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Abstract
The purpose of this study is to present a Bayesian approach (weight-of-evidence method) that utilizes
GIS and employs statistical analysis in defining the main factors contributing to the occurrence of
landslides in Kimi, Euboea, Greece and to calculate the probability for future landslide manifestation. Landslide locations were identified from field surveys and interpretation of aerial photographs.
Additional data were collected from various sources (topographic, geological, land cover maps etc.)
and introduced into a spatial database using GIS technology. The above data sources have been used
to generate various thematic data layers that have been resample to 20x20 m2 grid size. Applying the
developed methodology it was possible to generate appropriate susceptibility map and thus to predict areas of instability. The results of the analysis were verified using the landslide location data,
showing a satisfactory agreement between expected and existing data on landslide location. The outcomes could be used to reduce associated hazards, and to plan land use construction.
Key words: Weight of evidence, Bayesian approach, landslide susceptibility, GIS.
1. Introduction
The prediction and mitigation of geological hazards are consider the most critical part for urban development, as they represent a threat, the direct and indirect results of which affect the economic and
social issue of any community. Among geological hazards, landslide phenomena constitute the most
frequent one and pose a serious problem especially when manifested in populated areas.
However, due to the complexity and variability of the causative and triggering factors, the evaluation of landslide phenomena often produces outcomes characterized by high uncertainty.
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In recent years the development of numerous methods, which employs the use of Geographic Information Systems (GIS), have been able to express the hazard and susceptibility of landslide manifestation, providing cost and time effective tools for evaluating the most critical slope sites (Carrara
et al, 1991, Guzzeti et al. 1999, Dai et al, 2002, Chung and Fabbri 2003, Lee et al, 2004, Rozos et
al. 2008), producing less uncertain results. GIS-based models are capable to capture, store, manipulate, analyze and display diverse sets of spatial and non-spatial data, but also to integrate appropriate
engineering models (Babu & Mukesh, 2002) during evaluation of related engineering problems,
such as landslide.
The Weight of Evidence methodology presented in this study follows a similar approach in order to
evaluate landslide phenomena. It’s a quantitative method which has been adapted to GIS applications
in the 1980’s to map mineral potential, combining evidence in support of a hypothesis (Kemp et al.,
1999, Raines et al., 2000). Although originally designed for non-spatial application, the method can
be also used for spatial predictions when the target is the probability of point occurrences (Kemp et
al., 1999). The method has been recently used in evaluating landslide susceptibility using GIS techniques (Lee et al, 2002, Mathew et al, 2007, Bettian et al, 2007).
In this paper, the effectiveness of the method has been tested in Kimi, an area experienced substantial landslide events, where a well documented and formulated database exists (Ilia et al, 2008). The
database allowed the utilization of GIS technology and probability analysis in defining the main
factors contributing to the occurrence of landslides events, and also calculating the probability for
future landslide manifestation. Thus the produced landslide susceptibility map will identify zones of
varying degree of instability based on the estimated significance of the causative factors, regardless
of the time factor. Moreover, this map will be an efficient supporting tool used by decision makers
in urban planning and regional land development.
2. Study area
2.1 Geological settings
Euboea, is the second largest island of Greece (after Crete) and the third largest island of the Eastern Mediterranean. Geographically, it is located eastern of Attica and extends along the eastern coast
of Greece. Geologically, in Euboea Island outcrop three tectonic units (Katsikatsos et al. 1986).
In Euboea, the ‘Pelagonian Unit’, the northern part of the island is occupied by non-metamorphic
rocks. The southern part of the Island is covered by high-pressure/low-temperature rocks named
‘South Euboea Blueschist Belt’, the northern extension of the intermediate level Cycladic Blueschist
Unit. Under these rocks in central Euboea, the para-autochthonous ‘Almyropotamos Unit’ outcrops
in a tectonic window. This unit, which is composed of Mesozoic–Eocene sediments, pertains to the
external part of the Hellenides (Dürr et al. 1978) and is considered to have experienced only lowpressure metamorphism (Shaked et al. 2000).
The Kimi-Aliveri basin, which has been selected as the study area, was formed in the Early Miocene.
This basin was filled by conglomerates and marls of 500m thick, with lignite intercalations, which
was later intruded by volacnic rocks (Katsikatsos 1976, Pe-Piper & Piper 1994). In the southern
margin of this basin, conglomerates, with a thickness of 1000m, of late Miocene in age (Katsikatsos et al. 1981) were accumulated.
More analytically as presented by a previous study (Koumantakis et al, 2008, Ilia et al, 2008) we can
find (Figure 1):
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Fig. 1: Geological Map of Kimi Municipality.

— The Quaternary deposits presented in the study area, consist of bed river deposits, debris and
slope wash, as well as of fluviatile terraces and dilluvial depositions.
— The Upper horizons of neogene sediments are constituted by conglomerate alternations and
clayey marls. Grits, gravels and pebbles are of volcanic origin and their size varies from 2
- 4 cm.
— The Base conglomerate presents medium to low cohesiveness. Volcanic rocks are presented
in the south - eastern department of the Municipality of Kimi with dacides - andesites.
— Flysch formation is constituted by alternations of clayey schists, sandstones, conglomerates and limestones.
— Ultrabasic rocks consist of peridotites, dounits and at places serpentine peridotites. Lateritic
are plotted in the western part of Kimi basin.
— Carbonitic formations are presented with Mesozoic, and at places, Palaiozoic limestones.
Palaiozoic phyllites and schists, occur usually high cracked and weathered with high weathering.
— Granites are presented in the Western part of Kimi basin, in Carboniferous age.
2.2 Climatic features
The climatic features in a region, in relation with the nature of the rock and the slope inclinations,
are thought to be crucial factors, with regard to all kinds of failures in the geological formations. The
infiltrated water, in conjunction with the seasonal and daily temperature fluctuations, produces a relaxation of the coherence of the rock formations that often leads to landslide manifestation. For the
assessment of the climatic features, all monthly rainfall, temperature and humidity data taken from
the Kimi station of the Meteorological Service (221m. altitude), have been exploited. The analysis
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showed that the mean annual temperature for the period 1956 – 1989 is 160C, while January is the
coldest month with an average monthly temperature of 8,60C, February with 8,50C, December and
March with 100C. July is the warmer month, with an average monthly temperature of 24,90C. The
average annual humidity in the station of Kimi, is 61.7%. The monthly average during the dry season is close to 50%, while during the period from October to February the humidity range from 66
to 70%. The predominant wind direction is north. Finally, the average annual amount of rainfall is
1071mm, but in highland zones of the region, the annual amount of rainfall is expected to be higher.
3. Data and Methodology
The applied methodology uses the Weight of Evidence probabilistic model, based on the Bayes theorem and on the concepts of prior and posterior probability, to determine if the given specifications
(a set of independent variables) results in unstable or stable slopes (dependent variable). The main objective is assessing the spatial relationship between the distribution of the areas affected by landslides,
known landslide locations, and the distribution of the analyzed landslide susceptibility variables, evidential themes. It is therefore possible to calculate the degree of influence that each variable had, but
also the degree of influence it will have in the future, regarding the manifestation of landslide events.
As it is obvious this approach implies that future landslides occur under conditions and factors similar to those acted in the past, and such behaviour will remain constant over time. It also implies that
the factors should be conditionally independent from each other regarding the occurrence of landslide
events, an assumption that should be checked excluding depended factors from subsequent analysis.
In an area which contains a number of instability sites (L), the prior probability of slide occurrence
per unit area, is calculated as the total number of slides observed in the past, under similar conditions over the total area (A).

Having a set of evidence data, which could be thought as landslide-influenced factors, the prior probability could be modified and addressed as conditional or posterior probability P {L | B}, expressing
the probability that an event (L) will occur under the presence or the absence of an evidence B,

and

For mathematical reasons, the conditional probabilities can be expressed more conveniently as odds:
O = P / 1- P
Therefore, the above equations are modified as:
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and

, where O {L | B} and O {L | } are the posterior odds of a landslide event (L), given the presence
or the absence of an evidence (B).
Bonham-Carter (1994) defined positive and negative weights for the evidence (B) (W+ and W-) giving information about whether there is a positive or a negative correlation between the evidence and
the landslide locations that combine those conditional probabilities as:

, when the evidence (B) is present and

, when the evidence ( ) is absent
If there are N evidence factors, then the weights can be summed up to find the natural logarithm of
the posterior odds of the potential slide sites as given by:

Another measure of the spatial association between the landslide event (L) and the evidence (B) is
+
–
provided through the magnitude of contrast C, which is determined by the difference, W , W . When
C is positive it implies positive correlation and when it is negative it implies negative spatial association. This means that if more events (landslides) occur within an evidence layer that would be expected
by chance, the W+ is positive and the W- is negative. Conversely, W+ is negative and W- is positive
where fewer events occur within an evidence layer than would be expected by chance (Bonham-Carter
et al. 1989).
The studentized value of C is calculated as the ratio of C to its standard deviation S(C), C / S(C),
and serves as a guide to the significance of the spatial association, acting as a measure of the relative certainty of the posterior probability (Bonham-Carter 1994).
To run successfully the proposed methodology, a well structured spatial database which contains
data, concerning landslide locations, in digital format, such as geological maps, topographic characteristics, infrastructure networks and many more features, are required. All the landslide-related
factors which are to be used in the analysis were rasterized, converted to cells, and introduced in the
GIS system. Slope failures were presented as points, so each set of variables could be presented on
a simple thematic map, with binary pattern, showing stable and unstable cells. As a first step, the
probability that a landslide would occur if evidence is present or absent was calculated for each of
the above evidence layers. For each cell the final probability was the sum of contrasts of each variable, as above mentioned.
The model was built up using a Training Data set, consisting of about 85% of the entire landslide
events and a landslide susceptibility map was produced. The remainder 15%, Testing set of data, was

XLIII, No 3 – 1594

http://epublishing.ekt.gr | e-Publisher: EKT | Downloaded at 30/11/2021 17:34:36 |

used in order to validate the model. The distinction of the database into training and test data has been
done randomly, in order to guarantee that both are random samples from the same distribution.
4. Generating evidence layers
There are no specific criteria or guidelines for selecting the parameters to include in the developed
model. However, the general idea is a) the independent variables should have a certain relation to the
dependent variable, b) to vary spatially, c) to be expressed in a measurable scale, and d) its effect should
not account for double consequences in the final result (Ayalew & Yamagishi, 2004). In the study area,
the main triggering factor is the high amount of precipitation and in some extent tectonic activity. However those two factors have been excluded from the model since the objective was to produce landslide
susceptibility map and to identify zones of varying degree of instability based on the estimated significance of the causative factors have, regardless of the time factor and any triggering factor.
Having in mind the above mentioned, lithology, altitude, slope inclination, slope orientation and
road network proximity, are include in the model as causative factors responsible for landslide manifestation. These factors form the necessary evidence layers that the method needs. A brief description of each of the evidence layers and the spatial distribution of landslide events are given below:
The model requires landslide location data introduced in the GIS system as a point shapefile. A total
of 72 landslides locations of various dimensions were identified and mapped in the whole area of
the Municipality of Kimi. A detailed examination of the affected area with field observations along
with the interpretation of aerial photographs was helpful in order to construct a landslide database
contain data from various sources of information.
Lithology is considered as one of the most causative parameter regarding the landslide manifestation
throughout Greece. The large surface development of formations appearing in cyclothematic sequences,
such as schist-chert formations, flysch sediments, Molassic and Neogene deposits with anisotropic
geomechanical behaviour facilitate the manifestation of abundant slope failures (Koukis and Rozos,
1982, Koukis, 1988). In the studied area landslide events mainly took place at the upper horizons of
the Neogene marls and flysh formations, which were mainly covered by thick weathering mantle.
The altitude of a site is a combined result of the tectonic activity and the erosion – weathering
processes and is related to climatic conditions through an interactive influence. Thus, altitude is indirectly contributing to the slope failure manifestation.
The inclination of a slope along with the orientation plays a significant role in the concept of landslide manifestation as a causative factor (Rozos et al, 2008). It seems that such behaviour is controlled by the combined influence of many variables, such as the intensity and severity of climatic
conditions, the weathering processes, the type and density of vegetation cover, as well as the discontinuity pattern and internal geometry of the geological formations (Huma and Radulescu, 1978,
Carrara 1983, 1984, Maharaja, 1993). In addition certain orientations are associated by increased
snow concentration, higher erosion and intense wreathing process as the climatic agents facilitate the
cyclic alteration of dry and wet periods. In the study area, those orientations were the NNW-NNE
(3150-450) and SE-SW (1350-2250).
Finally it has been observed that many landslides occur close to the road network. The slope instability could be caused either by the uncontrolled or controlled blasting and widening of the roads,
or by the loss of support due to removal of material from the lower portion of the slopes during road
widening. The continuous data have been converted to a binary pattern, using buffer zones in order

XLIII, No 3 – 1595

http://epublishing.ekt.gr | e-Publisher: EKT | Downloaded at 30/11/2021 17:34:36 |

to identify a statistical correlation between road proximity and landslide locations.
Each one of the above mentioned factors was introduced in GIS system providing the necessary evidence thematic layers in digital format, producing grid files with cell size 20x20m, appropriate for
statistical and probabilistic analysis. The classification followed for each factor was based on expert
knowledge and bibliographical reference (Rozos et al, 2008, Ilia et al, 2008).
4.1 Checking for conditional independency
As already mentioned the Weight of Evidence method in order to be applied successfully assumes
conditional independency among the landslide-influenced factors and that the population of each factor has a normal distribution. To calculate such independency, χ2 (chi-square) method was used. The
first step in computing the Chi-squared statistic is the computation of the contingency table, which
is set up for each pair using as reference points the landslide locations. The number of observed
landslide locations in each cell of the table is compared with the expected. The assumption of conditional independence is tested by determine if the measured χ2 value exceeds or not a theoretical χ2
value, given by the number of degrees of freedom and the level of significance. In Table 3 the results of Chi-squared statistic are showed, implying that each of the analyzed variables should be included in the model since the assumption of conditional independency among them is true. For
example it can be seen that the pairs of slope inclination and slope orientation shows a conditional
independency, since the theoretical χ2 value, shown in the table in brackets, is 26.217 at the 99% significance level (degree of freedom = 8) and the calculated χ2 value was 20.226. This implies that
those predictor variables could be used together for the calculation of landslide susceptibility map,
since the null hypothesis of independence is true.
5. Results and discussion
The accuracy of the outcomes depends mostly on the amount and quality of available data, the working scale and the selection of the appropriate analysis and modelling. The process of creating those
thematic layers, involves several qualitative or quantitative approaches (Soeters and van Westen,
1996, Aleotti and Chowdhury, 1999; Guzzetti et al., 1999). As mentioned by Bonham-Carter (1994),
the results of the Weight of Evidence method, are strongly dependent on the number of events inTable 1. Chi-square statistics.
Parameters Lithology
Lithology
Slope
orientation
Slope
inclination

-

Slope
orientation

Slope
inclination

Altitude

Road
Proximity

27,903 (32,00)

11,55 (26,217) 11,152 (37,566) 5,297 (20,090)

-

20,226(26,217) 6,085 (37,566) 6,215 (20,090)
-

Altitude

6,357 (30,578) 10,235 (16,812)
-

5,5767 (23,209)

Road
Proximity

-
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Table 2. Weight of Evidence analysis between landslide-events and factors.
No

Road Proximity

W+

s-W+

W-

s-W-

C

s-c

c/s-c

1

0-100m

1.309

0.2858

-0.666

0.037

1.976

0.256

7.713

2

100m-200m

0.6789

0.0666

-0.146

0.021

0.852

0.297

2.782

3

200m-300m

0.64827

0.0833

-0.108

0.02

0.7566

0.321

2.354

4

>300m

0

3.71E-06

0.978

0.016

-0.9775

0.127

-7.695

No

Lithology

W+

s-W+

W-

s-W-

C

s-c

s-c

1

Class 1

-2,367

0,333

0,677

0,016

-3,045

0,591

-5,144

2

Class 2

0

0

0,010

0,016

-0,010

0,127

-0,079

3

Class 3

-1,287

0,500

0,091

0,016

-1,379

0,718

-1,919

4

Class 4

1,224

0,032

-0,534

0,032

1,759

0,254

6,924

5

Class 5

0,692

0,038

-0,308

0,027

1,001

0,257

3,890

No

Slope inclination

W+

s-W+

W-

s-W-

C

s-c

s-c

1

0-17º

0,127

0,023

-0,224

0,050

0,352

0,271

1,297

2

17º - 36º

-0,154

0,052

0,076

0,023

-0,231

0,275

-0,838

3

36º-50º

-0,994

1,00

0,028

0,016

-1,023

1,008

-1,015

4

> 500

0

0

0,002

0,016

-0,003

0,127

-0,021

No

Slope aspect

W+

s-W+

W-

s-W-

C

s-c

c/s-c

1

225º - 275º

-1,382

1,000

0,050

0,016

-1,433

1,008

-1,421

2

45º - 90º

-0,168

0,100

0,035

0,019

-0,204

0,345

-0,592

-0,240

0,090

0,060

0,019

-0,301

0,332

-0,904

0,217

0,025

-0,303

0,045

0,521

0,265

1,962

3
4

90º-135º,
275º-315º
3150 - 450,
1350-225º

No

Altitude

W+

s-W+

W-

s-W-

C

s-c

c/s-c

1

0-220m

0,672

0,023

-0,707

0,050

1,380

0,271

5,079

2

220-440m

0,024

0,062

-0,008

0,021

0,033

0,290

0,114

3

440-660m

-1,002

0,250

0,126

0,017

-1,130

0,516

-2,185

4

660-880m

0

0

0,163

0,016

-0,164

0,127

-1,287

5

880-1100m

0

0

0,069

0,016

-0,069

0,127

-0,546

6

>1100m

0

0

0,008

0,016

-0,009

0,127

-0,070

troduced in the model (e.g., on the estimation of probabilities) and on the quality of the landslide inventory map. Therefore, probabilities are very low if the area is characterized by rare events, and the
results have to be cautiously interpreted. Applying the Weight of Evidence method, the spatial relaXLIII, No 3 – 1597
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Fig. 2: Landslide Susceptibility map of Kimi municipality area

tionship and the contrast value between landslide-occurrence location and each of the variables were
extracted. Table 2 shows in detail the landslide-influenced factors in which we could find the positively correlated with the landslide locations, and supposed to be significant causative factors that
are likewise possible indicators for landslide manifestation.

The contrasts of each factor type were summed up to calculate the landslide susceptibility index
(Lsi), as shown in the following equation, and by applying Spatial analysis techniques within GIS,
a susceptibility landslide map is obtained (Figure 2).
Calculating the area, each class occupied by using only the Training set of data, the 8.45% of the studied area was classified as having very low susceptibility index, 36.48% was classified as having low
susceptibility index, 21.76% was classified as having medium susceptibility index, 21.68% was
classified as having high susceptibility index and 11.62% was classified as having very high susceptibility index. To validate the developed model, control points were used. Those control points
are past landslide events that have not been included in the model, and are used as Test Data set. As
already mentioned, about 15 % (10 landslide event, randomly distributed through the study area),
where used to determine the Prediction rate. The three first classes, very low, low and medium susceptibility, include about 10% of the Test data set, while the 90% percent of the landslides where
found in the areas of high and very high susceptibility index. The produced prediction rate (90%)
was based on the random distributed control points and was accepted as satisfied.
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6. Conclusion
In the presented study, the Weight of Evidence method was introduced in order to define the main
factors contributing to the occurrence of landslides in Kimi, Euboea, Greece and to calculate the
probability for future landslide manifestation. The results were used to produce a Landslide Susceptibility Map indicating areas of very low, low, medium, high, and very high susceptibility.
The analysis performed using the Weight of Evidence, proved that this method could be thought as
an objective system that can discriminate the various parameters, in order to understand the importance of each one of them, in the development of landslide phenomena. It is also capable to calculate the weights, separately for each study area, allowing the selection of different weights, for the
same parameters, when different settings exist. This process is an objective one and almost independent by the choices of the user.
The statistical method employed in this study determined several crucial factors for landslide susceptibility in the study area. Among them, slopes with angles from 0° to 17° facing NNW-NNE
(3150-450) or (1350-2250) SE-SW, consisting of Quaternary and Neogene sediments, located within
a distance of 100m from the road network and with altitude value less than 220m were identified as
indicators for high slope instability.
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