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ABSTRACT

This paper presents a model for quantitative risk analysis with the application of geographic information systems (GISs)
using Bayesian theory. It was used for the thematic integration of maps in a natural state (vegetation, geological-geo-
technical, natural drainage and gradient). A landslide susceptibility map was produced based on this integration associ-
ated with vulnerability data (time and housing construction standards) and risk criteria. A quantitative risk map for a

specific area was also drawn up from this data.
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1. Introduction

Landslides are extremely important geological/geomor-
phologic processes. Although they are natural evolution-
ary processes of relief, they often claim many victims
and/or cause significant material losses, as well as help
unleash other events, such as erosion processes. Urban
consolidation in mid-size and large towns and cities and
the consequent disorganised land occupation in the past
few decades are the prime factors responsible for catas-
trophes in various regions of Brazil.

In land planning and organisation, one of most impor-
tant stages involves zoning in accordance with different
risk levels. To formulate zoning rules, it is necessary to
distinguish between the concepts of susceptibility and
risk. The first refers to the probability that a possible fact
will affect a zone with certain intensity, irrespective of
harm to the population. The concept of risk includes the
possible existence of damages to the population, facilities,
infrastructures or activities. Therefore, when zoning a
piece of land, not only the susceptibility of the zones to
natural phenomena should be considered but also the
existence of residents, infrastructure, facilities and other
factors in the area that is vulnerable and may be affected.
Several studies have been made during these past dec-
ades to identify areas susceptible to mass movements,
due to the large number of geological-geotechnical acci-
dents that have occurred causing damage to the popula-
tion.

When the study involves vast areas, it is preferable for
the analysis to be done with the help of a geographic in-
formation system (GIS). A GIS is a tool that can organise
georeferenced databases, address a large volume of data
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and reduce inaccuracy in comparison with the work done
by hand.

The characterisation of the physical environment of a
study area can provide key information for rational plan-
ning of the use and conservation of land and water. In
this context, the use of a GIS permits the integration of
the data more accurately and faster than the traditional
analytical methods. A GIS also enables better use of ex-
isting data and from it can provide further information,
thereby permitting more efficient organisation of actions.
GISs are, in the environmental area, especially in devel-
oping or Third World countries, valuable tools for con-
trol and more rational use of scarce financial resources.

Developing computer techniques has endowed carto-
graphic information processing with incredible speed and
precision. The use of the tool in a GIS environment helps
integrate information from various sources and on dif-
ferent topics. This is why it is extremely important for
land planning and specifically risk management.

2. Methodology

Several proposals for risk assessment methods have al-
ready been made, but most of them basically consist of
the production and use of preliminary maps, such as sus-
ceptibility and/or hazard charts. The model proposed here
involves a procedure to assess a landslide risk based on a
three-tier mapping structure: thematic, susceptibility or
hazard and risk maps.

2.1. Thematic Maps

Maps or charts are cartographic documents used for
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various purposes. Thematic maps present information
relating to one or more aspects of the biotic, human and
physical environment.

Map production using geographic information system
technology is an incredible advance in the area, by linking
geographic data to alphanumerical data, the latter of
which are normally represented in the form of tables,
producing thematic maps that combine information with
major benefits compared to the traditional systems.

One of the major problems when preparing charts and
maps concerns the cartographic principles and content of
each document. One of the aspects of the environment that
is recorded in maps and charts relates to the physical
environmental components, namely rocks, unconsolidated
materials, water, relief, climate conditions and related
aspects, such as vegetation, and so on.

Therefore, thematic maps are cartographic documents
concerning the physical environment and are produced
using physical data of the region and its current status that
are the basis for undertaking a cartographic analysis. The
proposed thematic maps in this model are those that re-
cord the spatial variability of physical aspects contributing
to landslide occurrences.

There are a number of methods to prepare natural state
maps. They consist of office work such as photo-inter-
pretation and geoprocessing, as well as field work. The
data come from earlier studies and aerial photos.

The topographical map is the basic document that
must be available as a source of data. The restriction
when making these charts is precisely the scale, range of
the relief and equidistance of the contours where they
appear. All data from the existing cartographic basis (to-
pographical map) is put together to form a database. The
information must be georeferenced to obtain the follow-
ing maps:
¢ Gradient map;

e Vegetation map;

e Natural drainage map;

e Map of geological-geotechnical domains;
e Map of construction vulnerability;

e Regional geographic map.

The maps characterise a distinct theme that refers to
the physical environment. Each theme consists of classes
(attributes) that are associated with a deduced probability
corresponding to specialist opinions regarding existing
risk factors. Considering the absence of statistical data
for the relationship between existing risk factors and
landslide occurrences, probabilities are adopted, deduced
by specialists, which express the confidence with which
each attribute contributes, to a greater or lesser degree, to
the likelihood of landslide occurrence. The existing risk
factors correspond to the set of environmental, geologic
and geometric conditions in which landslides will occur.
The model in question does not include factors directly
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responsible for causing landslides (rainfall, erosion, tem-
perature variation, etc.) due to the scarcity of data.

Probability by judgement is adopted to quantify the at-
tributes in each thematic class, which is a way of for-
mally capturing specialist opinions in figures and then
combining these opinions in models. The uncertainty
captured in this way has a numerical value that depends
on the specialist’s personal skill in judging uncertainties
developed from past experience.

Current experience suggests that at least in the early
stages of specialist deduction, verbal descriptions are
more intuitive than numbers. Thus, such descriptions are
included as components within event or fault trees. Ac-
cordingly, approximate transformations between verbal
descriptions and approximations by quantifying prob-
abilities by judgement can be fixed for component events.

Table 1 gives a list of verbal descriptions with their
values adapted from studies by [1,2]. These values were
attributed in each thematic class to express confidence,
by judgement of each situation contributing to landslide
occurrence.

2.2. Thematic Integration in GIS

The GIS environment permits frequently used overlap-
ping operations. The georeferenced databases form in-
formation plans (IPs) that overlap each other. Therefore,
overlapping can be efficiently implemented with an un-
limited number of possible overlaps for this kind of analy-
sis.

The geoprocessing system used is SPRING 4.3.2, de-
veloped by INPE' [4], with all Brazilian technology.
SPRING is based on a data model focusing on objects
and combines the ideas of “fields” and “geographic ob-
jects”. This provides the menu-driven interface and the
LEGAL language (Algebra-based Geographic Space Lan-
guage).

This language is based on formulating geographic al-
gebra that helps express specific operations for each type

Table 1. Verbal descriptions of adapted probabilities[3].

Verbal Direction Deduced Probability

Virtually impossible 0.01
Very unlikely 0.1
Completely uncertain 0.4
Relatively uncertain 0.5
Likely 0.7

Very likely 0.9
Virtually certain 0.99

'Instituto Nacional de Pesquisas Espaciais [National Space Research
Ingtitute].
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of data, and explains mathematical and algebraic opera-
tions or logical analyses that transform one kind of data
into another. It was therefore possible to use Bayesian
probability theory to integrate the natural state maps in
the GIS environment.

2.3. Bayesian Theory

Bayesian probability, based on Bayes’ Theorem, is the
result of the product rule and is related to two concepts:
later and earlier probability. In other words, with prior
knowledge of a certain aspect, the prior probability can
be updated by an extra piece of information acquired
from observing phenomena or evidence.

Bayes’ Theorem is used to make statistical inferences
to update estimates of probability that different hypo-
theses are true, based on the findings and knowledge of
how these findings relate to the hypotheses. Bayes also
suggested that probabilities deduced by judgement, from
mere “feelings”, could be combined with probabilities
obtained by relative frequencies using a theorem [5].

According to [6] Bayes’ Theorem formulates a rule to
update the conviction of hypothesis “H” (namely, the
initial probability of hypothesis “H”, in this case land-
slide occurrences) considering the additional evidence E
and preceding information (context) I. In other words,
this theorem proposes that probabilities can be revised
when more information is obtained about the events of
interest.

Therefore, for the scenario in question, context I can be
considered as the physical environment in which event H
(landslide) occurs, given the presence of E (evidence).
The probability of a landslide occurring where the evid-
ence (E) is present can be expressed in terms of con-
ditional probability.

From these concepts, Bayesian theory was applied to
the model by taking as an initial or prior probability (H)
the data from the Inventory of Accident and Risk Situa-
tions of Mass Movements (landslides) compiled by [5].
The evidence consists of the probabilities deduced by
judgement, associated with the classes specified for each
theme in the natural state maps (gradient, natural drain-
age, vegetation and geological-geotechnical) that provide
additional information that will increase or decrease the
prior probability. Therefore, the initial probability can be
updated when integrated by a factor that represents the
presence or absence of further information, namely,
landslides.

Based on Equation (1), the version of Bayes’ Theorem
for updating initial probabilities, considering multiple

data in the proposed context is expressed by (see Equa-
tion (1)).

3. Susceptibility and Risk M aps

By applying the Bayesian algorithm in the georeferenced
system, we then have a map with numerical value repre-
sentations. To sector the construction of the susceptibility
or hazard and risk maps of a certain area, it is necessary
to establish a ranking and criteria to establish ranges
(quantitative intervals) of acceptability of hazard and
risk.

3.1. Criteriafor Hazard and Risk Limits

According to [7] there is a level of acceptability and
tolerance of risks to landslides in all regions with poten-
tial occurrence (hazard) of this kind of phenomenon.
Several studies have been done to establish risk levels
considered tolerable to enable development of risk mana-
gement processes.

Various authors consider the f x N curve as a criterion
for defining quantitative risk limits. This method con-
siders the annual accident frequency per number of fatal
victims for a certain region. Therefore, the quantitative
risk limits of the f X N curve are presumed as a criterion.
Figure 1 shows an example of this curve calculated for
the municipality of Petropolis, from the data of the
inventory of accident frequency (f) with fatal victims (N),
between 1943 and 1989 [5]. Petrdpolis is located in the
mountain region of the state of Rio de Janeiro and has a
history of frequent landslides, aggravated by largely un-
regulated land occupation and deforestation of hillsides.

From the curve f x N the quantitative ranges are de-
fined that are required for slicing the Risk Map, summa-
rised in Table 2.

Generally the risk is estimated by the product of prob-
ability of the consequences and can be defined as the
association of probability of occurrence of some damage
to an element at risk and potential accident occurrence
(risk situation), represented by Equation (2):

R= p[hazard] *V *E, where: )

R—Risk;

plhazard]—Probability of hazard occurrence (mass
movement) in a risk situation;

V—yVaulnerability of elements at risk;

E—Elements at risk—human lives, buildings, facili-
ties.

Equation (2) expresses that, when analysing a risk

p(H\EINE2NEi)=

p(H)*p(EINE2NEi,I \H)
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p(EINE2NEi,I \H)*p(H)+ p(EINE2NEi,1 \H)*p(H)

)
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Figure 1. f x N curve for deaths due to mass movements in
Petropolis[5].

Table 2. Risk Limits used when segmenting the quantitative
risk map.

Qualitative Annual Risk Range Quantitative

Low No or low risk R<10°
Average Acceptable risk 10°<R<10"*
High Alarp region 10 <R<107

Very high Unacceptable risk R>10"

situation, the hazard should be identified as a natural
phenomenon that can cause an unpleasant fact, such as
landslides on natural or artificial slopes, falling rocks,
erosion or scouring of river banks, mud slicks, embank-
ment slides, and so on.

Quantifying possible occurrence of the hazard is ex-
pressed as the probability of hazard occurrence calcu-
lated by integrating frequency data of landslide occur-
rences and additional information relating to the physical
environment.

Equation (3) was used to calculate the hazard, attrib-
uting the unit value to the term “E”, considering the cal-
culation of individual risk. Therefore, Equation (3) is
expressed as follows;

p[hazard] = 5 3)

Vulnerability (V) in the context of quantitative risk
analysis is associated with the level of potential damages,
or degree of losses, expressed normally on a scale from
0 to 1 [5]. The assessment of vulnerability therefore in-
volves knowledge of the interaction between a given
landslide and the affected elements.

Vulnerability values are attributed on the scale of 10"
based on this interval (0 to 1). Therefore, the criterion
adopted for calculating the susceptibility range is ex-
pressed by Equation (4).

p[hazard] o 4)
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The limit values for hazard ranges are obtained by ap-
plying the values established for risk in Table 2 in Equa-
tion (4), summarised in Table 3.

3.2. Susceptibility Map

The landslide susceptibility map is based on information
from natural state maps, prepared by means of photo-
interpretation, field work and bibliographic research.
Mechanical parameters, not used in this study, may be
associated to soil properties in a specific map.

The quantified hazard is considered as the probability
of landslide occurrence in the physical space, charac-
terising a risk situation.

To update the initial probability, an algorithm is ap-
plied using the mathematical expression (1), where that
corresponding to an area of 25 m” (5 x 5 m) is adopted
for each point, represented by one “pixel”. The fields are
transformed one by one so that the resulting effect on
each point is independent of the values of neighbouring
points. Figure 2 gives an example of the thematic inte-
gration by using Bayes’ Theorem.

Next, a map is obtained with the numerical model, in
which the data are now quantitative. The points assume
numerical values and may consist of matrix representa-
tions (rectangular grids), as shown in Figure 3. The up-
dated probability will be interpreted as the potential for
landslide occurrence in that area.

From the numerical model map, the quantitative ranges
defined in Table 3 are applied to the qualitative creation
of the susceptibility map. The quality of the hazard is
defined as being Very High, High, Average or Low.

3.3. Quantitative Risk Map

This map documents the risk situations and their poten-
tial consequences. The consequences associated with a
risk situation may affect human lives, cause economic
impacts or environmental changes. Accordingly, the risk
situation of a particular area, of a slope surface, will de-
pend on land use and conditions in which it is found.
According to [8,9], risks can be mapped at two dif-
ferent detail levels: zoning (or sectoring) the risk and risk

Table 3. Hazard limits used in segmenting the susceptibility
map.

Hazard Ranges
Qualitative ativeQuantit
Low p>107°
Average 10°<p<10?
High 107 <p<107
Very high p>107
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Figure 2. Example of application of the bayesian theory [3].

-

Thematic image Numerical image Matrix

Figure 3. Transformation of thematic image in numerical
image (matrix) [3].

registration. In risk zoning, sectors are demarcated in
which a number of dwellings generally exist. It is there-
fore assumed that all dwellings in the sector have the
same degree of risk, for example, high risk. However, in
reality dwellings in the sector may not have the same risk
status. Hence, this model involves making a generalisa-
tion in risk zoning.

Therefore, the prepared quantitative risk map is a
sectoring map, namely, there is generalisation of risk
areas, meaning that cases may exist where the map’s
classification does not correspond to the situation of the
particular terrain. In such cases it will be necessary to
register the risk areas later in order to check the risk
status of the place. This is done in the risk management
stage.

As already mentioned, risk is the combination of sus-
ceptibility maps with vulnerability information. The word
vulnerability means being susceptible to some condition
or event. It is a term used to express the degree of
relationship between an element in the environment and
a certain event that, if it happens, may affect the com-
munity of the element in normal conditions.

The socioeconomic aspect of a certain region and how
long people have been living there affect or contribute to
the analysis of the vulnerability pattern. The building
standards and economic level of the population are fact-

Copyright © 2012 SciRes.

ors directly influencing the risk analysis due to the haz-
ard status that they give to landslides.

4. Practical Application and Risk Analysis

This method was applied in Petropolis when preparing
the City Risk Reduction Plan.

In order to validate the methodological model, the
results obtained from drawing up the landslide and risk
susceptibility maps were compared with the risk areas
identified through the Inventory of Accidents and Risk
Situations [5].

In the study by [5] a risk average was estimated for a
certain place defined earlier as a risk area based on the
inventory data and author’s experience. A single pro-
bability value was calculated for each place to quantify
the risk. Figure 4 gives an example of the various local
situations.

Duques is a neighbourhood half way down the slope of
the BR-040 highway. The land is characteristically col-
luvium talus, with many rock fragments in an unstable
state, many originating from rock quarrying to build the
highway. At some points the road drainage was precari-
ously blocked and diverted and, in fact, there is road
flooding in this stretch when there is heavy rainfall due
to these diversions. The area in question next to the Tin-
gué Biological Reserve (REBIO Tingud) and is included
in the Petropolis APA”. The permanent preservation area
is partly occupied, with this occupation expanding (de-
spite its legal protection as a preservation area).

To check the results using geographic information
systems, the predominant values in the hazard and risk
maps are used in the quantitative risk analysis. Table 4
shows a summary of the local data.

%Area de Prote¢io Ambiental [Environmental Protection Area].
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Table 4. Quantitativerisk analysis of the Duques neighbourhood [3].

Analysis of landdliderisk situation

Deduced Probability Class Status of Land
Drainage 0.01-0.1 Yes Presence of natural drainage line
Geological-Geotechnical 0.9 SRSR Shallow soil and rock
Vegetation 0.1 Au-flierb Urban area and first stage vegetation
Gradient 0.1 10° - 30° Creep and landslides
Construction Standard 0.7 Very low Very precarious conditions for implementation
Hazard 1.01E-04 Degree of average hazard (predominant)
Annual Risk 4.23E-05 Degree of average hazard ( predominant)
Duques BR-040 Quitandinha Table5. Quantitativerisk analysis.
Hazard Risk Deg'r ce of Simulation
— risk
:':'{’_ 3, 1.01E-04 4.23E-05 Average Encountered situation
N
% 9.05E-04  3.80E-04  Very high Def;’;esf)tﬁg;’;’oznd
r Better urban
3.02E-04 9.06E-05 Average conditions and

Flying Photo Quantitative Risk Map

Figure 4. Comparative analysis of area defined in inventory
and resulting stain on the hazard map and quantitative risk

map [3].

From these values it can be deduced that the factors
responsible for intensifying the hazard are an association
of the existence of land with shallow soil on rock in an
urban area, poor construction standards and presence of a
natural drainage line. All these parameters have values of
deduced probabilities that together result in an average
risk degree.

To reduce the degree of risk, the deduced probability
value of the parameters may be altered: urban area and
construction standard, which can be changed by human
action. This type of analysis suggests a more efficient
risk management degree, that is, the risk diminishes as
management increases.

Table 5 shows an example of risk analysis with the
alteration of deduced probabilities, considering three
situations:

1) Current status, risk degree if continuing unaltered;
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construction standards

2) An additional 50% of deduced probability of the ur-
ban area parameter, considering, for example, an increase
in the demographic density and deforestation level.

3) A reduction of 50% in the deduced probability of
the urban area parameter and construction standards,
namely, improvements in housing and urban conditions.

The results demonstrate that the risk will be high in the
event of deforestation and occupational expansion. How-
ever, if the urban occupation is controlled and there are
housing and urban improvements, the conditions of the
areas will be better than their current state.

5. Conclusions

This article discusses a method for preparing an annual
individual landslide quantitative risk map, demarcating
risk areas using a geographic information system and
landslide susceptibility maps. The combination of the
characteristics and interpretations of the physical envi-
ronment in a single georeferenced database showed that
it was a feasible and effective way to organise and handle
all information. The landslide susceptibility and quan-
titative risk maps produced using this method confirmed
the analysed part of the results given in the Inventory of
Accidents and Risk Situations.

Deduction of probabilities by specialists as a substitute
for the correlations between characteristics of the phy-
sical environment and landslides by applying Bayes’
Theorem proved to be a good alternative for preparing

0JG



188 C.F.MAHLER ET AL.

the quantitative risk map, considering the sparse geote-
chnical data.

We can therefore say that the use of an algorithm
based on the Bayesian statistics for thematic integration
of the natural state maps brings reliable results in iden-
tifying areas susceptible to landslides.

The existence of landslide accident records in an in-
ventory for the area under study helped when applying
Bayes’ Theorem, namely the relative frequency of acci-
dents considered as initial probabilities could be updated
from the additional information.

In conclusion, defining risk areas is a valuable tool in
landslide risk management and therefore the data model
(georeferenced in GIS) adopted in this study can help
public authorities to improve land use planning.
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