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Abstract  

The purpose of this study was to highlight the analytic power of a Spatial Decision 

Support System (SDSS) in slope stability problems and to present the process fol-

lowed during the systematic study of the landslide phenomena manifested in the 

Chalki village, Korinthos Prefecture, Greece. The mass movements affected the 

residential area of Chalki village making urgent the need of immediate mitigation 

measures. The two main objectives of the developed Spatial Decision Support Sys-

tem (SDSS) were to evaluate the landslide susceptibility of the research area and to 

locate the most suitable areas for addressing investigation schemes and installing 

landslide monitoring systems.  

Key words: Landslide susceptibility, Ranking Method, Landslide monitoring system. 

Περίληψη 

Ο σκοπός της παρούσας εργασίας ήταν να τονίσει την αναλυτική δύναμη των 

Συστημάτων Χωρικής Υποστήριξης Αποφάσεων σε προβλήματα ευστάθειας πρανών 

και να παρουσιάσει τη διαδικασία που ακολουθήθηκε κατά τη διάρκεια της 

συστηματικής μελέτης των κατολισθητικών φαινομένων που εκδηλώνονται στον 

οικισμό Χαλκίου, του Νομού Κορινθίας, Ελλάδα. Οι εδαφικές μετακινήσεις 

επηρέασαν την περιοχή του οικισμού κάνοντας επιτακτική την ανάγκη της εφαρμογής 

μέτρων θεραπείας. Δυο ήταν οι κύριοι στόχοι του Συστήματος Υποστήριξης Χωρικών 

Αποφάσεων, (a) η δημιουργία ενός μοντέλου κατολισθητικής επιδεκτικότητας, και (β) 

η χωροθέτηση των συστημάτων παρακολούθησης των εδαφικών μετακινήσεων.  

Λέξεις κλειδιά: Κατολισθητική επιδεκτικότητα, συστήματα παρακολούθησης 

εδαφικών μετακινήσεων. 

 

1. Introduction  

The Village of Chalki, Korinthos Prefecture, Greece, is being affected by severe mass movements 

that have disrupted large portions of the urban settlement, since 1950. These phenomena have been 

occasionally reactivated either as a consequence of human activities or as a consequence of 

extreme natural events, such as heavy rainfall and seismic activity (Rozos et al., 2012). A number 

of serious damages on existing buildings, fencing walls, water supply networks as well as on the 

road infrastructure were recorded in 2003, after a three years period of increased rainfall. The 
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observed mass movements had the form of shallow slope movements (creep) characterized by 

slow deterioration of the ground that caused serious problems in the region that surrounded the 

village of Chalki. As reported widely through the literature, landslide phenomena can be managed 

using a variety of analytic methods depending on the objective and the scale of the study, but also 

on the available data (Cruden & Varnes, 1996, Dai et al., 2002, Fell et al., 2008). The deterministic 

limit equilibrium methods are used for the study of local site conditions, while geomoprhological 

or multivariate statistical methods are implemented over larger areas (Glade et al., 2005). 

Regardless the method initialized, the outcomes of a landslide assessment provide useful 

knowledge about the probability of failure and also serve as guidance in making land use decisions 

and planning procedures. An appropriate tool that could assist in identifying effective decision 

calls is a computer model that comprises a decision support system and a geographic information 

system, referred to as Spatial Decision Support System (SDSS). A Spatial Decision Support 

System is an interactive, computer-based system designed to assist in decision making while 

solving a semi-structured spatial problem (Sprague & Carlson, 1982). Several SDSS for managing 

slope stability and soil erosion problems have been developed by researchers (Lawrence et al., 

1997, Dragan et al., 2003, Barac et al., 2004, De la Rosa et al., 2004, Mickovski et al., 2005). 

There can also been found several projects that initialize Geographic Information System (GIS) 

modelling for landslide susceptibility and hazard (Lazzari & Salvaneschi, 1999, Carrara et al., 

1999, Cavallo & Norese, 2000, Donati & Turrini, 2002, Rozos et al., 2011), erosion vulnerability 

(Huang et al., 2003) and environmental vulnerability (Li et al., 2006). Based on recent studies of 

GIS applications, which model landslide susceptibility, it is established that models need to 

improve their ability to predict landslides and be more helpful for engineers, policy – makers and 

developers. They need to be more helpful in the direction of providing the ability to locate 

appropriate areas to carry out investigation schemes, or to locate areas to install landslide 

monitoring systems and to implement effective landslide hazard mitigation measures. The present 

study focused on developing a SDSS within a GIS platform that had two main objectives: (a) the 

development of a landslide susceptibility model and (b) locating areas for installing landslide 

monitoring systems. The developed SDSS was evaluated at Chalki village, in the prefecture of 

Korinthos, Greece. 

2. Materials and Methods 

2.1. Framework for Producing a Susceptibility Map Through SDSS 

The developed SDSS module consisted of three components: (a) a spatial database management 

system (SDMS), (b) a set of techniques and methods for enabling specific spatial functions for 

landslide assessment and (c) a graphical user interface (GUI) to assist users’ interaction with the 

system. The first component, the spatial database management system is the main core of the 

system. In the ArcGIS platform, the GIS software that is used in this study, the SDMS is a well 

designed geodatabase. The second component consists of a set of techniques and methods to assess 

slope stability and landslide hazards, in particular techniques that assist in producing landslide 

susceptibility models and conduct spatial analysis for locating areas to address landslide 

monitoring systems. The third component of the developed SDSS module is the GUI that allows 

interaction between the user’s and the system in a graphical and friendly way. The present study 

focuses on the techniques and methods that are embodied in the SDSS, a brief description of 

which is given in the following section.   

2.2. Calculating Landslide Susceptibility Index   

Landslide susceptibility is a quantitative or qualitative assessment of classification, volume, and 

spatial distribution of landslides, which exist or potentially occur in an area. In a landslide 

susceptibility analysis, time - frame is explicitly not taken into consideration (Corominas et al., 

2000, Glade et al., 2005). In the present study the landslide susceptibility index is calculated by 

applying the weighted linear combination (WLC) method, which is one of the best know and 
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commonly used methodology in spatial analysis (Malczewski, 1999, Ayalew et al., 2004). The 

main objective is to estimate the total score an area achieves and thus compiling the landslide 

susceptibility map. The linear correlation is given by the formula showed in equation 1.  

 Equation 1 – Landslide susceptibility index 

ciji

n

i

i wwf
n

Lsi *
1

1
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The Ranking Method was utilized to estimate both the weight of importance that each landslide 

related factor has, and also the weight of susceptibility that each class of each factor has. The 

Ranking Method is one of the simplest methods for estimating importance weights in a set of 

criterion, while the most popular procedure for generating numerical weights is the Rank Sum 

method (Stillwell et al., 1981, Malczewski, 1999). The weights from the Rank Sum method, which 

also engaged in this study, are calculated according to equation 2.  

Equation 2 – weight coefficient using the Rank Sum method 
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where, wi is the normalized weight for the i
th

 criterion, n is the number of criteria ( k=1,2…n), ri is 

the rank position of the criterion. 

Following the above concept, the landslide susceptibility index is categorized into three classes 

utilizing natural breaks classification based on accumulative weight and score (Jenks, 1967). The 

method seeks to minimize each class’s average deviation from the class mean, in other words 

reducing the variance within the class, while maximizing each class’s deviation from the means of 

the other groups, leads to maximizing of the variance between classes (De Smith et al., 2007). To 

complete the analysis the LSI map must be validated. For this purpose, depending on the technique 

of analysis, a portion or the complete landslide database is overlaid in the form of a layer, known 

as landslide inventory map. A landslide inventory map indicates the location and, if available, 

additional information about past and present mass movements characteristics (e.g., type of 

movements, depth, date, age, degree of activity, magnitude, direction and velocity) that left 

discrete features in an area (Hansen, 1984, Guzzetti et al., 2000). Statistical directives are then 

estimated taking account the spatial distribution of the landslide incidence and the zones of 

susceptibility that have been produced by the model. The approach that this study follows depends 

on expert knowledge, thus the landslide inventory map is mainly used in the procedure of locating 

the areas for establishing landslide monitoring systems than for validation reasons.      

2.3. Indentifying Areas to Address Geotechnical Investigation Schemes and to 

Install Landslide Monitoring Systems   

Landslide hazard mitigation strategies comprise a range of activities including hazard mapping and 

assessment, real time monitoring and warning systems, protective engineering measures, and also 

development of public awareness and emergency planning (Savvaidis et al., 2001). It also must be 

reported that for accurate landslide inventory mapping and analysis of landslide characteristics, 

aerial photos, geotechnical data and monitoring results should be integrated with field surveys and 

any other available information. All the above activities have a spatial dimension in which location 

play a very important role. After contacting a landslide susceptibility analysis, the next phase is to 

locate the areas for installing landslide monitoring systems. Both of these actions are very 
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significant in a landslide assessment and could be thought as a spatial decision analysis problem, 

defined as how to maximize the information and data that one can get by choosing among several 

spatial alternative schemes. The developed SDSS allows inputting layers of information, e.g. 

infrastructure network, urban areas and land use cover, etc. and also utilizing specific spatial 

functions the output of which could be useful during the decision analysis phase. It also allows 

manipulating data that concern damages reported on structures and infrastructure or the agriculture 

facilities, within a spatial framework. By this procedure the SDSS provide a metric function with 

which the user assigns priority values to the entire area. Another important aspect that the SDSS 

provides is the ability to map the land use characteristics of the surrounding area and assign to the 

different types, values of significance according to expert judgment. As an example, it is obvious 

that in a landslide hazard assessment urban areas are more significant than areas located in a forest, 

in the sense that if a landslide incidence evolve in an urban area, the casualties and disruption 

would be much more important. In the same way, areas that had previously reported as been 

affected have priority against non-affected areas, since reactivation of the mass movement may be 

possible. As for the landslide monitoring systems they can be classified as remote sensing or 

satellite techniques, photogrammetric techniques, geodetic or observational techniques, and 

geotechnical or instrumentation or physical techniques (Gili et al., 2000, Corominas et al., 2000, 

Savvaidis et al., 2001). For the purpose of the study, geotechnical techniques were under 

consideration. Specifically, geotechnical techniques involve the installation and monitoring of 

inclinometers, extensometers, piezometers, geophones, tiltmeters and crack meters. The type of 

instrument also defines the location of installation. As for example, inclinometers are installed in 

boreholes drilled within the landslide mass. In the case where the available instruments are few 

and a decision should be made of where to be installed, the proximity to urban settlements plays a 

role in choosing an alternative. The closer the urban settlements, the more critical the information 

extracted are. Within this framework, distance functions are applied to each layer of information 

and each zone is assigned a value of significance. The final process is to combine the landslide 

susceptibility map with the findings of the above analysis and provide a decision upon the most 

suitable area for installing landslide monitoring systems.   

3. The Case Study  

3.1. Geological Settings  

The urban settlement of Chalki village (37° 52 40, 22° 43 40) is part of the municipality of Vochas 

located approximately 3 km southwest of the village of Soulinari. The village is located on gentle 

slopes northwest of Mount Foukas which forms the eastern slopes of the basin of Zapantis having 

altitude values ranging from 240 to 320 meters, Figure 1.  

The geological formations that cover the wider research area consist of neogene sediments, plio-

pleistocene deposits (conglomerates, clayey marls, calcite marls) and diluvial conglomerates. 

These formations are covered in places by a thin weathering mantle that has been created by 

erosion and alteration process (Figure 1). The most dominant formations that cover the research 

area are the clayey marls and the calcite marls. The clayey marls are characterized as easily 

weathered, semi-coherent and with varying permeability. Their water content increases significant 

upon wetting, decreasing its geomechanical characteristics. The calcite marls appear to be more 

resistance to weathering process and characterized as hard to stiff marl formation with very low 

permeability. The field survey and the study of aerial photos, revealed the presence of two main 

set of tectonic lineaments with directions SW - NE and NNW – SSE respectively that have altered 

the geomorphologic characteristics of the area. As for the seismic activity, the seismicity of the 

area is indirectly influenced by the seismic epicentres of the Corinth Gulf and therefore the values 

of the peak ground acceleration are expected to be high (Koumantakis et al., 2005). Finally, the 

mean annual precipitation reaches 538mm with 72.5% falling between the months of November 

and March.     
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Figure 1 – The geological setting of the study area. 

3.2. Selecting the Appropriate Factors and Assessing the Weight Coefficients  

The factors that appear to influence the manifestation of a landslide in a site could be distinguished 

into causative and triggering factors. Causative factors actually determine the favourable settings 

that may cause a landslide, while triggering factors determine the temporal characteristics of a 

landslide incidence. Seismic activity, intensive rainfall and human activities are thought to be the 

most common triggering factors. However, the usage of these types of data that appear to be 

unpredictable and vary in time is limited in landslide assessments (Guzzetti et al., 2000). On the 

other hand the causative factors are easily defined and used extensively in landslide assessments 

(Glade et al., 2005). It is well know that lithology plays a crucial role in controlling instability. The 

reclassified map had three classes based on different susceptibilities to landslide and accordingly 

are assigned a higher or lower ranking value (Table 1). The river deposits, bed river deposits and 

the weathering mantle are classified into the most susceptible class, eguA. The diluvial 

conglomerate, conglomerate and clayey marl formations have been classified into class eguB, that 

represent medium susceptible formations, while the calcite marls are classified as the less 

susceptible class, eguC.  

As reported in the literature, geo-morphological settings can affect the landslide occurrence. 

Specifically, the dynamic behaviour of a landslide event has close affinity to the slope values 

(Carrara, 1983, Maharaj, 1993). Slope controls the subsurface flow velocity after rainfalls, the 

runoff rate and the soil water content. As slope value increases shear stress in unconsolidated soil 

cover increases as well. The raster format file was obtained from the DEM file. In the reclassified 

map, slope values were subdivided into three classes: (a) Gentle slopes (< 13
o
), Moderate steep 

slopes (13
o
 – 27

o
), Steep slopes (> 27

o
). 
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Table 1 – Assessing weights to each class of each factor. 

Factors   Classes Straight 

rank  

Normalized 

weight 

A. Eng. Geol. Units  1 0.3334 

River deposits eguA 1 0.50 

Bed River deposits  eguA 1 0.50 

Weathering mantle eguA 1 0.50 

Diluvial conglomerates eguB 2 0.3334 

Conglomerate eguB 2 0.3334 

Calcite marls  eguC 3 0.1667 

Clayey marls eguB 2 0.3334 

B. Slope   4 0.1334 

(0o-13o) slpA 1 0.50 

(13o-27o) slpB 2 0.3334 

>27o slpC 3 0.1667 

C. Aspect    2 0.2667 

N-NE aspA 1 0.50 

E-W aspB 2 0.3334 

S-SW aspC 3 0.1667 

D. Proximity to river network   3 0.20 

< 50m rvrA 1 0.6667 

> 50m rvrB 2 0.3334 

E. Proximity to tectonic lineaments   5 0.0667 

< 50m tectA 1 0.6667 

> 50m tectB 2 0.3334 

 

Also, the aspect of the surface contributes to the overall slope instability in the same way the slope 

factor does. It’s known that certain orientations are associated with increased snow concentration 

or intense erosion and weathering processes. It also affects indirectly other factors such as the flora 

distribution, the degree of saturation and evaportranspiration of the slopes and also the soil 

thickness. It is general considered that N and NW – facing slopes are the most favourable to 

landslide due to their shadier and colder conditions that favour the accumulation and preservation 

of soil moisture (Guzzetti et al., 1999). The frequency of landslides is expected to be higher on N 

and NW facing slopes, due to water accumulation and lower on east – facing and SE facing slopes 

as a result of decreased wetness. The aspect raster file has been divided into three classes, namely 

aspA, aspB and aspC. In the research area those orientations are the N-NE, E-W and S - SW. 

Another factor of great importance is the proximity to the stream network. An area closer to the 

river path has higher water content and hence may exhibit higher susceptibility to landslide 

phenomena. The thematic layer of proximity to river network was generated using a buffer around 

the streams. It was classified into two distance classes, (a) < 50m from streams, (b) greater than 50 

m. As the distance from the network increases the landslide susceptibility decreases. Hence, the 

classes of the buffered proximity to river network map have been assigned rating values in 

decreasing order based on the distance from the streams. Proximity of landslide incidence to thrust 

and fault zones is consequence of the contacts between overlaying more permeable rocks and 

underlying less permeable or impermeable formations resulting in abundance of springs and also 

sheared zones of weakened and fracture rocks. On the vectorized layer a distance function was 

applied to define two buffer zones along the structural discontinuities, a zone less than 50m from 
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tectonic features and a zone greater than 50m. As the distance from the tectonic lineaments 

increased landslide susceptibility decreases. Hence, the classes of the buffered proximity to 

tectonic features were rated in a decreasing order according to their distance to thrust and fault 

zones.  Table 1 shows both the weight of importance that each factor has, and also the weight of 

susceptibility that each class of each factor has as they were calculated by the Rank Sum method.      

3.3. Producing the Landslide Susceptibility Index Map  

The landslide susceptibility index values are varying within the range of 0 and 1. The higher the 

value the more susceptible the area is. However, the LSI map was reclassified into three categories 

namely, “low”, “moderate” and “high”, as shown in Figure 2. Applying ArcMap Field Calculator 

and the Calculate Geometry dialog box, it was found that about 43 % of the research area is 

characterized as low susceptible, 35% as medium susceptible and 22% as high susceptible. The LSI 

map shows that the high susceptible zones were found mainly in areas where clayey marl outcrop, 

on moderate to steep slopes and near streams and fault zones. It also shows that only a small 

portion of the urban area is appreciated as high susceptible. It must be noted that these location 

have been reported of having the most serious damages on buildings, fencing walls, water supply 

networks as well as on the road infrastructure.      

 

Figure 2 – The landslide susceptibility map and the overlaid landslide inventory map. 

3.4. Locating Areas to Apply Systems and Techniques for Monitoring Mass 

Movements   

Three different geotechnical techniques for landslide monitoring where selected: (a) inclinometers, 

(b) piezometers, and (c) tile-tale crack meters. According to the methodology, on the vectorized 

landslide inventory map, a distance function was applied to define a buffer zone, 50m from each 

landslide features, assigning to those zones high value of significance (Figure 3). Within those 

zones inclinometers should be more appropriate to install.  
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As already mentioned the exact location is a decision-making problem and other considerations 

should be taken into account in order to evaluate the alternatives. The most critical consideration is 

the proximity to urban settlements. To obtain the proximity value, the Calculate Geometry dialog 

box was enabled in order to find the centroid of the polygon that represents the urban settlements. 

Then, the distance between the centroid and each landslide buffer zone is calculated (Figure 3). 

 

Figure 3 – The locations of the proposed landslide monitoring system. 

The piezometers measure the fluctuations of the ground water table and eventually the pore water 

pressure within a geological structure. So, they give an indication of the build up of stresses and 

strains within a ground mass. As previously referred, the landslide zones are the most suitable for 

installing the piezometers and the exact location is found applying the same procedure. Finally, the 

installation of the tell–tale crack meters in areas where damages on building and wall fences are 

reported is the most common approach.  

4. Discussion and Conclusions  

The shape and size of mass movements vary because of the complex interrelationship that arises 

among several preparatory and triggering factors (Coates, 1977). Mass movements may be 

controlled by the topographic factor, such as considering the inclination, orientation and shape of 

the slope, the lithologic ones such as physical characteristics and mechanical properties, the 

geological structure, considering the tectonic features, the hillslope hydrologic factors such as pore 

pressure, or a combination of all these factors. The study indicated that the last serious reactivation 

of the observed mass movements had as a triggering factor the intensive rainfall that have been 

recorded in the year 2003. It also concluded that the type of the lithological units found in the area, 

specifically the Plio-Pleistocene clayey marl horizons and the underlying calcite marls were 

responsible for the evolution of mass movements. In addition, the weathering action of the surface 

water and the raising of the water table could alter the physical and mechanical properties of the 

formations. Failure occurs, when the driving forces that create movement exceed the resisting 

forces of the material, while triggering factors may increase the shear stress or decrease the 

shearing resistance of the material or enable both of these mechanisms. The main objective of the 

developed SDSS was to be a useful tool in manipulating data and information that are collected 
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from the analytic observation and study of the area susceptible to landslide manifestation. 

Applying the Rank Sum method the weight values of the landslide related factors were obtained 

and by implementing WLC method the landslide susceptibility index was estimated for each cell 

of the entire research area. The produced landslide susceptibility map was reclassified into three 

landslide susceptibility zones that indicated that small portions of the urban settlement are in the 

high landslide susceptibly zone. The main landslide monitoring systems that were proposed for 

installation in the area included (a) a number of inclinometers for measuring deep displacements, 

(b) a number of tell-tale crack meters, to measure the surface movements and (c) piezometers, to 

monitor the fluctuation of groundwater level. There exact placement location was found within the 

developed SDSS by applying spatial functions and assigning in the entire area values of 

significance. The outcomes of the study maximized the information that was provided and helped 

in the direction of defining the surface of displacement.     
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