GIS in landslide hazard zonation:

a review, with examples from the
Andes of Colombia

Cees §. van Westen

Introduction

Mass movements in mountainous terrain are natural degradational processes,
and one of the most important landscape building factors. Most of the terrain
in mountainous areas has been subjected to slope failure at least once, under
the influence of a variety of causal factors, and triggered by events such as
earthquakes or extreme rainfail.

Mass movements become a problem when they interfere with human
activity. The frequency and the magnitude of slope failures can increase due
to human activities, such as deforestation or urban expansion (Figures 8.1
and 8.2). In developing countries, this problem is especially great due to rapid
non-sustainable development of natural resources. Developing countries suffer
some 95 per cent of total disaster-related fatalities, which are estimated to
number on the order of 225 000 per year (Hansen, 1984). Economic losses
attributable to natural hazards in developing countries may represent as much
as 1-2 per cent of gross national product (Fournier D’Albe, 1976). Losses
due to mass movements are estimated to be one quarter of the total losses
due to natural hazards (Hansen, 1984). These statistics illustrate well the
importance of hazard mitigation. Indeed, the decade 1990-2000 has been
designated the International Decade for Natural Disaster Reduction by the
General Assembly of the United Nations.

Mitigation of landslide disasters can be successful only when detailed
knowledge is obtained about the expected frequency, character, and magnitude
of mass movement in an area. The zonation of landslide hazard must be the
basis for any landslide mitigation project and should supply planners and
decision-makers with adequate and understandable information. Analysis of
landslide hazard is a complex task, as many factors can play a role in the
occurrence of mass movements {see Crozier, 1986 for a comprehensive
treatment of causes). The analysis requires a large number of input param-
eters, and techmiques of analysis may be very costly and time-consuming. The
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Figure 82 Landslide in the city of Manizales, Colombia.

increasing availability of computers during the last decades has created
opportunities for a more detailed and rapid analysis of landslide hazard. This
chapter describes in a general way the results of an international research
project dealing with the application of GIS in landslide hazard zonation. For
more information the reader is referred to Soeters ez al. (1991), Rengers {1992),
Rengers et al. (1992}, Van Asch ef al. {(1992), van Westen and Alzate {1990)
and van Westen (1992a, 1992b, 1993).
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Definitions

Mass movement is defined as ‘the cutward or downward gravitational move-
ment of earth material without the aid of running water as a transporting
agent’ {Crozier, 1986). Although by definition the term landslide is used only
for mass movements occurring along a well-defined sliding surface, it has
been used as the most general term for alf mass movements, including those
that involve little or no sliding. In this study the terms mass movement;
landslide; siope movement; and slope failure are used synonymously.

To differentiate between the terms hazard; vulnerability; and risk, the
following definitions (given by Varnes, 1984} have become generally accepted:

Natural hazard (H):  the probability of occurrence of a potentially dam-
aging phenomenon within a specified period of time
and within a given area.

Vulnerability (V) the degree of loss o a given element or set of ele-
ments at risk (see below} resulting from the occur-
rence of a natural phenomenon of a given magnitude.
It is expressed on a scale from § (no damage) to 1
(total loss).

Specific risk {Rs): the expected degree of loss due to a particular natu-
ral phenomenon. It may be expressed by the prod-
uct of H and V.

Elements at risk (E):  the population, properties, economic activities, in-
cluding public services, etc. at risk in a given area.

Total risk (Rf): the expected number of lives lost, persons injured,
damage to property, or disruption of economic ac-
tivity due to a particular natural phenomenon. It is
therefore the product of specific risk (Rs) and ele-
ments at risk (E):

Rt = (E} * (Rs) = (E) * (H*V).

Landshde hazard is commonly shown on maps, which display the spatial
distribution of hazard classes (landslide hazard zonation). Zonation refers to
‘the division of the land in homogeneous areas or domains and their ranking
according to degrees of actual/potential hazard caused by mass movement’
(Varnes, 1984). Landslide hazard zonation requires a detailed knowledge
of the processes that are or have been active in an area, and of the factors
ieading to the occurrence of the potentially damaging phenomenon. This is
considered the task of earth scientists. Vulnerability analysis requires de-
tailed knowledge of the population density, infrastructure, and economic ac-
tivities, in addition to the hazard. Therefore, this part of the analysis is done
mainly by persons from other disciplines, such as urban planning, social
geography, and economics.
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Fully-developed examples of risk analysis on a quantitative basis are still
scarce in the literature (Einstein, 1988}, because of the difficuities in defining
quantitatively both hazard and vulnerability. Hazard analysis is seldom
executed in accordance with the definition given above, since the probability
of occurrence of potentially damaging phenomena is extremely difficult to
determine for larger areas. The determination of actual probabilities requires
analysis of triggering factors, such as earthquakes or rainfall, or the application
of compiex models. In most cases, however, there is no clear relationship
between these factors and the occurrence of landslides. Therefore, the legend
classes used in most hazard maps do not give more information than relative
indications, such as high, medium, and low hazard. This study is restricted to
the analysis of landslide hazard.

frends in landslide hazard zonation

A large amount of research on hazard zonation has been done over the last
30 years, as the consequence of an urgent demand for slope instability hazard
mapping. Overviews of the various slope instability hazard zonation techniques
can be found in Hansen (1984}, Varnes (1984), and Hartlén and Viberg (1988).
The initial investigations were oriented mainly toward problem solving at the
scale of site investigation and development of deterministic models. A wide
variety of deterministic slope stability methods is now available to the engineer
{Chowdury, 1978; Graham, 1984).

'The large regional variability of geotechnical variables, such as cohesion;
angle of internal friction; thickness of Iayers{ or depth to groundwater, is
inconsistent with the homogeneity of data required in deterministic models.
The site investigation approach provides an unacceptable cost/benefit ratio
for engineering projects over larger areas during the planning and decision-
making phases due to the high cost and time requirements of data collection.
Several types of landstide hazard zonation techniques have been developed
to tackle such problems encountered in the application of deterministic
modelling. A summary of the various trends in the development of techniques
is given in Table 8.1. Each of the main groups highlighted in Table 8.1 is
described in more detail in the following paragraphs.

Previous landslide studies using GIS

The development of GIS has greatly increased the availability of techniques
for landslide hazard assessment and their application. The first applications
of simple, self-programmed, prototype GIS in the analysis of landslide hazard
zonation date from the late 1970s (Burrough, 1986). Newman et al. (1978)
reported on the feasibility of producing landslide susceptibility maps using
computers. Carrara ef al. (1978) reported results of multivariate analysis applied
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FTable 81 General trends in landslide hazard methods

Type of landslide hazard analysis Main characteristic

A. Distribution analysis Direct mapping of mass movement features
resuiting in a map which gives information
only for those sites where landslides have
occurred in the past

B. Qualitative apalysis Ditrect, or semi-direct, methods in which the
geomorphological map is renumbered to a
hazard map, or in which several maps are
combined into one using subjective decision
rules, based on the experience of the earth
scientist

€. Statistical analysis Indirect methods in which statistical analyses
are used to obtain predictions of the mass
movement hazard from a pumber of
parameter maps

Indirect methods in which parameter maps
are combined in slope stability calculations

e

. Deterministic analysis

1

. Landslide frequency analysis Indirect methods in which earthquake and/or
rainfall records or hydrological models are
used for correlation with known landslide
dates, to obtain threshold values with a
certain frequency

on grid cells with a ground resolotion of 200 m x 200 m using approximately
25 variables. Huma and Radulescu (1978} reported an example from Romania
of a gualitative hazard analysis including the factors of mass movement
occurrence, geology, structural geological conditions, hydrological conditions,
vegetation, slope angle, and slope aspect. Radbruch-Hall ez al. (1979) wrote
their own software to produce small-scale (1:7500 000) maps with 6 million
pixels showing hazards, unfavourable geological conditions, and areas where
construction or land development may exacerbate existing hazards. The maps
were made by qualitative overlay of several input maps.

During the 1980s, the use of GIS for slope instability mapping increased
sharply due to the development of commercial GIS systems, such as ARC/
INFG, Intergraph, SPANS, ILWIS and IDRISI, and the increasing availability
of personal computers (PCs). The majority of case studies presented in the
literature on this subject deal with qualitative hazard mapping. The impor-
tance of geomorphological input data is stressed in the methods used by
Kienholz ef ai. (1988}, who used a GIS for a qualitative mountain hazard
analysis; detailed aerial photo interpretation was used as a basis. The authors
state that, due to the lack of good models and geotechnical input data, the
use of a relatively simple model based on geomorphology seems to be the
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most realistic method. Most examples of qualitative hazard analysis with GIS
are very recent {Stakenborg, 1986; Mani and Gerber, 1992; Kingsbury ef al.,
1992). Many examples are presented in the proceedings of the First Inter-
national Symposium on the use of Remote Sensing and GIS for Natural Risk
Assessment, held-in Bogotd, Colombia, in March 1992 {(Alzate, 1992).

Examples of landslide susceptibility analysis with GIS reported since the
1970s have come mainly from the United States Geological Survey (USGS)
in Menlo Park, California, where Brabb and his team have proceeded with
their work and extended it, taking intc account additional factors besides
landslides, geology, and slope (Brabb, 1984; Brabb er al., 1989). Other ex-
amples of quantitative univariate statistical analysis with GIS are rather scarce
(Lopez and Zinck, 1991; Choubey and Litoria, 1990). This is rather strange,
since one of the strong advantages of using a GIS is the capability to test the
importance of each factor, or combinations of factors, and assign guantitative
weighting values based on mass movement density.

Recent examples of multivariate statistical analysis using GIS have been
presented mainly by Carrara and his team. Their work has developed from
the use of large rectangular grid cells as the basis for analysis (Carrara et al.,
1978; Carrara, 1983, 1988) towards the use of morphometric units (Carrara ef
al., 1990, 1951). The method itself has not undergone major changes. The
statistical model is built-up in a training area, where the spatial distribution
of landstides is {or should be) well known (Carrara, 1988). In the next step
the model is extended to the whole study area or target area, based on the
assumption that the factors that cause slope failure in the training area are
the same as in the target area.

Another example of multivariate analysis using a GIS is presented by
Bernknopf et al. (1988). They applied multiple regression analysis to a data
set, using presence/absence of landslides as the dependent variable and the
factors used in a slope stability model (soil depth, soil strength, slope angle)
as independent variables. Water table data and cohesion data were not taken
into account. The resulting regression function is transformed so that land-
slide probability can be calculated for each pixel.

Deterministic modelling of landslide hazard using GIS has become rather
popular. Most examples deal with infinite slope models, since they are simple
to use for each pixel separately (Brass ef al., 1989; Murphy and Vita-Finzi,
1991). Hammond ef al. (1992) presented methods in which the variability of
the factor of safety is calculated from selected input variables following the
Monte Carlo technique. This implies a large number of repeated calculations,
which require the use of a GIS.

A relatively new development in the use of GIS for slope instability
assessment is the application of so-called neighbourhood analysis. Most of
the conventional GIS techniques are based on map overlaying, which allows
only for the comparison of different maps at the same pixel locations. Neigh-
bourhood operations also allow evaluation of the neighbouring pixels around
a central pixel, and can be used in the automatic extraction from a digital
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terrain model (DTM) of such morphometric and hydrological features as
slope angle; slope aspect; downslope and cross-slope convexity; ridge and
valley lines; catchment area; stream ordering, and the contributing area for
each pixel. An overview of the algorithms applied in the extraction of
morphometric parameters from GTMs is given by Gardner et al. (1990).
Carrara identified automatically -the homogeneous units he used as the basis
for a multivariate analysis from a detailed DTM. The morphometric and
hydrological parameters used in that analysis were also extracted automat-
ically (Carrara et al., 1990). Niemann and Howes {1991) performed a statis-
tical analysis based on automatically extracted morphometric parameters (slope
angle, stope aspect, down-slope and cross-slope convexity and drainage area),
which they grouped into homogeneous units using cluster analysis. Van Dijke
and van Westen (1990) applied a simple type of neighbourhood analysis to
model the runout distances for rockfall blocks.

A recent development in the use of GIS for slope instability zonation is
the application of expert systems. Pearson ef al. (1991) developed an expert
system in connection with a GIS in order to ‘remove the constraints that the
users should have a considerable experience with GIS’. A prototype interface
between a GIS {(ARC/INFO) and an expert system (Nexpert Object) was
developed and applied for translational landslide hazard mapping in an area
in Cyprus. The question remains, however, whether the rules used in the
expert system apply only to this specific area, or whether they are universally
applicable.

Pilot study areas

Selecting the working scale for a siope instability analysis project is determined
by the purpose for which it is executed. The following scales of analysis,
which were presented in the International Association of Engineering Geo-
logists” monograph on engineering geological mapping (IAEG, 1976), can
also be distinguished in landslide hazard zonation:

- Synoptic or regional scale {<1:100 600);
- Medium scale (1:25 000-1:50 000);
-~ Large scale (1:5000-1:10 000).

Regional-scale hazard analysis is used to outline problem areas with
potential slope instability. The maps are mainly intended for agencies dealing
with regional (agricultural, urban, or infrastructural) planning. The areas to
be investigated are very large, on the order of 1000 km? or more, and the
required detail of the map is low. The maps indicate regions where severe
mass movement problems can be expected to threaten rural, wrban, or
infrastructural projects. Terrain units with areas of at least several tens of
hectares are outlined. Within these units the degree of hazard is assumed to
be uniform.
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Medium-scale hazard maps are made mainly for agencies dealing with
inter-municipal planning or companies dealing with feasibility studies for large
engineering works (such as dams, roads, railroads). The areas to be investigated
will have areas of several hundreds of square kilometres. At this scale con-
siderably more detail is required than at the regional scale. The maps may
serve, for example, for the choice of corridors for infrastructural construction
or zones for urban development. The detail should be such that adjacent
slopes with the same lithology are evaluated separately, which may result in
different hazard scores, depending on other characteristics, such as slope
angle and land use. Even within 2 single terrain unit, a distinction shouid be
made between different slope segments, for example a concave part of a
slope should receive a different score than an adjacent straight slope.

Large-scale hazard maps are produced mainly for authorities dealing
with detailed planning of infrastructural, housing, or industrial projects, or
with evaiuation of risk within a city. The size of an arez under study would
be on the order of several tens of square kilometres. The hazard classes on
such maps should be absolute, indicating, for example, the probability of
failure for each individual unit with an area down to less than a hectare.

Although the selection of the scale of analysis is usually determined by
the intended application of its results, the choice of technique for mapping
landslide hazard remains open. The choice depends on the type of problem,
the availability of geotechnical and other data, the availability of financial
resources, and time restrictions, as well as on the knowledge and experience
of the research team.

Three pilot study areas for the different working scales, defined above,
were selected in the Rio Chinchina catchment in Colombia. The catchment
of the Rio Chinchina, with a surface area of 722 km? and a perimeter of 159 km,
is located on the western slope of the central Andean mountain range
{Cordillera Central) in the Caldas Department in Colombia (see Figure 8.3).
This area was chosen as the study area to test the methodology developed in
this work because of its following characteristics.

1. The severity of natural hazards in the area, combined with intensive indus-
trial and agricultural activity and a high population density, has caused
considerable damage and loss of lives in the past. The area is susceptible
to mass movement, earthquake, and volcanic hazards. The largest disaster
in the Ric Chinchina area took place on 13 November 1985, when a lahar,
triggered by an eruption of the glacier-covered Nevado del Ruiz, caused
the death of about 2000 persons and destroyed all bridges over the Rio
Claro and Rio Chinchina. The last major earthquake, which killed 50
persons in Pereira and Manizales and caused considerable property dam-
age, occurred on 23 Movember 1979. Landslide casualties and material
damage are reported almost annually, in both urban and rural areas. The
road network also suffers from severe mass movement problems. The so

called wriangulo vial (road triangle) between Manizales, La Manuela, and
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Figure 83 The pilot study areas for the three working scales, located in the Rio
Chinchina caichment, central Colombia.

Chinchina is considered by the Ministry of Public Works to be one of the
main problem areas in the Colombian road network (Baez er al., 1988).
2. The availability of maps, aerial photos, and reports. Imagery and topo-
graphic maps, as well as a wide range of thematic maps from different
years and at different scales, are available for most parts of the area.

Input data

A list of the various input data needed to assess landslide hazard at the
regional, medium, and large scale is given in Table 8.2. The list is extensive,
and only in an ideal case will all types of data be available. However, the
amount and type of data that can be collected, determine the type of hazard
analysis that can be applied, ranging from gualitative assessment to complex
statistical methods.

The data layers needed to analyse landslide hazard can be subdivided
mto five main groups: geomorphological; topographic; engineering geological
or geotechnical; land use; and hydrological data. A data layer in a GIS can
be seen as one digital map, containing one type of data, composed of one




de hazard zonation

GIS in landsk

sodAy [eLIolBW SZLISIORIEYD
0} sojdures pejoojss Jo sisAfeur Arojeioqe]

syurod Sundureg ‘¢

yd ySiy  91BIopon pue ‘sdoiono yoo1 pue [10s Jo suondrosep pelg

(LT pue adojs ‘A8ojoed ‘Jecrdoroydiowoss)
ydiyy  o1eIspop MO sdewr 10430 JO UOUBHWIGWIOD B AQ PR soouanbas eLISIBIN 71

slqejtRAR 2iv BIED OU
g8y ySig  91BIOpPON 3 Suiddew £q 10 ‘sdews jeorSojoed Funsis jo Funyooy) sorfojoyIry ‘11
ADOTOTD ONINHANIONA
Yy 2Oy 'Yt uonejeidioyur ojoyd pepreisp 10 ‘WL € WOL 9pBI SOUIXSAUOD/SOTIIARDUO)) (T
ydiyy  o1eIopon MO uoneierdioyu ojoud eLsY adoys jo syeeig 6
sy ySiey  9BIOpOW ponmbox HOTOLNOO BIEP BIXD OU ‘W] ¥ WOI] opely dewr wonpoxp odols R

(sfeinoozed 10 sooidop)

y3H USIH  9)eIopo (ALLQ) © woiy Spe dew adors
ydiyg ySipy  ejeIspop sdew mojuod Sunsixs Jo vonpayio)y  (ALLC) epouw uleirs) (B3Il 9
AHIVHOOLO0L

SOATYOIR

yorngo 10 ‘sepeduq o1y ‘siodedsmon wWoIy spIovol
ydry gy Moy opi[spuE] Jo uonoa[os + uonejerdieur ojoyd [BULY (pousad 1oplo) seprspuw ‘¢
o sy #07] suonduosep pjey pue uonelerdroiur ojoyd [eLdY {(3ucoer) sepuspue] ‘b
gy 181 Mo Woauo pley pue uvonelerdioy oloyd (eLOY syrungns [esidojogdiomwoasy ¢
I ydiy  eIvIopoi ¥ooup pioy pue uonereidisyur ojoyd [RUSY syun [esifojoydiowonsy 7

(snL)
MOT]  2JBISPOWN g Apnis 10A0 Y[em + uoneisxdioyur ofeun syfeles sypun Suddew urersog 1
ADOTOHJYONOTO
ofeos oTeoss o1ess
ofzey wnipe  [euoidey

senbiuyos) uono9od BlEp JO AlRUIWng sadAy v1eQg

WONOR[Iod EIep JO ALIGISEa

sisdppun papzoy apiispuv] 10f papaau pivp jndug fo maapa) I8 21981




Westen

van

CJ

Jlex

SPOW
BEIEE

48y
LGS
LSS
Y3y
usig

LEi |
ya:y

481
gy

[Erifed

Yo |
4y

ydig
LEII

#07]
ydiyy

43y
ydiyg

BEL 2|

21BIOPOW
LB S|

ysy

M0
EEHSH

JRIGPON
eI
RO
21BISPOW
Q1LISPON

Ui
JBIDPOW

Mo
ydiyy

Y31

Suipjopow pue 1BSY JO SJUSWAINSEIW PIoL]
Su01Ie]S [e0130]010010wW FUNSIXO JO UOHISOD

W.LJ ' woly Suppou

1o dew owydesdodo; pue voneiexdioiy ojoyd ey
dew omdesdodoy pue voneeidisiur ojoyd ey

sseqeiep pue sdew jensepes FuUnsXe JO UOLIL[CD
uoneierdioiut ojoud [euoy

¥o0uo pjey puw sofeun

sypIeIes JO wonELyIssE pue uonwierdiow ojoyd pLoy
dew omderfodoy pue uoneesdisiur ojoyd Uy

dew osydessodoy pue vonejordroiur ojoyd jeroy

(s)axenbylies wioxy o8ewrep poaIssqo oYl UO SauRULONSIND
SPIOJSL JTWISIDS SUIISIXD 1O UOHIO[O)

Jiomprey pue ‘uonejordiojm

ojoud teuoe ‘monejexdisjur ofeus oyfioieg

o1qel J01BAY ST
BIRD [BOIIO[0I00IOW T

SBOIE JUDWIIE]) €7
ofeutex(] 77
ADCTONTAH

§300[q [B1ISEPE]) [T
(1opjo) dewr asn puey gy

(1uooo1) dewr osn pue| g
(xop10) ermonuseriuy "Rl
(1u0021) sunjoniseauy L]
A8 ANV

AJISUSIUI DIWISIAS JO SOUIOS] G}
SIIBAD OIUSIOE ‘G

sjgowRaul] 3 Syned by




146 GIS in landslide hazard zonation

type of element {points, lines, units), and having one or more accompanying
tables. Of course, the layers that have to be taken into account vary for
different environments. Tectonic data, for example, are not needed in an
area that is seismically inactive, and in some areas it may be necessary {0
include types of data not listed in the Table.

The second column of Table 8.2 gives a summary of the method by
which each data layer is collected, referring to the three phases of data col-
lection (image interpretation, fieldwork, and laboratory analysis). The last
three columns in Table 8.2 give an indication of the relative feasibility (high,
moderate, or low) of collecting a certain data type at each of the three scales
under consideration.

Due to the large size of areas to be studied at the regional scale (on the
order of 500-2000 km?), and because of the objectives of hazard assessment
at this scale, detailed data collection for individual variables is not a cost-
effective approach. Data gathered at this scale is limited to the delineation of
homogeneous terrain mapping units, and collection of regional seismic data.
At the medium scale, nearly all of the data layers given in Table 8.2 can be
gathered for areas smaller than 200 km’, with exception of detailed soil and
groundwater information. At the large scale, where the study area is gener-
ally smaller than 50 km? all of the proposed data layers can be collected.

Methods of analysis

The following subsections systematically present the techniques for landslide
hazard zonation for their use in a GIS. An overview of the required input
data is given and the various steps using GIS are mentioned briefly. A rec-
ommendation is also given regarding the most appropriate working scale.

Landslide distribution analysis

The most straightforward approach to landslide hazard mapping is a landslide
inventory map, based on aerial photo interpretation, ground survey, and/or
a database of historical occurrences of landslides in an area. The final product
gives the spatial distribution of mass movements, represenied either at scale
or as points. The maps can be used as an elementary form of hazard map,
because they display the location of a particular type of slope movement in
an area. They provide information only for the period shortly preceding the
date the aerial photos were taken or the fieldwork was conducted. They
provide no insight into the temporal changes in mass movement distribution.
Many landslides that occurred some time before the photographs were taken
may have become undetectable.

In most of the methodologies for landslide hazard assessment, a mass
movement distribution map is the most important input map, as it shows the



distribution of the phenomena that one wants to predict. The input consists
of a feld-checked photo-interpretation map of landshdes for which recent,
velatively large-scale, aerial photographs have been used, combined with a
table containing landslide parameters, obtained from a checklist. GIS can
perform an important task in transferring the digitized photo-interprefation
to the topographic basemap projection using a series of control points and
camera information. .
The GIS procedure followed is:

e digitizing of the mass movement phenomena, each with its own unigue
label and a six-digit code containing information on the landslide type,
subtype, activity, depth, and site vegetation, and on whether the unitis a
landslide scarp or body;

s recoding of the landslide map with the parameters for type or subtype
into meaps displaying only one type of process.

The method is most appropriate at medium or large scales. At the re-
gional scale, the construction of a mass movement distribution map is very
time-consuming and too detailed for procedures of general regional zoning.
Nevertheless, when possible it is advisable to prepare such 2 map also for the
regional scale, although with less detail.

Two important considerations arise in this method.

¢ The accuracy of interpretation of mass movement phenomena from aerial
photographs depends on the skill of the interpreter, and the interpreta-
tion is subjective. Detatled fieldwork is very important.

¢ GIS in this technique is used only to store the information and to display
maps in different forms {e.g. only the scarps, only slides, only active slides).
Although the actual analysis is very simple, the use of a GIS is of great
advantage i this method. The user can select specific combinations of
mass movement parameters and obtain a better insight into the spatial
distribution of the various landslide types.

Landstide activity analysis

A refinement of landslide distribution mapping is the consfruction of land-
siide activity maps, based on mulii-temporal aerial phoio-interpretation. To
study the effects of the temporal variation of a variable such as land use,
tandstide activity maps are indispensable.

The code for mass movement activity which is given to each mass move-
ment phenomenon can also be used in combination with mass moverment
distribution maps from earlier dates to analyze mass movement activity. De-
pending on the type of terrain which is studied, time intervals of 5-20 years
can be selected, This method of interval analysis offers numbers or percentages
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of reactivated, new, or stabilized landslides. The following' GIS procedures
are used.

¢ The digitized map of recent mass movements is used as the basis for the
digitizing of maps from earlier dates. This is done in order to make sure
that the landslides which were already present at earlier dates are digi-
tized in the same position.

¢ Calculation of the differences in activity between two different dates, by
comparison of the data from the checklists combined with the map data.

# Calculation of all landslides which were initiated or reactivated in the
period between the two photo-coverages.

The most appropriate scales are the medium and the large scales, be-
cause of the required detail of input maps, as discussed earlier. The main
problems with the landslide activity method are that it is very time-consuming,
and that it is difficuit to prevent inconsistencies between interpretations from
the various dates. The information derived from aerial photos from earlier
dates cannot be checked in the field, and will result in greater inaccuracies.
The method is represented schematically in Figure 8.4, and an example of the
use of the methodology is shown for the large-scale area in Plate 4.

Landslide density analysis

Landslide distribution can also be shown in the form of a density map, show-
ing the percentage cover within mapping units. These mapping units may be
terrain mapping units (TMUs), geomorphological units, geological units, etc.
This method is also used to test the importance of each parameter individu-
ally for the occurrence of mass movements. The required input data consist
of a mass movement distribution map, and a land-unit map. If the method is
used to test the importance of specific parameter classes, the user decides, on
the basis of his field experience, which individual parameter maps, or com-
bination of parameter maps will be used. The following GIS procedures are
used for mass movement density analysis.

¢ Calculation of a bit map (presence/absence) for the specific mass move-
ment type for which the analysis is carried out.

° Combination of the selected parameter map with the bit map through
map overlay.

¢ Calculation of the area percentage per parameter class occupied by land-
slides.

With a small modification, the number of landslides can be calculated
instead of the areal density. In that case a bit map is not made, and the mass




siskpopup Kiaov spyspuv] 10f §15 fo asn 2yl fo uonvuasaddas oupuayds  pg 2m3L]

2
® M@ &
8 @ ¢ ¢

£ £ ! | 0L

g 9 @ £ Lov B

h | £ 4 b 8

@ ) ) I w L

6 ¢ : 1A

£ 14 e 4

£ m M w _v ; A A

Wm ,,,,, %mmhﬁﬁ @r) ZQMFQZBEEQQ : ddv3s [L394HA H1d3d >:.o¢ JdALENS |3dAL HAITS

" ALIANLLOY HLIM ONIGOO3Y FLYO HIDNNOA WO LSITIDIHSD B Vi

4
5 JALOY
INYWHOA)

318V1S : RS

L L 3 A

NINEN : boe 8

2 4 g v

g 4 1 0 : A

31vad H3d10 @ ' ' £ o w

dHYOS [ LI99A HLdIO ALLOV [ 3dALENS (FdAL (30175

JLYC Y3GIO WO LSIDIDIHD B dYIN




150 GIS in landslide hazard zonation

movement map itself, in which each polygon has a unigue code, is overlaid
with the parameter map.

A special form of mass movement density mapping is isopleth mapping
(Wright e al., 1974). The method uses a large, moving, counting circle which
calculates the landslide density for each circle centre. The result is a contour
map of landslide density. The size of the pixels and the size of the filter used
define the values in the resulting density map. Except for the creation of a bit
map, the procedure for landslide isopleth mapping is rather different.

The method is most appropriate on the medium and large scales for the
reasons discussed in the previous section. An example of a series of density
maps for the regional-scale area is shown in Figure 8.5.

Geomorphological landslide hazard analysis

In geomorphological methods, mapping of mass movements and their
geomorphological setting is the main input factor for hazard determination.
The basis for this approach was outlined by Kienholz (1977), whe developed
a method to produce a combined hazard map based on the mapping of ‘silent
witnesses (Stumme Zeugen)'. In this method, the degree of hazard is evalu-
ated at each site in the terrain. The decision rules are therefore difficult to
formulate, as they vary from place to place. Because the hazard analysis is in
fact accomplished in the mind of the geomorphologist, geomorphological
methods are considered subjective. In this study the terms cbjective and
subjective are used to indicate whether the various steps taken in the de-
termination of the degree of hazard are verifiable and reproducible by other
researchers, or whether they depend upon the personal judgment of the
researcher. The term subjective is not intended as 2 disqualification. Subjective
analysis may result in a very reliable map when it is executed by an experienced
geomorphologist and objective analysis may result in an unreliable map when
it is based on an oversimplification of the real situation. Some examples of
geomorphological hazard maps can be found in Rupke er al. (1988) and
Seiimonsbergen et al. (1989).

GIS can be used in this type of work as a drawing tool, allowing rapid
recoding of units, and correction of units which were coded erronecusly. GIS
is not used as a tool for the analysis of the important parameters related to
the occurrence of mass movements. The method can be applied at regional,
medium, or large scales in a relatively short time period. It does not require
the digitizing of many different maps. However, the detailed feldwork re-
quires a considerable amount of time as well. The accuracy of the resulting
harzard map will depend completely on the skill and experience of the geo-
morphologist. Geomorphological maps of the same area made by different

geomorphologists may vary considerably, as was tested in this study (van
Westen, 1993).
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Qualitative landslide hazard analysis

To overcome the probiem of the hidden rules in geomorphological mapping,
other qualitative methods have been developed based on qualitative map
combination. Stevenson (1977) developed an empirical hazard rating system
for an area in Tasmania. On the basis of his expert knowledge on the causal
factors of slope instability, he assigned weighting values to different classes
in a number of parameter maps. This method of qualitative map combination
has become very popular in slope instability zonation. The problem with this
method is that the exact weighting of the various parameter maps is often
based on insufficient field knowledge of the important factors, which leads to
unacceptable generalizations. ‘

The basis for this method of hazard mapping is the field knowledge of
the earth scientist who decides which parameters are important for the occur-
rence of mass movements. Qualitative weighting values are assigned to each
class of a parameter map, and each parameter map receives a different weight.
Depending on the detail of the study, several input maps can be used, among
which the most important are geomorphology, mass movement occurrences,

slope angle, geology, land use, and distance to faults, roads, and drainage
lines.

The following GIS procedures are used.

Classification of each parameter map into a number of relevant classes.
Assignment of weight values to each of the parameter classes (e.g. on a
scale of 1-10).

Assignment of weight values to each of the parameter maps.

Calculation of weights for each pixel and classification in a few hazard
classes.

The method is applicable on all three scales. Each scale has its own reqguire-
ments as to the required detail of the input maps.

Bivariate statistical landslide hazard analysis

Aiming at a higher degree of objectivity and better reproducibility of the
hazard zonation, which is important for legal reasons, statistical techniques
have been developed for the assessment of landstide hazard. These quantita-
tive methods have benefited strongly from the availability of computers. Brabb
et al. (1972) presented a method for quantitative landslide susceptibility
analysis at a regional scale, which is based on landsiide occurrence, substrate
material type, and slope angle. Geological units are grouped according to
their landslide density and relative susceptibility values are assigned. Com-
bining these values with a slope map produces final susceptibility classes. The
method is easy to use, although it is usually not sufficient fo use only the
factors of rock type and slope angle.
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n this method, overlay of parameter maps and calculation of landshide
densities form the core of the analysis. The importance of each parameter, or
specific combinations of parameters, can be analyzed individually. Using
normalized values (landslide density per parameter class in relation to the
landslide density over the whole area), a total hazard map can be made by
addition of the weights for individual parameters. The weight values can also
be used to design decision rules, which are based on the experience of the
earth scientist. It is also possible to combine various parameter maps into a
map of homogeneous units, which is then overlaid with the landslide map to
give a density per unique combination of input parameters.

GIS is very suitable for use with this method, which involves a large
number of map overlays and manipulation of attribute data. This method
requires the same input data as the qualitative method discussed in the previous
section.

It should be stressed that the selection of parameters has also an impor-

tant subjective element in this method. The following GIS procedures are
used.

Classification of each parameter map into a number of relevant classes.
Combination of the selected parameter maps with the landslide map via
map overlay.

¢ Calculation of weighting values based on the cross table data.

¢ Assignment of weighting values to the various parameter maps, or design
of decision rules to be applied to the maps, and classification of the result-
ing scores in a few hazard classes.

The medium scale is most appropriate for this type of analysis. The method
is not detailed enough to apply at the large scale, and at the regional scale
the necessary landslide occurrence map is difficult to obtain.

Several specific bivariate statistical methods exist which are based on the
same principles, but use different indexes, of which two are briefly described
here. The ‘information vaiue method’ (Yin and Yan, 1988) is a statistical
technique that requires a database of parameters collected for different land
units. The analysis is based on the presence (1) or absence (0) of landslides
at a certain location or within a land unit. ¥t can be used for both alpha-
numeric and numeric data. The presence or absence of parameters is also
calculated. The relative importance for the occurrence of landslides of each
parameter is calculated in terms of an information value, which is the log of
the landslide density per parameter, as compared to the overall landslide
density. In: the ‘weights of evidence method’ (Bonharm-Carter et al., 1990}, point
phenomena (landslides) are regarded atong with several terrain factors. These
factors are translated into binary input maps. Weights are assigned to the
binary maps using Bayes rules for conditional probability. These weights are
added to the log of the odds of the prior probability, to give the iog of the
odds of the posterior probability. The final product of this analysis is a predictor
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map giving the posterior probability of the occurrence of landskides for each
pixel, which is based upon the unique overlap of all binary input pattern
maps.

An example of a landslide probability map produced with the weights of
evidence method is given in Figure 8.6.

Multivariate statistical landslide hazard analysis

Multivariate statistical analyses of important factors related to landslide oc-
currence may give the relative contribution of each of these factors to the
total hazard within a defined land unit. Carrara er al. (1977, 1978) introduced
methods for multivariate statistical analysis of mass movement data. Two
main approaches of multivariate analysis exist:

1. Statistical analysis of point data obtained from checklists of causal factors
associated with individual landslide occurrences (Neuland, 1976; Carrara
et al., 1977},

2. Statistical analysis performed on terrain units covering the whole study
area. For each of the units, data on a number of geological, geomor-
phological, hydrological, and morphometrical factors is collected and
analyzed using multiple regression or discriminant analysis (Carrara ef af.,
1978, 1990, 1991; Carrara, 1983, 1988, 1992).

These methods are rather time-consuming, for both data collection and data
processing. The analyses are based on the presence or absence of mass move-
ment phenomena within these land units, which may be catchment areas,
interpreted geomorphological units or other kinds of terrain units.

Several multivariate methods have been proposed in the literature. Most
of these, such as discriminant analysis or multiple regression, require the use
of external statistical packages. GIS is used to sample parameters for each
land unit. However, with PC-based GIS systems, the large volume of data
may become problematic. The method requires a landslide distribution map
and a land unit map. A large number of parameters is used, comparable to
those mentioned in the previous section. The different classes of a parameter
map are considered as individual parameters, resulting in a large matrix. The
following GIS procedures are used.

¢ Determination of the list of factors that will be included in the analysis.
As many input maps (such as geclogy) are of an alpha-numeric type, they
must be converted to numerical maps. These maps can be converted to
presence/absence values for each land-unit, or presented as percentage
cover, or the parameter classes can be ranked according to increasing

mass movement density. By overlaying the parameter maps with the land-
unit map, a large matrix is created.
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¢ Combination of the land-unit map with the mass movement map via map
overlay and dividing the stable and the unstable units into two groups.
Exportation of the matrix to a statistical package for subsequent analysis.
Importation of the results per land-unit into the GIS and recoding of the
land-units. The frequency distribution of stable and unstable classified
units is checked to see whether the two groups are separated correctly.
¢ (Classification of the map into a few hazard classes.

Although these techniques can be applied at different scales, their use becomes
quite restricied at the regional scale, where an accurate input map of land-
slide occurrences may not be available, and where most of the important
parameters cannot be collected with satisfactory accuracy. At large scales,
different factors will have to be used (such as water-table depth, soil layer
sequences and thicknesses). These data are very difficult to obtain even for
relatively small areas. Therefore the medium scale is considered most appro-
priate for this technique.

Deterministic landslide hazard analysis

Despite problems related to collection of sufficient and reliable input data,
deterministic models are increasingly used in hazard amalysis over larger
areas. They are applicable only when the geomorphological and geological
conditions are fairly homogeneous over the entire study area and the land-
slide types are simple. The advantage of these ‘white box models’ is that they
have a physical basis. Their main problem is the high degree of oversimpli-
fication. This method is usually applied for translational landslides using the
infinite slope model (Brass ef al., 1989; Murphy and Vita-Finzi, 1991). The
methods generally require the use of groundwater simulation models (Okimura
and Kawatani, 1986). Stochastic methods are sometimes used for selection of
input parameters {Mulder and van Asch, 1988; Mulder, 1991; Hammond er
al., 1992).

Slope stability models require input data on: soil layer thickness; soil
strength; depth below the terrain surface of potential sliding surfaces; slope
angle; and pore pressure conditions to be expected on the slip surfaces.

The following parameter maps should be available in order to be able to
use such models.

¢ a material map, showing both the distribution at ground surface as in the
vertical profile, with accompanying data on soil characteristics;

¢ a groundwater level map, based on a groundwater model or on field
measurements; and

¢ a detailed slope angle map, derived from a very detailed DTM.
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For the application of GIS in deterministic modelling, several approaches car
be foliowed:

¢ the use of an infinite slope model, which calculates the safety factor for
each pixel;

+ selection of a number of.profiles from the D'TM and the other parameter
maps which are exporied to external slope stability models; and

¢ sampling of data at predefined grid-points, and exportation of these data
to a three-dimensional slope stability model.

The method is applicable only at large scales and over small areas. At regional
and medium scale, the detail of the input data, especially conceranin
groundwater levels, soil-profile, and geotechnical descriptions is insufficient.
The variability of the input data can be used to calculate the probability of
failure in connection with the return period of triggering events,

The resulting safety factors should never be used as absolute values.
They are only indicative and can be used to test different scenarios of slip
surfaces and groundwater depths. An example of a landslide probability map
is given in Plate 5. This map indicates the probability that the safety factor
is lower than 1 when a rainfall event occcurs with a return period of 25 years.

Eandstide frequency analysis

Most of the methods mentioned so far do not result in real hazard maps
as defined by Varnes (1984). Assessing the probability of occurrence at a
specific location within a certain time period is possible only when a relation-
ship can be found between the occurrence of landslides and the frequency of
triggering factors, such as rainfall or earthqguakes. Especially for rainfall-
related landslides, various technigues have been developed which determine
threshold values of antecedent rainfall {Crozier, 1986; Keefer er al., 1987,
Capecchi and Focardi, 1988). Antecedent rainfall is the accumulated amount
of precipitation over a specified number of days preceding the day on which
a landshde occurred. This permits the calculation of a rainfall threshold value.
The following input data are required:

o daily rainfall records; and
¢ landslide records (taken from insurance companies, newspapers, or fire/
rescue departments}.

The method is most appropriate at medium and large scales. At the regional
scale, it may be difficult to correlate known landslides at one location with
rainfall records from a different location in the area. The spatial component
is usually not taken into account in this analysis, and therefore the use of a
GIS is not crucial. GIS can be used to analyze the spatial distribution of

ot
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rainfall, however. A schematic representation of the method is given in
Figure 8.7.

Discussion and conclusions

Any hazard evaluation involves a large degree of uncertainty. Prediction of
natural hazards such as landslides, which are caused by the interaction of
factors which are not always fully understood and are sometimes unknown,
confronts earth scientists with especially large probiems. For large areas and
at small, not detailed, scales it is possible to make general predictions: the
number of landslides that have occurred in the past within a land unit is a
good indication of what can be expected to occur in the near future. It is,
however, much more difficult when predictions need to be made in more
detail for areas presently free of landslides. In this situation, the earth scien-
tist must rely on models based on the assumption that landslides are more
likely to occur in places where a combination of conditions exists which has
led to landslides in the past. Most methods presented in the literature and
evaluated in this study are based on this principle. This implies knowledge of
causal factors, and the ability to represent these on a map, as well as detailed
knowledge about past mass movements.

Since hazard maps are used to make predictions over relatively large
areas, collection of data for and preparation of these factor maps is a time-
consuming operation, and cannot be based solely on factual, measured, field
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data. During the preparation of these factor maps, the subjective evaluation
of field conditions by the earth scientist will play an important role. Since all
earth scientists are not equally experienced, these maps witl normally contain
a considerable degree of uncertainty. It is clear that hazard maps prepared by
very experienced geomorphologists will have the highest reliability, with or
without the use of GIS. However, solutions must be found to upgrade the
reliability of hazard maps in studies where less experienced earth scientists
are responsible for the collection of basic data and subsequent analysis. For
those cases, it is important to give recommendations as to how the reliability
of the end product can be increased, by reducing the uncertainty of the input
factors as much as possible. This should be achieved by clear definition of
criteria for the interpretation of landsiides and their controiling factors, as well
as by thorough fieldwork. Instead of making a map by photo-interpretation
foliowed by a field check, input maps for a hazard zonation should be pre-
pared after fieldwork preceded by photo-interpretation.

The use of GIS confronts the earth scientist with the need to provide
quantitative values for many uncertainties encountered in the input data, and
can serve as an important tool in analyzing the sources of error. It can also
help in reducing the errors occurring in the phase of transfer of the photo-
information to a topographic map, and in the correct positioning of the vari-
ous input layers. Apart from the large subjectivity present in the input factors,
some of the methods for landslide hazard zonation, evaluated in this study,
also contain a considerable subjectivity in the subsequent analytical phase.

GIS offers map overlaying possibilities and calculation facilities far
superior to conventional techniques. One of the major coniributions of GIS
may be the reduction of the subjective element during the analysis phase,
allowing the user to concentrate more on reducing errors stemming from the
input data. It is especially useful in those situations where the causal factors
for mass movements are not fully understood. The user can test hypotheses
rapidly, and select the most important combination of factors by trial and
error. The resuit will be optimal when field knowledge is combined with the
calculation facilities of GIS. GIS should not be used to throw a iarge group
of variables into a ‘black box’, to see what comes out, since such an approach
is not based on a clear understanding of the causal mechanisms of siope
faitures. Standard calculation methods are presented, but the user is fully
responsible for the selection of relevant input data and the analytical model.

"The methods presented in this study cannot be executed at each scale of
analysis. Before starting a hazard evaluation study, an earth scientist should
be aware of the desired degree of detail of the hazard map, given the require-
ments of the study. When a degree of detail and a working scale have been
defined, the cost-effectiveness of obtaining input data must be considered.
This chapter provides recommendations as to which kind of data can be
coliected at each working scale (regional, medium, and farge scale). The
availability of data determines the type of analysis that can be executed.
Table 8.3 gives a summary of the author’s conclusions on the feasibility and
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Table 8.3 Summary of the feasibility and usefulness of applying GIS-based techniques
for landslide hazard zonation on the three scales under consideration

Method Regional Medium Large Usefulness of GIS
scale scale scale  in the analysis
Landslide distribution analysis  2-3 3-3 3-3 Intermediate
Landslide density analysis 2-3 3-2 3-1 Intermediate/high
Landslide activity analysis 1-3 3-3 3-3 Intermediate/high
Landslide isopleth analysis 2-3 3-2 3-1 High
Geomorphological landslide 3-3 3-3 3-3 Very low
hazard analysis
Qualitative landslide hazard 3-3 3-2 3-1 Low/intermediate
analysis
Landslide susceptibility 1-3 3-3 3-2 High
analysis
Information value method i-1 3-3 3-2 High
Weights of evidence method 1-1 3-3 3-2 High
Moultivariate statistical analysis 1-2 3-2 3-2 High
Deterministic landslide hazard 1-1 -2 2-3 High
analysis
Antecedent rainfall analysis 2-2 3-3 3-2 Very low

The first number indicates the feasibility (1 = low: it would take too much time and
money to gather sufficient information in relation to the expected output; 2 = moderate:
a considerable investment would be needed, which only moderately justifies the output;
3 = good: the necessary input data can be gathered with a reasonable investment
related to the expected output). The second number indicates the usefulness (1 = of
no use: the method does not result in very useful maps at the particular scale; 2 = of
fimited use: other techniques would be better, 3 = useful}.

usefuliness of applying the methods discussed in this chapter for the various
scales under consideration, and of the usefulness of GIS. The following
recommendations are given.

e For very large areas at the regional scale, the best method is the use of
terrain classification based on satellite imagery, followed by gqualitative
hazard analysis using relative weight values obtained from brief field
visits.

¢ For moderately large areas at the regional scale, it is advisable to use
terrain classification based on satellite imagery and interpretation of land-
slides from aerial photos, foliowed by a density calculation of landslides
per mapping unit.

s At the medium scale, the most useful method consists of the collection of
important factors related to mass movement occurrence, followed by re-
classification and combination intc homogeneous units and calculation of
quantitative weight values.

e For geomorphologically homogeneous areas, at the large scale the best

method is the application of simple slope stability models.
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» For geomorphologically heterogeneous terrain at the large scale, the use
of detailed geomorphological mapping is considered the best solution.

GIS will play an increasingly important role in the analysis of landslide
hazards. it is an important tool in evaluating the accuracy of the input data.
With a good database structure and standardized methods of data gathering,
the input maps can be greatly improved during the course of a project by the
entry of newly collected data. In this way, GIS will not only serve inexperienced
earth scientists in the analysis of unknown causal factors of slope instability
within a region, but will also enable experienced professionals to create a
detailed database which can be useful for many more engineering geclogical
applications other than landslide hazard assessment alone.

GIS is very important in analysing the complex combination of factors
leading to slope instability. It allows the use of models which were previousty
available, but which could not be used because of the large amounts of time
involved in their application. One of the most promising applications of GIS
in landslide hazard assessment could be the further development of detailed
slope instability models, in combination with groundwater models, applied
over relatively small areas. Provided that it is used in combination with
detailed field knowledge, GIS will enhance the reliability and objectivity of
the hazard maps, which therefore will become increasingly important in the
decision-making process.
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