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กระบวนการวิเคราะหตามลําดับชั้นและแบบจําลองอัตราสวนความถี่ใหผลลัพธดีที่สุด ซ่ึงผลที่ได
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การใชที่ดินและการกอสรางในอนาคต 
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 The main objective of this research is to evaluate, compare and verify 

landslide susceptibility zonation using three different methods namely; analytical 

hierarchy process (AHP), frequency ratio (FR) model and integrated AHP and FR 

model in lower Mae Chaem watershed, northern Thailand. The study was carried out 

using remote sensing data, field surveys and geographic information system (GIS) 

tools. The ten factors that influence landslide occurrence, such as elevation, slope 

aspect, slope angle, distance from drainage, lithology, distance from lineament, soil 

texture, precipitation, land use/land cover (LULC) and NDVI. Using these methods, 

the landslide susceptibility index (LSI) was calculated using the defined weight and 

rating, and the three landslide susceptibility maps were produced based on values of 

the index. These LSI values were divided into five classes according to the natural 

breaks range which represent five different zones in the landslide susceptibility map. 

These are very high susceptibility (VHS), high susceptibility (HS), moderate 

susceptibility (MS), low susceptibility (LS) and very low susceptibility (VLS) zones. 
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 Results of analysis were verified with the known landslide locations map 

containing 25 points recorded by the local authorities in the last decade. For the 

verification, the area under curve (AUC) method was used where the rate curves were 

created and their areas under curve were calculated for being the prediction accuracy. 

The rate explains how well the model and factor predict the landslide occurrences. 

It was found that prediction accuracy of analytical hierarchy process (AHP), 

the frequency ratio (FR) model, and integrated AHP and FR model are 64.90%, 

84.82% and 91.22% respectively. The comparison results showed that the integrated 

AHP and FR model gave the highest percentage of prediction accuracy in the study 

area. Therefore, it can be concluded that the integrated AHP and FR model provides 

the best result in this study. This knowledge can be used for the landslide hazard 

prevention and mitigation, and proper planning for land use and construction in the 

future. 
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CHAPTER I 

INTRODUCTION 

1.1 Introduction to this Study 

Landslide is typically defined by a wide range of ground movement, such as 

rock falls, deep failure of slopes, and shallow debris flows. Landslide hazard results in 

great loss of life and property. These damages can be avoided if the cause and effect 

relationships of the events are known. Landslide is one of the complex natural 

hazards, involving multitude of factors and need to be studied systematically in order 

to evaluate effectively. A landslide susceptibility map depicts areas likely to have 

landslides in the future by correlating some of the principal factors that contribute to 

landslides with the past distribution of slope failures (Brabb, 1984). 

Over the past decade, the provinces in the north of Thailand most at risk are 

Chiang Mai and Mae Hong Son where flash floods and landslides have resulted in 

serious agricultural and property damage, and sometimes substantial loss of lives. 

Several areas in the lower Mae Chaem watershed are also prone to landslide disaster, 

especially ones that locate close to steeply sloping small mountain. Consequently, the 

effective landslide hazard assessment of the area is seriously needed and this is 

fulfilled in this study. 

Landslide susceptibility mapping relies on a rather complex knowledge of 

slope movements and their controlling factors. The reliability of landslide 

susceptibility maps depends mostly on the amount and quality of available data, the 
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working scale and the selection of the appropriate methodology of analysis and 

modeling. The process of creating these maps involves several qualitative or 

quantitative approaches (e.g., Soeters and Van Westen, 1996; Aleotti and Chowdhury, 

1999; Guzzetti et al., 1999). Early attempts defined susceptibility classes by 

qualitative overlaying of geological and morphological slope-attributes to landslide 

inventories (Nielsen et al., 1979). More sophisticated assessments involved AHP, 

bivariate, multivariate, logistics regression, fuzzy logic, artificial neural network, etc. 

analysis. 

Qualitative methods depend on expert opinions. The most common types of 

qualitative methods simply use landside inventories to identify sites of similar 

geological and geomorphological properties that are susceptible to failure. Some 

qualitative approaches, however, incorporate the idea of ranking and weighting, and 

may evolve to be semi-quantitative in nature. The application of the analytical 

hierarchy process (AHP) method, developed by Saaty (1980), for landslide 

susceptibility has been shown before (e.g., Barredo et al., 2000; Mwasi, 2001; Nie et 

al., 2001; Yagi, 2003), and weighted linear combination (WLC) by Ayalew et al. 

(2004). AHP involves building a hierarchy of decision elements (factors) and then 

making comparisons between possible pairs in a matrix to give a weight for each 

element and also a consistency ratio. It is based on three principles: decomposition, 

comparative judgment and synthesis of priorities (Malczewski, 1999). WLC is a 

concept to combine maps of landslide-controlling parameters by applying a 

standardized score (primary-level weight) to each class of a certain parameter and a 

factor weight (secondary-level weight) to the parameters themselves. Being partly 

subjective, results of these approaches vary depending on the knowledge of experts. 
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Hence, qualitative or semi-quantitative methods are often useful for regional studies 

(Soeters and Van Westen, 1996; Guzzetti et al., 1999). 

Quantitative methods are based on numerical expressions of the relationship 

between controlling factors and landslides. There are two types of quantitative 

methods: deterministic and statistical (Aleotti and Chowdhury, 1999). Deterministic 

quantitative methods depend on engineering principles of slope instability expressed 

in terms of the factor of safety. Due to the need for exhaustive data from individual 

slopes, these methods are often effective for mapping only small areas. Landslide 

susceptibility mapping using either multivariate or bivariate statistical approaches 

analyzes the historical link between landslide-controlling factors and the distribution 

of landslides (Guzzetti et al., 1999). 

The increasing computer-based tools are found to be useful in the hazard 

mapping of landslides. One of such significant tools for hazard mapping of landslides 

is geographic information systems (GIS). A GIS is defined as a powerful set of tools 

for collecting, storing, retrieving at will, displaying, and transforming spatial data 

(Burrough and McDonnel, 1998). One of the main advantages of the use of this 

technology is the possibility of improving hazard occurrence models, by evaluating 

their results and adjusting the input variables. An important aspect of landslide 

investigations is the possibilities to store, treat, and analyze spatiotemporal data that 

are available. The feature extraction of some factors can be interpreted satellite 

images. With the increase in efficient digital computing facilities, the digital remote 

sensing data and their analysis have gained enormous importance. Then the spatial and 

temporal thematic information derived from remote sensing and ground based 

information need to be integrated for data analysis. This can be very well achieved 
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using GIS which has the capabilities to handle voluminous spatial data. With the help 

of GIS, it is possible to integrate the spatial data of different layers to determine the 

influence of the parameters on landslide occurrence. The process of GIS aided 

landslide susceptibility mapping at present involves several methods that can be 

considered as either qualitative or quantitative. Qualitative methods depend on expert 

opinions, and are often useful for regional assessments (Soeters and van Westen, 

1996; Aleotti and Chowdhury, 1999). Quantitative methods rely on observed 

relationships between controlling factors and landslides (Guzzetti et al., 1999). 

In this study, the three different methods namely, AHP, FR model and 

integrated AHP and FR model, to produce and later compare three landslide 

susceptibility maps of the selected area. The first method, AHP is a semi-qualitative 

method, which involves a matrix-based pair-wise comparison of the contribution of 

different factors for landslide. The AHP is a Multi-Criteria Decision Making (MCDM) 

tool at the core of which lies a method for converting subjective assessments of 

relative importance to a set of overall scores or weights. The second method, FR 

model is a quantitative method. The spatial relationships between the landslide 

location and each landslide-related factor were analyzed by using the probability 

analysis–FR model. The frequency ratio, a ratio between the occurrence and absence 

of landslides in each cell, was calculated for each factor’s type (or range) that had 

been identified as significant with respect to causing landslides. An area ratio for each 

factor’s type (or range) to the total area was calculated. Finally, frequency ratios for 

each factor’s type (or range) were calculated by dividing the landslide occurrence ratio 

by the area ratio. The last method, integrated AHP and FR model is a hybrid method 

between qualitative and quantitative methods (Ayalew et al., 2004). Finally, all the 
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weighted factor maps are overlaid and a landslide susceptibility maps are produced 

and represented in term of landslide susceptibility zone (LSZ). 

There are five categories of LSZ assigned which are very high susceptibility 

(VHS), high susceptibility (HS), moderate susceptibility (MS), low susceptibility (LS) 

and very low susceptibility (VLS) zones. The validity of three landslide susceptibility 

maps obtained from each model were carried out using the map overlay technique 

provided in ArcGIS software (v 9.0). Finally, the validity of the output map was 

verified and compared using the known landslide locations. 

1.2 Research Objectives 

This research will focus on the three following main objectives: 

1.2.1 To find relative importance of the chosen landslide influencing factors. 

1.2.2 To evaluate landslide susceptibility zonation in the chosen area by using 

analytical hierarchy process (AHP), frequency ratio (FR) model and integrated AHP 

and FR model. 

 1.2.3 To compare and verify the results of three landslide susceptibility maps 

by using known landslide locations. 

1.3 Scope and Limitations of the Study 

 In this study, the three different methods namely, AHP, FR model and 

integrated AHP and FR model have been used to produce and later compare and 

verify, three landslide susceptibility maps of lower Mae Chaem watershed. Relevant 

thematic layers pertaining the causative factors are generated using remote sensing 

data, field surveys and geographic information system (GIS) tools. There are ten 

landslide inducing parameters considered which are elevation, slope aspect, slope 
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angle, distance from drainage, lithology, distance from lineament, soil texture, 

precipitation, land use/land cover and NDVI. In order to store the information of these 

parameter maps in a concise thematic database a 25×25 meter grid is overlaid to the 

area. 

1.4 Study Area 

      1.4.1 Location 

The lower Mae Chaem watershed is a significant watershed of Mae Ping 

River, which is the main river in the upper north of Thailand and the largest tributary 

of central Thailand’s Chao Phraya River. It is located approximately between latitudes 

18°06'00″N to 18°38'24″N and longitudes 98°04'12″E to 98°38'24″E, covering area of 

about 1,932 km2 in Chiang Mai and Mae Hong Son Provinces. There are three districts 

(Amphoe) located within Chiang Mai border and two districts (Amphoe) located 

within Mae Hong Son border. 

      1.4.2 Topography 

Topography of lower Mae Chaem watershed is relatively steep with elevation 

ranging from 260 m to 2,540 m and small narrow floodplains appear close to the river 

(Figure 1.1). About 90% of its areas are high mountains covered with diversified plant 

communities that form various types of forest, where rice and other agricultural 

productions, especially vegetables and orchards, are normally cultivated in the low 

area. 
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Figure 1.1 Location map of the study area, the lower Mae Chaem watershed. 

Altitude variation induces different climatic zones with distinctive types of 

natural land cover. Dominant vegetation includes dry dipterocarp and mixed 

deciduous forests below 1,000 m, tropical mixed pine forest from 900 to 1,500 m 

alternating with hill evergreen forest that extends up to 2,000 m, and tropical montane 

cloud forest above 2,000 m (Dairaku et al., 2000; Kuraji et al., 2001). Steep hillsides 

with slopes exceeding 25% are a common landscape element, resulting in rates of soil 

erosion that prevent advanced soil development. Thus, soils are relatively shallow and 
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have limited water-holding capacity (Hansen, 2001). Dominant soil textures are sandy 

clay loam and clay loam. 

      1.4.3 Climate 

The climate of this mountainous basin is defined by large variations in 

seasonal and annual rainfall that are influenced by Pacific-born typhoons, 

superimposed on the south-west monsoon (Walker, 2002). The orographic effect 

induces an altitudinal increase of spatial rainfall distribution (Dairaku et al., 2000; 

Kuraji et al., 2001). In this area, annual rainfall is highly variable from year to year 

with 95% of rain occurring in the wet season from May to October and the average 

annual temperature ranges from 20 °C to 34 °C.  

      1.4.4 Land Use Patterns 

Land use patterns in lower Mae Chaem watershed have undergone substantial 

change during the past several decades. As recently as the 1960s, the agriculture 

mosaic was comprised of highland (above 1,000 m) pioneer shifting cultivation that 

often included opium, mid-elevation (600–1,000 m) rotational forest fallow shifting 

cultivation with a decade long fallow period, and paddy and home garden-centered 

cultivation in the lowlands (Thomas et al., 2002; Walker, 2003). 

      1.4.5 Population 

The population of lower Mae Chaem watershed is ethnically diverse and 

distributed among numerous small villages. Ethnic Karen make up more than 60 

percent of the total population, northern Thai (khon muang) nearly 30 percent, and 

Hmong less than 10 percent; a few ethnic Lua and Lisu communities are also located 

in the study area. 
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Ethnic Hmong and Lisu communities are located mainly in the highland zone, 

while most Karen and Lua are in the middle zone and northern Thai (khon muang) 

occupy most of the lowlands. The majority Karen and Lua ethnic groups live primarily 

in mid-elevation zones between 600 and 1,000 m, with some communities extending 

into higher elevations. Ethnic northern Thai (khon muang) villages are mostly 

clustered in lowland areas below 600 m, whereas Hmong and Lisu ethnic groups live 

mostly in highland villages located above 1,000 m. 

1.5 Characteristic of the Problem 

Due to its hilly and mountainous landscape, landslide is a recurrent problem 

which happens throughout most of northern Thailand. Most severe landslides were 

triggered by a period of continuous heavy rainfall and could result in significant 

damage to property and agriculture, and to the tragic loss of human life also. 

Typically, the predominant type of landslide found in northern Thailand is the rainfall-

triggered shallow landslide which caused by the intense and continuous rainfall 

(Yumuang, 2006). Shallow failures occur due to saturation of top soil layer along the 

terrain slope which shifts slope from marginally stable to unstable state. This could 

result in the rapid movement of soil cover down hill to the surrounded low area (Liu 

and Wu, 2008). During this period, the landslide might transform into a debris 

avalanche, with increasing velocity and volume. If the landslide material flows into a 

gully at the base of the slope, then the run-out of the material can reach long distance 

(Revellino et al., 2004). 

In recent years, the lower Mae Chaem watershed has experiences several 

massive landslide incidences which brought vast damage to the properties and natural 
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environment, and some loss of human life (Table 1.1). Though, the area is long known 

to be in the landslide risk zone but it still lacks of studies that assess risk of landslide 

occurrence in this area thoughtfully and this is the main objective of this research. 

Photographs of some landslide occurrences found in the study area are shown in 

Figure 1.2. 

Table 1.1 Summary of the crucial landslide incidences in the study area (Source: 

Department of Mineral Resources, Mae Chaem District Office and internet resource). 

Date/Place The effect of the disaster 

September 15, 2002 

Mae Chaem, Chiang Mai 
 

The infrastructures were affected such as bridge, road, 

drainage systems and agricultural areas. 

October 2, 2002 

Mae Sariang, Mae Hong Son 
 

The infrastructures were affected such as bridge, road, 

drainage systems and agricultural areas with several casualties. 

May 6, 2004 

Mae Chaem, Chiang Mai 
 

1 people died, 3 houses were destroyed, agricultural areas and 

property were affected. 

September 14, 2005 

Mae Sariang and Mae La Noi, 

Mae Hong Son 
 

The infrastructures were affected such as bridge, road. 

September 19, 2005 

Mae Chaem, Chiang Mai 

Some houses were destroyed, and infrastructures were affected 

such as bridge, road, drainage systems and agricultural areas. 
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Figure 1.2 Photographs of landslide occurrences in the study area. 

1.6 Expected Results 

1.6.1 Determination of triggering factors and a suitable methodology for 

predicting on landslides occurrences and landslide susceptibility zonation maps in the 

study area. 

1.6.2 The landslide susceptibility maps produced in the chosen area by using 

analytical hierarchy process (AHP), frequency ratio (FR) model and integrated AHP 

and FR model. 

1.6.3 Knowledge of the potential landslide prone areas that could be used for 

explaining existing landslide locations, making emergency decisions, avoiding and 

mitigating of future landslide hazard. 



CHAPTER II 

LITERATURE REVIEW 

Landslide is simply the down slope movement (sliding or falling) of soil, rock, 

or some mixture of the two, under the influence of gravity. Landslides are natural 

processes, but can be triggered or accelerated by one or more of the factors, especially 

when the factors occur in combination. 

2.1 Definition of Landslide and Terminology 

According to Cruden (1991), landslide is defined as “the movement of a mass 

of rock, debris or earth down a slope”. Mass movement is defined as “the outward and 

downward gravitational movement of earth material without the aid of running water 

as a transporting agent” (Crozier, 1986). These are internationally accepted and most 

widely used definitions of the phenomenon. Although, several more definitions may 

be found, but in essence, they all lead to the same conclusion that landslide is involved 

mass transportation down the slope in which a hazardous activity for humans can 

occur. 

2.2 Classifications of Landslides 

The various types of landslides can be differentiated by the kinds of material 

involved and the mode of movement. A typical classification system based on these 

parameters is shown in Table 2.1. Classification of landslides is based on a two-term 

descriptor; the first term describing material type prior to failure and the second term 
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describing the type of movement (Varnes, 1978). As can be seen in Table 2.1, there 

are five basic types of landslides that occur in three types of material. Falls, topples, 

slides, lateral spreads, and flows can occur in bedrock, debris, or earth. While 

individual landslide types can occur in nature, most landslides are complex, or 

composed of combinations of basic types of landslides. Other classification systems 

incorporate additional variables, such as the rate of movement and the water, air, or 

ice content of the landslide material. 

      2.2.1 Types of Materials 

The material types involved in landslide can be classified into two groups; 

bedrock and soil (Table 2.1). Soil is generally unconsolidated surficial material. It is 

further subdivided into debris and earth depending upon its textures. 

Bedrock: Bedrock refers to earth materials that have been created by rock 

forming processes. Its strength depends on the rock type, degree of weathering, 

density and orientation of discontinuities, which are generally the planes of weakness 

in the rock mass. For instance, if a dense and hard granite rock contains many 

fractures, the rock mass may be less strong than a coarse-grained soil. 

Debris: Debris is composed of predominantly coarse-grained soil including 

boulder to gravel and sandy materials. It can also include pieces of highly fractured 

bedrock. The strength of coarse-grained soil generally depends on the friction between 

the grains. Woody debris such as tree or logs, or other organic material, is sometime 

mixed with the inorganic debris. 

Earth: Earth refers to predominantly fine-grained soil (silt and clay size 

materials). The strength of fine-grained soil generally depends on cohesion, chemical 

and electrical bonding between small particles. 
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Table 2.1 Types of landslides. Abbreviated version of Varnes' classification of slope 

movements (Varnes, 1978). 

Type of Material 

Engineering Soils Type of Movement 
Bedrock 

Predominantly coarse Predominantly fine 

FALLS Rock fall Debris fall Earth fall 

TOPPLES Rock topple Debris topple Earth topple 

ROTATIONAL 
SLIDES 

TRANSLATIONAL 
Rock slide Debris slide Earth slide 

LATERAL SPREADS Rock spread Debris spread Earth spread 

Rock flow Debris flow Earth flow 
FLOWS 

(deep creep) (soil creep) 

COMPLEX Combination of two or more principal types of movement 

      2.2.2 Types of Landslides 

The term "landslide" describes a wide variety of processes that result in the 

downward and outward movement of slope-forming materials including rock, soil, 

artificial fill, or a combination of these. Landslides are portrayed according to the 

types of movements namely, fall, topple, slide, spread and flow. Figure 2.1 shows a 

graphic illustration of a landslide, with the commonly accepted terminology 

describing its features. 
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Figure 2.1 An idealized slump-earth flow showing commonly used nomenclature for 

labeling the parts of a landslide (modified from USGS Fact Sheet 2004-3072 in 

USGS, 2004). 

Although landslides are primarily associated with mountainous regions, they 

can also occur in areas of generally low relief. In low-relief areas, landslides occur as 

cut-and-fill failures (roadway and building excavations), river bluff failures, lateral 

spreading landslides, collapse of mine-waste piles (especially coal), and a wide 

variety of slope failures associated with quarries and open-pit mines. The most 

common types of landslides are described as follows and are illustrated in Figure 2.2.
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Figure 2.2 Major types of landslide movement (modified from Varnes, 1978 and 

DOE., 1990). 
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The landslide glossary for the UNESCO working party on world landslide 

inventory in 1993 has given these following definitions related to landslide 

phenomenon (Cruden, 1993). 

Accumulation: The volume of the displaced material, which lies above the 

original ground surface. 

Crown: The practically undisplaced material still in place and adjacent to the 

highest parts of the main scarp. 

Depleted mass: The volume of the displaced material, which overlies the 

rupture surface but underlies the original ground surface. 

Depletion: The volume bounded by the main scarp, the depleted mass and the 

original ground surface. 

Displaced material: Material displaced from its original position on the slope 

by movement in the landslide. It forms both the depleted mass and the accumulation. 

Flank: The undisplaced material adjacent to the sides of the rupture surface. 

Compass directions are preferable in describing the flanks but if left and right are 

used, they refer to the flanks as viewed from the crown. 

Foot: The portion of the landslide that has moved beyond the toe of the 

surface of rupture and overlies the original ground surface. 

Head: The upper parts of the landslide along the contact between the displaced 

material and the main scarp. 

Main body: The part of the displaced material of the landslide that overlies 

the surface of rupture between the main scarp and the toe of the surface of rupture. 

Main scarp: A steep surface on the undisturbed ground at the upper edge of 

the landslide, caused by movement of the displaced material away from the
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undisturbed ground. It is the visible part of the surface of rupture. 

Minor scarp: A steep surface on the displaced material of the landslide 

produced by differential movements within the displaced material. 

Original ground surface: The surface of the slope that existed before the 

landslide took place. 

Surface of rupture: The surface which forms (or which has formed) the lower 

boundary of the displaced material below the original ground surface. 

Surface of separation: The part of the original ground surface overlain by the 

foot of the landslide. 

Tip: The point of the toe farthest from the top of the landslide. 

Toe: The lower, usually curved margin of the displaced material of a landslide, 

it is the most distant from the main scarp. 

Toe of surface of rupture: The intersection (usually buried) between the 

lower part of the surface of rupture of a landslide and the original ground surface. 

Top: The highest point of contact between the displaced material and the main 

scarp. 

Zone of depletion: The area of the landslide within which the displaced 

materiallies below the original ground surface. 

Zone of accumulation: The area of the landslide within which the displaced 

material lies above the original ground surface. 

The most common types of landslide are fall, topple, rotational slide, 

translational slide, lateral spread, flow and complex landslide as seen in Figure 2.2. 

Their brief information is as follows. 
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Falls: Falls are abrupt movements of masses of geologic materials, such as 

rocks and boulders, that become detached from steep slopes or cliffs. Separation 

occurs along discontinuities such as fractures, joints, and bedding planes, and 

movement occurs by free-fall, bouncing, and rolling. Falls are strongly influenced by 

gravity, mechanical weathering, and the presence of interstitial water. 

Topples: Toppling failures are distinguished by the forward rotation of a unit 

or units about some pivotal point, below or low in the unit, under the actions of 

gravity and forces exerted by adjacent units or by fluids in cracks. 

Slides: Although many types of mass movements are included in the general 

term "landslide," the more restrictive use of the term refers only to mass movements, 

where there is a distinct zone of weakness that separates the slide material from more 

stable underlying material. The two major types of slides are rotational slides and 

translational slides. 

1) Rotational slide: This is a slide in which the surface of rupture is curved 

concavely upward and the slide movement is roughly rotational about an axis that is 

parallel to the ground surface and transverse across the slide. 

2) Translational slide: In this type of slide, the landslide mass moves along a 

roughly planar surface with little rotation or backward tilting. A block slide is a 

translational slide in which the moving mass consists of a single unit or a few closely 

related units that move downslope as a relatively coherent mass. 

Lateral Spreads: Lateral spreads are distinctive because they usually occur on 

very gentle slopes or flat terrain. The dominant mode of movement is lateral extension 

accompanied by shear or tensile fractures. The failure is caused by liquefaction, the 
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process whereby saturated, loose, cohesionless sediments (usually sands and silts) are 

transformed from a solid into a liquefied state. Failure is usually triggered by rapid 

ground motion, such as that experienced during an earthquake, but can also be 

artificially induced. When coherent material, either bedrock or soil, rests on materials 

that liquefy, the upper units may undergo fracturing and extension and may then 

subside, translate, rotate, disintegrate, or liquefy and flow. Lateral spreading in fine-

grained materials on shallow slopes is usually progressive. The failure starts suddenly 

in a small area and spreads rapidly. Often the initial failure is a slump, but in some 

materials movement occurs for no apparent reason. Combination of two or more of 

the above types is known as a complex landslide. 

Flows: There are five basic categories of flows that differ from one another in 

fundamental ways. 

1) Debris flow: A debris flow is a form of rapid mass movement in which a 

combination of loose soil, rock, organic matter, air, and water mobilize as a slurry that 

flows downslope. Debris flows include <50% fines. Debris flows are commonly 

caused by intense surface-water flow, due to heavy precipitation or rapid snowmelt, 

that erodes and mobilizes loose soil or rock on steep slopes. Debris flows also 

commonly mobilize from other types of landslides that occur on steep slopes, are 

nearly saturated, and consist of a large proportion of silt- and sand-sized material. 

Debris-flow source areas are often associated with steep gullies, and debris-flow 

deposits are usually indicated by the presence of debris fans at the mouths of gullies. 

Fires that denude slopes of vegetation intensify the susceptibility of slopes to debris 

flows. 
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2) Debris avalanche: This is a variety of very rapid to extremely rapid debris 

flow. 

3) Earth flow: Earth flows have a characteristic "hourglass" shape. The slope 

material liquefies and runs out, forming a bowl or depression at the head. The flow 

itself is elongate and usually occurs in fine-grained materials or clay-bearing rocks on 

moderate slopes and under saturated conditions. However, dry flows of granular 

material are also possible. 

4) Mudflow: A mudflow is an earth flow consisting of material that is wet 

enough to flow rapidly and that contains at least 50 percent sand, silt, and clay-sized 

particles. In some instances, for example in many newspaper reports, mudflows and 

debris flows are commonly referred to as "mudslides." 

5) Creep: Creep is the imperceptibly slow, steady, downward movement of 

slope-forming soil or rock. Movement is caused by shear stress sufficient to produce 

permanent deformation, but too small to produce shear failure. There are generally 

three types of creep: (1) seasonal, where movement is within the depth of soil affected 

by seasonal changes in soil moisture and soil temperature; (2) continuous, where shear 

stress continuously exceeds the strength of the material; and (3) progressive, where 

slopes are reaching the point of failure as other types of mass movements. Creep is 

indicated by curved tree trunks, bent fences or retaining walls, tilted poles or fences, 

and small soil ripples or ridges. 

Complex Landslides: In general, complex landslides are involving the 

combination of two or more types of movement. Commonly one type of movement 

starts the materials moving, such as debris slide, and once underway the materials take 

on the character of another type of movement such as a debris flow. For example, the 
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combination of the type of movement between debris slide and debris flow called as a 

debris slide-debris flow. The rate of movement depends on the types of movements in 

addition, material. 

      2.2.3 Causes of Landslides 

The causes of landslides are usually related to instabilities in slopes. It is 

usually possible to identify one or more landslide causes and one landslide trigger. 

The difference between these two concepts is subtle but important. The landslide 

causes are the reasons that a landslide occurred in that location and at that time. 

Landslide causes are listed in the following Table 2.1, and include geological factors, 

morphological factors, physical factors and factors associated with human activity. 

Landslide causes are as following: (USGS, 2004) 

•Geological Causes 

1) Weak or sensitive materials 

2) Weathered materials 

3) Sheared, jointed, or fissured materials 

4) Adversely oriented discontinuity (bedding, schistosity, fault, 

unconformity, contact, and so forth) 

5) Contrast in permeability and/or stiffness of materials 

•Morphological Causes 

1) Tectonic or volcanic uplift 

2) Glacial rebound 

3) Fluvial, wave, or glacial erosion of slope toe or lateral margins 

4) Subterranean erosion (solution, piping) 
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5) Deposition loading slope or its crest 

6) Vegetation removal (by fire, drought) 

7) Thawing 

8) Freeze-and-thaw weathering 

9) Shrink-and-swell weathering 

•Human Causes 

1) Excavation of slope or its toe 

2) Loading of slope or its crest 

3) Drawdown (of reservoirs) 

4) Deforestation 

5) Irrigation 

6) Mining 

7) Artificial vibration 

8) Water leakage from utilities 

      2.2.4 Multiple Causes of Landslides 

Causes may be considered to be factors that made the slope vulnerable to 

failure, that predispose the slope to becoming unstable. The trigger is the single event 

that finally initiated the landslide. Thus, causes combine to make a slope vulnerable to 

failure, and the trigger finally initiates the movement. Landslides can have many 

causes but can only have one trigger. Usually, it is relatively easy to determine the 

trigger after the landslide has occurred (although it is generally very difficult to 

determine the exact nature of landslide triggers ahead of a movement event). 
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The three multiple types of landslides that the most important causes of the 

damaging landslides around the world. Landslide multiple causes are following: 

(USGS, 2004) 

            2.2.4.1 Landslides and Water 

Slope saturation by water is a primary cause of landslides. This effect can 

occur in the form of intense rainfall, snowmelt, changes in ground-water levels, and 

water-level changes along coastlines, earth dams, and the banks of lakes, reservoirs, 

canals, and rivers.  

Landslide and flood are closely allied because both are related to precipitation, 

runoff, and the saturation of ground by water. In addition, debris flows and mudflows 

usually occur in small, steep stream channels and often are mistaken for floods; in 

fact, these two events often occur simultaneously in the same area.  

Landslides can cause flooding by forming landslide dams that block valleys 

and stream channels, allowing large amounts of water to back up. This causes 

backwater flooding and, if the dam fails, subsequent downstream flooding. Also, solid 

landslide debris can "bulk" or add volume and density to otherwise normal streamflow 

or cause channel blockages and diversions creating flood conditions or localized 

erosion. Landslides can also cause overtopping of reservoirs and/or reduced capacity 

of reservoirs to store water. 



Table 2.2 Schematic overview of landslide damage types, related to different types of landslides, elements at risk and the location of the 

elements at risk in relation to the landslide (modified from Van Westen et al., 2006). 

Type Before After Likely damage to elements at risk Factors determining risk 
Impact by large rockmass 

  

Buildings: Total collapse likely 
Persons in buildings: Loss of life/major injury likely 
Infrastructure: Coverage and obstruction/destruction of surface 
Persons in traffic: Loss of life major injury possible 

• Volume of rockfall mass 
• Location of source zone 
• Distance to elements at risk 
• Triggering factors 
• Local topography along track 
• Intermediate obstacles 
• Precursory events 

Impact by single blocks 

  

Buildings: Total collapse not likely. Localized damage 
Persons in buildings: Minor to major injury likely 
Infrastructure: Coverage and obstruction of traffic 
Persons in traffic: Loss of life major injury possible 

• Volume of rockfall blocks 
• Number of rockfall blocks 
• Location of source zone 
• Distance to elements at risk 
• Triggering factors 
• Local topography along track 
• Intermediate obstacles 

Impact by landslides mass 

  

Buildings: Collapse/major damage depending on volume 
Persons in buildings: None persons are normally able to escape 
Infrastructure: Coverage and obstruction of traffic 
Persons in traffic: None persons are normally able to escape 

• Volume of landslide mass 
• Water content 
• Landslide material type 
• Triggering factors 
• Distance to elements at risk 
• Local topography along track 
• Speed of landslide movement 

Loss of support due to 
undercutting 

  

Buildings: Collapse/major damage likely 
Persons in buildings: None persons are normally able to escape 
Infrastructure: Complete destruction of road surface 
Persons in traffic: None persons are normally able to escape 

• Volume of landslide mass 
• Water content 
• Landslide material type 
• Triggering factors 
• Retrogressive landslide 
• Cliff erosion 
• Speed of landslide movement 

Differential 
settlement/tilting due to 
show movement 

  

Buildings: Tilted buildings with cracks. Normally no collapse 
Persons in buildings: None, slow movement. People not in danger 
Infrastructure: Tilting and cracks, traffic slowed down 
Persons in traffic: None, slow movement 

• Volume of landslide mass 
• Water content 
• Landslide material type 
• Triggering factors 
• Speed of landslide movement 
• Amount of displacement 



Table 2.2 Schematic overview of landslide damage types, related to different types of landslides, elements at risk and the location of the 

elements at risk in relation to the landslide (modified from Van Westen et al., 2006) (Continued). 

Type Before After Likely damage to elements at risk Factors determining risk 
Impact by debris flow on 
slope 

  

Buildings: Filled by mud, damage to contents 
Persons in buildings: Minor - major injuries. Depends on speed 
Infrastructure: Coverage of road surface. Obstruction of traffic 
Persons in traffic: Minor - major injuries. Depends on speed 

• Volume of landslide mass 
• Water content 
• Slope steepness 
• Local topography 
• Landslide material type 
• Triggering factors 
• Speed of movement 
• Size of blocks transported 

Flooding by debris flow on 
alluvial fan 

  

Buildings: Filled by mud, damage to contents 
Persons in buildings: None persons are normally able to escape 
Infrastructure: Coverage 
Persons in traffic: None persons are normally able to escape 

• Volume of debris flow 
• Water & sediment content 
• Local topography of fan 
• Triggering factors 
• Distance from source 
• Distance from lahar channel 
• Speed 

Impact by Sturzstrom 

  

Buildings: Total collapse 
Persons in buildings: Loss of life 
Infrastructure: Total destruction 
Persons in traffic: Loss of life 

• Volume of rockfall mass 
• Location of source zone 
• Distance to elements at risk 
• Triggering factors 
• Local topography along track 
• Distance from source zone 
• Precursory events 

Liquefaction 

  

Buildings: Differential settlement, cracks 
Persons in buildings: Minor injuries or no-injuries 
Infrastructure: Differential settlement, cracks 
Persons in traffic: No-injuries 

• Soil types 
• Soil strength 
• Grainsize distribution 
• Foundation types 
• Earthquake intensity 
• Water table 

Deep seated creep 
movement 

  

Buildings: Differential settlement, tilting, cracks 
Persons in buildings: Minor injuries or no-injuries 
Infrastructure: Differential settlement, cracks, broken pipes 
Persons in traffic: No-injuries 

• Speed of movement 
• Local geological situation 
• Age of landslide 
• Seasonality of movement 
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            2.2.4.2 Landslides and Seismic Activity 

Many mountainous areas that are vulnerable to landslides have also 

experienced at least moderate rates of earthquake occurrence in recorded times. The 

occurrence of earthquakes in steep landslide-prone areas greatly increases the 

likelihood that landslides will occur, due to ground shaking alone or shaking-caused 

dilation of soil materials, which allows rapid infiltration of water. Widespread 

rockfalls also are caused by loosening of rocks as a result of ground shaking.  

            2.2.4.3 Landslides and Volcanic Activity 

Landslides due to volcanic activity are some of the most devastating types. 

Volcanic lava may melt snow at a rapid rate, causing a deluge of rock, soil, ash, and 

water that accelerates rapidly on the steep slopes of volcanoes, devastating anything in 

its path. These volcanic debris flows (also known as lahars) reach great distances, 

once they leave the flanks of the volcano, and can damage structures in flat areas 

surrounding the volcanoes. 

2.3 Use of Remote Sensing in Landslide Hazard Assessment 

The phenomenon, landslide is affecting the earth’s surface, hence it also falls 

in to the research and application areas of both aerial and space born remote sensing. 

The nature of this phenomenon as it is occurring at the surface of earth lets earth 

scientists to exploit this fact using remotely sensed data. On the other hand, again the 

nature of this phenomenon limits the applications, as being dynamic and sometimes 

being quite small in terms of conservative remote sensing language. Furthermore they 

reveal very small information when they are observed in planar 2-D, however, they 

contain large amounts of data when explored in 3-D. Basing on this fact the use of 
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stereo-remote sensing products seems to be indispensable, which reveals the true 

morphodynamical features of the landslides. These information are providing the 

diagnostic information regarding the type of the movement (Crozier, 1973). The 

general application fields of remote sensing in landslide business are monitoring the 

change of landslide activities through time (change detection) and mapping out where 

the hazard occurs. 

The landslide information extracted from the remotely sensed products is 

mainly related with the morphology, vegetation and the hydrological conditions of the 

slope. The slope morphology is best examined with stereographical coverages.  

2.4 Remote Sensing in Landslides Spatial Analysis and Hazard 

Prediction 

Previous works (Soeters and Van Westen, 1996; Van Westen et al., 1997) 

have grouped methods for landslide hazard assessment into inventory, heuristic, 

statistical and deterministic approaches. A landslide inventory map based on aerial 

photo-interpretation, satellite images, ground survey and database of historical 

occurrence of landslide in an area as done by He et al. (2003) is the most 

straightforward approach (Mantovani et al., 1996). The output provides the spatial 

distribution of mass movements, represented as polygons or points (Wieczorek, 

1984). Such maps can be used as an elementary form of hazard map because they 

show the spatial location of recorded landslides, though they fail to identify areas that 

may be susceptible to landsliding unless landslides have already occurred (Dai et al., 

2002). Furthermore, Mantovani et al. (1996) mention this approach provide 

information for the period shortly preceding the date of remote data collection or field 
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checking, without an insight into the temporal changes in mass movement 

distribution. Therefore, a refinement is the construction of landslide activity maps, 

based on multi-temporal aerial photo or satellite interpretation as done by Nagarajan 

et al. (1998), Zhou et al. (2002), Van Westen and Getahun (2003), Cheng et al. 

(2004). 

2.5 Geographical Information Systems (GIS) and Landslide Hazard 

Assessment 

GIS is defined as a “powerful set of tools for collecting, storing, retrieving at 

will, transforming, and displaying spatial data from the real world for particular set of 

purposes” (Burrough, 1986). A more specific definition is given by Bonham-Carter 

(1996) as follows: “a geographic information system, or simply GIS, is a computer 

system for managing spatial data. The word geographic implies that the locations of 

the data items are known, or can be calculated, in terms of geographical coordinates. 

The word information implies that the data in GIS are organized to yield useful 

knowledge, often as colored maps and images, but as also statistical graphics, tables 

and various on-screen responses to interactive queries. The word system implies that a 

GIS is made up from several interrelated and linked components with different 

functions. Thus, GIS has functional capabilities for data capture, input, manipulation, 

transformation, visualization, combination, query, analysis, modeling and output.” 

These international valid definitions of GIS directly oppose to the belief that 

GIS is only a CAD software or only a drawing tool. CAD can only constitute a small 

portion of the whole integrated system, in which an ideal GIS and its possible 

components are shown in Figure 2.3. 
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Figure 2.3 GIS and its related software systems as components of GIS (modified from 

Sgzen, 2002). 

 

 

 

 

 

 

 

Figure 2.4 The phases of a GIS (modified from Sgzen, 2002). 
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Generally a GIS consists of the five phases namely; data collection; data input 

and verification; data storage, database manipulation and data management; data 

transformation and analysis; and data output and presentation (Figure 2.4). A GIS if 

based over the former components should answer the following questions; location, 

condition, trends, patterns, and modeling (Figure 2.5). 

More and more the products of mapping and inventory are being stored in data 

banks for their ultimate retrieval or combination with data from other sources. Often 

they are incorporated is GIS or LIS (Land Information Systems) which serve as a base 

for programmable data manipulation and selective information extraction for planning 

and project assessment. 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 The questions of a well-built GIS should answer (modified from Sgzen, 

2002). 
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The development of GIS and LIS systems is of considerable interest in the 

context of satellite surveying, change detection and monitoring. The flexibility of 

digital data processing, combined with quick input of new data (possible from 

updating on the basis of satellite remote sensing records) offers new possibilities to 

the surveyor, cartographer and planner. 

It is clear that in a rapidly developing society, change detection is of great 

importance. In modern society, mapping suffers from high rate of change: change in 

land use in rural and urban areas; change in requirements for maps and inventories; 

change in concepts in the various disciplines of earth and social sciences, leading to 

different interpretations of the same data and change in the economical and technical 

factors on which mapping methods were based. 

In order to refine the discussion around landslide hazard one can say that, the 

occurrence of slope failure depends generally on complex interactions among a large 

number of partially interrelated factors. Analysis of landslide hazard requires 

evaluation of the relationships between various terrain conditions and landslide 

occurrences. An experienced earth scientist has the capability to mentally assess the 

overall slope conditions and to extract the critical parameters. However, an objective 

procedure is often desired to quantitatively support the slope instability assessment. 

This procedure requires the evaluation of the spatially varying terrain conditions as 

well as the spatial representation of landslides. A GIS allows for the storage and 

manipulation of information concerning the different terrain factors as distinct data 

layers and thus provides an excellent tool for slope stability hazard zonation. 

The advantages of GIS for assessing landslide hazard include the followings: 
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1) A much larger variety of hazard analysis techniques become attainable. 

Because of the speed of calculation, complex techniques requiring a large number of 

map overlays and table calculations become feasible. 

2) It is possible to improve models by evaluating their results and adjusting the 

input variables. Users can achieve maximum results by a process of trial and error, 

running the models several times, whereas it is difficult to use these models even once 

in the conventional manner. Therefore, more accurate results can be expected. 

The disadvantages of GIS for assessing landslide hazard include the 

followings: 

1) A large amount of time is needed for data entry. Digitizing is especially 

time consuming 

2) There is a danger in placing too much emphasis on data analysis as much as 

the expense of data collection and manipulation based on professional experience. A 

number of different techniques of analysis are theoretically possible, but often the 

necessary data are missing. In other words, the tools are available but cannot be used 

because of the lack or uncertainty of the data. 

2.6 GIS and Landslide Analysis 

Geographic information system (GIS), as a computer-based system for data 

capture, input, manipulation, transformation, visualization, combination, query, 

analysis, modeling and output, with its excellent spatial data processing capacity, has 

attracted great attention in natural disaster assessment (Carrara et al., 1999). 

Landslides are one of the complex analyses, involving multitude of factors and 

need to be studied systematically in order to evaluate the hazard. The increasing 



 34

computer-based tools are found to be useful in the hazard mapping of landslides. One 

of such significant tools for hazard mapping of landslides is geographic information 

systems (GIS). A GIS is defined as a powerful set of tools for collecting, storing, 

retrieving at will, displaying, and transforming spatial data (Burrough and McDonnel, 

1998). One of the main advantages of the use of this technology is the possibility of 

improving hazard occurrence models, by evaluating their results and adjusting the 

input variables. An important aspect of landslide investigations is the possibilities to 

store, treat, and analyze spatio-temporal data that are available.  

As the typical landslide analysis demands, collection of numerous data, 

storage of them and using them in the analysis could be handled well in the GIS 

environment. Any spatially-distributed data with a geo-reference to real world could 

be stored as points, lines and polygons (vector model) or as continuous fields (raster 

data model). Beyond GIS being used as a spatial database, it assists in modeling 

applications through handling a special form of data that would otherwise be 

compromised in conventional analysis (Miles and Ho, 1999). Also, GIS does not only 

serve as a database for parameter data, rather qualitative and quantitative data can be 

integrated through spatial relationships rather than through relationships between 

attributes that may not exist (Frost et al., 1997). 

2.7 GIS Based Landslide Hazard Zoning Techniques 

Recently, the geographical information system (GIS) has become an important 

tool for landslide susceptibility mapping because it provides the various functions of 

handling, processing, analyzing, and reporting geospatial data. An ideal map of slope 

instability hazard should provide information on the spatial probability, temporal 
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probability, type, magnitude, velocity, run out distance and retrogression limit of the 

mass movements predicted in a certain area (Hartlen and Viberg, 1988). A reliable 

landslide inventory defining the type and activity of all landslides, as well as their 

spatial distribution, is essential before any analysis of the occurrence of landslides and 

their relationship to environmental conditions are undertaken. Even the inventory of 

historical periods are of great use in the final analyses. The differentiation of slope 

instability according to type of movement is important, not only because different 

types of mass movement will occur under different terrain conditions, but also 

because the impact of slope failures on the environment has to be evaluated according 

to type of failure. 

2.8 Landslide Susceptibility Approaches 

Overviews and classification of GIS-based landslide hazard assessment 

methods can be found in Soeters and Van Westen (1996), Carrara et al. (1995, 1999), 

Guzzetti et al. (1999), Aleotti and Chowdury (1999) and Van Westen (2000). There is 

a general consensus that a classification may involve four different approaches: 

•Landslide inventory-based probabilistic approach 

•Heuristic approach (qualitative maps of direct-geomorphological mapping or 

indirect-combination) 

•Statistical approach (bivariate or multivariate statistics) 

•Deterministic approach (Soeters and Van Westen, 1996) 

The number of publications on landslide susceptibility assessment is still 

rather modest, but recently some good overview publications on landslide 

susceptibility methods have been published (e.g., Cruden and Fell, 1997; Guzzetti, 
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2000; Dai et al., 2002) including a recent textbook by Lee and Jones (2004). The 

classification of the published landslide susceptibility assessment methods is still not 

very detailed but that proposed by the Sub-committee on Landslide Risk Management 

of the Australian Geomechanics Society has been generally adopted. This 

classification is based on the level of quantification dividing the landslide 

susceptibility assessment methods into: 

•Qualitative methods (probability and losses expressed in qualitative terms) 

•Semi-quantitative methods (indicative probability, qualitative terms), and 

•Quantitative methods (probability and losses quantified) 

The review of literature related to landslide susceptibility assessment methods 

indicates that a lot of developments have taken place by several authors in the last 

couple of decades. Some important literatures pertaining to the advancement of the 

assessment methods in recent years are the focus of this review. 

Qualitative or semi-quantitative methods depend on expert opinions. The most 

common types of qualitative methods simply use landside inventories to identify sites 

of similar geological and geomorphological properties that are susceptible to failure. 

Some qualitative approaches, however, incorporate the idea of ranking and weighting, 

and may evolve to be semi-quantitative in nature. Qualitative or semi-quantitative 

methods are often useful for regional studies (Soeters and Van Westen, 1996; Guzzetti 

et al., 1999). The application of the analytical hierarchy process (AHP) method, 

developed by Saaty (1980), for landslide susceptibility has been used by Barredo et al. 

(2000), Mwasi (2001), Nie et al. (2001), Yagi (2003), Ayalew et al. (2005), Komac 

(2006) and Yalcin (2008). 
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Quantitative methods are based on numerical expressions of the relationship 

between controlling factors and landslides. There are two types of quantitative 

methods: deterministic and statistical (Aleotti and Chowdhury, 1999). Deterministic 

quantitative methods depend on engineering principles of slope instability expressed 

in terms of the factor of safety. Due to the need for exhaustive data from individual 

slopes, these methods are often effective for mapping only small areas. Landslide 

susceptibility mapping using either multivariate or bivariate statistical approaches 

analyzes the historical link between landslide-controlling factors and the distribution 

of landslides (Guzzetti et al., 1999). More sophisticated assessments involved 

bivariate, multivariate, logistics regression, fuzzy logic, artificial neural network, etc. 

analysis. 

A variety of multivariate statistical approaches (MSA) exist, but those 

commonly used to map landslide susceptibility include discriminant analyses and 

logistic regression. Stepwise discriminant analyses have been used by Carrara et al. 

(1991, 1995, 2003, 2008) to classify stable and unstable slope-units in Italy. The 

method was also reported to be significant to define landslide susceptibility classes in 

the Spanish Eastern Pyrenees (Baeza and Corominas, 2001).  

Recently, there have been studies on landslide hazard evaluation using 

quantitative methods, and many of these studies have applied logistic regression, for 

examples, Lee and Min (2001), Dai et al. (2001), Dai and Lee (2002, 2003), 

Ohlmacher and Davis (2003) and Ayalew and Yamagishi (2004), Ayalew and 

Yamagishi (2005), Ayalew et al. (2005), Yesilnacar and Topal (2005), Lee (2005), 

Lee and Sambath (2006), Lee and Pradhan (2006a, 2007), Lee (2007b) Akgun and 

Bulut (2007) and Oh et al. (2008). 
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Fuzzy logic has also been applied to landslide susceptibility mapping by 

Chung and Fabbri (2001), Ercanoglu and Gokceoglu (2002, 2004), Kanungo et al. 

(2006) and Lee (2007a). 

Artificial neural network (ANN) has been applied for susceptibility mapping 

by various researchers including Lee et al. (2003a, b, 2004b), Ermini et al. (2005), 

Go´mez and Kavzoglu (2005), Yesilnacar and Topal (2005) and Kanungo et al. 

(2006). 

In the last decade, many studies have used frequency ratio (FR) model with 

reasonably satisfied results by Jibson et al. (2000), Luzi et al. (2000), Lee and Min 

(2001), Clerici et al. (2002), Donati and Turrini (2002), Lee et al. (2002, 2004a), Lee 

and Choi (2003), Zezere et al. (2004), Lee and Talib (2005), Lee and Dan (2005), Lee 

and Sambath (2006), Lee and Lee (2006), Lee and Pradhan (2006a, b, 2007), Akgun 

et al. (2007), Vijith and Madhu (2008) and Oh et al. (2008). 

Hybrid methods are combined between qualitative and quantitative methods. 

As mentioned earlier, qualitative methods depend on expert opinions, and are often 

useful for regional assessments (Soeters and Van Westen, 1996; Aleotti and 

Chowdhury, 1999). Quantitative methods rely on observed relationships between 

controlling factors and landslides (Guzzetti et al., 1999). As a new approach to 

landslide susceptibility evaluation using GIS, there are many studies have used these 

methods applied for landslide susceptibility mapping can be found in Ayalew et al. 

(2004), Kanungo et al. (2006), Akgun and Bulut (2007) and Akgun et al. (2007). 

The lack of standardization in analytical methods is also another issue that 

could be linked with the accountability of landslide susceptibility or hazard maps. As 

known, there are several qualitative and quantitative methods in literature. Some are 
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simple, especially those which rely on subjective assessments. Others, however, 

depend on complex mathematical concepts and are difficult to understand easily. 

Good reviews of those methods developed in the last few decades and evaluations of 

the subsequent approaches are given in Mantovani et al. (1996), Soeters and Van 

Westen (1996), Aleotti and Chowdhury (1999) and Guzzetti et al. (1999). But some 

old approaches have long disappeared, some underwent a sort of refinement, and new 

methods are always coming. Figure 2.6 shows a schematic illustration of the methods 

used frequently at present. Many of these methods are not yet available in known 

commercial GIS packages either as built-in functions or additional modules. So, data 

is usually transformed to external software products for core analyses. Despite the 

claims otherwise, many landslide susceptibility mapping efforts share only the data 

storage and visualization services of GIS and some functional tools including map 

crossing procedures. The fate of the final susceptibility map is often decided by the 

theoretical bases and assumptions that build the method in use (Carrara et al., 1999), 

and the core analyses in the external software. 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 A schematic illustration of landslide susceptibility mapping methods used commonly at present (modified from Ayalew et al., 

2005). 
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If the methods described for landslide susceptibility assessment are combined 

with the methods reported for calculating the hazard component, the value of a 

number of combinations is more obvious. Table 2.3 gives an indication of the 

usefulness of particular hazard approaches for the three types of landslide 

susceptibility assessment methods, given that they are carried out over relatively large 

areas at medium scales (1:10,000–1:50,000) using GIS-based methods for 

susceptibility zonation. The following sections give an inventory of recent 

developments in each of the four above-mentioned hazard approaches (Table 2.3). 

Table 2.3 Usefulness of specific combinations of hazard approaches and 

susceptibility approaches for GIS-based landslide susceptibility zonation at medium 

scales. 

Susceptibility approaches 
Hazard approaches 

Qualitative Semi-quantitative Quantitative 

Inventory-based probabilistic 
approach 

 
2 

 
2 

 
2 

Heuristic/geomorphological/direct 
mapping/expert-based approach 

 
3 

 
3 

 
0 

Statistical approach (bivariate or 
multivariate) 

 
3 

 
2 

 
2 

Deterministic and dynamic 
modelling approach 

 
0 

 
1 

 
3 

The numbers in Table 2.3 have the following explanation: 

•0: The hazard method is not appropriate for the susceptibility method. 

•1: Moderately useful combination. The hazard method is less appropriate for 

the susceptibility method. 

•2: Highly useful combination. The hazard method could be the best method 

for susceptibility assessment, but this depends on the availability of data (e.g., 

historical landslide records). 
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•3: Most useful combination, which will result in the best susceptibility 

assessment given the available input data. 

For quantitative susceptibility assessment, landslide inventory based 

probabilistic methods are generally the best methods, assuming that the occurrence of 

landslide events in the past is a good indication of the likelihood of the phenomena 

occurring in the future. However, the method requires fairly complete historical 

landslide records and may be less useful for the susceptibility assessment in areas that 

have had large environmental changes in the past or where, as a consequence of 

climate change, the landslide frequency is expected to change significantly. 

Generally speaking, the best option for quantitative landslide susceptibility 

assessment is the application of deterministic slope stability models, combined with 

dynamic models for hillslope hydrology. These may provide scenarios of potential 

instability under varying environmental and climatic conditions (Van Beek, 2002), but 

are very data demanding over larger areas and require a substantial degree of 

simplification of the landslide types and depths. 

Statistical hazard methods are good for assessing the spatial probability but 

there are problems in evaluating either temporal probability or the effects of future 

environmental changes. They are mostly used in qualitative susceptibility assessment 

but if combined with landslide inventory maps for different triggering events, might 

be the best method for quantitative susceptibility assessment over larger areas. 

Heuristic approaches are suitable for qualitative and semi-quantitative 

susceptibility assessment and can provide reliable maps over larger areas with limited 

costs, provided they are carried out by (teams of) experts. 
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2.9 Landslide Hazard or Susceptibility Mapping 

The practicality of landslide hazard or susceptibility maps is profoundly 

affected by conceptual differences. The term hazard is defined by Varnes (1984) as 

the probability of occurrence of a potentially damaging phenomenon within a 

specified period of time and area. 

The concept of hazard zonation (e.g., maps that show the spatial distribution of 

hazard classes) is central to the phase of spatial analysis and hazard prediction of 

landslide occurrence. According to Varnes (1984), zonation refers to the division of 

the land in homogeneous areas and their ranking according to degree of actual or 

potential hazard caused by mass movements. Consequently, it requires knowledge of 

the factors determining the probability of landslide for a particular slope or area, 

which according to Dai et al. (2002) can be grouped into two categories: (1) 

preparatory variables which make the slope susceptible to failure without triggering it, 

such as geology, slope gradient and aspect, elevation, soil geotechnical properties, 

vegetation cover and long term drainage patterns and weathering; and (2) the 

triggering variables such as heavy rainfall, glacier outburst.  

As mentioned in section (2), the mapping requirements for input data for 

landslide hazard is scale dependant, with generally three scales of spatial analysis 

being defined (Mantovani et al., 1996): a regional scale (<100,000), a medium scale 

(1:50,000–1:25,000) and a large scale (>1:10,000). Dai et al. (2002) mention that 

when assessing the probability of landsliding on regional scales, it might be feasible 

considering landslide susceptibility (e.g., omitting the inclusion of triggering factors 

in the spatial analysis) as the probability of landsliding. This is based on the 

assumption that long-term historical landslide records tend to smooth out the spatio-
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temporal effect of triggering factors on landslide occurrence. For large scale hazard 

assessments, in which work is undertaken over relatively small areas or specific 

slopes, data collection at this scale should relate to the quantitative parameters needed 

for slope stability modelling (Dai et al., 2002). 

In addition, landslide hazard mapping was defined by Guzzetti et al. (1999) as 

the quantitative prediction of the spatial distribution of both landslide deposits and 

slopes which are likely to be sites of failures, whose movement or reactivations will 

take place in a way and within a time period defined from information that is not 

directly incorporated in the analysis. Generally, the purpose of landslide hazard or 

susceptibility mapping is to highlight the regional distribution of potentially unstable 

slopes based on a detailed study of the factors responsible for landsliding. The 

resulting maps are useful to establish standards and requirements for the use of land 

on and around slopes that are likely to fail, to assess the susceptibility that a proposed 

use of land will affect the stability of an area, and to develop and review mitigation 

options. 

These maps are amended upon the receipt of corrected, updated and refined 

data or during the revision of studies on which they were initially based. Since hazard 

analysis or susceptibility mapping involves the handling and interpreting of a large 

amount of data, the use of GIS is proved to be very important. 

2.10 Trends in Landslide Hazard Zonation 

A large amount of research on hazard zonation has been done in 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 
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Hansen (1984), Varnes (1984), Hartlen and Viberg (1988). The general trends in 

landslide hazard zonation are given in Table 2.4. The distribution analyses and 

qualitative analyses are generally used for very large areas with very low detail such 

as national hazard maps. The deterministic and frequency analyses are used generally 

for very small areas such as specific large engineering projects like dams, nuclear 

power plants, highway strips, open pit mine slopes and spoils. Monitoring and 

laboratory analyses are indispensable for these analyses. The statistical analyses have 

the most flexibility in scale and in data type and will be investigated in detail in the 

following sections. 

Table 2.4 The trends in landslide hazard zonation (Van Westen, 1993). 

Type of landslide hazard analysis Main characteristics 

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

B. Qualitative analysis Direct, or semi-direct, methods in which the 
geomorphological map is re-numbered 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. 

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

D. Deterministic analysis Indirect methods in which parameter maps are 
combined in slope stability calculations. 

E. 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. 

2.11 Landslide Hazard in Thailand 

Landslides are recurrent and devastated incidences commonly found in 

Thailand especially in the mountainous regions and their vicinity. The predominant 

type of landslides discovered is the rainfall-triggered shallow landslide caused by the 
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intense and continuous rainfalls where most vulnerable geologic formation is the 

granite terrain which can be easily weathered into thin layers of the landslide prone 

residual soils (Soralump, 2007). Shallow failures occur due to saturation of top soil 

layer along the terrain slope which shifts slope property from marginally stable to 

unstable state. This could result in the rapid movement of soil cover down hill to the 

surrounded low area (Liu and Wu, 2008). During this period, the landslide may 

transform into a debris avalanche, with increasing velocity and volume. If the 

landslide material flows into a gully at the base of the slope, then the run-out of the 

material can reach long distance (up to several kilometers) (Revellino et al., 2004). 

To reduce risk from the current widespread landslide activity, the landslide 

susceptibility assessment is crucially needed in all areas that are potentially prone to 

landsliding. However, reports on this issue for Thailand are still infrequent and they 

typically focused only on small areas where the catastrophic landslides have occurred 

before (e.g. Naramngam and Tangtham, 1997; Yumuang, 2006; Akkrawintrawong et 

al., 2008; Oh et al., 2008) but the investigation on basin or regional scales are still 

rarely found in literature (e.g. LDD, 2001; DMR, 2005). In most cases, only few 

causative factors were taken into account and the verification process was largely 

ignored. To assist the effective susceptibility analysis in broader scale, In this 

research, the formulation of landslide susceptibility map at basin scale for local 

Thailand based on three different methods namely; analytical hierarchy process 

(AHP), frequency ratio (FR) model and integrated AHP and FR model in lower Mae 

Chaem watershed, northern Thailand. 
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2.12 Comparison and Verification of the Results. 

As Carrara et al. (1999) indicated, the popular misconception is that a GIS-

based landslide susceptibility map is more accurate and objective than a product 

where the qualitative hazard classes are derived mainly through expert knowledge. 

This has also been the objective of several studies, which compared different types of 

landslide hazard assessment (Irigaray et al., 1996; Van Westen et al., 1999; Guzzetti 

et al., 1999; 2000). 

Binaghi et al. (1998) made a comparison between two methodologies for 

landslide susceptibility mapping: a probabilistic approach using certainty factors, and 

one based on Fuzzy Logic integrated with the Dempster–Shafer theory. These 

methodologies are applied to an area in Italy. 

Suzen and Doyuran (2003) made a comparison of bivariate and multivariate 

methods in the same area. They used the so-called “seed cell” approach to create a 

buffer around the crown of the landslide for which the input values were sampled 

from the various factor maps. They concluded that although 80% of the area was 

classified similarly in general the bivariate susceptibility map was overestimating the 

susceptibility classes relative to the multivariate map. 

Chung and Fabbri (2003) give an overview of methods that can be used for the 

classification of hazard scores into meaningful susceptibility classes, the use of 

success rates and prediction rates and the validation of landslide susceptibility maps 

made through statistical methods, using time, space and random partition methods. An 

example of time partition methods is given by Irigaray et al. (1999) who verified a 

landslide susceptibility map which was made using a statistical method with new 

landslides that were generated during an extreme rainfall event, and concluded that 
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about 85 % of the new landslides occurred in areas, that were classified as “high” or 

“very high” in the susceptibility map. 

In literature, there are different validation methods. Lee et al. (2004a) used the 

area under curve (AUC) method. In this method, they compared the known landslide 

location data with the produced landslide susceptibility maps and made rate curves so 

that he can assess the prediction accuracy using the area under curve. 

Suzen and Doyuran (2004) developed the “seed cell area index (SCAI)” 

method to compare the two landslide susceptibility maps which were constructed by 

bivariate and logistic regression methods. In this method, the area percent values are 

divided with the landslide seed cell percent values to find density of landslides among 

the classes. 

Ayalew et al. (2005) used simple overlay method. In this method, two 

susceptibility maps were separately overlaid with the active landslide zones map and 

the landslide occurrence percentage in all susceptibility classes for both maps were 

determined. 



CHAPTER III 

MATERIALS AND METHODOLOGY 

The first stage in all the landslide susceptibility assessment studies consists in 

the collecting of existing information and data for the investigation area (Aleotti and 

Chowdhury, 1999). In this study, data acquisition and methods used for data 

processing, procedure for preparation of thematic maps and factors used for 

identification of landslide susceptibility zonation (LSZ) using GIS and remote 

sensing. Data preparation is a first fundamental and essential step for landslide 

susceptibility analysis. The spatial database is mainly composed of two parts such as 

landslide location map and landslide affecting factors. 

3.1 Instrumentation 

 The equipments (hardware, software) and data used to generate chosen factors 

are as follows: 

      3.1.1 Hardware 

 1) Global positioning system (GPS): Garmin GPS III+ 

 2) PC computer: Intel core 2 duo processor 2 GHz, 2 GB DDR2, 250 GB HDD 

 3) Digital camera 

 4) Laser printer 
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      3.1.2 Software 

 1) Geographic information system (GIS) software packages, ArcView 3.3, and 

ArcGIS 9.0 version were used for spatial management and data manipulation. 

 2) Remote sensing (RS) software packages, PCI Geomatica 9.0, and ERDAS 

Imagine 9.0 version were used for image processing. 

 3) Operation system: Microsoft Windows XP Professional 

      3.1.3 Data 

 1) Landsat-5 TM path 131/row 47, IKONOS satellite images and aerial 

photographs (see Table 3.1). 

 2) Topographic maps at 1:50,000 scale (series number: L7018; and sheet 

number: 4645 I, 4645 II, 4645 III, 4645 IV, 4746 II, 4646 III, 4745 III, 4745 IV and 

4746 III). 

3.2 Data Input and Preparation 

In this study, ten factors were considered which are elevation, slope aspect, 

slope angle, distance from drainage, lithology, distance from lineament, soil texture, 

precipitation, land use/land cover and NDVI. The first eight factors were extracted and 

calculated from their associated database while LULC and NDVI map were derived 

from Landsat-5 TM satellite images (Tables 3.1-3.2 and Figures 3.1-3.10). These 

factors can be divided into three broad categories which are geological, topographical 

and environmental conditioning parameters. The working scale of geographic maps 

was chosen at 1:50,000. 

 Identification and mapping of a suitable set of instability factors related to the 

slope failures require a priori knowledge of the main causes of landslides (Guzzetti et 
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al., 1999). These instability factors include surface and bedrock lithology and 

structure, seismicity, slope steepness and morphology, stream evolution, groundwater 

conditions, climate, vegetation cover, land use, and human activity. The availability of 

thematic data varies widely, depending on the type, scale, and method of data 

acquisition. To apply the three methods, a spatial database that considers landslide 

related factors was designed and constructed. These data are available in Thailand 

either as paper or as digital maps. Details of spatial database constructed are shown in 

Table 3.2. 

There were ten related factors considered in the calculation of the landslide 

susceptibility (Figures 3.1-3.10). These factors were extracted from the constructed 

GIS-based spatial database. The digital elevation model (DEM) portrays accurate 

representation of land surface which was suitable for medium scale mapping (Tomlin, 

1990; Nagarajan et al., 1998). For DEM creation, 10 meter interval contours and 

surveyed base points showing the elevation values were extracted from the 1:50,000 

scale topographic maps. Using the DEM, elevation, slope aspect, and slope angle were 

calculated. 

Slope aspect derives from a raster surface, and it identifies the downslope 

direction of the maximum rate of change in value from each cell to its neighbors. 

Slope aspect can be thought of as the slope direction. The values of the output raster 

will be the compass direction of the slope aspect.  

Slope angle identifies the steepest downhill slope for a location on a surface. 

Slope angle is calculated for each triangle in TIN and for each cell in raster. For a 

TIN, this is the maximum rate of change in elevation across each triangle. For raster, it 

is the maximum rate of change in elevation over each cell and its eight neighbors. The 
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slope angle command takes an input surface raster and calculates an output raster 

containing the slope angle at each cell. The lower the slope angle value, the flatter the 

terrain; the higher the slope angle value, the steeper the terrain. The output slope angle 

raster can be calculated as percent slope angle or degree of slope angle. 

In addition, the distance from drainage was calculated using the topographic 

database. The drainage buffer was calculated in 100 meter intervals. The lithology 

map was prepared from a 1:50,000 scale geological map. The distance from lineament 

was calculated in 100 meter intervals. The soil texture was prepared from 1:50,000 

scale soil map. The precipitation data were provided by Thai Meteorological 

Department and the GAME-T project for the whole northern Thailand over the last 10 

years, and the kriging interpolation method was used to produce rainfall intensity map 

of the study area. 

LULC data were classified from Landsat-5 TM satellite images using an 

unsupervised classification method (ISODATA) and field surveys where twelve 

classes, which are paddy field, mixed field crop, longan, truck crop, mixed swidden 

cultivation, hill evergreen forest, mixed deciduous forest, mixed forest plantation, 

grass and scrub, mine, urban, and water, were extracted for land use mapping (Figure 

3.9). 

Finally, the normalized difference vegetation index (NDVI) map was 

generated from Landsat-5 TM satellite images (resolution of 25 m). The NDVI 

involves a non-linear transformation of the visible or red and near-infrared bands of 

satellite images (Rouse et al., 1973; Jackson et al., 1983; Tucker et al., 1991), 

consequently NDVI results from the difference between the visible or red and near-

infrared (NIR) bands, and can be considered a measure of vegetation in terms of 
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biomass, leaf area index, and percentage of vegetation cover. NDVI values range from 

-1 to +1 (pixel values 0–255) and is represented by calculated using formula NDVI = 

(NIR−R)/(NIR+R), where NIR is the energy reflected in the near infrared portion of 

the electromagnetic spectrum, and R is the energy reflected in the red portion of the 

spectrum. 

The collected data were converted to a raster grid with 25 m × 25 m cells for 

application of the three different methods namely, analytical hierarchy process (AHP), 

frequency ratio (FR) model and integrated AHP and FR model. The total cell number 

is 3,091,791. In this study, the weights and ratings for each factor were determined 

based on the three different methods mentioned above. These values were then used to 

calculate the landslide susceptibility index and the index was mapped to represent 

landslide susceptibility. Finally, accuracy of the output map was verified based on 

known landslide locations and the success rate was calculated. 

Table 3.1 Overview of remotely-sensed data of the study area. 

No. Data Path/Row Resolution Acquisition date Data source 

1 Landsat-5 TM 131/47 25 m × 25 m 12 February 2001 GISTDA 

2 Landsat-5 TM 131/47 25 m × 25 m 26 February 2006 GISTDA 

3 IKONOS - 1 m × 1 m taken during 2003 to 2007 www.PointAsia.com 

4 Aerial 
photographs 

- 1:4,000 taken during 2000 to 2002 Ministry of Agriculture 
and Cooperatives 
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Table 3.2 Spatial data layers used in the study. 

Category Layer Data type Scale Data Source 

Aerial 
photographs 
(taken during 
2000 to 2002) 

Point 1:4,000 Ministry of Agriculture and 
Cooperatives 

Landslide 
location map 

IKONOS 
(taken during 
2003 to 2007) 

Point 1 m × 1 m www.PointAsia.com 

Topographic map Elevation 
Slope aspect 
Slope angle 

Point and 
line 

1:50,000 

Drainage map Distance from  
drainage 

Polygon 1:50,000 

 
   Royal Thai Survey  
   Department 

Geological map Lithology Polygon 1:50,000 

Lineament map Distance from 
lineament 

Polygon 1:50,000 

 

   Department of Mineral  
   Resources 

Soil map Soil texture Polygon 1:50,000 Land Development Department 

Precipitation map Precipitation GRID 1:50,000 1.Thai Meteorological  
   Department 
2.The GAME-T project 

LULC map Land use/land 
cover 

GRID 25 m × 25 m

NDVI map NDVI GRID 25 m × 25 m

 

 Derivation from Landsat-5 TM 
 images provided by GISTDA 
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Figure 3.1 Elevation map of the study area based on DEM from topographic map of 

1:50,000 scale (Source: Royal Thai Survey Department). 
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Figure 3.2 Slope aspect map of the study area based on DEM from topographic map 

of 1:50,000 scale (Source: Royal Thai Survey Department). 
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Figure 3.3 Slope angle map of the study area based on DEM from topographic map of 

1:50,000 scale (Source: Royal Thai Survey Department). 
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Figure 3.4 Distance from drainage map of the study area from topographic map of 

1:50,000 scale (Source: Royal Thai Survey Department). 
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Figure 3.5 Lithology map of the study area (Source: Department of Mineral 

Resources). 
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Figure 3.6 Distance from lineament map of the study area (Source: Department of 

Mineral Resources). 
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Figure 3.7 Soil texture map of the study area (Source: Land Development 

Department). 
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Figure 3.8 Precipitation map of the study area (1996-2005) based on kriging 

interpolation method (Source: Thai Meteorological Department and the GAME-T 

project, 2006). 
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Figure 3.9 Land use/land cover map of the study area modified from Land 

Development Department, 2001, and based on unsupervised classification method 

(ISODATA) from Landsat-5 TM image, path 131/row 47, acquired on 12 February 

2001, and field surveys (Source: Geo-Informatics and Space Technology 

Development Agency (Public Organization)). 
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Figure 3.10 Normalized difference vegetation index (NDVI) map of the study area 

derived from Landsat-5 TM image, path 131/row 47, acquired on 12 February 2001 

(Source: Geo-Informatics and Space Technology Development Agency (Public 

Organization)). 
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3.3 Landslide Location Detection 

 For landslide susceptibility analysis, accurate detection of the location of 

landslides is very important. The application of remote sensing methods, such as high 

resolution satellite images and aerial photographs were used to detect the landslide 

locations. In this study, the 1-m resolution IKONOS images were taken during the 

period of 2003 to 2007, and 1:4,000 scale aerial photographs were taken during the 

period of 2000 to 2002. These of remote sensing were used to detect the landslide 

locations, and the field surveys were used to verify the result of high resolution 

satellite images and aerial photographs interpretation (Figure 3.11). 

 The high resolution satellite images and aerial photographs were used to 

identify precise landslide locations and to find fine detail of the event. These 

landslides were observed in high resolution satellite images and aerial photographs by 

interpreting breaks in the forest canopy, bare soil, and other typical geomorphic 

characteristics of landslide scars. The landslide locations were also verified by 

fieldwork. Finally, a total of 101 landslides were mapped to assemble a database to be 

used in the study (Figure 3.12). 
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Figure 3.11 The high resolution satellite images (IKONOS) show landslide locations 

in the study area. 
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Figure 3.12 101 landslide locations with hill-shaded map in the study area. 
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3.4 Factors Influencing Landslides 

The factors which determine the landslide hazard of an area can be divided 

into two groups: (i) the quasi-static variables, which contribute to landslide 

susceptibility, such as geology, slope gradient, slope aspect (i.e., orientation of slope 

face), elevation, geotechnical properties, and long-term drainage patterns; and (ii) the 

dynamic variables, which tend to trigger landslides in an area of given susceptibility, 

such as rainfall and earthquakes (Wu and Sidle, 1995; Atkinson and Massari, 1998). 

Obviously, the probability of a landslide depends on both the quasi-static and dynamic 

variables. However, the dynamic variables may change over a very short time span, 

and are thus very difficult to estimate. The spatial distribution of the quasi-static 

variables within a given area determines the spatial distribution of relative landslide 

susceptibility in that region (Carrara et al., 1995). 

In this study, ten landslide affecting factors are selected and defined. They are 

elevation, slope aspect, slope angle, distance from drainage, lithology, distance from 

lineament, soil texture, precipitation, land use/land cover and NDVI. Each category is 

subdivided into different classes by its value or feature (Table 3.3 and Figures 3.1-

3.10, 3.13). 
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Table 3.3 Distribution of landslide occurrence points for various data layers in the 

study area. 

Total number of 
pixels 

Landslide 
occurrence point Factors Class 

Number % Number % 

Frequency 
ratio 

Elevation <600 m 
600 m – 800 m 
800 m – 1,000 m 
1,000 m – 1,200 m 
1,200 m – 1,400 m 
1,400 m – 1,600 m 
>1,600 m 

558848 
792967 
782359 
556841 
280165 
82504 
37750 

18.08 
25.65 
25.31 
18.01 
9.06 
2.67 
1.21 

5 
20 
15 
24 
17 
16 
4 

4.95 
19.80 
14.85 
23.76 
16.83 
15.84 
3.96 

0.27 
0.77 
0.59 
1.32 
1.86 
5.93 
3.27 

Slope aspect Flat 
North 
Northeast 
East 
Southeast 
South 
Southwest 
West 
Northwest 

161640 
349342 
400242 
381664 
367056 
340197 
361455 
369212 
360630 

5.23 
11.30 
12.95 
12.35 
11.87 
11.00 
11.69 
11.94 
11.67 

0 
10 
13 
12 
19 
20 
6 

11 
10 

0 
9.90 

12.87 
11.88 
18.81 
19.80 
5.94 

10.89 
9.90 

0 
0.88 
0.99 
0.96 
1.58 
1.80 
0.51 
0.91 
0.85 

Slope angle 0º – 5º 
5º – 10º 
10º – 15º 
15º – 20º 
20º – 25º 
25º – 30º 
30º – 35º 
>35º 

611786 
192901 
435856 
563190 
490770 
354860 
214174 
227901 

19.79 
6.24 
14.1 

18.22 
15.88 
11.48 
6.93 
7.37 

17 
0 
6 

24 
16 
18 
13 
7 

16.83 
0 

5.94 
23.76 
15.84 
17.82 
12.87 
6.93 

0.85 
0 

0.42 
1.30 
1.00 
1.55 
1.86 
0.94 

Drainage 
(Distance from 
drainage) 

<500 m 
500 m – 1,000 m 
1,000 m – 1,500 m 
1,500 m – 2,000 m 
2,000 m – 2,500 m 
>2,500 m 

1215767 
831347 
488601 
246753 
143219 
165604 

39.32 
26.91 
15.80 
7.98 
4.63 
5.36 

34 
30 
18 
12 
4 
3 

33.66 
29.70 
17.82 
11.88 
3.96 
2.97 

0.86 
1.10 
1.13 
1.49 
0.86 
0.55 

Lithology Sandstone 
Marble 
Limestone, shale 
Paragneiss 
Alluvium 
Shale, chert, and siltstone 
Claystone and siltstone 
Granite 
Conglomerate, sandstone 
Granodiorite porphyry 

177214 
27624 

331381 
311446 
79856 

378938 
47749 

858729 
1715 

877139 

5.73 
0.89 

10.72 
10.07 
2.59 

12.26 
1.54 

27.77 
0.06 

28.37 

6 
0 
5 
9 
1 

24 
0 

56 
0 
0 

5.94 
0 

4.95 
8.91 
0.99 

23.76 
0 

55.45 
0 
0 

1.04 
0 

0.46 
0.88 
0.38 
1.94 

0 
2.00 

0 
0 

Lineament 
(Distance from 
lineament) 

<500 m 
500 m – 1,000 m 
1,000 m – 2,000 m 
2,000 m – 3,000 m 
3,000 m – 4,000 m 
>4,000 m 

316662 
293989 
542593 
435286 
333239 

1170022 

10.24 
9.51 

17.55 
14.08 
10.78 
37.84 

16 
13 
21 
12 
9 

30 

15.84 
12.87 
20.79 
11.88 
8.91 

29.70 

1.55 
1.35 
1.18 
0.84 
0.83 
0.78 
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Table 3.3 Distribution of landslide occurrence points for various data layers in the 

study area (Continued). 

Total number of 
pixels 

Landslide 
occurrence point Factors Class 

Number % Number % 

Frequency 
ratio 

Soil texture Clay 
Loam 
Sand 
Sandy loam/sandy clay loam 
Loam with gravel 
Sandy loam with gravel 
Clay/loam with rock 
Slope complex area 

59053 
5896 

11151 
6343 

207200 
203365 
11651 

2587132 

1.9 
0.19 
0.36 
0.2 
6.7 

6.57 
0.37 

83.68 

0 
0 
0 
0 
0 
2 
0 

99 

0 
0 
0 
0 
0 

1.98 
0 

98.02 

0 
0 
0 
0 
0 

0.30 
0 

1.17 
Precipitation <1,000 mm 

1,000 mm – 1,200 mm 
1,200 mm – 1,400 mm 
1,400 mm – 1,600 mm 
1,600 mm – 1,800 mm 
1,800 mm – 2,000 mm 
>2,000 mm 

820402 
1160632 
578674 
350627 
100290 
47775 
34700 

26.52 
37.52 
18.71 
11.34 
3.24 
1.54 
1.12 

20 
35 
24 
15 
4 
2 
1 

19.80 
34.65 
23.76 
14.86 
3.96 
1.98 
0.99 

0.75 
0.92 
1.27 
1.31 
1.22 
1.29 
0.88 

Land use/land 
cover 

Paddy field 
Mixed field crop 
Longan 
Truck crop 
Mixed swidden cultivation 
Hill evergreen forest 
Mixed deciduous forest 
Mixed forest plantation 
Grass and scrub 
Mine 
Urban, village 
Water 

60629 
29575 
3258 
2528 

190965 
585675 

2085444 
110816 

5803 
1520 

13443 
2135 

1.96 
0.96 
0.11 
0.08 
6.18 

18.94 
67.45 
3.58 
0.19 
0.05 
0.43 
0.07 

0 
4 
0 
0 

17 
28 
52 
0 
0 
0 
0 
0 

0 
3.96 

0 
0 

16.83 
27.72 
51.49 

0 
0 
0 
0 
0 

0 
4.13 

0 
0 

2.72 
1.46 
0.76 

0 
0 
0 
0 
0 

NDVI -1.0 to 0.2 
0.2 to 0.4 
0.4 to 0.6 
0.6 to 0.8 
0.8 to 1.0 

609023 
817512 
856906 
724519 
83831 

19.69 
26.44 
27.72 
23.43 
2.71 

4 
28 
30 
36 
3 

3.96 
27.72 
29.70 
35.64 
2.97 

0.20 
1.05 
1.07 
1.52 
1.10 

Total number of pixels in study area: 3,091,791. 
Number of landslide occurrence points: 101. 
FR = % Landslide occurrence points / % number of pixels 
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Figure 3.13 Histograms showing frequency ratio of landslide occurrence with (a) 

elevation; (b) slope aspect; (c) slope angle; (d) distance from drainage; (e) lithology; 

(f) distance from lineament; (g) soil texture; (h) precipitation; (i) land use/land cover; 

(j) NDVI. 

      3.4.1 Elevation 

Although some researches have found that landslide activity, within a specific 

basin, occurs at certain elevations (Greenbaum et al., 1995; Jordan et al., 2000), the 

relationship between landslide activity and elevation is still unclear, hence it requires 

further studies. However, it is well known that elevation influences a large number of 

biophysical parameters and anthropogenic activities. In turn, these conditions are 

likely to affect slope stability and generate slope failure (Vivas, 1992). Elevation also 

affects soil characteristics significantly. In this study, the values of elevation were 

divided into seven classes: less than 600; 600–800; 800–1,000; 1,000–1,200; 1,200–

1,400; 1,400–1,600; and more than 1,600 m (Figure 3.1). 

      3.4.2 Slope Aspect 

Slope aspect is one of the important factors in preparing landslide 

susceptibility maps (Guzzetti et al., 1999; Nagarajan et al., 2000; Saha et al., 2002; 
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Cevik and Topal, 2003; Ercanoglu et al., 2004; Lee et al., 2004b; Lee, 2005). Slope 

aspect related parameters such as exposure to sunlight, drying winds, rainfall (degree 

of saturation), and discontinuities may control the occurrence of landslides (Dai et al., 

2001; Cevik and Topal, 2003; Suzen and Doyuran, 2004; Komac, 2006). In this study, 

the slope aspect map of the study area was produced to show the relationship between 

slope aspect and landslide. The southwest and northeast parts of the study area are 

underlain by the monsoon and drying winds respectively that may control the 

occurrence of landslides. Slope aspect regions are classified according to the slope 

aspect class as flat (−1°); north (337.5°–360°, 0°–22.5°); northeast (22.5°–67.5°); east 

(67.5°–112.5°); southeast (112.5°–157.5°); south (157.5°–202.5°); southwest (202.5°–

247.5°); west (247.5°–292.5°); and northwest (292.5°–337.5°) (Figure 3.2). Some 

analyses were performed using slope aspect and the known landslide location map to 

determine the distribution of landslides, according to the slope aspect class, and the 

percentage of landslides which occurred in each slope aspect class (Table 3.3). 

      3.4.3 Slope Angle 

The main parameter of the slope stability analysis is the slope angle (Lee and 

Min, 2001). Because the slope angle is directly related to the landslides, it is 

frequently used in preparing landslide susceptibility maps (Clerici et al., 2002; Saha et 

al., 2002; Cevik and Topal, 2003; Ercanoglu et al., 2004; Lee et al., 2004a; Lee, 2005; 

Yalcin, 2005). The slope angle map of the study area was divided into eight classes: 

0º–5º; 5º–10º; 10º–15º; 15º–20º; 20º–25º; 25º–30º; 30º–35º; and more than 35º (Figure 

3.3). ArcGIS 9.0 analysis was performed to discover in which slope angle group the 

landslide happened and the rate of occurrence was observed. The landslide percentage 
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in each slope angle group class is presented in Table 3.3. This table indicates that most 

landslides occurred during 15° to 35° of slope angle. 

      3.4.4 Distance from Drainage 

Many of the landslides in hilly areas occur due to the erosion activity 

associated with drainage. The distance from rivers is therefore considered one of the 

important factors in characterizing vulnerable terrain. Therefore, a drainage data layer 

has been prepared by digitizing the drainages from the topographic maps in a vector 

layer. An important parameter that controls the stability of a slope is the saturation 

degree of the material on the slope. The closeness of the slope to drainage structures is 

another important factor in terms of stability. Drainage may adversely affect stability 

by eroding the slopes or by saturating the lower part of material until resulting in 

water level increases (Gokceoglu and Aksoy, 1996; Dai et al., 2001; Saha et al., 2002; 

Cevik and Topal, 2003; Yalcin, 2005). A thorough field investigation should be 

carried out to determine the effects of drainage on the slope. Six different buffer areas 

were created within the study area to determine the degree to which the drainage 

affected the slopes. The landslide percentage in each drainage buffer zone is given in 

Figure 3.4 and Table 3.3, and shows that most of the landslides are closely located 

within the first 1,500 m buffer zone. 

      3.4.5 Lithology 

Lithology is considered one of the most relevant parameters in landslide 

hazard in this area (Saha et al., 2002). Different rock types (or lithology) respond to 

erosion agents differently and conduct mass movement under differing natural 

conditions, and they have varied composition and structure, which contribute to the 
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strength of the material. The stronger rocks give more resistance to the driving forces 

as compared to the weaker rocks, and hence are less prone to landslides and vice 

versa. The bedrock geology of the Mae Cham watershed is mainly composes of rocks 

originated from Precambrian to Quaternary era (DMR, 2009). The ten rock types 

present in this data layer are sandstone; marble; limestone and shale; paragneiss; 

alluvium; shale, chert and siltstone; claystone and siltstone; granite; conglomerate and 

sandstone; and granodiorite porphyry (Figure 3.5). These lithologic groups are 

composed of rocks with similar lithologic properties and geological ages (Table 3.4). 

Table 3.4 Lithologic groups and geological ages in the study area. 

Lithologic group Rock type Rock group Symbol Age Age 
(million year) 

Sandstone 
 
Marble 
 
Limestone and shale 
 
Paragneiss 
 
Alluvium 
 
Shale, chert and 
siltstone 
Claystone and 
siltstone 
Granite 
Conglomerate, 
sandstone 
Granodiorite 
porphyry 

Sedimentary and 
Metamorphic rock 
Sedimentary and 
Metamorphic rock 
Sedimentary and 
Metamorphic rock 
Sedimentary and 
Metamorphic rock 
Sedimentary and 
Metamorphic rock 
Sedimentary and 
Metamorphic rock 
Sedimentary and 
Metamorphic rock 
Igneous rock 
Sedimentary and 
Metamorphic rock 
Igneous rock 
 

– 
 
– 
 
Thung Song 
Group 
– 
 
– 
 
Thong Pha 
Phum Group 
Mae Mah 
Group 
– 
– 
 
– 
 

E 
 
EO 
 
O 
 
PE 
 
Q 
 
SDCtp 
 
Tmm 
 
Trgr 
TrJ 
 
Trm 
 

Cambrian 
 
Cambrian-Ordovician 
 
Ordovician 
 
Pre-Cambrian 
 
Quaternary 
 
Silurian-Devonian-
Carboniferous 
Tertiary 
 
Triassic 
Triassic-Jurassic 
 
Middle-Triassic 
 

500–540 
 

470–520 
 

440–500 
 

540–2,500 
 

Present–1.8 
 

280–440 
 

5–20 
 

200–250 
180–220 

 
200–250 

 

      3.4.6 Distance from Lineament 

Lineaments are the structural features which describe the zone/plane of 

weakness, fractures and faults along which landslide susceptibility is higher. It has 

generally been observed that the probability of landslide occurrence increases at sites 

close to lineaments, which not only affect the surface material structures but also 

make contribution to terrain permeability causing slope instability. In this study, the 
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landslide percentage in each lineament buffer zone is given in Figure 3.6 and Table 

3.3 and shows that most of the landslides are closely located within the first 2,000 m 

buffer zone. 

      3.4.7 Soil Texture 

The effects of soil on slope stability have been widely considered in landslide 

studies. Liener et al. (1996) use soil as one of the main inputs to locate landslide prone 

areas. The effects of the cohesiveness and thickness of the soil on landslide 

distribution are considered. It is also reported that difference between shallow and 

deep-seated landslide depends on the soil material and the thickness of the soil in 

steeper slopes. In this study, the soil texture was divided into eight units: clay; loam; 

sand; sandy loam/sandy clay loam; loam with gravel; sandy loam with gravel; 

clay/loam with rock; and slope complex area (Figure 3.7). 

      3.4.8 Precipitation 

The effects of average annual precipitation have been widely recognized that 

hillslope instability can be caused by increased subsurface pore pressures during 

periods of intense rainfall (Anderson and Sitar, 1995; Iverson et al., 1997), which 

reduce the shear strength of hillslope materials (Keefer et al., 1984; Chen et al., 1995). 

A number of recent studies have demonstrated that rainfall-induced landslides can be 

transformed into debris flows as they move downslope (e.g., Fleming et al., 1989; Dai 

et al., 1999; Montgomery et al., 2000; Marchi et al., 2002; Guzzetti et al., 2004). In 

this study, the values of precipitation amount were divided into seven classes: less 

than 1,000; 1,000–1,200; 1,200–1,400; 1,400–1,600; 1,600–1,800; 1,800–2,000; and 

more than 2,000 mm (Figure 3.8). 



 77

      3.4.9 Land Use/Land Cover 

Land use/land cover is also a key factor responsible for landslide occurrences. 

The incidence of landslide is inversely related to the vegetation density. Hence, barren 

slopes are more prone to landslide activity as compared to the forest area. There are 

much conflicting evidences in the literature concerning the effects of vegetation on 

slope stability. Based on the examination of natural terrain, Franks (1999) reported 

that sparsely vegetated slopes are most susceptible to failure. However, Dai et al. 

(2001) found that the density of landslide on bare land is relatively low as compared 

with that on grassland. In this study, land use/land cover was divided into twelve 

classes: paddy field; mixed field crop; longan; truck crop; mixed swidden cultivation; 

hill evergreen forest; mixed deciduous forest; mixed forest plantation; grass and scrub; 

mine; urban; and water (Figure 3.9). 

      3.4.10 NDVI 

The NDVI map is useful in delineating vegetation (Rouse et al., 1973). 

Vegetation Index has been considered to prepare a land use/land cover map in a multi-

source classification process. The effect of vegetation on landslide has been studied in 

view of the slope inclination. As for example, steep slope (30°–35°) with forest cover 

is assumed to have benefited from vegetation coverage but the same cannot be said for 

a very steep slope (>35°). In the similar manner, the agriculture system (terraces) in 

the hilly areas is assumed to have relatively beneficial impacts on hill slope stability. 

In this study, the values of vegetation index were divided into five classes: -1.0 to 0.2; 

0.2 to 0.4; 0.4 to 0.6; 0.6 to 0.8; and 0.8 to 1.0 (Figure 3.10). 
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3.5 Research Methodology 

In this study, three different methods namely, analytical hierarchy process 

(AHP), frequency ratio (FR) model and integrated AHP and FR model, to produce 

landslide susceptibility map in lower Mae Chaem watershed, northern Thailand, and 

later compare three landslide susceptibility maps of the selected area. Relevant 

thematic layers pertaining the causative factors had been generated using remote 

sensing data, field surveys and geographic information system (GIS) tools. 

Finally, landslide susceptibility mapping was produced by three methods 

namely; AHP, FR model, and integrated AHP and FR model. In conventional 

weighting system, weights and ratings to the causative factors and their categories are 

assigned based on the three different methods. To calculate the landslide susceptibility 

value, the landslide susceptibility index (LSI) was calculated by summation of each 

class’s rating multiplied by the weight of each factor. Maps of these factors were 

made using the LSI value index, which is grouped into five classes with natural breaks 

algorithm. These are very high susceptibility (VHS), high susceptibility (HS), 

moderate susceptibility (MS), low susceptibility (LS) and very low susceptibility 

(VLS) zones. Finally, the three analytical results were verified using 25 known 

landslide locations that recorded by the local authorities in the last decade. The 

research procedure is schematically shown in Figure 3.14. 
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Figure 3.14 Flow diagram showing research procedure. 
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      3.5.1 Analytical Hierarchy Process (AHP) 

Analytical hierarchy process (AHP) is a semi-qualitative method, which 

involves a matrix-based pair-wise comparison of the contribution of different factors 

for landsliding. The AHP is a Multi-Criteria Decision Making (MCDM) tool at the 

core of which lies a method for converting subjective assessments of relative 

importance to a set of overall scores or weights. 

AHP was developed by Saaty (1980). Factor weights for each criterion are 

determined by a pair-wise comparison matrix as described by Saaty (1990, 1994), and 

Saaty and Vargas (2001). To get factor weights in AHP, one has to build a pair-wise 

comparison matrix with scores given in Table 3.5. In the construction of a pair-wise 

comparison matrix, each factor is rated against every other factor by assigning a 

relative dominant value between 1 and 9 to the intersecting cell (Table 3.5). When the 

factor on the vertical axis is more important than the factor on the horizontal axis, this 

value varies between 1 and 9. Conversely, the value varies between the reciprocals 1/2 

and 1/9. Since we have ten parameters, the comparison matrix has 100 boxes. 

However, because pair-wise comparison matrices are symmetrical in nature, only 55 

values were needed to fill in the diagonal and the lower triangular half of the matrix. 

Then, in order to compute the principal eigenvector of the matrix and obtain a best-fit 

set of factor weights automatically in the way Saaty (1994) and Saaty and Vargas 

(2001) have described, raster maps produced by combining the parameters with 

landslide distribution were necessary. 

In this study, AHP considers weighting and rating system developed by 

collecting questionnaires from expert opinions and the concerned organization 

research such as Department of Mineral Resources and Land Development 
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Department, and the selection of the appropriate criteria and scores were guided by 20 

experts from various Thai government officials (Table A3 in Appendix A). The 

diagonal boxes of a pair-wise comparison matrix always take a value of 1. The boxes 

in the upper and lower halves are symmetrical with one another and the corresponding 

values are, therefore, reciprocal with each other. Once the matrix is constructed, 

weights whose sum equals one, will be obtained by computer based image processor 

with thematic layers of all causal factors categorized on the basis of class weights as 

inputs. But, when the parameters are few, weights can also be derived by a series of 

simple summation and division processes. The weights are then considered as the 

average of all possible ways of comparing the causal factors (Malczewski, 1999). 

Table 3.5 Scale of preference between two parameters in AHP (Saaty, 2000). 

Scales  Degree of preferences Explanation 

1 
3 
 
5 
 
7 
 
9 
 
2, 4, 6, 8 
 
Reciprocals 

Equally 
Moderately 
 
Strongly 
 
Very strongly 
 
Extremely 
 
Intermediate values 
 
Opposites 

Two activities contribute equally to the objective. 
Experience and judgment slightly to moderately favor one 
activity over another. 
Experience and judgment strongly or essentially favor one 
activity over another. 
An activity is strongly favored over another and its 
dominance is showed in practice. 
The evidence of favoring one activity over another is of the 
highest degree possible of an affirmation. 
Used to represent compromises between the preferences in 
weights 1, 3, 5, 7 and 9. 
Used for inverse comparison. 

      3.5.2 Probability Analysis–Frequency Ratio (FR) Model 

The probability analysis–FR model is a quantitative method, which has 

comprised the analysis of the relationship between landslide occurrence and factor 

maps, and the calculation of frequency ratio. The spatial relationships between the 

landslide location and each landslide-related factor were analyzed by using the FR 

model. The frequency ratio, a ratio between the occurrence and absence of landslides 
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in each cell, was calculated for each factor’s type (or range) that had been identified as 

significant with respect to causing landslides. An area ratio for each factor’s type (or 

range) to the total area was calculated. Finally, frequency ratios for each factor’s type 

(or range) were calculated by dividing the landslide occurrence ratio by the area ratio. 

The frequency ratio is typically used as a guide to where further landslides are 

likely to occur. If the ratio is greater than 1, the relationship between landslides and 

the factor’s type (or range) is higher and, if the ratio is less than 1, the relationship 

between landslide and each factor’s type (or range) is lower. The ratios were used for 

calculating the landslide susceptibility index and mapping. 

      3.5.3 Integrated AHP and FR Model 

The integrated AHP and FR model is a hybrid method between qualitative and 

quantitative methods. In this approach, the rating of each data class was determined 

using probability-frequency ratio (FR) model and the weight for each factor were 

given by AHP technique. The final step of this method is the combination of all 

weights and rating into a single map and the classification on the scores of this map 

into landslide susceptibility categories (Figure 3.15). 



 83

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15 Flow chart of integrated AHP and FR model.
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3.6 Area Under the Curve (AUC) Method 

Finally, the susceptibility maps produced from AHP, FR model, and integrated 

AHP and FR model were verified using known landslide locations where the area 

under curve method (Lee et al., 2004a) was used. Verification was performed by 

comparing the 25 known landslide locations data with the landslide susceptibility map. 

Each factor was used and frequency ratios were compared. The rate curves were 

created and their areas under curve were calculated for all cases. The rate explains 

how well the model and factors predict the landslide occurrences. Therefore, the area 

under curve line can assess the prediction accuracy qualitatively. To obtain the relative 

ranks for each prediction pattern, the calculated index values of all cells in the study 

area were sorted in descending order. Then the ordered cell values were divided into 

100 classes, with accumulated 1% intervals. The rate verification results appear as a 

line. To compare the quantitative result, the areas under curve (AUC) were re-

calculated as the total area is 1, which means perfect prediction accuracy. 



CHAPTER IV 

RESULTS 

4.1 Landslide Susceptibility Zoning Map 

The preparation of landslide susceptibility zoning (LSZ) map is a major step 

forward in hazard management. In this study, factor maps can be prepared by GIS-

based qualitative and quantitative techniques which useful to analyze the relationship 

between landslides and their influencing parameters. Remote sensing and GIS based 

methodology for LSZ maps are also presented in this study. The weight and rating 

system based on the relative importance of various causative factors as derived from 

remotely sensed data and other thematic maps was carried out (Saha et al., 2002). 

A direct mapping approach will be used to establish the five different LSZ 

using classical overlay operations after having established maps representing major 

landslide influencing factors. The factors being used include elevation, slope aspect, 

slope angle, distance from drainage, lithology, distance from lineament, soil texture, 

precipitation, land use/land cover and NDVI. The different classes of thematic layers 

are assigned the corresponding weights and rating value as attribute information in the 

GIS and an “attribute map” is generated for each data layer. Summations of these 

attribute maps are then multiplied by the corresponding weights and rating to yield the 

landslide susceptibility index (LSI) for each grid cell. 

The basic pre-requisite for landslide susceptibility zonation studies is the 

determination of weight and rating values representing the relative importance of 
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factors and their categories respectively for landslide occurrence. In this study, these 

weights and ratings are determined based on three different methods namely, 

analytical hierarchy process (AHP), frequency ratio (FR) model and integrated AHP 

and FR model, the weights and rating for each parameters were multiplied by the 

relevant parameter maps and then, all the weights and rating parameter maps were 

overlaid. In this way, a map having continuous scale of numerical values was 

obtained. The weight and rating were assigned to each attribute layer and their 

respective classes. A summation of these layers was carried out and the cumulative 

score was regrouped into five classes. A judicious way for this classification is to use 

the relative natural breaks algorithm to separate the landslide susceptibility index into 

landslide susceptibility classes level. In this study, five landslide susceptibility classes 

were identified which are very high susceptibility (VHS), high susceptibility (HS), 

moderate susceptibility (MS), low susceptibility (LS) and very low susceptibility 

(VLS) zones. 

4.2 Application of AHP and Susceptibility Map 

The final result consists of the factor weights and class weights, and a 

calculated consistency ratio (CR), as seen in Table 4.1 (For more details, see 

Appendices A–C). In AHP, the consistency used to build a matrix is checked by a 

consistency ratio, which depends on the number of parameters. For a 10×10 matrix, 

the CR must be less than 0.1 to accept the computed weights. The CR is a ratio 

between the matrix’s consistency index and random index, and in general ranges from 

0 to 1. The random index is the average consistence index obtained by generating 
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large numbers of random matrices. A CR close to 0 indicates the high probability that 

the weights were generated randomly (Saaty, 1980; 1994). 

The models with a CR greater than 0.1 were automatically rejected, a CR less 

than 0.1 were often acceptable. With the AHP method, the values of spatial factors 

weights were defined. Using a weighted linear sum procedure (Voogd, 1983), the 

acquired weights were used to calculate the landslide susceptibility. In this study, the 

CR is 0.068, the ratio indicates a reasonable level of consistency in the pair-wise 

comparison, that good enough to recognize the factor weights. Consequently, the 

weight corresponding to precipitation is highest, whereas elevation is lowest (Table 

4.1). For all cases of class weights, the CRs less than 0.1, the ratio indicates a 

reasonable level of consistency in the pair-wise comparison, that good enough to 

recognize the class weights. 

Table 4.1 The pair-wise comparison matrix, factor weights, class weights (rating) and 

consistency ratio. 

Factors 1 2 3 4 5 6 7 8 9 10 11 12 Rating 

Elevation (m) 
(1) <600  
(2) 600 – 800 
(3) 800 – 1,000 
(4) 1,000 – 1,200 
(5) 1,200 – 1,400 
(6) 1,400 – 1,600 
(7) >1,600 
Consistency ratio: 0.040 
 

 
1 
2 
3 
4 
5 
7 
9 
 
 

 
 
1 
2 
3 
4 
6 
8 
 
 

 
 
 
1 
2 
3 
5 
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1 
2 
4 
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1 
3 
5 
 
 

 
 
 
 
 
 
1 
3 
 
 

 
 
 
 
 
 
 
1 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
0.027 
0.037 
0.059 
0.087 
0.126 
0.239 
0.426 

 
 

Slope aspect 
(1) Flat 
(2) North 
(3) Northeast 
(4) East 
(5) Southeast 
(6) South 
(7) Southwest 
(8) West 
(9) Northwest 
Consistency ratio: 0.008 
 

 
1 
3 
5 
3 
3 
3 
7 
3 
3 

 
 
1 
3 
1 
1 
1 
5 
1 
1 

 
 
 
1 
1/3 
1/3 
1/3 
3 
1/3 
1/3 

 
 
 
 
1 
1 
1 
5 
1 
1 

 
 
 
 
 
1 
1 
5 
1 
1 

 
 
 
 
 
 
1 
5 
1 
1 

 
 
 
 
 
 
 
1 
1/5 
1/5 

 
 
 
 
 
 
 
 
1 
1 

 
 
 
 
 
 
 
 
 
1 

    
0.026 
0.071 
0.189 
0.071 
0.071 
0.071 
0.354 
0.071 
0.071 
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Table 4.1 The pair-wise comparison matrix, factor weights, class weights (rating) and 

consistency ratio (Continued). 

Factors 1 2 3 4 5 6 7 8 9 10 11 12 Rating 

Slope angle 
(1) 0º – 5º 
(2) 5º – 10º 
(3) 10º – 15º 
(4) 15º – 20º 
(5) 20º – 25º 
(6) 25º – 30º 
(7) 30º – 35º 
(8) >35º 
Consistency ratio: 0.037 
 

 
1 
2 
3 
4 
5 
6 
7 
9 

 
 
1 
2 
3 
4 
5 
6 
8 

 
 
 
1 
2 
3 
4 
5 
7 

 
 
 
 
1 
2 
3 
4 
6 

 
 
 
 
 
1 
2 
3 
5 

 
 
 
 
 
 
1 
2 
4 

 
 
 
 
 
 
 
1 
3 

 
 
 
 
 
 
 
 
1 

     
0.024 
0.031 
0.048 
0.069 
0.103 
0.146 
0.205 
0.378 

 
 

Drainage (m) 
(Distance from drainage) 
(1) <500 
(2) 500 – 1,000 
(3) 1,000 – 1,500 
(4) 1,500 – 2,000 
(5) 2,000 – 2,500 
(6) >2,500 
Consistency ratio: 0.045 
 

 
 
1 
1/3 
1/5 
1/7 
1/8 
1/9 

 
 
 
1 
1/3 
1/5 
1/6 
1/7 

 
 
 
 
1 
1/3 
1/4 
1/5 

 
 
 
 
 
1 
1/2 
1/3 

 
 
 
 
 
 
1 
1/2 

 
 
 
 
 
 
 
1 
 

       
 

0.462 
0.255 
0.138 
0.067 
0.048 
0.032 

 
 

Lithology 
(1) Sandstone 
(2) Marble 
(3) Limestone, shale 
(4) Paragneiss 
(5) Alluvium 
(6) Shale, chert, and siltstone 
(7) Claystone and siltstone 
(8) Granite 
(9) Conglomerate, sandstone 
(10) Granodiorite porphyry 
Consistency ratio: 0.017 
 

 
1 
1/3 
1/3 
1/2 
1/5 
1/3 
1/4 
3 
1 
2 

 
 
1 
1 
2 
1/3 
1 
1/2 
5 
3 
4 

 
 
 
1 
2 
1/3 
1 
1/2 
5 
3 
4 

 
 
 
 
1 
1/4 
1/2 
1/3 
4 
2 
3 

 
 
 
 
 
1 
3 
2 
7 
5 
6 

 
 
 
 
 
 
1 
1/2 
5 
3 
4 

 
 
 
 
 
 
 
1 
6 
4 
5 

 
 
 
 
 
 
 
 
1 
1/3 
1/2 

 
 
 
 
 
 
 
 
 
1 
2 

 
 
 
 
 
 
 
 
 
 
1 

   
0.124 
0.053 
0.053 
0.083 
0.024 
0.053 
0.031 
0.273 
0.124 
0.187 

 
 

Lineament (m) 
(Distance from lineament) 
(1) <500 
(2) 500 – 1,000 
(3) 1,000 – 2,000 
(4) 2,000 – 3,000 
(5) 3,000 – 4,000 
(6) >4,000 
Consistency ratio: 0.008 
 

 
 
1 
1 
1/2 
1/3 
1/4 
1/4 

 
 
 
1 
1/2 
1/3 
1/4 
1/4 

 
 
 
 
1 
1/2 
1/3 
1/3 

 
 
 
 
 
1 
1/2 
1/2 

 
 
 
 
 
 
1 
1 

 
 
 
 
 
 
 
1 

       
 

0.293 
0.293 
0.177 
0.107 
0.067 
0.067 

 

Soil texture 
(1) Clay 
(2) Loam 
(3) Sand 
(4) Sandy loam / sandy clay loam 
(5) Loam with gravel 
(6) Sandy loam with gravel 
(7) Clay/loam with rock 
(8) Slope complex area 
Consistency ratio: 0.034 
 

 
1 
4 
8 
7 
5 
9 
3 
4 
 
 

 
 
1 
5 
4 
2 
6 
1/2 
1 
 
 

 
 
 
1 
1/2 
1/4 
2 
1/6 
1/5 
 
 

 
 
 
 
1 
1/3 
3 
1/5 
1/4 
 
 

 
 
 
 
 
1 
5 
1/3 
1/2 
 
 

 
 
 
 
 
 
1 
1/7 
1/6 
 
 

 
 
 
 
 
 
 
1 
2 
 
 

 
 
 
 
 
 
 
 
1 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
0.019 
0.055 
0.238 
0.169 
0.086 
0.335 
0.039 
0.055 

 
 

 



 89

Table 4.1 The pair-wise comparison matrix, factor weights, class weights (rating) and 

consistency ratio (Continued). 

Factors 1 2 3 4 5 6 7 8 9 10 11 12 Rating 

Precipitation (mm) 
(1) <1,000 
(2) 1,000 – 1,200 
(3) 1,200 – 1,400 
(4) 1,400 – 1,600 
(5) 1,600 – 1,800 
(6) 1,800 – 2,000 
(7) >2,000 
Consistency ratio: 0.049 
 

 
1 
2 
3 
5 
6 
8 
9 

 
 
1 
2 
4 
5 
7 
8 

 
 
 
1 
3 
4 
6 
7 

 
 
 
 
1 
2 
4 
5 

 
 
 
 
 
1 
3 
4 

 
 
 
 
 
 
1 
2 

 
 
 
 
 
 
 
1 

      
0.027 
0.036 
0.053 
0.103 
0.143 
0.266 
0.376 

 
 

Land use/land cover 
(1) Paddy field 
(2) Mixed field crop 
(3) Longan 
(4) Truck crop 
(5) Mixed swidden cultivation 
(6) Hill evergreen forest 
(7) Mixed deciduous forest 
(8) Mixed forest plantation 
(9) Grass and scrub 
(10) Mine 
(11) Urban, village 
(12) Water 
Consistency ratio: 0.039 
 

 
1 
1/2 
1/3 
1/2 
1/2 
1/7 
1/6 
1/5 
1/4 
2 
2 
1/8 

 
 
1 
1/2 
1 
1 
1/6 
1/5 
1/4 
1/3 
3 
3 
1/7 

 
 
 
1 
2 
2 
1/5 
1/4 
1/3 
1/2 
4 
4 
1/6 

 
 
 
 
1 
1 
1/6 
1/5 
1/4 
1/3 
3 
3 
1/7 

 
 
 
 
 
1 
1/6 
1/5 
1/4 
1/3 
3 
3 
1/7 

 
 
 
 
 
 
1 
2 
3 
4 
8 
8 
1/2 

 
 
 
 
 
 
 
1 
2 
3 
7 
7 
1/3 

 
 
 
 
 
 
 
 
1 
2 
6 
6 
1/4 

 
 
 
 
 
 
 
 
 
1 
5 
5 
1/5 

 
 
 
 
 
 
 
 
 
 
1 
1 
1/9 

 
 
 
 
 
 
 
 
 
 
 
1 
1/9 

 
 
 
 
 
 
 
 
 
 
 
 
1 

 
0.137 
0.090 
0.063 
0.090 
0.090 
0.017 
0.023 
0.033 
0.045 
0.200 
0.200 
0.013 

 
 

NDVI 
(1) -1.0 to 0.2 
(2) 0.2 to 0.4 
(3) 0.4 to 0.6 
(4) 0.6 to 0.8 
(5) 0.8 to 1.0 
Consistency ratio: 0.031 
 

 
1 
1/3 
1/5 
1/6 
1/7 

 
 
1 
1/3 
1/4 
1/5 

 
 
 
1 
1/2 
1/3 

 
 
 
 
1 
1/2 

 
 
 
 
 
1 

        
0.502 
0.256 
0.120 
0.074 
0.050 

 
 

Data layers 1 2 3 4 5 6 7 8 9 10 11 12 Weights 

Elevation 
Slope aspect 
Slope angle 
Drainage 
Lithology 
Lineaments 
Soil texture 
Precipitation 
Land use 
NDVI 
Consistency ratio: 0.068 

1 
1 
5 
2 
5 
3 
2 
5 
4 
3 
 

 
1 
4 
1/2 
5 
5 
3 
6 
4 
3 
 

 
 
1 
1/5 
2 
1/2 
1/5 
2 
1/3 
1/5 
 

 
 
 
1 
3 
4 
3 
5 
3 
2 
 

 
 
 
 
1 
1/2 
1/2 
3 
1/4 
1/5 
 

 
 
 
 
 
1 
1/3 
3 
1/3 
1/4 
 

 
 
 
 
 
 
1 
5 
3 
2 
 

 
 
 
 
 
 
 
1 
1/5 
1/5 
 

 
 
 
 
 
 
 
 
1 
1/2 
 

 
 
 
 
 
 
 
 
 
1 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

0.027 
0.030 
0.165 
0.034 
0.170 
0.121 
0.054 
0.259 
0.082 
0.057 
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For landslide susceptibility analysis, using the factor weights and rating (Table 

4.1) of AHP, the landslide susceptibility index (LSI) values were computed by 

summation of each factor’s rating multiplied by the weight of each of the factors by 

using the following as Eq.(1). 

∑
=

×=
n

i
ii RWLSI

1
)(  …………………………….... (1) 

Where LSI = Landslide susceptibility index 

Ri = Ratings for the categories of the layers 

Wi = Weights for the layers 

From the calculation, it was found that the LSI had a minimum value of 0.04, 

and a maximum value of 0.28, with an average value of 0.11 and a standard deviation 

of 0.03. The LSI represents the relative susceptibility of a landslide occurrence. 

Therefore, the higher the index, the more susceptible the area is to landslide. If the 

LSI value is high, there is a higher susceptibility to landslides, a lower value indicates 

a lower susceptibility to landslides. These LSI values were divided into five classes 

based on the natural breaks range which represent five different zones in the landslide 

susceptibility map. These are very high susceptibility (VHS), high susceptibility (HS), 

moderate susceptibility (MS), low susceptibility (LS) and very low susceptibility 

(VLS) zones (Figure 4.1), and percentage covering areas of each susceptibility map 

are shown in Table 4.2. 
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Figure 4.1 The landslide susceptibility map based on AHP with 25 known landslide 

locations on the basis of natural breaks classification. 

Table 4.2 Landslide susceptibility classes, susceptibility index values and coverage 

percentage of the study area based on AHP. 

Landslide Susceptibility Classes Susceptibility index values % of Area 

Very low susceptibility (VLS) 
Low susceptibility (LS) 
Moderate susceptibility (MS) 
High susceptibility (HS) 
Very high susceptibility (VHS) 

0.04 – 0.08 
0.08 – 0.11 
0.11 – 0.13 
0.13 – 0.16 
0.16 – 0.28 

18.86 
29.32 
28.47 
17.84 
5.51 
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4.3 Application of Probability Analysis–Frequency Ratio (FR) Model 

and Susceptibility Map 

      4.3.1 Relationship between Landslides and Landslide Related Factors 

The frequency ratios for all factors involved in the study are shown in Table 

4.3. These FR values indicate level of correlation between locations of the landslide to 

these factors. The relationship between landslide occurrence and elevation shows that 

elevation below 1,000 m, the frequency ratio was lower than 1.0, which indicates a 

low landslide occurrence probability, and for elevation above 1,000 m, the frequency 

ratio was greater than 1.0, indicating a high landslide occurrence probability. This 

result means that the landslide probability increases with elevation. 

In the case of slope aspect, landslides were most abundant on south-facing and 

southeast-facing slopes. Thus, slopes facing to the south and southeast are highly 

susceptible to landslides, whereas the frequency of landslide was lowest on 

southwest-facing slope. 

In the case of slope angle, steeper slopes have greater landslide probabilities. 

Below a slope of 15°, the ratio was lower than 1.0, which indicates a very low 

probability of landslide occurrence. For slopes above 15°, the ratio was greater than 

1.0, which indicates a high probability of landslide occurrence. This result means that 

the landslide probability increases with slope angle. 

In the case of distance from drainage, from 0 to 2,000 m the ratio was greater 

than 1.0, indicating a high probability of landslide occurrence, and for distances above 

2,000 m, the ratio was lower than 1.0, indicating a low probability. This result means 

that the landslide probability decreases with distance from drainage. 
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Table 4.3 Frequency ratio of landslide occurrence. 

Total number of 
pixels 

Landslide 
occurrence point Factors Class 

Number % Number % 

Frequency 
ratio 

Elevation <600 m 
600 m – 800 m 
800 m – 1,000 m 
1,000 m – 1,200 m 
1,200 m – 1,400 m 
1,400 m – 1,600 m 
>1,600 m 

558848 
792967 
782359 
556841 
280165 
82504 
37750 

18.08 
25.65 
25.31 
18.01 
9.06 
2.67 
1.21 

5 
20 
15 
24 
17 
16 
4 

4.95 
19.80 
14.85 
23.76 
16.83 
15.84 

3.96 

0.27 
0.77 
0.59 
1.32 
1.86 
5.93 
3.27 

Slope aspect Flat 
North 
Northeast 
East 
Southeast 
South 
Southwest 
West 
Northwest 

161640 
349342 
400242 
381664 
367056 
340197 
361455 
369212 
360630 

5.23 
11.30 
12.95 
12.35 
11.87 
11.00 
11.69 
11.94 
11.67 

0 
10 
13 
12 
19 
20 
6 

11 
10 

0 
9.90 

12.87 
11.88 
18.81 
19.80 

5.94 
10.89 

9.90 

0 
0.88 
0.99 
0.96 
1.58 
1.80 
0.51 
0.91 
0.85 

Slope angle 0º – 5º 
5º – 10º 
10º – 15º 
15º – 20º 
20º – 25º 
25º – 30º 
30º – 35º 
>35º 

611786 
192901 
435856 
563190 
490770 
354860 
214174 
227901 

19.79 
6.24 
14.1 

18.22 
15.88 
11.48 
6.93 
7.37 

17 
0 
6 

24 
16 
18 
13 
7 

16.83 
0 

5.94 
23.76 
15.84 
17.82 
12.87 
6.93 

0.85 
0 

0.42 
1.30 
1.00 
1.55 
1.86 
0.94 

Drainage 
(Distance from 
drainage) 

<500 m 
500 m – 1,000 m 
1,000 m – 1,500 m 
1,500 m – 2,000 m 
2,000 m – 2,500 m 
>2,500 m 

1215767 
831347 
488601 
246753 
143219 
165604 

39.32 
26.91 
15.80 
7.98 
4.63 
5.36 

34 
30 
18 
12 
4 
3 

33.66 
29.70 
17.82 
11.88 
3.96 
2.97 

0.86 
1.10 
1.13 
1.49 
0.86 
0.55 

Lithology Sandstone 
Marble 
Limestone, shale 
Paragneiss 
Alluvium 
Shale, chert, and siltstone 
Claystone and siltstone 
Granite 
Conglomerate, sandstone 
Granodiorite porphyry 

177214 
27624 

331381 
311446 

79856 
378938 

47749 
858729 

1715 
877139 

5.73 
0.89 

10.72 
10.07 
2.59 

12.26 
1.54 

27.77 
0.06 

28.37 

6 
0 
5 
9 
1 

24 
0 

56 
0 
0 

5.94 
0 

4.95 
8.91 
0.99 

23.76 
0 

55.45 
0 
0 

1.04 
0 

0.46 
0.88 
0.38 
1.94 

0 
2.00 

0 
0 

Lineament 
(Distance from 
lineament) 

<500 m 
500 m – 1,000 m 
1,000 m – 2,000 m 
2,000 m – 3,000 m 
3,000 m – 4,000 m 
>4,000 m 

316662 
293989 
542593 
435286 
333239 

1170022 

10.24 
9.51 

17.55 
14.08 
10.78 
37.84 

16 
13 
21 
12 
9 

30 

15.84 
12.87 
20.79 
11.88 
8.91 

29.70 

1.55 
1.35 
1.18 
0.84 
0.83 
0.78 

Soil texture Clay 
Loam 
Sand 
Sandy loam/sandy clay loam 
Loam with gravel 
Sandy loam with gravel 
Clay/loam with rock 
Slope complex area 

59053 
5896 

11151 
6343 

207200 
203365 

11651 
2587132 

1.9 
0.19 
0.36 
0.2 
6.7 

6.57 
0.37 

83.68 

0 
0 
0 
0 
0 
2 
0 

99 

0 
0 
0 
0 
0 

1.98 
0 

98.02 

0 
0 
0 
0 
0 

0.30 
0 

1.17 
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Table 4.3 Frequency ratio of landslide occurrence (Continued). 

Total number of 
pixels 

Landslide 
occurrence point Factors Class 

Number % Number % 

Frequency 
ratio 

Precipitation <1,000 mm 
1,000 mm – 1,200 mm 
1,200 mm – 1,400 mm 
1,400 mm – 1,600 mm 
1,600 mm – 1,800 mm 
1,800 mm – 2,000 mm 
>2,000 mm 

820402 
1160632 
578674 
350627 
100290 

47775 
34700 

26.52 
37.52 
18.71 
11.34 
3.24 
1.54 
1.12 

20 
35 
24 
15 
4 
2 
1 

19.80 
34.65 
23.76 
14.86 
3.96 
1.98 
0.99 

0.75 
0.92 
1.27 
1.31 
1.22 
1.29 
0.88 

Land use/land 
cover 

Paddy field 
Mixed field crop 
Longan 
Truck crop 
Mixed swidden cultivation 
Hill evergreen forest 
Mixed deciduous forest 
Mixed forest plantation 
Grass and scrub 
Mine 
Urban, village 
Water 

60629 
29575 
3258 
2528 

190965 
585675 

2085444 
110816 

5803 
1520 

13443 
2135 

1.96 
0.96 
0.11 
0.08 
6.18 

18.94 
67.45 
3.58 
0.19 
0.05 
0.43 
0.07 

0 
4 
0 
0 

17 
28 
52 
0 
0 
0 
0 
0 

0 
3.96 

0 
0 

16.83 
27.72 
51.49 

0 
0 
0 
0 
0 

0 
4.13 

0 
0 

2.72 
1.46 
0.76 

0 
0 
0 
0 
0 

NDVI -1.0 to 0.2 
0.2 to 0.4 
0.4 to 0.6 
0.6 to 0.8 
0.8 to 1.0 

609023 
817512 
856906 
724519 
83831 

19.69 
26.44 
27.72 
23.43 

2.71 

4 
28 
30 
36 

3 

3.96 
27.72 
29.70 
35.64 

2.97 

0.20 
1.05 
1.07 
1.52 
1.10 

Total number of pixels in study area: 3,091,791. 

Number of landslide occurrence points: 101. 

FR = % Landslide occurrence points / % number of pixels 

 

In the case of lithology, the frequency ratio was highest in granite rock areas, 

and was lowest in alluvium areas. In the case of distance from lineament, for below a 

distance of 2,000 m, the ratio was greater than 1.0, indicating a high probability of 

landslide occurrence, and for distances above 2,000 m, the ratio was lower than 1.0, 

indicating a low probability. This result means that the landslide probability decreases 

with distance from lineament. 

In the case of soil texture, the landslide occurrence probability value was 

higher in slope complex areas, and was lower in gravelly sandy loam. 

 In the case of precipitation, for a precipitation amount below 1,200 mm, the 

frequency ratio was lower than 1.0, which indicates a low landslide occurrence 
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probability, and for a precipitation amount above 1,200 mm, the frequency ratio was 

greater than 1.0, indicating a high landslide occurrence probability. This result means 

that the landslide probability increases with the precipitation amount. 

In the case of land use/land cover, the landslide-occurrence values were higher 

in mixed field crop and mixed swidden cultivation areas, and lower in hill evergreen 

forest and mixed deciduous forest areas. 

In the case of NDVI, for NDVI values below 0.2, the frequency ratio was 

lower than 1.0, which indicates a low landslide occurrence probability, and for NDVI 

values above 0.2, the frequency ratio was greater than 1.0, indicating a high landslide 

occurrence probability. This result means that the landslide probability increases with 

the vegetation index value. This could be due to more vegetation seen along 

structurally weaker zones. 

      4.3.2 Landslide Susceptibility Mapping 

 For FR model, the landslide susceptibility index (LSI) values were 

computed using Eq.(2) where the frequency ratios of each factor’s type (or range) 

were summed to find its LSI: 

LSI =  ……………………………………. (2) ∑Fr

where Fr = the frequency ratio of each factor’s type (or range). 

Using the frequency ratio, the relationship was used as each factor’s rating in 

the overlay analysis. From the calculation, it was found that the LSI had a minimum 

value of 3.17, and a maximum value of 20.63, with an average value of 9.96 and a 

standard deviation of 2.56. If the LSI value was high, there was a higher susceptibility 

to landslides, a lower value indicates a lower susceptibility to landslides. The 
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landslide susceptibility map calculated for FR model is shown in Figure 4.2, and 

percentage covering areas of each susceptibility map are shown in Table 4.4. 

 
Figure 4.2 The landslide susceptibility map based on FR model with 25 known 

landslide locations on the basis of natural breaks classification. 

Table 4.4 Landslide susceptibility classes, susceptibility index values and coverage 

percentage of the study area based on FR model. 

Landslide Susceptibility Classes susceptibility index values % of Area 

Very low susceptibility (VLS) 
Low susceptibility (LS) 
Moderate susceptibility (MS) 
High susceptibility (HS) 
Very high susceptibility (VHS) 

3.17 – 7.54 
7.54 – 9.72 

9.72 – 11.83 
11.83 – 14.56 
14.56 – 20.63 

17.80 
30.42 
27.58 
20.49 
3.71 
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4.4 Application of Integrated AHP and FR Model and Susceptibility 

Map 

The integration of 10 thematic layers representing the ratings for the 

categories (Ri) of the layers (obtained from FR) and weights for the layers (Wi) 

(obtained from AHP) was performed by using simple arithmetic overlay operation in 

GIS. Hence, this procedure has been named here as integrated AHP and FR model. 

The LSI for each pixel of the study area was thus obtained by using the following 

equation. 

Using AHP and FR model were used to calculate the weights and rating for 

landslide susceptibility analysis (Table 4.5). To calculate the landslide susceptibility 

value, the landslide susceptibility index (LSI) was calculated by summation of each 

factor’s rating multiplied by the weight of each of the factors, as per Eq.(3). The LSI 

represents the relative susceptibility of a landslide occurrence. Therefore, the higher 

the index, the more susceptible the area is to landslide. If the LSI value is high, there 

is a higher susceptibility to landslides, a lower value indicates a lower susceptibility to 

landslides. 

∑
=

×=
n

i
ii RWLSI

1
)(  …………………………….... (3) 

Where LSI = Landslide susceptibility index 

Ri = Ratings for the categories of the layers (obtained from FR) 

Wi = Weights for the layers (obtained from AHP) 

For each factor, the data layers of factors that affect the suitability of landslide 

occurrences for ten factors were then reclassified so that they could be used as rating 

maps required in the process. The calculated weight values are then transferred to the 
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ArcGIS 9.0, and it was found that the LSI had a minimum value of 0.35, and a 

maximum value of 1.77, with an average value of 1.00 and a standard deviation of 

0.27. The LSI values were found to lie in the range from 0.35 to 1.77, and percentage 

area covering by different landslide susceptibility zones are shown in Table 4.6. The 

success rate curve approach was used to classify the LSI values into five different 

susceptibility zones to produce the landslide susceptibility map (Figure 4.3). 

Table 4.5 Weights from integrated AHP and FR model. 

Factors Class AHP’s factor 
weights 

FR’s class 
weights 

Integrated 
AHP and FR 

Elevation <600 m 
600 m – 800 m 
800 m – 1,000 m 
1,000 m – 1,200 m 
1,200 m – 1,400 m 
1,400 m – 1,600 m 
>1,600 m 

0.027 0.27 
0.77 
0.59 
1.32 
1.86 
5.93 
3.27 

0.007 
0.021 
0.016 
0.036 
0.050 
0.160 
0.088 

Slope aspect Flat 
North 
Northeast 
East 
Southeast 
South 
Southwest 
West 
Northwest 

0.030 0 
0.88 
0.99 
0.96 
1.58 
1.80 
0.51 
0.91 
0.85 

0 
0.026 
0.030 
0.029 
0.047 
0.054 
0.015 
0.027 
0.026 

Slope angle 0º – 5º 
5º – 10º 
10º – 15º 
15º – 20º 
20º – 25º 
25º – 30º 
30º – 35º 
>35º 

0.165 0.85 
0 

0.42 
1.30 
1.00 
1.55 
1.86 
0.94 

0.140 
0 

0.069 
0.215 
0.165 
0.256 
0.307 
0.155 

Drainage 

 

(Distance from 
drainage) 

<500 m 
500 m – 1,000 m 
1,000 m – 1,500 m 
1,500 m – 2,000 m 
2,000 m – 2,500 m 
>2,500 m 

0.034 0.86 
1.10 
1.13 
1.49 
0.86 
0.55 

0.029 
0.037 
0.038 
0.051 
0.029 
0.019 
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Table 4.5 Weights from integrated AHP and FR model (Continued). 

Factor Class AHP’s factor 
weights 

FR’s class 
weights 

Integrated 
AHP and FR 

Lithology Sandstone 
Marble 
Limestone, shale 
Paragneiss 
Alluvium 
Shale, chert, and siltstone 
Claystone and siltstone 
Granite 
Conglomerate, sandstone 
Granodiorite porphyry 

0.170 1.04 
0 

0.46 
0.88 
0.38 
1.94 

0 
2.00 

0 
0 

0.177 
0 

0.078 
0.150 
0.065 
0.330 

0 
0.340 

0 
0 

Lineament 
(Distance from 
lineament) 

<500 m 
500 m – 1,000 m 
1,000 m – 2,000 m 
2,000 m – 3,000 m 
3,000 m – 4,000 m 
>4,000 m 

0.121 1.55 
1.35 
1.18 
0.84 
0.83 
0.78 

0.188 
0.163 
0.143 
0.102 
0.100 
0.094 

Soil texture Clay 
Loam 
Sand 
Sandy loam/sandy clay loam 
Loam with gravel 
Sandy loam with gravel 
Clay/loam with rock 
Slope complex area 

0.054 0 
0 
0 
0 
0 

0.30 
0 

1.17 

0 
0 
0 
0 
0 

0.016 
0 

0.063 
Precipitation <1,000 mm 

1,000 mm – 1,200 mm 
1,200 mm – 1,400 mm 
1,400 mm – 1,600 mm 
1,600 mm – 1,800 mm 
1,800 mm – 2,000 mm 
>2,000 mm 

0.259 0.75 
0.92 
1.27 
1.31 
1.22 
1.29 
0.88 

0.194 
0.238 
0.329 
0.339 
0.316 
0.334 
0.228 

Land use/ 
land cover 

Paddy field 
Mixed field crop 
Longan 
Truck crop 
Mixed swidden cultivation 
Hill evergreen forest 
Mixed deciduous forest 
Mixed forest plantation 
Grass and scrub 
Mine 
Urban, village 
Water 

0.082 0 
4.13 

0 
0 

2.72 
1.46 
0.76 

0 
0 
0 
0 
0 

0 
0.339 

0 
0 

0.223 
0.120 
0.062 

0 
0 
0 
0 
0 

NDVI -1.0 to 0.2 
0.2 to 0.4 
0.4 to 0.6 
0.6 to 0.8 
0.8 to 1.0 

0.057 0.20 
1.05 
1.07 
1.52 
1.10 

0.011 
0.060 
0.061 
0.087 
0.063 
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Figure 4.3 The landslide susceptibility map based on integrated AHP and FR model 

with 25 known landslide locations on the basis of natural breaks classification. 

Table 4.6 Landslide susceptibility classes, susceptibility index values and coverage 

percentage of the study area based on integrated AHP and FR model. 

Landslide Susceptibility Classes susceptibility index values % of Area 

Very low susceptibility (VLS) 
Low susceptibility (LS) 
Moderate susceptibility (MS) 
High susceptibility (HS) 
Very high susceptibility (VHS) 

0.35 – 0.72 
0.72 – 0.91 
0.91 – 1.11 
1.11 – 1.30 
1.30 – 1.77 

17.84 
24.17 
19.05 
22.57 
16.37 
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Table 4.7 Compare percentage of area occupied by each landslide susceptibility class 

and the susceptibility index values between AHP, FR model and integrated AHP and 

FR model. The LSI ranges used in the classification were assigned using natural 

breaks algolithm. 

AHP FR model Integrated AHP and 
FR model Landslide Susceptibility 

Classes 
LSI % of 

Area LSI % of 
Area LSI % of 

Area 

Very low susceptibility (VLS) 

Low susceptibility (LS) 

Moderate susceptibility (MS) 

High susceptibility (HS) 

Very high susceptibility (VHS) 

0.04 – 0.08 

0.08 – 0.11 

0.11 – 0.13 

0.13 – 0.16 

0.16 – 0.28 

18.86 

29.32 

28.47 

17.84 

5.51 

3.17 – 7.54 

7.54 – 9.72 

9.72 – 11.83 

11.83 – 14.56 

14.56 – 20.63 

17.80 

30.42 

27.58 

20.49 

3.71 

0.35 – 0.72 

0.72 – 0.91 

0.91 – 1.11 

1.11 – 1.30 

1.30 – 1.77 

17.84 

24.17 

19.05 

22.57 

16.37 
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Figure 4.4 Histograms showing relative distribution of landslide susceptibility classes 

generated by AHP, FR model and integrated AHP and FR model. 
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4.5 Comparison and Verification of the Results 

Finally, the susceptibility maps produced from AHP, FR model, and integrated 

AHP and FR model were verified using 25 known landslide locations where the area 

under curve (AUC) method (Lee et al., 2004a) was used. 
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Figure 4.5 Illustration of cumulative frequency diagram showing landslide 

susceptibility index rank (x-axis) occurring in cumulative percent of landslide 

occurrence (y-axis). 

The rate verification results appear as a line in Figure 4.5. For example, in 

case of AHP, 80–100% (20%) class of the study area where the landslide 

susceptibility index had a higher rank could explain 24% of all the landslides. In 

addition, the 70–100% (30%) class of the study area where the landslide susceptibility 

index had a higher rank could explain 36% of the landslides. In case of FR model, 90–



 103

100% (10%) class of the study area where the landslide susceptibility index had a 

higher rank could explain 28% of all the landslides. In addition, the 80–100% (20%) 

class of the study area where the landslide susceptibility index had a higher rank could 

explain 68% of the landslides. In case of integrated AHP and FR model, 90–100% 

(10%) class of the study area where the landslide susceptibility index had a higher 

rank could explain 64% of all the landslides. In addition, the 80–100% (20%) class of 

the study area where the landslide susceptibility index had a higher rank could explain 

96% of the landslides. 
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Figure 4.6 Histograms showing the percentage of prediction accuracy based on AUC 

method. 

To compare the result quantitatively, the areas under curve line were re-

calculated as the total area is 1 which means perfect prediction accuracy. So, the area 

under curve (AUC) can be used to assess the prediction accuracy qualitatively. The 

area under curve line is shown in Figure 4.5 and Figure 4.6. In the case of all factors, 

the case AHP used, the area ratio was 0.6490 and we could say the prediction 
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accuracy is 64.90%. In the case of FR model used, the area ratio was 0.8482 and we 

could say the prediction accuracy is 84.82%. In the case of integrated AHP and FR 

model used, the area ratio was 0.9122 and we could say the prediction accuracy is 

91.22%. 



CHAPTER V 

CONCLUSIONS AND DISCUSSION  

5.1 Conclusions 

 In this study, three different methods: the analytical hierarchy process (AHP), 

probability-frequency ratio (FR) model, and the integrated AHP and FR model were 

applied to develop landslide susceptibility maps for the lower Mae Chaem watershed 

located in northern Thailand. To achieve this objective, ten landslide inducing factors 

were taken into consideration which are elevation, slope aspect, slope angle, distance 

from drainage, lithology, distance from lineament, soil texture, precipitation, land 

use/land cover (LULC) and NDVI. The first eight parameters were extracted and 

calculated from their associated database while LULC and NDVI maps were derived 

from Landsat-5 TM satellite images. These factors were evaluated then factor weight 

and class weight were assigned to each associated factors based on the model used.  

 These given weights (for each unit area) were then assembled to create 

susceptibility maps as required (Figure 5.1a-c). From Table 4.7, about 23.35%, 

24.20%, and 38.94% of the study area were classified to be in high or very high 

landslide risk zones according to the analysis by AHP, FR model, and integrated AHP 

and FR model, respectively. 

Base on results of the pair-wise comparison of the AHP technique (Table 4.1), 

the three most influencing factors to induce landsliding activity (judged from its given 

weight) in the study area are precipitation (0.259), lithology (0.17), and slope angle 
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(0.165). And the three least influencing factors are elevation (0.027), slope aspect 

(0.03), and distance from drainage (0.034). 

Based on the FR values seen in Table 4.3, areas notably vulnerable to the 

landslide activity are those located at altitudes greater than 1,400 m, areas that used 

for mixed field crop or mixed swidden cultivation, areas with slope angles of 25°-35°, 

and areas associated with granite or shale, chert, and siltstone terrains. In addition, 

there is no distinctive correlation seen for amount of rainfall classified and landslide 

occurrence probability which is rather contrast to result given by the AHP technique. 

Output maps provided by the AHP, FR model, and integrated AHP and FR 

model were compared and their credibility was examined by the area under curve 

(AUC) method using 25 known landslide locations as reference. Results of the 

analysis indicate that maps produced from the AHP, FR model, and integrated AHP 

and FR model have achieved the accuracies of 64.90%, 84.82% and 91.22% 

respectively which are reasonably satisfied (except for the AHP technique). From 

these results, the integrated AHP and FR model has proved to be most effective in 

generating landslide susceptibility zonation map in the lower Mae Chaem watershed. 

These maps are very useful to the local authorities and responsible agencies because 

the data can help them in their decision-making and policy planning efforts in the near 

future. 

5.2 Discussion 

Though the FR model, and integrated AHP and FR model have been proved in 

this work to be an effective tool in the preparation of landslide susceptibility map at 

basin scale in local Thailand, but in theory, they still have some shortcomings in 
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themselves. For examples, it evaluates the importance of each used factor individually 

and ignores any spatial autocorrelation between them. As a result, some area might be 

overemphasized about the level of its proneness to landslide activity (with higher LSI 

values) if two or more important factors are highly correlated. Therefore, to reduce 

this problem, the selection of initial factors to be included in the analysis should be 

done carefully and this deficiency of the model should always be kept in mind. 

In this work, detail of some factor like soil texture was not clearly identified 

by the available map as majority of the study area (about 83.68%) was simply classed 

as “slope complex area”. Therefore, it has only one highly dominant class existed for 

soil texture parameter. This is usually not appropriate for performing FR analysis as it 

should always have FR value close to unity for the dominant class and close to zero 

for all other classes. As a result, this kind of data can be omitted from the analysis 

without any serious consequences. It is also worth noting here that all factors included 

in the susceptibility must be static, or semi-static, parameters which means their given 

values are relatively constant (or change very slowly) over time. This is because the 

susceptibility analysis is typically having no “time-dimension” involved which makes 

its output maps valid for considerably long time. However, dynamic parameters, like 

earthquake and heavy rainfall can be included in the analysis as “triggering” factor of 

the landsliding activity and the new output map is generally called a “landslide hazard 

map” which also has time-dimension integrated (Chacon et al., 2006). 

In addition, the FR-based model needs sufficient and well-distributed landslide 

data in order to determine the FR index properly (e.g. with less bias) which is still not 

satisfactory achieved in this thesis. However, by the advent of THEOS, the first earth 

observation satellite of Thailand (with 2-m spatial resolution in the panchromatic 
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mode) (GISTDA, 2009), the required data of future landslides that occur in the 

country should be more plausible. This will make the production of landslide 

susceptibility map in Thailand look more promising in the near future. 

      5.2.1 Landslide Occurrence in the Low Risk Zone 

Though most of the observed landslide locations (that used as reference) were 

situated in the high or very high risk zones as expected but some of them (not many) 

were also found in the classified moderate or low risk zones (see Table 5.1 for detail). 

This unexpected result indicates limits of the model used (AHP in this case) that are 

difficult to avoid in this kind of study. This is because landsliding is a fairly complex 

phenomenon influenced by different factors in different places with different levels of 

the association. Therefore, every model must have some deficiencies in the simulating 

and predicting of landslide activity observed in the interested area. 

Table 5.1 Allocation of the 25 referred landslide events to each susceptibility class 

defined by the AHP, FR model, and integrated AHP and FR model. 

AHP FR model Integrated AHP 
and FR model Landslide Susceptibility 

Classes Number % Number % Number %
Very high susceptibility (VHS) 

High susceptibility (HS) 

Moderate susceptibility (MS) 

Low susceptibility (LS) 

Very low susceptibility (VLS) 

6 

9 

9 

1 

– 

24 

36 

36 

4 

– 

17 

8 

– 

– 

– 

68 

32 

– 

– 

– 

24 

1 

– 

– 

– 

96 

4 

– 

– 

– 

Total 25 100 25 100 25 100 

Prediction accuracy (%)     64.90     84.82     91.22 

However, by having more specific details of the problematic landslide points 

(especially ones situated in the low or very low risk zones), we might be able to find 
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out limits or deficiencies of the used model in the study of landsliding mechanism and 

also have opportunities to improve its capability for any possible further use. In this 

work, we find that only AHP technique that is still not working satisfactory reflecting 

in its considerably low prediction accuracy (64.90%) and in the occurrences of some 

problematic points in low and moderate risk zones. 

      5.2.2 Comparison with the Susceptibility Maps Developed from Some 

Agencies 

Recently, some state responsible agencies, e.g. Land Development Department 

(LDD), Department of Mineral Resources (DMR), and the Geo-Informatics and Space 

Technology Centre (Northern Region) at Chiang Mai University have developed the 

susceptibility maps at regional scale for general use by Thai public as seen in Figure 

5.1d-f. Maps from LDD (2001) and DMR (2005) cover the whole country with three 

susceptibility classes identified (low, moderate, high) but map from the Chiang Mai 

University (2006) covers just only in northern part of the country in which three levels 

of the susceptible scale were identified (no risk, low, high). 

Different factors and map producing techniques were used in the derivation of 

these susceptibility maps. For LDD (2001), the factors are geology, slope, LULC, soil 

characteristic, and precipitation and the used technique is weighted factor index 

method. For DMR (2005), the factors included are elevation, aspect, slope, flow 

accumulation and direction, LULC, soil characteristic, and wetness and the applied 

technique is landslide predictive model. For Chiang Mai University (2006), the 

chosen factors are rainfall, rock unit, slope, forest, buffer fault, windward, and altitude 

and the used technique is weighted factor index method. 
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Figure 5.1 Susceptibility maps of the study area derived in this thesis and by different 

Thai agencies. (a) AHP; (b) FR model; (c) integrated AHP and FR model; (d) LDD 

(2001); (e) DMR (2005); (f) Chiang Mai University (2006). 

When compared to the landslide susceptibility maps developed in this thesis 

(Figure 5.1a-c), several distinct discrepancies are obviously seen, especially on map 

from Chiang Mai University (2006). The differences may arisen from several sources 

such as number, type, or scale of input data included, or technique used to determine 

landslide susceptibility zone, or number of susceptibility classes identified. However, 

several observed distinctions of these maps indicate that ones should be very cautious 

in using their given data and some kind of accuracy assessment should be performed 

beforehand to quantify the validation of the information provided. 
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QUESTIONNAIRE 

Introduction to this research 

The part of this research used analytical hierarchy process (AHP), which is a 

semi-qualitative method, which involves a matrix-based pair-wise comparison of the 

contribution of different factors for landslide. The analytical hierarchy process (AHP) 

is a Multi-Criteria Decision Making (MCDM) tool at the core of which lies a method 

for converting subjective assessments of relative importance to a set of overall scores 

or weights.  

Analytical hierarchy process (AHP) was developed by Saaty (1980). To get 

factor weights in AHP, one has to build a pair-wise comparison matrix with scores. In 

this study, there are ten landslide inducing parameters which are considered for 

landslide susceptibility analysis. These parameters are elevation, slope aspect, slope 

angle, distance from drainage, lithology, distance from lineament, soil texture, 

precipitation, land use/land cover and NDVI. 

Table A1 Scale of preference between two parameters in AHP (Saaty, 2000). 

Scales Degree of preferences Explanation 

1 

3 

 

5 

 

7 

 

9 

 

2, 4, 6, 8 

 

Reciprocals 

Equally 

Moderately 

 

Strongly 

 

Very strongly 

 

Extremely 

 

Intermediate values 

 

Opposites 

Two activities contribute equally to the objective. 

Experience and judgment slightly to moderately favor one activity 

over another. 

Experience and judgment strongly or essentially favor one activity 

over another. 

An activity is strongly favored over another and its dominance is 

showed in practice. 

The evidence of favoring one activity over another is of the highest 

degree possible of an affirmation. 

Used to represent compromises between the preferences in weights 

1, 3, 5, 7 and 9. 

Used for inverse comparison. 
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Explanation 

1. Please input scale with values from 1 to 9 to rate the relative preferences for 

two criteria (see Table A1). 

2. Please select one criteria by circle that your experience and judgment favor 

one criteria over another. 

For example 

No. Criteria 1 Criteria 2 Degree of preferences 
(scale 1-9) 

1 Elevation Elevation 1 

2 Elevation Slope aspect 3 

3 Elevation Slope angle 9 

Table A2 Questionnaire. 

No. Criteria 1 Criteria 2 Degree of preferences 
(scale 1-9) 

1 Elevation Elevation 1 

2 Elevation Slope aspect  

3 Elevation Slope angle  

4 Elevation Drainage  

5 Elevation Lithology  

6 Elevation Lineament  

7 Elevation Soil texture  

8 Elevation Precipitation  

9 Elevation Land use/land cover  

10 Elevation NDVI  

11 Slope aspect Slope aspect 1 

12 Slope aspect Slope angle  

13 Slope aspect Drainage  

14 Slope aspect Lithology  

15 Slope aspect Lineament  
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Table A2 Questionnaire (Continued). 

No. Criteria 1 Criteria 2 Degree of preferences 
(scale 1-9) 

16 Slope aspect Soil texture  

17 Slope aspect Precipitation  

18 Slope aspect Land use/land cover  

19 Slope aspect NDVI  

20 Slope angle Slope angle 1 

21 Slope angle Drainage  

22 Slope angle Lithology  

23 Slope angle Lineament  

24 Slope angle Soil texture  

25 Slope angle Precipitation  

26 Slope angle Land use/land cover  

27 Slope angle NDVI  

28 Drainage Drainage 1 

29 Drainage Lithology  

30 Drainage Lineament  

31 Drainage Soil texture  

32 Drainage Precipitation  

33 Drainage Land use/land cover  

34 Drainage NDVI  

35 Lithology Lithology 1 

36 Lithology Lineament  

37 Lithology Soil texture  

38 Lithology Precipitation  

39 Lithology Land use/land cover  

40 Lithology NDVI  

41 Lineament Lineament 1 

42 Lineament Soil texture  

43 Lineament Precipitation  
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Table A2 Questionnaire (Continued). 

No. Criteria 1 Criteria 2 Degree of preferences 
(scale 1-9) 

44 Lineament Land use/land cover  

45 Lineament NDVI  

46 Soil texture Soil texture 1 

47 Soil texture Precipitation  

48 Soil texture Land use/land cover  

49 Soil texture NDVI  

50 Precipitation Precipitation 1 

51 Precipitation Land use/land cover  

52 Precipitation NDVI  

53 Land use/land cover Land use/land cover 1 

54 Land use/land cover NDVI  

55 NDVI NDVI 1 

Remark: The evaluation scale must be 1, representing equally preferred criteria when 

comparing anything to itself. 

 

Comments and suggestions:……………………………………………………………. 

………………………………………………………………………………………….. 

………………………………………………………………………………………….. 

 

…………………………………… 

Signature of expert 
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PERSONAL DETAILS 

1. Name - Surname: 

 (in Thai)…………………………………………………………………............ 

(in English)………………………………………………………………............ 

2. Education Degree:………………………………………………………………….... 

3. Occupation:………………………………..Position:……………………………….. 

4. Organization:…………………………………………………………………............ 

5. Contact Address:…………………………………………………………………….. 

6. Telephone:………………………………...Fax:…………………………………….. 

7. E-mail:……………………………………………………………………………….. 

 

*********************************** 

Thank you for taking time to share your opinions. Researcher would very 

much appreciate your valuable feedbacks. Please contact researcher, if you have 

doubtfulness about questionnaire or need more explanation. 

For any details, please contact researcher: Miss Narumon  Intarawichian, Tel. 

086-6051820. 
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Table A3 List of experts. 

No. Name Position Office 

1 Assoc. Prof. Dr. Charlie  Navanugraha Lecturer Faculty of Environment and Resource 
Studies, Mahidol University 
 

2 Mr. Chira  Prangkio Director Geo-Informatics and Space Technology 
Centre (Northern Region), Chiang Mai 
University 
 

3 Mr. Chayakrit  Malumpong Lecturer Department of Geography, Faculty of 
Social Sciences, Chiang Mai University 

4 Asst. Prof. Surachai  Sompadung Lecturer 

5 Dr. Thanuchai Silaratana Lecturer 

6 Mr. Winit  Youngme Lecturer 

7 Assoc. Prof. Ladda  Wannakao Lecturer 

 
 
 
Department of Geotechnology, faculty of 
technology, Khon Kaen University 

8 Mr. Thanit  Intarat Lecturer Department of Geography, Faculty of 
Humanities and Social Sciences, Burapha 
University 
 

9 Mr. Rangsaridh  Boonsin Director Office of Information and Communication 
Technology,  
Land Development Department 

10 Miss Pratumporn  Funnpheng Soil Surveyor 

11 Mrs. Nongyow  Deetae Soil Surveyor 

 
Office of Soil Survey and Land Use 
Planning, Land Development Department 

12 Mr. Somjai  Yensabai Geologist  

13 Mr. Pradit  Nulay Geologist 

14 Mr. Tinnakorn  Tatong Geologist 

15 Mr. Krittapob  Akkrawintawong Geologist 

16 Miss Namphon  Khampilang Geologist 

17 Miss Sasiwimol  Nawawitphisit Geologist 

 
 
 
 
 
Environmental Geology Division, 
Department of Mineral Resources 

18 Mrs. Suree  Teerarungsigul Geologist 

19 Mr. Pairat  Sakpisuthipong Geologist 

 
Geological Survey Division, Department 
of Mineral Resources 

20 Mr. Patiwet  Chalermpong Geo-Informatics 
academic 

Geo-Informatics and Space Technology 
Development Agency (Public 
Organization) 

 



 

 

 

 

 

 

 

APPENDIX B 

THE PAIR-WISE COMPARISON METHOD: 

AHP’S FACTOR WEIGHTS 

 

 

 

 



Table B1 Factor weights from questionnaires. 

Expert 
No. Criteria 

1 Criteria 2 
1                   2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Weight 

1                        EL EL 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2                        

                        
                        
                        
                        
                        
                        
                        

                        
                        
                        
                        
                        
                        
                        
                        
                        
                        
                        
                        
                        
                        
                        
                        
                        
                        
                       
                        
                        
                        
                        

EL SAS 1 1 3 6 1/2 1 1/3 1 4 5 1/5 1/5 6 1/3 5 1/3 7 1 1/3 1 1
3 EL SAN 1/5 1/5 3 1/8 1/5 1/5 1/3 1/3 4 1/5 1/7 1/9 2 1/5 8 1/5 1/7 1/5 1/2 1/3 1/5
4 EL DD 1/5 1/2 1/5 6 1/2 2 1/2 1/2 1/2 1/6 1/2 1/7 4 1/2 7 2 7 7 2 1/6 1/2
5 EL LT 1/7 1/5 1/9 6 1/2 1/5 1/5 1/3 4 1/5 1/7 1/5 2 1/3 2 1/5 7 1/9 2 1/3 1/5
6 EL DL 1/5 1/4 3 1/3 1/2 3 1/5 1/3 1/2 1/7 1/7 1/9 2 1/3 7 1/3 1/5 1/3 2 1/3 1/3
7 EL ST 1/2 1/7 3 6 1/2 1/3 1/5 1/2 4 1/5 1/7 4 5 1/2 9 1/3 1/2 9 2 1/6 1/2
8 EL PC 1/7 1/8 1/5 1/9 1/4 1/5 1/5 1/4 1/3 1/6 1/7 3 1/2 1/5 9 1/3 1/9 3 1/2 1/5 1/5
9 EL LULC 1/4 1/6 1/5 6 1/4 3 1/3 1/4 4 1/8 1/6 1/5 1/4 1/3 1/9 1/4 5 7 2 4 1/4
10 EL NDVI 1/5 1/2 1/3 6 1/3 3 1/3 1/3 4 1/6 1/6 1/3 6 5 1/3 1/2 5 7 2 1/2 1/3
11 SAS SAS 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
12 SAS SAN 1/7 1/8 3 1/4 1/4 1/4 3 1/3 1/4 1/4 1/4 2 1/3 1/2 5 1/7 1/4 1/4 1/2 1/4 1/4
13 SAS DD 1/5 1/3 1/5 1 1/5 2 5 2 4 1/6 4 1/7 2 2 5 2 1/7 1/7 2 2 2
14 SAS LT 1/7 1/6 1/7 1/3 1/5 1/5 5 1/3 3 1/5 1/5 1/5 1/4 1/5 1/2 1/5 1/5 1/5 3 1/9 1/5
15 SAS DL 1/5 1/5 1/5 1/7 1/5 1/5 3 1/3 1/3 1/9 1/5 1/5 1/4 1/6 3 1/5 1/7 1/9 1/5 1/4 1/5
16 SAS ST 1/3 1/8 3 1/3 1/4 1/2 3 1/3 1/3 1/7 1/6 4 1/3 1/3 7 3 5 1/7 1/3 1/3 1/3
17 SAS PC 1/6 1/6 1/9 1/9 1/6 1/6 1/5 1/4 1/6 1/6 1/4 5 1/6 1/3 5 3 1/7 3 3 1/6 1/6
18 SAS LULC 1/5 1/7 1/4 1/4 1/4 3 4 1/4 1/4 1/9 5 1/4 1/4 1/2 5 4 1/7 1/4 3 1/4 1/4
19 SAS NDVI 1/3 1/3 1/3 1/5 1/7 4 4 1/3 1/3 1/2 1/3 1/6 1/3 5 7 3 1/7 1/8 1/3 1/4 1/3
20 SAN SAN 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
21 SAN DD 3 5 3 8 5 5 5 6 5 5 7 1/6 5 2 5 5 5 5 5 2 5
22 SAN LT 1/2 3 1/2 8 4 1/2 1 3 1/5 1/2 3 1/2 1/2 1/2 1/5 1/7 5 9 4 1/2 1/2
23 SAN DL 5 4 1/5 8 5 2 2 2 1/6 1/3 3 1/7 2 2 1/3 1/5 1/5 1/9 2 2 2
24 SAN ST 3 2 1 8 5 6 1 5 1/3 7 3 6 7 1/4 7 5 5 5 3 5 5
25 SAN PC 1/2 1/2 1/9 1/9 5 1/2 1/6 1/2 1/6 7 1/5 4 1/4 1/3 5 1/2 1/7 2 5 1/2 1/2
26 SAN LULC 3 3 1/7 3 7 5 5 2 3 2 7 3 4 2 7 5 5 3 5 3 3
27 SAN NDVI

 
1/3 5 5 8 5 5 1/6 4 3 5 5 1/6 5 5 5 5 5 3 2 4 5

28 DD DD 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
29 DD LT 1/3 1/4 1/7 1/3 1/3 1/3 1/3 1/3 1/3 1/3 1/5 4 1/3 1/3 1/7 1/5 1/5 1/9 1/3 1/3 1/3
30 DD DL 1/3 1/4 5 1/7 1/4 1/2 1/4 1/3 1/4 1/3 1/5 1/5 1/4 1/4 1/4 1/5 1/5 1/9 1/2 1/4 1/4
31 DD ST 1/7 1/3 5 1/3 1/3 1/5 1/3 2 4 1/3 1/3 6 1/3 1/3 2 1/3 5 1/7 1/3 4 1/3
32 DD PC 1/7 1/5 1/9 1/9 1/3 1/5 1/4 1/3 1/6 1/2 1/5 2 1/5 1/3 3 1/5 1/7 1/8 1/5 1/3 1/5



Table B1 Factor weights from questionnaires (Continued). 

Expert 
No. Criteria 1 Criteria 2 

1                   2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Weight 

33                        DD LULC 1/3 1/3 3 1/3 1/2 2 1/3 1/3 3 1/4 4 4 1/4 4 2 1/3 5 7 4 6 1/3
34                        

                       
                        
                        
                        
                        
                        
                       
                        
                        
                        
                        
                       
                        
                        
                        
                       
                        
                        
                        
                        
                        

DD NDVI
 

1/5 1/2 1/2 1/5 1/2 4 1/3 1/2 1/4 6 4 5 1/2 5 1/2 1/3 7 6 3 1/2 1/2
35 LT LT 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
36 LT DL 2 2 5 1/7 1/2 2 1/4 2 1/4 2 2 1/8 2 1/2 7 5 1/5 1/9 2 6 2
37 LT ST 1 2 7 1 2 2 1/4 2 5 2 2 9 5 2 9 5 2 9 1/3 2 2
38 LT PC 1/3 1/3 1/7 1/9 1/3 1/5 1/4 1/2 1/6 7 2 5 1/3 1/3 9 5 1/3 7 1/3 1/4 1/3
39 LT LULC 5 1/2 5 4 1/2 5 3 1/3 1/3 6 4 4 2 4 7 5 7 4 2 4 4
40 LT NDVI

 
5 3 5 5 1/2 5 3 1/2 3 8 5 6 4 6 7 5 7 6 2 7 5

41 DL DL 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
42 DL ST 1/5 1/2 5 7 3 2 1/4 3 3 5 2 8 3 3 3 3 5 9 3 7 3
43 DL PC 1/7 1/3 1/9 1/9 1/3 1/5 1/3 1/3 1/3 5 2 6 1/3 1/2 5 1/3 1/7 1/9 1/3 1/4 1/3
44 DL LULC 1/5 1/2 3 7 1/3 5 3 1/3 6 3 5 7 4 3 5 3 7 8 2 3 3
45 DL NDVI

 
1/5 4 1/3 7 1/3 3 4 1/2 6 6 4 4 6 7 4 3 7 7 2 4 4

46 ST ST 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
47 ST PC 1/7 1/2 1/9 1/9 1/5 1/5 1 1/3 1/5 2 1/5 2 1/5 1/5 3 1/5 1/5 1/9 1/4 1/3 1/5
48 ST LULC 1/3 1/3 1/7 1/4 1/3 3 3 1/3 1/3 1/3 5 1/3 1/4 1/3 2 1/3 5 1/7 3 1/3 1/3
49 ST NDVI

 
1/2 4 1/2 1/5 1/3 4 3 1/2 1/3 7 5 1/2 1/4 4 2 1/2 1/3 8 3 1/2 1/2

50 PC PC 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
51 PC LULC 5 3 9 9 3 5 6 5 3 1/6 7 1/3 5 5 2 5 5 7 4 5 5
52 PC NDVI 5 5 9 9 3 5 7 5 5 3 5 1/3 5 7 2 5 9 7 3 5 5
53 LULC LULC 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
54 LULC NDVI 1 2 5 1/5 1/2 2 2 2 1/3 3 2 2 1/3 2 2 5 2 8 2 2 2
55 NDVI NDVI 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Remark: EL = Elevation       SAS = Slope aspect       SAN = Slope angle       DD = Distance from Drainage       LT = Lithology       DL = Distance from lineament 

 ST = Soil texture       PC = Precipitation       LULC = Land use/Land cover       NDVI = Normalized Difference Vegetation Index 
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THE PROCEDURE CONSISTS OF THREE MAJOR STEPS FOR EACH FACTOR 

Table B2 Step I: Generation of the pair-wise comparison matrix for each factor. 

Criterion 
E

le
va

tio
n 

Sl
op

e 
as

pe
ct

 

Sl
op

e 
an

gl
e 

D
ra

in
ag

e 

L
ith

ol
og

y 

L
in

ea
m

en
t 

So
il 

te
xt

ur
e 

Pr
ec

ip
ita

tio
n 

L
U

L
C

 

N
D

V
I 

Elevation 1.00 1.00 0.20 0.50 0.20 0.33 0.50 0.20 0.25 0.33 

Slope aspect 1.00 1.00 0.25 2.00 0.20 0.20 0.33 0.17 0.25 0.33 

Slope angle 5.00 4.00 1.00 5.00 0.50 2.00 5.00 0.50 3.00 5.00 

Drainage 2.00 0.50 0.20 1.00 0.33 0.25 0.33 0.20 0.33 0.50 

Lithology 5.00 5.00 2.00 3.00 1.00 2.00 2.00 0.33 4.00 5.00 

Lineament 3.00 5.00 0.50 4.00 0.50 1.00 3.00 0.33 3.00 4.00 

Soil texture 2.00 3.00 0.20 3.00 0.50 0.33 1.00 0.20 0.33 0.50 

Precipitation 5.00 6.00 2.00 5.00 3.00 3.00 5.00 1.00 5.00 5.00 

LULC 4.00 4.00 0.33 3.00 0.25 0.33 3.00 0.20 1.00 2.00 

NDVI 3.00 3.00 0.20 2.00 0.20 0.25 2.00 0.20 0.50 1.00 

Total 31.00 32.50 6.88 28.50 6.68 9.69 22.16 3.33 17.66 23.66 

Table B3 Step II: Computation of the criterion weights for each factor. 

Criterion 

E
le

va
tio

n 

Sl
op

e 
as

pe
ct

 

Sl
op

e 
an

gl
e 

D
ra

in
ag

e 

L
ith

ol
og

y 

L
in

ea
m

en
t 

So
il 

te
xt

ur
e 

Pr
ec

ip
ita

tio
n 

L
U

L
C

 

N
D

V
I Total Weight Weight (%) 

Elevation 0.03 0.03 0.03 0.02 0.03 0.03 0.02 0.06 0.01 0.01 0.27 0.027 2.70 

Slope aspect 0.03 0.03 0.04 0.07 0.03 0.02 0.01 0.05 0.01 0.01 0.30 0.030 3.00 

Slope angle 0.16 0.12 0.15 0.18 0.07 0.21 0.23 0.15 0.17 0.21 1.65 0.165 16.50 

Drainage 0.06 0.02 0.03 0.04 0.05 0.03 0.01 0.06 0.02 0.02 0.34 0.034 3.40 

Lithology 0.16 0.15 0.29 0.11 0.15 0.21 0.09 0.10 0.23 0.21 1.70 0.170 17.00 

Lineament 0.10 0.15 0.07 0.14 0.07 0.10 0.14 0.10 0.17 0.17 1.21 0.121 12.10 

Soil texture 0.06 0.09 0.03 0.11 0.07 0.03 0.05 0.06 0.02 0.02 0.54 0.054 5.40 

Precipitation 0.16 0.18 0.29 0.18 0.45 0.31 0.23 0.30 0.28 0.21 2.59 0.259 2.59 

LULC 0.13 0.12 0.05 0.11 0.04 0.03 0.14 0.06 0.06 0.08 0.82 0.082 8.20 

NDVI 0.10 0.09 0.03 0.07 0.03 0.03 0.09 0.06 0.03 0.04 0.57 0.057 5.70 

Total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 - 1.000 100 
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Table B4 Step III: Estimation of the consistency ratio for each factor. 

Criterion 
E

le
va

tio
n 

Sl
op

e 
as

pe
ct

 

Sl
op

e 
an

gl
e 

D
ra

in
ag

e 

L
ith

ol
og

y 

L
in

ea
m

en
t 

So
il 

te
xt

ur
e 

Pr
ec

ip
ita

tio
n 

L
U

L
C

 

N
D

V
I 

W
ei

gh
te

d 
Su

m
 

V
ec

to
r 

w
ei

gh
t 

C
on

si
st

en
cy

 
V

ec
to

r 

Elevation 0.03 0.03 0.03 0.02 0.03 0.04 0.03 0.05 0.02 0.02 0.30 0.03 10.00 

Slope aspect 0.03 0.03 0.04 0.06 0.03 0.02 0.02 0.04 0.02 0.02 0.32 0.03 10.67 

Slope angle 0.15 0.12 0.17 0.15 0.09 0.24 0.25 0.13 0.24 0.3 1.84 0.17 10.82 

Drainage 0.06 0.02 0.03 0.03 0.06 0.03 0.02 0.05 0.03 0.03 0.35 0.03 11.67 

Lithology 0.15 0.15 0.34 0.09 0.17 0.24 0.1 0.09 0.32 0.3 1.95 0.17 11.47 

Lineament 0.09 0.15 0.09 0.12 0.09 0.12 0.15 0.09 0.24 0.24 1.37 0.12 11.42 

Soil texture 0.06 0.09 0.03 0.09 0.09 0.04 0.05 0.05 0.03 0.03 0.56 0.05 11.20 

Precipitation 0.15 0.18 0.34 0.15 0.51 0.36 0.25 0.26 0.4 0.3 2.90 0.26 11.15 

LULC 0.12 0.12 0.06 0.09 0.04 0.04 0.15 0.05 0.08 0.12 0.87 0.08 10.88 

NDVI 0.09 0.09 0.03 0.06 0.03 0.03 0.1 0.05 0.04 0.06 0.59 0.06 9.83 

Total             109.11 

 
Number of criteria (n) = 10 
 

Lambda (λ) = 91.10
10

11.109
=  

Consistency Index (CI) = 101.0
110
1091.10

1
=

−
−

=
−
−

n
nλ  

Random Index (RI) for n = 10 is 1.49 

Consistency Ratio (CR) = 068.0
49.1
101.0

==
RI
CI  

CR<0.10, this ratio indicates a reasonable level of consistency in the pair-wise 

comparisons. 
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THE PROCEDURE CONSISTS OF THREE MAJOR STEPS FOR EACH CLASS 

Normally, the determination of the values of the parameters relative to each 

class is a situation that depends on the choices of the decision-maker. However, in this 

study, both the comparison of the parameters relative to each class and the 

determination of the decision alternatives, namely the effect values of the class 

weights of the parameters (rating) were based on organization research such as 

Department of Mineral Resources and Land Development Department and 

information of interviewed their researcher. 

1. Elevation 

Table C1 Step I: Generation of the pair-wise comparison matrix for each elevation’s 

class. 

Class 

<6
00

 m
 

60
0 

m
 –

 8
00

 m
 

80
0 

m
 –

 1
,0

00
 m

 

1,
00

0 
m

 –
 1

,2
00

 m
 

1,
20

0 
m

 –
 1

,4
00

 m
 

1,
40

0 
m

 –
 1

,6
00

 m
 

>1
,6

00
 m

 
<600 m 1.00 0.50 0.33 0.25 0.20 0.14 0.11 
600 m – 800 m 2.00 1.00 0.50 0.33 0.25 0.17 0.13 
800 m – 1,000 m 3.00 2.00 1.00 0.50 0.33 0.20 0.14 
1,000 m – 1,200 m 4.00 3.00 2.00 1.00 0.50 0.25 0.17 
1,200 m – 1,400 m 5.00 4.00 3.00 2.00 1.00 0.33 0.20 
1,400 m – 1,600 m 7.00 6.00 5.00 4.00 3.00 1.00 0.33 
>1,600 m 9.00 8.00 7.00 6.00 5.00 3.00 1.00 

Total 31.00 24.50 18.83 14.08 10.28 5.09 2.08 
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Table C2 Step II: Computation of the criterion weights for each elevation’s class. 

Class 

<6
00

 m
 

60
0 

m
 –

 8
00

 m
 

80
0 

m
 –

 1
,0

00
 m

 

1,
00

0 
m

 –
 1

,2
00

 m
 

1,
20

0 
m

 –
 1

,4
00

 m
 

1,
40

0 
m

 –
 1

,6
00

 m
 

>1
,6

00
 m

 

T
ot

al
 

W
ei

gh
t 

W
ei

gh
t (

%
) 

<600 m 0.03 0.02 0.02 0.02 0.02 0.03 0.05 0.19 0.027 2.71 
600 m – 800 m 0.06 0.04 0.03 0.02 0.02 0.03 0.06 0.26 0.037 3.71 
800 m – 1,000 m 0.10 0.08 0.05 0.04 0.03 0.04 0.07 0.41 0.059 5.86 
1,000 m – 1,200 m 0.13 0.12 0.11 0.07 0.05 0.05 0.08 0.61 0.087 8.71 
1,200 m – 1,400 m 0.16 0.16 0.16 0.14 0.10 0.06 0.10 0.88 0.126 12.57 
1,400 m – 1,600 m 0.23 0.24 0.27 0.28 0.29 0.20 0.16 1.67 0.239 23.86 
>1,600 m 0.29 0.33 0.37 0.43 0.49 0.59 0.48 2.98 0.426 42.57 

Total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 - 1.000 100.00 

Table C3 Step III: Estimation of the consistency ratio for each elevation’s class. 

Class 

<6
00

 m
 

60
0 

m
 –

 8
00

 m
 

80
0 

m
 –

 1
,0

00
 m

 

1,
00

0 
m

 –
 1

,2
00

 m
 

1,
20

0 
m

 –
 1

,4
00

 m
 

1,
40

0 
m

 –
 1

,6
00

 m
 

>1
,6

00
 m

 

W
ei

gh
te

d 
Su

m
 

V
ec

to
r 

w
ei

gh
t 

C
on

si
st

en
cy

 V
ec

to
r 

<600 m 0.03 0.02 0.02 0.02 0.03 0.03 0.05 0.20 0.03 6.64 
600 m – 800 m 0.06 0.04 0.03 0.03 0.03 0.04 0.06 0.29 0.04 7.22 
800 m – 1,000 m 0.09 0.08 0.06 0.05 0.04 0.05 0.06 0.43 0.06 7.10 
1,000 m – 1,200 m 0.12 0.12 0.12 0.09 0.07 0.06 0.07 0.65 0.09 7.20 
1,200 m – 1,400 m 0.15 0.16 0.18 0.18 0.13 0.08 0.09 0.97 0.13 7.42 
1,400 m – 1,600 m 0.21 0.24 0.30 0.36 0.39 0.24 0.14 1.88 0.24 7.84 
>1,600 m 0.27 0.32 0.42 0.54 0.65 0.72 0.43 3.35 0.43 7.79 

Total - - - - - - - - - 51.22 

 
Number of class (n) = 7 
 

Lambda (λ) = 32.7
7
22.51

=  

Consistency Index (CI) = 05.0
17

732.7
1

=
−
−

=
−
−

n
nλ  

Random Index (RI) for n = 7 is 1.32 

Consistency Ratio (CR) = 040.0
32.1
05.0

==
RI
CI  
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CR<0.10, this ratio indicates a reasonable level of consistency in the pair-wise 

comparisons. 

 

2. Slope aspect 

Table C4 Step I: Generation of the pair-wise comparison matrix for each slope 

aspect’s class. 

Class 

Fl
at

 

N
or

th
 

N
or

th
ea

st
 

E
as

t 

So
ut

he
as

t 

So
ut

h 

So
ut

hw
es

t 

W
es

t 

N
or

th
w

es
t 

Flat 1.00 0.33 0.20 0.33 0.33 0.33 0.14 0.33 0.33 
North 3.00 1.00 0.33 1.00 1.00 1.00 0.20 1.00 1.00 
Northeast 5.00 3.00 1.00 3.00 3.00 3.00 0.33 3.00 3.00 
East 3.00 1.00 0.33 1.00 1.00 1.00 0.20 1.00 1.00 
Southeast 3.00 1.00 0.33 1.00 1.00 1.00 0.20 1.00 1.00 
South 3.00 1.00 0.33 1.00 1.00 1.00 0.20 1.00 1.00 
Southwest 7.00 5.00 3.00 5.00 5.00 5.00 1.00 5.00 5.00 
West 3.00 1.00 0.33 1.00 1.00 1.00 0.20 1.00 1.00 
Northwest 3.00 1.00 0.33 1.00 1.00 1.00 0.20 1.00 1.00 

Total 31.00 14.33 6.18 14.33 14.33 14.33 2.67 14.33 14.33 

Table C5 Step II: Computation of the criterion weights for each slope aspect’s class. 

Class 

Fl
at

 

N
or

th
 

N
or

th
ea

st
 

E
as

t 

So
ut

he
as

t 

So
ut

h 

So
ut

hw
es

t 

W
es

t 

N
or

th
w

es
t 

T
ot

al
 

W
ei

gh
t 

W
ei

gh
t (

%
) 

Flat 0.03 0.02 0.03 0.02 0.02 0.02 0.05 0.02 0.02 0.23 0.026 2.56 
North 0.10 0.07 0.05 0.07 0.07 0.07 0.07 0.07 0.07 0.64 0.071 7.11 
Northeast 0.16 0.21 0.16 0.21 0.21 0.21 0.12 0.21 0.21 1.70 0.189 18.89 
East 0.10 0.07 0.05 0.07 0.07 0.07 0.07 0.07 0.07 0.64 0.071 7.11 
Southeast 0.10 0.07 0.05 0.07 0.07 0.07 0.07 0.07 0.07 0.64 0.071 7.11 
South 0.10 0.07 0.05 0.07 0.07 0.07 0.07 0.07 0.07 0.64 0.071 7.11 
Southwest 0.23 0.35 0.49 0.35 0.35 0.35 0.37 0.35 0.35 3.19 0.354 35.44 
West 0.10 0.07 0.05 0.07 0.07 0.07 0.07 0.07 0.07 0.64 0.071 7.11 
Northwest 0.10 0.07 0.05 0.07 0.07 0.07 0.07 0.07 0.07 0.64 0.071 7.11 

Total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 - 1.000 100.00 
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Table C6 Step III: Estimation of the consistency ratio for each slope aspect’s class. 

Class 
Fl

at
 

N
or

th
 

N
or

th
ea

st
 

E
as

t 

So
ut

he
as

t 

So
ut

h 

So
ut

hw
es

t 

W
es

t 

N
or

th
w

es
t 

W
ei

gh
te

d 
Su

m
 

V
ec

to
r 

w
ei

gh
t 

C
on

si
st

en
cy

 
V

ec
to

r 

Flat 0.03 0.02 0.04 0.02 0.02 0.02 0.05 0.02 0.02 0.26 0.03 8.52 
North 0.09 0.07 0.06 0.07 0.07 0.07 0.07 0.07 0.07 0.64 0.07 9.18 
Northeast 0.15 0.21 0.19 0.21 0.21 0.21 0.12 0.21 0.21 1.72 0.19 9.03 
East 0.09 0.07 0.06 0.07 0.07 0.07 0.07 0.07 0.07 0.64 0.07 9.18 
Southeast 0.09 0.07 0.06 0.07 0.07 0.07 0.07 0.07 0.07 0.64 0.07 9.18 
South 0.09 0.07 0.06 0.07 0.07 0.07 0.07 0.07 0.07 0.64 0.07 9.18 
Southwest 0.21 0.35 0.57 0.35 0.35 0.35 0.35 0.35 0.35 3.23 0.35 9.23 
West 0.09 0.07 0.06 0.07 0.07 0.07 0.07 0.07 0.07 0.64 0.07 9.18 
Northwest 0.09 0.07 0.06 0.07 0.07 0.07 0.07 0.07 0.07 0.64 0.07 9.18 

Total - - - - - - - - - - - 81.87 

 
Number of class (n) = 9 
 

Lambda (λ) = 10.9
9
87.81

=  

Consistency Index (CI) = 01.0
19

910.9
1

=
−
−

=
−
−

n
nλ  

Random Index (RI) for n = 9 is 1.45 

Consistency Ratio (CR) = 008.0
45.1
01.0

==
RI
CI  

CR<0.10, this ratio indicates a reasonable level of consistency in the pair-wise 

comparisons. 
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3. Slope angle 

Table C7 Step I: Generation of the pair-wise comparison matrix for each slope 

angle’s class. 

Class 0º – 5º 5º – 10º 10º – 15º 15º – 20º 20º – 25º 25º – 30º 30º – 35º >35º 

0º – 5º 1.00 0.50 0.33 0.25 0.20 0.17 0.14 0.11 
5º – 10º 2.00 1.00 0.50 0.33 0.25 0.20 0.17 0.13 
10º – 15º 3.00 2.00 1.00 0.50 0.33 0.25 0.20 0.14 
15º – 20º 4.00 3.00 2.00 1.00 0.50 0.33 0.25 0.17 
20º – 25º 5.00 4.00 3.00 2.00 1.00 0.50 0.33 0.20 
25º – 30º 6.00 5.00 4.00 3.00 2.00 1.00 0.50 0.25 
30º – 35º 7.00 6.00 5.00 4.00 3.00 2.00 1.00 0.33 
>35º 9.00 8.00 7.00 6.00 5.00 4.00 3.00 1.00 

Total 37.00 29.50 22.83 17.08 12.28 8.45 5.59 2.33 

Table C8 Step II: Computation of the criterion weights for each slope angle’s class. 

Class 

0º
 –

 5
º 

5º
 –

 1
0º

 

10
º –

 1
5º

 

15
º –

 2
0º

 

20
º –

 2
5º

 

25
º –

 3
0º

 

30
º –

 3
5º

 

>3
5º

 

T
ot

al
 

W
ei

gh
t 

W
ei

gh
t (

%
) 

0º – 5º 0.03 0.02 0.01 0.01 0.02 0.02 0.03 0.05 0.19 0.024 2.38 
5º – 10º 0.05 0.03 0.02 0.02 0.02 0.02 0.03 0.06 0.25 0.031 3.13 
10º – 15º 0.08 0.07 0.04 0.03 0.03 0.03 0.04 0.06 0.38 0.048 4.75 
15º – 20º 0.11 0.10 0.09 0.06 0.04 0.04 0.04 0.07 0.55 0.069 6.88 
20º – 25º 0.14 0.14 0.13 0.12 0.08 0.06 0.06 0.09 0.82 0.103 10.25 
25º – 30º 0.16 0.17 0.18 0.18 0.16 0.12 0.09 0.11 1.17 0.146 14.63 
30º – 35º 0.19 0.20 0.22 0.23 0.24 0.24 0.18 0.14 1.64 0.205 20.50 
>35º 0.24 0.27 0.31 0.35 0.41 0.47 0.54 0.43 3.02 0.378 37.75 

Total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 - 1.000 100.00 

 



 151

Table C9 Step III: Estimation of the consistency ratio for each slope angle’s class. 

Class 
0º

 –
 5

º 

5º
 –

 1
0º

 

10
º –

 1
5º

 

15
º –

 2
0º

 

20
º –

 2
5º

 

25
º –

 3
0º

 

30
º –

 3
5º

 

>3
5º

 

W
ei

gh
te

d 
Su

m
 V

ec
to

r 

w
ei

gh
t 

C
on

si
st

en
cy

 
V

ec
to

r 

0º – 5º 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.04 0.19 0.02 9.29 
5º – 10º 0.04 0.03 0.03 0.02 0.03 0.03 0.04 0.05 0.26 0.03 8.61 
10º – 15º 0.06 0.06 0.05 0.04 0.03 0.04 0.04 0.05 0.37 0.05 7.41 
15º – 20º 0.08 0.09 0.10 0.07 0.05 0.05 0.05 0.06 0.56 0.07 7.95 
20º – 25º 0.10 0.12 0.15 0.14 0.10 0.08 0.07 0.08 0.83 0.10 8.30 
25º – 30º 0.12 0.15 0.20 0.21 0.20 0.15 0.11 0.10 1.23 0.15 8.20 
30º – 35º 0.14 0.18 0.25 0.28 0.30 0.30 0.21 0.13 1.79 0.21 8.50 
>35º 0.18 0.24 0.35 0.42 0.50 0.60 0.63 0.38 3.30 0.38 8.68 

Total - - - - - - - - - - 66.95 

 
Number of class (n) = 8 
 

Lambda (λ) = 37.8
8
95.66

=  

Consistency Index (CI) = 05.0
18

837.8
1

=
−
−

=
−
−

n
nλ  

Random Index (RI) for n = 8 is 1.41 

Consistency Ratio (CR) = 037.0
41.1
05.0

==
RI
CI  

CR<0.10, this ratio indicates a reasonable level of consistency in the pair-wise 

comparisons. 



 152

4. Distance from drainage 

Table C10 Step I: Generation of the pair-wise comparison matrix for each distance 

from drainage’s class. 

Class 
<5

00
 m

 

50
0 

m
 –

 1
,0

00
 m

 

1,
00

0 
m

 –
 1

,5
00

 m
 

1,
50

0 
m

 –
 2

,0
00

 m
 

2,
00

0 
m

 –
 2

,5
00

 m
 

>2
,5

00
 m

 

<500 m 1.00 3.00 5.00 7.00 8.00 9.00 
500 m – 1,000 m 0.33 1.00 3.00 5.00 6.00 7.00 
1,000 m – 1,500 m 0.20 0.33 1.00 3.00 4.00 5.00 
1,500 m – 2,000 m 0.14 0.20 0.33 1.00 2.00 3.00 
2,000 m – 2,500 m 0.13 0.17 0.25 0.50 1.00 2.00 
>2,500 m 0.11 0.14 0.20 0.33 0.50 1.00 

Total 1.91 4.84 9.78 16.83 21.50 27.00 

Table C11 Step II: Computation of the criterion weights for each distance from 

drainage’s class. 

Class 

<5
00

 m
 

50
0 

m
 –

 1
,0

00
 m

 

1,
00

0 
m

 –
 1

,5
00

 m
 

1,
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0 
m
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,0
00

 m
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,5
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>2
,5

00
 m

 

T
ot

al
 

W
ei

gh
t 

W
ei

gh
t (

%
) 

<500 m 0.52 0.62 0.51 0.42 0.37 0.33 2.77 0.462 46.17 
500 m – 1,000 m 0.17 0.21 0.31 0.30 0.28 0.26 1.53 0.255 25.50 
1,000 m – 1,500 m 0.10 0.07 0.10 0.18 0.19 0.19 0.83 0.138 13.83 
1,500 m – 2,000 m 0.07 0.04 0.03 0.06 0.09 0.11 0.40 0.067 6.67 
2,000 m – 2,500 m 0.07 0.04 0.03 0.03 0.05 0.07 0.29 0.048 4.83 
>2,500 m 0.06 0.03 0.02 0.02 0.02 0.04 0.19 0.032 3.17 

Total 1.00 1.00 1.00 1.00 1.00 1.00 - 1.000 100.00 
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Table C12 Step III: Estimation of the consistency ratio for each distance from 

drainage’s class. 

Class 

<5
00

 m
 

50
0 

m
 –

 1
,0

00
 m
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00

0 
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,5
00

 m
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0 
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00
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00

 m
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W
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V
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r 

w
ei
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t 

C
on

si
st

en
cy

 
V

ec
to

r 

<500 m 0.46 0.78 0.70 0.49 0.40 0.27 3.10 0.46 6.74 
500 m – 1,000 m 0.15 0.26 0.42 0.35 0.30 0.21 1.69 0.26 6.51 
1,000 m – 1,500 m 0.09 0.09 0.14 0.21 0.20 0.15 0.88 0.14 6.27 
1,500 m – 2,000 m 0.06 0.05 0.05 0.07 0.10 0.09 0.42 0.07 6.04 
2,000 m – 2,500 m 0.06 0.04 0.04 0.04 0.05 0.06 0.28 0.05 5.68 
>2,500 m 0.05 0.04 0.03 0.02 0.03 0.03 0.19 0.03 6.44 

Total - - - - - - - - 37.67 

 
Number of class (n) = 6 
 

Lambda (λ) = 28.6
6
67.37

=  

Consistency Index (CI) = 06.0
16

628.6
1

=
−
−

=
−
−

n
nλ  

Random Index (RI) for n = 6 is 1.24 

Consistency Ratio (CR) = 045.0
24.1
06.0

==
RI
CI  

CR<0.10, this ratio indicates a reasonable level of consistency in the pair-wise 

comparisons. 
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5. Lithology 

Table C13 Step I: Generation of the pair-wise comparison matrix for each lithology’s 

class. 

Class 

Sa
nd

st
on

e 

M
ar

bl
e 

L
im

es
to

ne
, s

ha
le

 

Pa
ra

gn
ei

ss
 

A
llu

vi
um

 

Sh
al

e,
 c

he
rt

, a
nd

 
si

lts
to

ne
 

C
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ys
to
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nd
 

si
lts

to
ne

 

G
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te

 

C
on

gl
om

er
at

e,
 

sa
nd

st
on

e 

G
ra

no
di

or
ite

 
po

rp
hy

ry
 

Sandstone 1.00 3.00 3.00 2.00 5.00 3.00 4.00 0.33 1.00 0.50 
Marble 0.33 1.00 1.00 0.50 3.00 1.00 2.00 0.20 0.33 0.25 
Limestone, shale 0.33 1.00 1.00 0.50 3.00 1.00 2.00 0.20 0.33 0.25 
Paragneiss 0.50 2.00 2.00 1.00 4.00 2.00 3.00 0.25 0.50 0.33 
Alluvium 0.20 0.33 0.33 0.25 1.00 0.33 0.50 0.14 0.20 0.17 
Shale, chert, and 
siltstone 

0.33 1.00 1.00 0.50 3.00 1.00 2.00 0.20 0.33 0.25 

Claystone and 
siltstone 

0.25 0.50 0.50 0.33 2.00 0.50 1.00 0.17 0.25 0.20 

Granite 3.00 5.00 5.00 4.00 7.00 5.00 6.00 1.00 3.00 2.00 
Conglomerate, 
sandstone 

1.00 3.00 3.00 2.00 5.00 3.00 4.00 0.33 1.00 0.50 

Granodiorite 
porphyry 

2.00 4.00 4.00 3.00 6.00 4.00 5.00 0.50 2.00 1.00 

Total 8.94 20.83 20.83 14.08 39.00 20.83 29.50 3.32 8.94 5.45 

Table C14 Step II: Computation of the criterion weights for each lithology’s class. 

Class 

Sa
nd

st
on

e 

M
ar

bl
e 

L
im

es
to

ne
, s

ha
le

 

Pa
ra

gn
ei

ss
 

A
llu

vi
um
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 c
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C
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C
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on
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G
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no
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rp
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T
ot

al
 

W
ei

gh
t 

W
ei

gh
t (

%
) 

Sandstone 0.11 0.14 0.14 0.14 0.13 0.14 0.14 0.10 0.11 0.09 1.24 0.124 12.40 
Marble 0.04 0.05 0.05 0.04 0.08 0.05 0.07 0.06 0.04 0.05 0.53 0.053 5.30 
Limestone, 
shale 

0.04 0.05 0.05 0.04 0.08 0.05 0.07 0.06 0.04 0.05 0.53 0.053 5.30 

Paragneiss 0.06 0.10 0.10 0.07 0.10 0.10 0.10 0.08 0.06 0.06 0.83 0.083 8.30 
Alluvium 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.04 0.02 0.03 0.24 0.024 2.40 
Shale, chert, 
and siltstone 

0.04 0.05 0.05 0.04 0.08 0.05 0.07 0.06 0.04 0.05 0.53 0.053 5.30 

Claystone and 
siltstone 

0.03 0.02 0.02 0.02 0.05 0.02 0.03 0.05 0.03 0.04 0.31 0.031 3.10 

Granite 0.34 0.24 0.24 0.28 0.18 0.24 0.20 0.30 0.34 0.37 2.73 0.273 27.30 
Conglomerate, 
sandstone 

0.11 0.14 0.14 0.14 0.13 0.14 0.14 0.10 0.11 0.09 1.24 0.124 12.40 

Granodiorite 
porphyry 

0.22 0.19 0.19 0.21 0.15 0.19 0.17 0.15 0.22 0.18 1.87 0.187 18.70 

Total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 - 1.000 100.00 
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Table C15 Step III: Estimation of the consistency ratio for each lithology’s class. 

Class 
Sa

nd
st

on
e 

M
ar

bl
e 

L
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ne
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le
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Sh
al

e,
 c
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C
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G
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C
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er
at

e,
 

sa
nd

st
on

e 

G
ra
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or
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W
ei

gh
te

d 
Su

m
 

V
ec

to
r 

w
ei

gh
t 

C
on

si
st

en
cy

 
V

ec
to

r 

Sandstone 0.12 0.15 0.15 0.16 0.10 0.15 0.12 0.09 0.12 0.10 1.25 0.12 10.45 
Marble 0.04 0.05 0.05 0.04 0.06 0.05 0.06 0.05 0.04 0.05 0.49 0.05 9.81 
Limestone, 
shale 

0.04 0.05 0.05 0.04 0.06 0.05 0.06 0.05 0.04 0.05 0.49 0.05 9.81 

Paragneiss 0.06 0.10 0.10 0.08 0.08 0.10 0.09 0.07 0.06 0.06 0.80 0.08 10.00 
Alluvium 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.04 0.02 0.03 0.22 0.02 11.13 
Shale, chert, 
and siltstone 

0.04 0.05 0.05 0.04 0.06 0.05 0.06 0.05 0.04 0.05 0.49 0.05 9.81 

Claystone and 
siltstone 

0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.05 0.03 0.04 0.32 0.03 10.51 

Granite 0.36 0.25 0.25 0.32 0.14 0.25 0.18 0.27 0.36 0.38 2.76 0.27 10.22 
Conglomerate, 
sandstone 

0.12 0.15 0.15 0.16 0.10 0.15 0.12 0.09 0.12 0.10 1.25 0.12 10.45 

Granodiorite 
porphyry 

0.24 0.20 0.20 0.24 0.12 0.20 0.15 0.14 0.24 0.19 1.92 0.19 10.08 

Total - - - - - - - - - - - - 102.29 

 
Number of class (n) = 10 
 

Lambda (λ) = 23.10
10

29.102
=  

Consistency Index (CI) = 03.0
110
1023.10

1
=

−
−

=
−
−

n
nλ  

Random Index (RI) for n = 10 is 1.49 

Consistency Ratio (CR) = 017.0
49.1
03.0

==
RI
CI  

CR<0.10, this ratio indicates a reasonable level of consistency in the pair-wise 

comparisons. 
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6. Distance from lineament 

Table C16 Step I: Generation of the pair-wise comparison matrix for each distance 

from lineament’s class. 

Class 
<5

00
m

 

50
0 

m
 –

 1
,0

00
 m

 

1,
00

0 
m

 –
 2

,0
00

 m
 

2,
00

0 
m

 –
 3

,0
00

 m
 

3,
00

0 
m

 –
 4

,0
00

 m
 

>4
,0

00
 m

 

<500m 1.00 1.00 2.00 3.00 4.00 4.00 
500 m – 1,000 m 1.00 1.00 2.00 3.00 4.00 4.00 
1,000 m – 2,000 m 0.50 0.50 1.00 2.00 3.00 3.00 
2,000 m – 3,000 m 0.33 0.33 0.50 1.00 2.00 2.00 
3,000 m – 4,000 m 0.25 0.25 0.33 0.50 1.00 1.00 
>4,000 m 0.25 0.25 0.33 0.50 1.00 1.00 

Total 3.33 3.33 6.16 10.00 15.00 15.00 

Table C17 Step II: Computation of the criterion weights for each distance from 

lineament’s class. 

Class 

<5
00

m
 

50
0 

m
 –

 1
,0

00
 m

 

1,
00

0 
m

 –
 2

,0
00

 m
 

2,
00

0 
m

 –
 3

,0
00

 m
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m

 –
 4

,0
00

 m
 

>4
,0

00
 m

 

T
ot

al
 

W
ei

gh
t 

W
ei

gh
t (

%
) 

<500m 0.30 0.30 0.32 0.30 0.27 0.27 1.76 0.293 29.33 
500 m – 1,000 m 0.30 0.30 0.32 0.30 0.27 0.27 1.76 0.293 29.33 
1,000 m – 2,000 m 0.15 0.15 0.16 0.20 0.20 0.20 1.06 0.177 17.67 
2,000 m – 3,000 m 0.10 0.10 0.08 0.10 0.13 0.13 0.64 0.107 10.67 
3,000 m – 4,000 m 0.08 0.08 0.05 0.05 0.07 0.07 0.40 0.067 6.67 
>4,000 m 0.08 0.08 0.05 0.05 0.07 0.07 0.40 0.067 6.67 

Total 1.00 1.00 1.00 1.00 1.00 1.00 - 1.000 100.00 
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Table C18 Step III: Estimation of the consistency ratio for each distance from 

lineament’s class. 

Class 

<5
00

m
 

50
0 

m
 –

 1
,0

00
 m

 

1,
00

0 
m

 –
 2

,0
00

 m
 

2,
00

0 
m

 –
 3

,0
00

 m
 

3,
00

0 
m

 –
 4

,0
00

 m
 

>4
,0

00
 m

 

W
ei

gh
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d 
Su

m
 

V
ec

to
r 

w
ei

gh
t 

C
on

si
st

en
cy

 V
ec

to
r 

<500m 0.29 0.29 0.36 0.33 0.28 0.28 1.83 0.29 6.31 
500 m – 1,000 m 0.29 0.29 0.36 0.33 0.28 0.28 1.83 0.29 6.31 
1,000 m – 2,000 m 0.15 0.15 0.18 0.22 0.21 0.21 1.11 0.18 6.17 
2,000 m – 3,000 m 0.10 0.10 0.09 0.11 0.14 0.14 0.67 0.11 6.10 
3,000 m – 4,000 m 0.07 0.07 0.06 0.06 0.07 0.07 0.40 0.07 5.71 
>4,000 m 0.07 0.07 0.06 0.06 0.07 0.07 0.40 0.07 5.71 

Total - - - - - - - - 36.30 

 
Number of class (n) = 6 
 

Lambda (λ) = 05.6
6
30.36

=  

Consistency Index (CI) = 01.0
16

605.6
1

=
−
−

=
−
−

n
nλ  

Random Index (RI) for n = 6 is 1.24 

Consistency Ratio (CR) = 008.0
24.1
01.0

==
RI
CI  

CR<0.10, this ratio indicates a reasonable level of consistency in the pair-wise 

comparisons. 
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7. Soil texture 

Table C19 Step I: Generation of the pair-wise comparison matrix for each soil 

texture’s class. 

Class 
C

la
y 

L
oa

m
 

Sa
nd

 

Sa
nd

y 
lo

am
/ 

sa
nd

y 
cl

ay
 lo

am
 

L
oa

m
 w

ith
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l 
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nd

y 
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ith
 

gr
av

el
 

C
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y/
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am
 w

ith
 r
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k 

Sl
op

e 
co

m
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ex
 a

re
a 

Clay 1.00 0.25 0.13 0.14 0.20 0.11 0.33 0.25 
Loam 4.00 1.00 0.20 0.25 0.50 0.17 2.00 1.00 
Sand 8.00 5.00 1.00 2.00 4.00 0.50 6.00 5.00 
Sandy loam/sandy 
clay loam 

7.00 4.00 0.50 1.00 3.00 0.33 5.00 4.00 

Loam with gravel 5.00 2.00 0.25 0.33 1.00 0.20 3.00 2.00 
Sandy loam with 
gravel 

9.00 6.00 2.00 3.00 5.00 1.00 7.00 6.00 

Clay/loam with rock 3.00 0.50 0.17 0.20 0.33 0.14 1.00 0.50 
Slope complex area 4.00 1.00 0.20 0.25 0.50 0.17 2.00 1.00 

Total 41.00 19.75 4.45 7.17 14.53 2.62 26.33 19.75 

Table C20 Step II: Computation of the criterion weights for each soil texture’s class. 

Class 

C
la

y 

L
oa

m
 

Sa
nd

 

Sa
nd

y 
lo

am
/ 

sa
nd

y 
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ay
 lo
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L
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m
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C
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am
 w
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Sl
op

e 
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m
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a 

T
ot

al
 

W
ei

gh
t 

W
ei

gh
t (

%
) 

Clay 0.02 0.01 0.03 0.02 0.01 0.04 0.01 0.01 0.15 0.019 1.88 
Loam 0.10 0.05 0.04 0.03 0.03 0.06 0.08 0.05 0.44 0.055 5.50 
Sand 0.20 0.25 0.22 0.28 0.28 0.19 0.23 0.25 1.90 0.238 23.75 
Sandy loam/sandy 
clay loam 

0.17 0.20 0.11 0.14 0.21 0.13 0.19 0.20 1.35 0.169 16.88 

Loam with gravel 0.12 0.10 0.06 0.05 0.07 0.08 0.11 0.10 0.69 0.086 8.63 
Sandy loam with 
gravel 

0.22 0.30 0.45 0.42 0.34 0.38 0.27 0.30 2.68 0.335 33.50 

Clay/loam with rock 0.07 0.03 0.04 0.03 0.02 0.05 0.04 0.03 0.31 0.039 3.88 
Slope complex area 0.10 0.05 0.04 0.03 0.03 0.06 0.08 0.05 0.44 0.055 5.50 

Total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 - 1.000 100.00 
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Table C21 Step III: Estimation of the consistency ratio for each soil texture’s class. 

Class 

C
la

y 

L
oa

m
 

Sa
nd

 

Sa
nd

y 
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L
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W
ei
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m
 V
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w
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t 

C
on
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st

en
cy

 V
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r 

Clay 0.02 0.02 0.03 0.02 0.02 0.04 0.01 0.02 0.17 0.02 8.68 
Loam 0.08 0.06 0.05 0.04 0.05 0.06 0.08 0.06 0.47 0.06 7.89 
Sand 0.16 0.30 0.24 0.34 0.36 0.17 0.24 0.30 2.11 0.24 8.79 
Sandy loam/sandy 
clay loam 

0.14 0.24 0.12 0.17 0.27 0.11 0.20 0.24 1.49 0.17 8.78 

Loam with gravel 0.10 0.12 0.06 0.06 0.09 0.07 0.12 0.12 0.73 0.09 8.16 
Sandy loam with 
gravel 

0.18 0.36 0.48 0.51 0.45 0.34 0.28 0.36 2.96 0.34 8.71 

Clay/loam with rock 0.06 0.03 0.04 0.03 0.03 0.05 0.04 0.03 0.31 0.04 7.80 
Slope complex area 0.08 0.06 0.05 0.04 0.05 0.06 0.08 0.06 0.47 0.06 7.89 

Total - - - - - - - - - - 66.69 

 
Number of class (n) = 8 
 

Lambda (λ) = 34.8
8
69.66

=  

Consistency Index (CI) = 05.0
18

834.8
1

=
−
−

=
−
−

n
nλ  

Random Index (RI) for n = 8 is 1.41 

Consistency Ratio (CR) = 034.0
41.1
05.0

==
RI
CI  

CR<0.10, this ratio indicates a reasonable level of consistency in the pair-wise 

comparisons. 



 160

8. Precipitation 

Table C22 Step I: Generation of the pair-wise comparison matrix for each 

precipitation’s class. 

Class 
<1

,0
00

 m
m

 

1,
00

0 
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m
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 1
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00
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1,
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m
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00
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<1,000 mm 1.00 0.50 0.33 0.20 0.17 0.13 0.11 
1,000 mm – 1,200 mm 2.00 1.00 0.50 0.25 0.20 0.14 0.13 
1,200 mm – 1,400 mm 3.00 2.00 1.00 0.33 0.25 0.17 0.14 
1,400 mm – 1,600 mm 5.00 4.00 3.00 1.00 0.50 0.25 0.20 
1,600 mm – 1,800 mm 6.00 5.00 4.00 2.00 1.00 0.33 0.25 
1,800 mm – 2,000 mm 8.00 7.00 6.00 4.00 3.00 1.00 0.50 
>2,000 mm 9.00 8.00 7.00 5.00 4.00 2.00 1.00 

Total 34.00 27.50 21.83 12.78 9.12 4.02 2.33 

Table C23 Step II: Computation of the criterion weights for each precipitation’s 

class. 

Class 

<1
,0

00
 m

m
 

1,
00

0 
m

m
 –

 1
,2

00
 m

m
 

1,
20

0 
m

m
 –

 1
,4

00
 m

m
 

1,
40

0 
m

m
 –

 1
,6

00
 m

m
 

1,
60

0 
m

m
 –

 1
,8

00
 m

m
 

1,
80

0 
m

m
 –

 2
,0

00
 m

m
 

>2
,0

00
 m

m
 

T
ot

al
 

W
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t 

W
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t (

%
) 

<1,000 mm 0.03 0.02 0.02 0.02 0.02 0.03 0.05 0.19 0.027 2.71 
1,000 mm – 1,200 mm 0.06 0.04 0.02 0.02 0.02 0.03 0.06 0.25 0.036 3.57 
1,200 mm – 1,400 mm 0.09 0.07 0.05 0.03 0.03 0.04 0.06 0.37 0.053 5.29 
1,400 mm – 1,600 mm 0.15 0.15 0.14 0.08 0.05 0.06 0.09 0.72 0.103 10.29 
1,600 mm – 1,800 mm 0.18 0.18 0.18 0.16 0.11 0.08 0.11 1.00 0.143 14.29 
1,800 mm – 2,000 mm 0.24 0.25 0.27 0.31 0.33 0.25 0.21 1.86 0.266 26.57 
>2,000 mm 0.26 0.29 0.32 0.39 0.44 0.50 0.43 2.63 0.376 37.57 

Total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 - 1.000 100.00 
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Table C24 Step III: Estimation of the consistency ratio for each precipitation’s class. 

Class 

<1
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C
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<1,000 mm 0.03 0.02 0.02 0.02 0.02 0.04 0.04 0.19 0.03 6.24 
1,000 mm – 1,200 mm 0.06 0.04 0.03 0.03 0.03 0.04 0.05 0.27 0.04 6.63 
1,200 mm – 1,400 mm 0.09 0.08 0.05 0.03 0.04 0.05 0.05 0.39 0.05 7.74 
1,400 mm – 1,600 mm 0.15 0.16 0.15 0.10 0.07 0.07 0.08 0.77 0.10 7.74 
1,600 mm – 1,800 mm 0.18 0.20 0.20 0.20 0.14 0.09 0.10 1.10 0.14 7.89 
1,800 mm – 2,000 mm 0.24 0.28 0.30 0.40 0.42 0.27 0.19 2.10 0.27 7.78 
>2,000 mm 0.27 0.32 0.35 0.50 0.56 0.54 0.38 2.92 0.38 7.68 

Total - - - - - - - - - 51.70 

 
Number of class (n) = 7 
 

Lambda (λ) = 39.7
7
70.51

=  

Consistency Index (CI) = 06.0
17

739.7
1

=
−
−

=
−
−

n
nλ  

Random Index (RI) for n = 7 is 1.32 

Consistency Ratio (CR) = 049.0
32.1
06.0

==
RI
CI  

CR<0.10, this ratio indicates a reasonable level of consistency in the pair-wise 

comparisons. 
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9. Land use/land cover 

Table C25 Step I: Generation of the pair-wise comparison matrix for each land use/ 

land cover’s class. 

Class 

Pa
dd

y 
fie
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ed
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 c
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 d
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M
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G
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M
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U
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e 

W
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Paddy field 1.00 2.00 3.00 2.00 2.00 7.00 6.00 5.00 4.00 0.50 0.50 8.00 

Mixed field crop 0.50 1.00 2.00 1.00 1.00 6.00 5.00 4.00 3.00 0.33 0.33 7.00 

Longan 0.33 0.50 1.00 0.50 0.50 5.00 4.00 3.00 2.00 0.25 0.25 6.00 

Truck crop 0.50 1.00 2.00 1.00 1.00 6.00 5.00 4.00 3.00 0.33 0.33 7.00 

Mixed swidden 
cultivation 

0.50 1.00 2.00 1.00 1.00 6.00 5.00 4.00 3.00 0.33 0.33 7.00 

Hill evergreen 
forest 

0.14 0.17 0.20 0.17 0.17 1.00 0.50 0.33 0.25 0.13 0.13 2.00 

Mixed deciduous 
forest 

0.17 0.20 0.25 0.20 0.20 2.00 1.00 0.50 0.33 0.14 0.14 3.00 

Mixed forest 
plantation 

0.20 0.25 0.33 0.25 0.25 3.00 2.00 1.00 0.50 0.17 0.17 4.00 

Grass and scrub 0.25 0.33 0.50 0.33 0.33 4.00 3.00 2.00 1.00 0.20 0.20 5.00 

Mine 2.00 3.00 4.00 3.00 3.00 8.00 7.00 6.00 5.00 1.00 1.00 9.00 

Urban, village 2.00 3.00 4.00 3.00 3.00 8.00 7.00 6.00 5.00 1.00 1.00 9.00 

Water 0.13 0.14 0.17 0.14 0.14 0.50 0.33 0.25 0.20 0.11 0.11 1.00 

Total 7.72 12.59 19.45 12.59 12.59 56.50 45.83 36.08 27.28 4.49 4.49 68.00 
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Table C26 Step II: Computation of the criterion weights for each land use/land 

cover’s class. 

Class 

Pa
dd

y 
fie

ld
 

M
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ed
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el
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T
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 c
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 d
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M
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 p
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U
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T
ot
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W
ei

gh
t 

W
ei

gh
t (

%
) 

Paddy 
field 

0.13 0.16 0.15 0.16 0.16 0.12 0.13 0.14 0.15 0.11 0.11 0.12 1.64 0.137 13.67 

Mixed 
field crop 

0.06 0.08 0.10 0.08 0.08 0.11 0.11 0.11 0.11 0.07 0.07 0.10 1.08 0.090 9.00 

Longan 0.04 0.04 0.05 0.04 0.04 0.09 0.09 0.08 0.07 0.06 0.06 0.09 0.75 0.063 6.25 

Truck 
crop 

0.06 0.08 0.10 0.08 0.08 0.11 0.11 0.11 0.11 0.07 0.07 0.10 1.08 0.090 9.00 

Mixed 
swidden 
cultivation 

0.06 0.08 0.10 0.08 0.08 0.11 0.11 0.11 0.11 0.07 0.07 0.10 1.08 0.090 9.00 

Hill 
evergreen 
forest 

0.02 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.03 0.03 0.03 0.20 0.017 1.67 

Mixed 
deciduous 
forest 

0.02 0.02 0.01 0.02 0.02 0.04 0.02 0.01 0.01 0.03 0.03 0.04 0.27 0.023 2.25 

Mixed 
forest 
plantation 

0.03 0.02 0.02 0.02 0.02 0.05 0.04 0.03 0.02 0.04 0.04 0.06 0.39 0.033 3.25 

Grass and 
scrub 

0.03 0.03 0.03 0.03 0.03 0.07 0.07 0.06 0.04 0.04 0.04 0.07 0.54 0.045 4.50 

Mine 0.26 0.24 0.21 0.24 0.24 0.14 0.15 0.17 0.18 0.22 0.22 0.13 2.40 0.200 20.00 

Urban, 
village 

0.26 0.24 0.21 0.24 0.24 0.14 0.15 0.17 0.18 0.22 0.22 0.13 2.40 0.200 20.00 

Water 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.15 0.013 1.25 

Total 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 - 1.000 100.00 
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Table C27 Step III: Estimation of the consistency ratio for each land use/land cover’s 

class. 

Class 
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 c
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Paddy 
field 

0.14 0.18 0.18 0.18 0.18 0.14 0.12 0.15 0.20 0.10 0.10 0.08 1.75 0.14 12.50 

Mixed 
field crop 

0.07 0.09 0.12 0.09 0.09 0.12 0.10 0.12 0.15 0.07 0.07 0.07 1.15 0.09 12.80 

Longan 0.05 0.05 0.06 0.05 0.05 0.10 0.08 0.09 0.10 0.05 0.05 0.06 0.77 0.06 12.85 

Truck 
crop 

0.07 0.09 0.12 0.09 0.09 0.12 0.10 0.12 0.15 0.07 0.07 0.07 1.15 0.09 12.80 

Mixed 
swidden 
cultivation 

0.07 0.09 0.12 0.09 0.09 0.12 0.10 0.12 0.15 0.07 0.07 0.07 1.15 0.09 12.80 

Hill 
evergreen 
forest 

0.02 0.02 0.01 0.02 0.02 0.02 0.01 0.01 0.01 0.03 0.03 0.02 0.20 0.02 10.10 

Mixed 
deciduous 
forest 

0.02 0.02 0.02 0.02 0.02 0.04 0.02 0.02 0.02 0.03 0.03 0.03 0.27 0.02 13.52 

Mixed 
forest 
plantation 

0.03 0.02 0.02 0.02 0.02 0.06 0.04 0.03 0.03 0.03 0.03 0.04 0.38 0.03 12.61 

Grass and 
scrub 

0.04 0.03 0.03 0.03 0.03 0.08 0.06 0.06 0.05 0.04 0.04 0.05 0.53 0.05 10.68 

Mine 0.28 0.27 0.24 0.27 0.27 0.16 0.14 0.18 0.25 0.20 0.20 0.09 2.55 0.20 12.75 

Urban, 
village 

0.28 0.27 0.24 0.27 0.27 0.16 0.14 0.18 0.25 0.20 0.20 0.09 2.55 0.20 12.75 

Water 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.15 0.01 15.43 

Total - - - - - - - - - - - - - - 151.59 

 
Number of class (n) = 12 
 

Lambda (λ) = 63.12
12

59.151
=  

Consistency Index (CI) = 06.0
112
1263.12

1
=

−
−

=
−
−

n
nλ  

Random Index (RI) for n = 12 is 1.48 

Consistency Ratio (CR) = 039.0
48.1
06.0

==
RI
CI  

CR<0.10, this ratio indicates a reasonable level of consistency in the pair-wise 

comparisons. 
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10. NDVI 

Table C28 Step I: Generation of the pair-wise comparison matrix for each NDVI’s 

class. 

Class -1.0 to 0.2 0.2 to 0.4 0.4 to 0.6 0.6 to 0.8 0.8 to 1.0 

-1.0 to 0.2 1.00 3.00 5.00 6.00 7.00 
0.2 to 0.4 0.33 1.00 3.00 4.00 5.00 
0.4 to 0.6 0.20 0.33 1.00 2.00 3.00 
0.6 to 0.8 0.17 0.25 0.50 1.00 2.00 
0.8 to 1.0 0.14 0.20 0.33 0.50 1.00 

Total 1.84 4.78 9.83 13.50 18.00 

Table C29 Step II: Computation of the criterion weights for each NDVI’s class. 

Class -1.0 to 0.2 0.2 to 0.4 0.4 to 0.6 0.6 to 0.8 0.8 to 1.0 Total Weight Weight 
(%) 

-1.0 to 0.2 0.54 0.63 0.51 0.44 0.39 2.51 0.502 50.20 
0.2 to 0.4 0.18 0.21 0.31 0.30 0.28 1.28 0.256 25.60 
0.4 to 0.6 0.11 0.07 0.10 0.15 0.17 0.60 0.120 12.00 
0.6 to 0.8 0.09 0.05 0.05 0.07 0.11 0.37 0.074 7.40 
0.8 to 1.0 0.08 0.04 0.03 0.04 0.06 0.25 0.050 5.00 

Total 1.00 1.00 1.00 1.00 1.00 - 1.000 100.00 

Table C30 Step III: Estimation of the consistency ratio for each NDVI’s class. 

Class -1.0 to 0.2 0.2 to 0.4 0.4 to 0.6 0.6 to 0.8 0.8 to 1.0 

W
ei

gh
te

d 
Su

m
 V

ec
to

r 

w
ei

gh
t 

C
on

si
st

en
cy

 
V

ec
to

r 

-1.0 to 0.2 0.50 0.78 0.60 0.42 0.35 2.65 0.50 5.30 
0.2 to 0.4 0.17 0.26 0.36 0.28 0.25 1.32 0.26 5.06 
0.4 to 0.6 0.10 0.09 0.12 0.14 0.15 0.60 0.12 4.97 
0.6 to 0.8 0.09 0.07 0.06 0.07 0.10 0.38 0.07 5.43 
0.8 to 1.0 0.07 0.05 0.04 0.04 0.05 0.25 0.05 4.93 

Total - - - - - - - 25.68 

 
Number of class (n) = 5 
 

Lambda (λ) = 14.5
5

568.25
=

−  

Consistency Index (CI) = 03.0
15

514.5
1

=
−
−

=
−
−

n
nλ  
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Random Index (RI) for n = 5 is 1.12 

Consistency Ratio (CR) = 031.0
12.1
03.0

==
RI
CI  

CR<0.10, this ratio indicates a reasonable level of consistency in the pair-wise 

comparisons. 



 

 

 

 

 

 

 

 

APPENDIX D 

AVERAGE ANNUAL RAINFALL DATA AND STATION 

 

 

 

 



 

Table D1 Average annual rainfall data are available from 1996 to 2005. 

No.     Province Station ID Latitude (N) Longitude (E) Elevation (m) Rainfall (mm) 

  1 Mae Hong Son Khun Yuam 300001 18°50'00" 97°56'00"        140.00     1,285.60 
  2 Mae Hong Son Mae La Noi 300003 18°20'00" 97°58'00"        320.00     1,487.30 
  3 Mae Hong Son Pang Ma Pha Highland Rice & Field Crop Station 300004 19°32'00" 98°13'00"        660.00     1,274.60 
  4 Mae Hong Son Muang Mae Hong Son 300201 19°18'00" 97°50'00"        267.74     1,333.40 
  5 Mae Hong Son Mae Sariang 300202 18°10'00" 97°56'00"        211.04     1,174.20 
  6 Chiang Mai Fang 327001 19°55'00" 99°14'00"        460.00     1,333.30 
  7 Chiang Mai Chom Thong 327003 18°25'00" 98°40'00"        280.00        915.30 
  8 Chiang Mai Doi Saket 327004 18°52'00" 99°12'00"        320.00     1,096.70 
  9 Chiang Mai Mae Taeng 327005 19°07'15" 98°56'49"        330.00     1,159.80 
10 Chiang Mai Phrao 327006 19°22'00" 99°10'00"        440.00     1,142.90 
11 Chiang Mai Mae Chaem 327007 18°30'00" 98°22'00"        480.00        884.00 
12 Chiang Mai Omkoi 327008 17°48'00" 98°22'00"        820.00     1,014.90 
13 Chiang Mai Sa Moeng 327009 18°49'00" 98°46'00"        530.00     1,192.90 
14 Chiang Mai Hot 327010 18°08'00" 98°38'00"        270.00     1,007.20 
15 Chiang Mai Saraphi 327011 18°43'00" 99°03'00"        300.00     1,147.70 
16 Chiang Mai San Sai 327012 18°51'00" 99°03'00"        300.00        855.90 
17 Chiang Mai Hang Dong 327013 18°41'00" 98°55'00"        325.00     1,164.40 
18 Chiang Mai San Pa Tong 327014 18°37'00" 98°54'00"        315.00        826.30 
19 Chiang Mai San Khamphang 327015 18°45'00" 99°07'00"        300.00        848.40 
20 Chiang Mai Chiang Dao 327016 19°22'00" 98°59'00"        390.00     1,207.80 
21 Chiang Mai Mae Ai 327017 20°02'00" 99°17'00"        480.00     1,410.80 
22 Chiang Mai T.Ban An, A.Doi Tao 327018 17°56'00" 98°45'00"        270.00        633.10 
23 Chiang Mai Fang Horticultural Research Station 327019 19°56'00" 99°09'00"        460.00     1,391.40 



 

Table D1 Average annual rainfall data are available from 1996 to 2005 (Continued). 

No.    Province Station ID Latitude (N) Longitude (E) Elevation (m) Rainfall (mm) 

24 Chiang Mai Doi Suthep-Pui National Parks (A.Muang) 327020 18°47'00" 98°56'00"     1,040.00     1,600.70 
25 Chiang Mai Phuphing Ratchaniwet (A.Muang) 327021 18°47'00" 98°54'00"     1,400.00     1,694.80 
26 Chiang Mai Bhumibol Dam Self-Help Settlement (A.Doi Tao) 327022 17°56'00" 98°41'00"        270.00        908.80 
27 Chiang Mai Northern Thailand Petrolium Development Center (A.Fang) 327023 19°52'00" 99°13'00"        470.00     1,077.50 
28 Chiang Mai San Pa Tong Rice Research Station    327024 18°37'00" 98°54'00"        310.00     1,041.90 
29 Chiang Mai San Pa Tong Rice Research Station (A.Mae Taeng) 327025 19°04'00" 99°13'00"        560.00     1,237.60 
30 Chiang Mai Chiang Dao Watershed Preservation Research Station 327026 19°21'00" 98°46'00"     1,020.00     1,487.00 
31 Chiang Mai Bo Luang-Bo Kaew Plant Breeding Centre (A.Hot) 327027 18°09'00" 98°24'00"     1,020.00     1,129.70 
32 Chiang Mai Chom Thong Agricultural Program   327028 18°32'00" 98°47'00"        335.00        855.10 
33 Chiang Mai Wiang Hang  327029 19°33'00" 98°38'00"  -     1,123.20 
34 Chiang Mai Mae Chaem Forest Plantation (A.Mae Chaem) 327030 18°17'00" 98°23'00"  -     1,083.00 
35 Chiang Mai Moving Development Unit 32 (A.Chiang Dao) 327031 19°25'00" 98°58'00"        440.00     1,135.60 
36 Chiang Mai Mae wang 327032 18°31'14" 98°48'43"        360.00     1,290.30 
37 Chiang Mai Mae Cho 327301 18°55'00" 99°00'00"        316.53     1,120.00 
38 Chiang Mai Muang Chiang Mai 327501 18°47'24" 98°58'37"        304.51     1,188.90 
39 Lamphun Lamphun Administration Office     329001 18°32'00" 99°02'00"  -        883.10 
40 Lamphun Mae Tha 329002 18°27'00" 99°08'00"        400.00     1,133.80 
41 Lamphun Pa Sang 329003 18°31'00" 98°57'00"        280.00     1,085.70 
42 Lamphun Li 329004 17°45'00" 98°58'00"  -     1,027.00 
43 Lamphun Ban Hong 329005 18°19'00" 98°50'00"        310.00     1,030.60 
44 Lamphun Ban Goa Jadsan School (A.Li) 329006 17°38'00" 98°47'00"  -        978.90 
45 Lamphun Mae Li Forest Plantation (A.Li) 329007 17°56'00" 98°54'00"        460.00     1,030.30 
46 Lamphun Muang Lamphun 329201 18°34'00" 99°02'00"        296.42     1,031.00 



 

Table D1 Average annual rainfall data are available from 1996 to 2005 (Continued). 

No. Province Site Name ID Latitude (N) Longitude (E) Elevation (m) Rainfall (mm) 

47 Chiang Mai Wat Chan WA 19°04'00" 98°17'00"        990.00        980.20 
48 Chiang Mai Bo Kaeo BO 18°52'00" 98°31'00"     1,400.00     1,594.90 
49 Chiang Mai Mae Sa SA 18°49'00" 98°20'00"        650.00     1,097.25 
50 Chiang Mai Mae Yod YO 18°50'00" 98°06'00"     1,180.00     1,778.80 
51 Chiang Mai Mae Ning NI 18°37'00" 98°13'00"     1,630.00     2,085.75 
52 Chiang Mai Mae Jon Luang JO 18°40'00" 98°28'00"     1,470.00     1,717.20 
53 Chiang Mai Doi Inthanon DO 18°35'00" 98°29'00"     2,565.00     2,737.58 
54 Chiang Mai Mae Klang KL 18°31'00" 98°29'00"     1,540.00     2,069.50 
55 Chiang Mai Research Station RE 18°31'00" 98°18'00"     1,100.00     1,191.08 
56 Chiang Mai POU PO 18°30'00" 98°22'00"        490.00        939.60 
57 Chiang Mai Mae Long LO 18°27'00" 98°14'00"     1,450.00     1,512.80 
58 Chiang Mai Sirikit Plantation SI 18°22'00" 98°28'00"     1,330.00     1,560.90 
59 Chiang Mai Ob Luang OB 18°13'00" 98°29'00"        380.00     1,088.63 
60 Chiang Mai Huay Bong HU 18°09'00" 98°26'00"        810.00     1,086.00 
61 Chiang Mai Mae Tho TH 18°15'00" 98°13'00"     1,250.00     1,224.25 

Source: Station number 1-46: Thai Meteorological Department (location of the 46 rain stations in northern Thailand) 

              Site number 47-61: The GAME-T project (location of the 15 rain gauges in the Mae Chaem watershed) 
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Figure D1 Graph showing the pattern distribution of average annual rainfall data are available from 1996 to 2005 on each station/guage 

(Source: Thai Meteorological Department and the GAME-T project). 
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