photograph of
Kostanjek landslide ar-
ea taken in 1985 with
inscribed landslide bou-
ndary (STANIC & NO-
NVEILLER, 1996).

3) At the large scale (>1:5,000) the information of
landslide risk is required. To achieve the cxpected deg-
ree of precision it is necessary to undertake comple-
mentary investigation, followed by geotechnical char-
acterisation of slope movements, and thus the risk
assessment. The application of risk maps lies in the
construction of urban plans and of the detailed physical
development plans for the areas characterised by high
risks.

An example of the area where the landslide risk
assessment could be undertaken is the large Kostanjek
landslide on the western outskirts of Zagreb, on the
southern slopes of the Mt. Medvednica (Fig. 5). The
first movement of this active landslide occurred in
1963. It is estimated that a sliding mass of some 32 x10°
m’ is involved, with a maximum depth of 90 m. The
displacements on the surface are 3-6 m (STANIC &
NONVEILLER, 1996). The necessity for landslide risk
assessmenl is conditioned by the presence of numerous
houses in the arca, as well as by the high level of explo-
ration including continuous ground-displacement mea-
surements.
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6. CONCLUSIONS

Predictive models of landslide hazard and risk
assessment constitute a major research field which may
well take advantage of the potential of new technologi-
cal advancements - GIS-driven data acquisition, mani-
pulation and analysis. Consequently, the development
of the methods of producing landslide hazard and risk
maps is still in progress, and no uniform approach is as
yet accepted.

By evaluation of the methodological approaches to
landslide hazard zonation practices, the statistical ana-
lysis of geological-morphological causal factors is sug-
gested, aimed at the prediction of the spatial probability
ol landslides (i.c. where failures are most likely to oc-
cur). This method allows production of landslide hazard
maps al the scale of 1:25,000 at an acceptable cost.

Due to the variety ol geological situations, the dive-
rsity ol materials, the complexity of acting mechanisms
and the variability of controlling parameters, the indica-
tion of the temporal probability of landsliding (i.e.
when failures are likely to occur) can only be obtained
by risk analysis at the detailed scale (>1:5,000). Hence,
of crucial importance for risk analysis is VAUNAT’s et
al. (1994) geotechnical characterisation of slope move-
ments. To be of value, in terms of the evaluation and
presentation of landslide mitigation alternatives, risk
analysis should encompass risk identification, estima-
tion, aversion and acceptance, as proposed by ANDER-
SON et al. (1996).

The priority arcas for the construction of risk maps
are 1o be delimited on the basis of the hazard maps. The
areas that are to be covered by hazard maps should be
determined on the basis of data from a national land-
slide inventory.

The development of a general methodology for
landslide hazard and risk mapping would require defini-
tion of the conceptual models, and extraction of simpli-
[ied operational models from the conceptual models.
The choice of the models should also serve as a guide
for the development of appropriate data bases, taking
into account that the availability of adequate data (both
in quantity and quality) is crucial issue enabling the
task to be accomplished.

Acknowledgements

This paper benelited from constructive reviews by
Prof. Dr. Mihael RIBICIC, Prof. Dr. Hansjérg OELTZ-
SCHNER and Prof. Dr. Edmund KRAUTER. I wish (o
especially thank Prof. Dr. H. OELTZSCHNER and col-
leagues from Bayerisches Geologisches Landesamt [or
having introduced me into the GEORISK - landslide
information system.

7. REFERENCES

ANDERSON, L.R., BOWLES, D.S., PACK, R.T. &
KEATON, I.R. (1996): A risk-based method for
landslide mitigation.- In: SENNESET, K. (ed.):
Landslides. Proc. 7th Int. Symp. Landslides, Trond-
heim 1996., 1, 135-140, Trondheim.

BRABB, E.E. (1984): Innovative approaches to land-
slide hazard and risk mapping.- Proc. 4th Int. Symp.
Landslides, Toronto 1984., 1, 307-323, Toronto.

BROWN, W.M., III (1992): Information for disaster
reduction: The National Landslide Information Cen-
ter, US Geological Survey.- In: BELLM, D.H. (ed.):
Landslides. Proc. 6th Int. Symp. Landslides, Christ-
church 1992., 2, 891-892, Christchurch.

BROWN, W.M., III, CRUDEN, D.M. & DENISON,
J.5. (1992): The Directory of the World Landslide
Inventory.- U.S. Geological Survey Open-File Rep-
ort 92-427.

CARRARA, A.,, CARDINALI, M., GUZZETTIL F. &
REICHENBACH, P. (1995): GIS technology in
mapping landslide hazard.- Tn: CARRARA, A. &
GUZZETTI, F. (eds): Geographical Information
Systems in Assessing Natural Hazards. Kluwer
Academic Publishers, Dordrecht, 135-176.

CHOWDHURY, R.N. (1984): Recent developments in
landslide studies: probabilistic methods. State-of-
the-art report - Session VII (a).- Proc. 4th Int. Symp.
Landslides, Toronto 1984., 1, 209-228, Toronto.

CRUDEN, D.M. (1991): A simple definition of a land-
slide.- Bull. of the Int. Assoc. of Eng. Geol., 43, 27-
29.

CRUDEN, D.M. (1996): An inventory of landslides in
Alberta, Canada.- In: SENNESET, K. (ed.): Land-
slides. Proc. 7th Int. Symp. Landslides, Trondheim
1996., 3, 1877-1882, Trondheim.

CRUDEN, D.M. & VARNES, D.I. (1996): Landslide
types and processes.- In: TURNER, A.K. & SCHU-
STER, R.L. (eds): Landslides: Investigation and
Mitigation. National Academy Press, Washington,
36-75.

FELL, R. (1994): Landslide risk assessment and accept-
able risk.- Can. Geotech. Journal, 31, 261-272.

FERNANDEZ, T., IRIGARAY, C. & CHACON, J.
(1996): Inventory and analysis of landslide determi-
nant factors in Los Guajares Mountains, Granada
{Southern Spain).- In: SENNESET, K. (ed.): Land-
slides. Proc. 7th Int. Symp. Landslides, Trondheim
1996., 3, 1891-1896, Trondheim.

HAMMOND, C.J., PRELLWITZ, R.W. & MILLER,
S.M. (1992): Landslide hazard assessment using
Monte Carlo simulation.- In: BELL, D.H. (ed.):
Landslides. Proc. 6th Int. Symp. Landslides, Christ-
church 1992., 2, 959-964, Christchurch.



Mihali¢: Recommendations for Landslide Hazard and Risk Mapping in Croatia

203

HANSEN, A. (1987): Landslide hazard analysis.- In:
BRUNSDEN, D. & PRIOR, D.B. (eds.): Slope In-
stability. John Wiley and Sons, London, 523-602.

TAEG COMMISSION ON LANDSLIDES (1990): Sug-
gested nomenclature for landslides.- Bull. of the Int.
Assoc. of Eng. Geol., 41, 13-16.

IUGS WG/L (1995): A suggested method lor describ-
ing the rate of movement of a landslide.- Bull. of the
Int. Assoc. of Eng. Geol., 52, 75-78.

KIENHOLZ, H. (1978): Maps ol geomorfology and
natural hazards of Grindewald, Switzerland, scale
1:10.000.- Arctic and Alpine Research, 10, 2, 169-
184,

KRAUTER, E., LIPPOMANN, R., MOSER, M., MUL-
LER, B. & PRINZ, H. (1996): Kinematical-geotech-
nical aspects of landslides in Germany.- In: SEN-
NESET, K. (ed.): Landslides. Proc. 7th Int. Symp.
Landslides, Trondheim 1996., 1, 251-256, Trond-
heim.

LEONE, F., ASTE, I.P. & LEROIL, E. (1996): Vulnera-
bility assessment ol elements exposed to mass-
movemnet: Working toward a better risk percep-
tion.- In: SENNESET, K. (ed.): Landslides. Proc.
7th Int. Symp. Landslides, Trondheim 1996., 1,
263-270, Trondheim.

LEROI, E. (1996): Landslide hazard - Risk maps at dif-
ferent scales: Objectives, tools and developments.-
In: SENNESET, K. (ed.): Landslides. Proc. 7th Int.
Symp. Landslides, Trondheim 1996., 1, 35-52,
Trondheim.

LEROUEIL, S., LOCAT, J., VAUNAT, I., PICAREL-
L1, L., LEE, H. & FAURE, R. (1996): Geotechnical
characterization of slope movements.- In: SENNE-
SET, K. (ed.): Landslides. Proc. 7th Int. Symp.
Landslides, Trondheim 1996., 1, 53-74, Trondheim.

McINNES, R.G. (1996): A review of coastal landslide
management on the Isle of Wight, UK.- In: SEN-
NESET, K. (ed.): Landslides. Proc. 7th Int. Symp.
Landslides, Trondheim 1996., 1, 301-307, Trond-
heim.

MIHALIC, S. (1996): Zoniranje po opasnosti od klizan-
ja - hazard i rizik (Landslide hazard and risk zona-
tion).- Unpublished M.Sc. Thesis, Faculty of Min-
ing, Geology and Petroleum Engineering, Universi-
ty of Zagreb, 70 p.

MIHALIC, S. & STANIC, B. (1995): Pokreti na padi-
nama - hazard i rizik (Slope movements - hazard
and risk).- In: VLAHOVIC, 1., VELIC, I, & SPAR-
ICA, M. (eds): Proc. Ist Croatian Geological Con-
gress, Opatija 1995., 2, 367-372, Zagreb,

POPESCU, M.E. (1994): A suggested method for
reporting landslide causes.- Bull. of the Int. Assoc.
of Eng. Geol., 50, 71-74.

POSCHINGER, A.V. (1994): Recording and investiga-
tion of mass movements in the Bavarian Alps: The
GEORISK-project.- Proc. 7th Int. IAEG Congress,
Lisbon 1994, 3, 4527-4531, Lisbon.

RAGOZIN, A.L. (1994): Basic principles of natural
hazard risk assessment and management.- Proc. 7th
Int. IAEG Congress, Lisbon 1994., 3, 1277-1286,
Lisbon.

REZIG, S., FAVRE, J.L. & LEROI, E. (1996): The
probabilistic evaluation of landslide risk.- In: SEN-
NESET, K. (ed.): Landslides. Proc. 7th Int. Symp.
Landslides, Trondheim 1996., 1, 351-356, Trond-
heim.

ROSENBAUM, M.S. & POPESCU, M.E. (1996):
Using a geographical information system to record
and assess landslide-related risks in Romania.- In:
SENNESET, K. (ed.): Landslides. Proc. 7th Int.
Symp. Landslides, Trondheim 1996., 1, 363-370,
Trondheim.

SCHUSTER, R.L. (1991): Landslide hazard manage-
ment - experience in the United States.- Slope sta-
bility engineering: developments and applications.
Proc. Int. Coni. Slope Stability, Isle of Wight 1991.,
253-263, Isle of Wight.

SIDDLE, H.J., JONES, D.B. & PAYNE, H.R. (1991):
Development of a methodology for landslip poten-
tial mapping in the Rhondda Valley.- Slope stability
engineering: developments and applications. Proc.
Int. Conl. Slope Stability, Isle ol Wight 1991., 253-
263, Isle of Wight.

SOETERS, R. & van WESTEN, C.J. (1996): Slope
instability: Recognition, analysis and zonation.- In:
TURNER, A K, & SCHUSTER, R.L. (eds.): Land-
slides: Investigation and Mitigation. National Acad-
emy Press, Washington, 129-177.

STANIC, B. & MIHALIC, S. (1995). Zoniranje po opa-
snosti od klizanja (Landslide hazard zoning).- In:
MAVAR, R. (ed.): Geotechnical engineering in
cities. Proc. 2nd Conf. HDMTTI, Varazdin 1995., 1,
467-475, Varazdin.

STANIC, B. & NONVEILLER, E. (1996). The Kosta-
njek landslide in Zagreb.- Enginecring geology, 42,
269-283.

STATHAM, 1., LANGER, M.E.B. & BOUCKOVA-
LAS, G. (1995): The identification and monitoring
of gecohazards.- Interplay between Geotechnical
Engineering And Engineering Geology. Proc. XI
Europ. Conf. Soil Mechanics & Foundation Engi-
neering, Copenhagen 1995., 9, 77-104, Copenha-
gCrl.

TERLIEN, M.T.J., van WESTEN, C.J. & van ASCH,
T.W.J. (1995): Deterministic modelling in GIS-
based landslide hazard assessment.- In: CARRARA,
A. & GUZZETTI, F. (eds.): Geographical Informa-



204

Geologia Croatica 51/2

tion Systems in Assessing Natural Hazards. Kluwer
Academic Publishers, 57-77, Dordrecht.

UNESCO WORKING PARTY ON WORLD LAND-
SLIDE INVENTORY (1993): A Suggested Method
for Describing the Activity of a Landslide.- Bull. of
the Int. Assoc. of Eng. Geol,, 47, 53-57.

van WESTEN, C.J. (1993): GISSIZ. Application of
Geographic Information Systems to landslide haz-
ard zonation.- ITC Publication No. 15, Enschede,
245 p.

VARNES, D.J. (1984): Landslide hazard zonation: a
review of principles and practice.- Natural Hazards,
3, UNESCQ, Paris, 63 p.

VAUNAT, J., LEROQUEIL, S. & FAURE, R.M. (1994):
Slope movements: A geotechnical perspective.-

Proc. 7th Int. IAEG Congress, Lisbon 1994., 3,
1637-1646, Lisbon.

WIECZOREK, G.F. (1996): Landslide triggering
mechanisms.- In: TURNER, A.K. & SCHUSTER,
R.L. (eds.): Landslides: Investigation and Mitiga-
tion. National Academy Press, Washington, 76-90.

WP/WLI (1993): A suggested method for describing
the activity ol a landslide.- Bull. ol the Int. Assoc.
of Eng. Geol., 47, 53-57.

YIN, K.L. (1994): A computer-assisted mapping ol
landslide hazard evaluation.- Proc. 7th Int. IAEG
Congress, Lisbon 1994, 6, 4495-4499, Lisbon.

Manuscript received June 4, 1998.
Revised manuscript accepted November 23, 1998.



