3. GIS for landslide mapping and hazard assessment

This chapter deals with the various aspects of using Geographic Information Systems (GIS) in the analysis of landslide hazard.

· What is GIS?
· Introduction Landslide Hazard Zonation
· Investigation scales
· Input Data
· Methods for landslide hazard assessment
· Landslide inventory
· Heuristic approach
· Statistical approach
· Deterministic approach
· Accuracy and objectivity
· Phases in GIS-Based Landslide Hazard Zonation
· Phase 1: Defining of objective of study
· The objective of the study
· The scale of the study
· The type of analysis that will be followed
· Types of input data to be collected.
· Phase 2: Collection of existing data 

· Phase 3: Image interpretation
· Phase 4: Data base design
· Graphical database
· Attribute database
· Phase 5: Fieldwork
· Regional scale Terrain Mapping
· Geomorphological fieldwork
· Landslide mapping
· Geotechnical soil characterisation
· Geotechnical rock characterisation
· Hydrological measurements
· Phase 6: Laboratory analysis
· Phase 7: Data entry
· Manual digitizing
· Scanning and semi-automated digitizing
· Phase 8: Data validation
· Phase 9: Data manipulation
· Basic operations on maps
· Basic operations on images
· Basic operations on tables
· Preparing of input maps for landslide hazard assessment
· Phase 10: Data analysis and modelling
· Phase 11: Presentation of output maps
· Important aspects in the design of output maps
· Cartographic tools
· Visual variables
· What information should a landslide hazard map contain?
· Data output types
· Types of landslide hazard maps
· Phase 12: Error evaluation and reporting
· Accuracy
· Errors and uncertainty
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 What is GIS?

Geographic data have traditionally been presented in the form of (paper) maps. The rapid development of computer hard and software is starting to increase this dramatically. Many organizations now spend large amount of money on Geographic Information Systems (GIS) and on geographic data bases.

The demand for the storage, analysis and display of complex and voluminous environmental data has led, in recent years, to the use of computers for data handling and the creation of sophisticated information systems. 

Effective use of large spatial volumes is dependant upon the existence of efficient systems that can transform these data into usable information. Geographic Information Systems, hereafter called GIS, are becoming essential tools for analyzing and graphically transferring knowledge about the world.
Definitions

Some definitions on Geographic Information Systems:

· Burrough (1986): GIS is “a set of tools for collecting, storing, retrieving at will, transforming and displaying spatial data from the real world for a particular set of purposes.” 

· Aronoff (1989) gives a general description of a GIS as a set of procedures used to store and manipulate geographical data: GIS is “a computer-based system that provides four sets of capabilities to handle georeferenced data: 1) Data input, 2) Data management (data storage and retrieval), 3) Manipulation and analysis, and 4) Data output.”

It is not in the objective of this tutorial to give an extensive introduction to GIS. The internet provides numerous tutorials on and introductions to GIS. To give a few:

· http://www.usgs.gov/research/gis/title.html
US Geological Survey

· http://www.geog.ubc.ca/courses/klink/gis.notes/ncgia/u01.html
Brian Klinkenberg and David Cowen, University of South Carolina.

· http://www.gis.com/whatisgis/
GIS.com
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3.2. Introduction Landslide Hazard Zonation

In the first chapter of this tutorial disaster management was introduced. The process of slope instability hazard zonation is defined as the mapping of areas with an equal probability of occurrence of landslides within a specified period of time (Varnes, 1984). It falls within the pre-disaster phase of risk-identification (see table 1.8). A landslide hazard zonation consists of two different aspects:

· The assessment of the susceptibility of the terrain for a slope failure, in which the susceptibility of the terrain for a hazardous process expresses the likelihood that such a phenomenon occurs under the given terrain conditions or parameters.

· The determination of the probability that a triggering event occurs. The probability for the occurrence of a landslide is mostly evaluated by calculating the probability of triggering events, such as major rainfall events or earthquakes. It is important to mention here that the calculation of landslide probability is more difficult than for other natural disasters (such as floods or earthquakes) since there is no simple relation between the magnitude of a landslide event and a return period. Another complicating factor is that mostly there are no reliable historic records of landslides that allow making a relation between landslide dates and rainfall or earthquakes.

An area is declared to be susceptible for landslides, when the terrain conditions at that site are comparable to those in an area where a slide has occurred. The instability of a slope is governed by a complex of normally interrelated terrain parameters, such as: lithology and the structural conditions of the rocks, the weathering and the contact with overlying soils, the properties of these soils, slope gradient and form, hydrological conditions, vegetation, land use and land use practice and finally human activities acting on the slope conditions.

Considering the many terrain factors involved in slope instability, the practice of landslide hazard zonation asks for:

· A detailed inventory of slope instability processes;
· The study of these processes in relation to their environmental setting;
· The analysis of the conditioning and triggering factors;

· The representation of the spatial distribution of these factors. 

3.2.1. Scales of investigation

The development of a clear hierarchical methodology in hazard zonation is a necessary condition to obtain an acceptable cost/benefit ratio and to ensure its practical applicability. The working scale for a slope instability analysis is determined by the requirements of the user for whom the survey is executed. Considering that planners and engineers are forming the most important users community, the following scales of analysis, which were presented to the International Association of Engineering Geologists (IAEG; 1976) have been differentiated for landslide hazard zonation (figure 3.2):

· National scale (< 1:1.000.000)

· Regional scale (1:100,000 - 1:500.000)

· Medium scale (1:25,000 - 1:50,000)

· Large scale (1:5,000 - 1:15,000)
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Figure 3.2: Scale of landslide hazard zonation, oibjectives and general approaches.

The national scale intends to give a general inventory of problem areas for an entire country, mainly intended to generate awareness among decision makers and the general public. Maps on this scale are often intended to be included in national atlases.
 The detail will be low, as the assessment is mostly done on the basis of general applicable rules (figure 3.3).
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Figure 3.3: Example of national scale hazard, vulnerability and risk maps (click to enlarge).
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The regional mapping scale is meant for planners in the early phases of regional development projects or engineers, when evaluating possible constraints, due to instability, in the development of large engineering projects and regional development plans. The areas to be investigated are large, in the order of 1000 square kilometers or more, and the required detail of the map is low. The map indicates areas where mass movements can be a constraint on the development of rural, urban or infrastructural projects. Terrain units with an areal extent of several tenths of hectares are outlined and classified according to their susceptibility for occurrence of mass movements (figure 3.4).

Medium scale hazard maps can be used for the determination of hazard zones in areas affected by large engineering structures, roads and urbanization plans. The areas to be investigated will have an extent of a few hundreds of square kilometers and a considerable higher detail is required at this scale. The detail should be such that adjacent slopes in the same lithology are evaluated separately and may obtain different hazard scores, depending on characteristics, such as slope angle or form and type of land use. Within the same terrain unit distinctions should be made between different slope segments. For example a concave slope should receive a different rating than an adjacent straight or convex slope, when appropriate (figure 3.5).
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Figure 3.5: Example of a medium scale landslide map.

Large-scale hazard zonation can be used at the level of site investigations previous to the design phase of engineering works. This scale is also meant to evaluate the variability of a safety factor as function of variable slope conditions or under influence of triggering factors, such as rainfall and seismicity. The size of area under study is in the order of several tenths of square kilometers and the hazard classes on such maps should be absolute, indicating the probability of failure for each grid cell or mapping unit, with areas down to one hectare or less (figure 3.6).
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Figure 3.6: Example of a large-scale landslide map.
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Site investigation scale. Between 1:200 to 1:2.000, covering the area where engineering works will be carried out, or covering a single landslide. They are used for the detailed design of engineering works, such as roads, bridges, tunnels, dams, and for the construction of slope stabilisation  works (figure 3.7).
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Although the selection of the scale of analysis is usually determined by the intended application of the mapping results, the choice of a mapping technique remains open. This choice depends on the type of problem, the availability of data, the availability of financial resources, the time available for the investigation, as well as the professional experience of the experts involved in the survey.  

3.2.2. Essential input data

In order to create a hazard map, various data needs to be gathered (figure 3.8). Table 3.1 lists the factors that should be mappable. These can be grouped into the following factor maps (click the titles to view examples):

A. Geotechnical map, showing the different types of engineering soil- and rock-units in the area, with information on geotechnical parameters. View example.

B. Soil thickness map, showing the thickness of the soil cover. View example.

C. Groundwater table maps, showing the depth of the groundwater for different return periods, related to different amounts of rainfall. View example.

D. Seismic acceleration maps, showing the acceleration related to earthquakes with a certain return periods. Each return period is associated with one map. Such maps are generated using strong motion records and soil amplification models such as SHAKE, which use the previous maps as input.  View example. … <!--- No map available --->
E. Landslide inventory maps, showing the location, typology, activity and component (scarp area, transportation zone, or accumulation zone) of landslides for different periods. Such maps provide detailed information on the landslides that have occurred in the area, and therefore form the starting point for many types of analysis that are based on the principle “the past is the key to the future”. View example. …<!--- No map available --->
F. Geological map, showing the spatial distribution of lithological types in an area. View example.

G. Morphometrical maps, showing quantitative information on the landforms, such as altitude, slope angle, slope direction or aspect, slope curvature etc. These maps are derived from Digital Elevation Models. View example. …<!--- No map available --->
H. Geomorphological map, showing a subdivision of the terrain in landforms, generated through different processes (e.g. glacial, denudation, structural, fluvial, etc.) View example. …<!--- No maps inserted yet --->
I. Land cover maps, showing the various types of land use and land cover in the area. Such maps can be derived from image interpretation, image classification and field checking. View example. …<!--- No map available --->
J. Elements at risk maps, showing the various types of elements at risk in an area, such as the buildings (types, land use, building material, number of floors, number of inhabitants), population, transportation infrastructure (roads, railroads etc.), utility lifelines (water supply, sewage, electricity, gas) and critical facilities. The elements at risk are often generated on the basis of cadastral units. View example. …<!--- No map available --->
K. Hydrological maps, showing the drainage network, catchments, spring zones and seepage zones.  This map is made either through visual image interpretation, from existing topographic maps, or through DEM analysis. View example. … <!--- No map available --->
Table 2.3 shows the ideal list of input data required to carry out a landslide hazard assessment study. The main themes, mentioned above, are subdivided in a number of sub-themes. For each of these the methods are mentioned that are used to generate the theme. Also it is indicated whether it is feasible to collect information on the specified theme in small scale (<1:100.000), medium scale (1:100.000 <X< 1:10.000). 

	Main theme
	Sub theme
	Made through
	Small scale
	Medium scale
	Large scale

	A. Geotechnical map
	A1 Material types
	Geological map, Image interpretation, Field data collection
	Feasible but not detailed
	Feasible but not detailed
	Feasible, but time consuming

	
	A2 Soil properties
	Field tests, Laboratory test
	Very difficult: high spatial variability
	Difficult: high spatial variability
	Feasible, but time consuming

	
	A3 Rock properties
	Field tests, Laboratory test
	
	
	

	B. Soil thickness map
	B1 2-D soil thickness
	Outcrops in field, Geophysics Borehole
	Very difficult: high spatial variability
	Difficult: high spatial variability
	Feasible, but time consuming

	
	B2 3-D soil thickness
	Outcrops in field, Geophysics Borehole
	
	
	

	C. Ground water table
	C1 Return period T1
	Rainfall records, Geotechnical map, Soil thickness map, Hydrologic monitoring, Hydrological tests, Hydrologic modeling
	Not possible: Spatial variability is too large 
	Very difficult: high spatial variability
	Feasible, but time consuming

	
	C2 Return period T2
	
	
	
	

	
	C3 Return period T3
	
	
	
	

	D. Seismic acceleration maps
	D1 Return period T1
	Earthquake catalog, Active faults, Geotechnical map, Soil thickness map, Modeling
	Regional seismic hazard only: General PGA maps
	Difficult: requires lot of input data
	Feasible, but time consuming

	
	D2 Return period T2
	
	
	
	

	
	D3 Return period T3
	
	
	
	

	E. Landslide inventory maps
	E1 Recent landslides
	Image interpretation, Image classification, InSar, Field mapping
	Feasible, but very time consuming
	Feasible
	Feasible

	
	E2 Landslide from period T-1 
	Multi-temporal Image interpretation, Multi-temporal Image classification, Multi-temporal DEMs, DinSAR Field mapping, Landslide catalog
	Very Difficult: very time consuming
	Feasible, but time consuming
	Feasible

	
	E2 Landslide from period T-2  
	
	
	
	

	
	E4Landslide database
	
	Will take a long time
	Feasible
	Feasible

	F. Geological map
	F1 Lithology
	Existing geological map, Image interpretation, Field mapping
	Feasible
	Feasible
	Feasible

	
	F2 Faults
	
	Feasible
	Feasible
	Feasible

	
	F3 Structural geology
	
	Feasible, but only general
	Feasible, but time consuming
	Feasible

	G. Morphometrical maps
	G1. Digital Elevation Model
	Topographic map, Photogrammetry, Radargrammetry, InSAR
	Feasible, at low resolution  (50 m)
	Feasible, at medium resolution (10m)
	Feasible at high resolution (1 m)

	
	G2 Elevation differences
	Multi-temporal DEMs, DinSar
	Very difficult
	Difficult
	Feasible

	
	G3 Slope
	With GIS from a DEM
	Feasible
	Feasible
	Feasible

	
	G4 Aspect
	With GIS from a DEM
	Feasible
	Feasible
	Feasible

	
	G5 Slope convexity
	With GIS from a DEM
	Feasible
	Feasible
	Feasible

	
	G6 Slope length
	With GIS from a DEM
	Feasible
	Feasible
	Feasible

	
	G7 Catchment delineation
	With GIS from a DEM
	Feasible
	Feasible
	Feasible

	H. Geomorphological map
	H1 Terrain classification
	Stereo-image interpretation, Field mapping
	Feasible
	Feasible
	Feasible

	
	H2 Geomorphological map
	Stereo-image interpretation, Field mapping
	Feasible
	Feasible
	Feasible

	
	H3 Slope facets
	Field mapping, DEM extraction
	Scale is too small
	Feasible
	Feasible

	I Land cover maps
	I1 Landcover from present
	Image interpretation, Image classification, Field mapping
	Feasible
	Feasible
	Feasible

	
	I2Landcover from T-X
	Multi-temporal image interpretation, Multi-temporal image classification
	Feasible
	Feasible
	Feasible

	J. Elements at risk maps
	J1 Building stock
	Cadastral maps, Orthophotos, Field mapping
	Each neighborhood separately
	Each building block separately
	Each building separately

	
	J2 Population
	Existing information, Field mapping
	Per neighborhood
	Per building block
	Per building

	
	J3 Transportation network
	Existing information, Field mapping
	In general
	Feasible
	Detailed

	
	J4 Utility lifelines
	Existing information, Field mapping
	In general
	Feasible
	Detailed

	
	J5 Critical facilities
	Existing information, Field mapping
	Feasible
	Feasible
	Feasible

	
	J6 High potential loss facilities
	Existing information, Field mapping
	Feasible
	Feasible
	Feasible

	K. Hydrologic maps
	K1 Catchment maps
	Topographic maps, DEM extraction
	Feasible
	Feasible
	Feasible

	
	K2 Drainage network
	Topographic maps, DEM extraction
	Feasible
	Feasible
	Feasible

	
	K3 Springsand seepage zones
	Image interpretation, Field mapping
	Feasible
	Feasible
	Feasible

	
	K4 Rainfall data
	Rainfall stations, Modeling
	Feasible
	Feasible
	Feasible


Table 3.1: Overview of ideal input data required for slope instability hazard assessment

The following conclusions can be drawn from table 3.1:

· Detailed geotechnical information, as well as information on soil thickness, groundwater and seismic acceleration can only be obtained for relative small area, and at large scale. This is because a large amount of data points are required in order to be able to model the soil thickness, or the geotechnical characteristics.

· The landslide inventory map is the most important data layer, since this contains information on the locations where landslides have actually taken place. For each landslide information should be stored related to the type of landslide, the state of activity, and (if possible) the date of occurrence and damage caused.

· Landslide inventory maps should be collected for different years. The best is to generate one map for so-called To, making use of high resolution stereo images and airphotos. Then, after each major triggering event, such as extreme rainfall or an earthquake, a new survey is done using optical and SAR change detection methods.

· The multi-temporal landslide inventory maps gradually grow into a landslide database. In several European countries such databases are under development (e.g. Italy and France).

Back to top
3.2.3. Methods for landslide hazard assessment

3.2.3.1. Landslide inventory

The most straightforward approach to landslide hazard zonation is a landslide inventory (figure 3.9), based on aerial photo interpretation, ground survey, and/or historical data of landslide occurrences. The final product gives the spatial distribution of mass movements, represented either at scale or as points (Wieczorek, 1984). Other examples can be found for example in Abele (1974), Cruden et al (1988), and Rood (1984).
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Figure 3.9: Flowchart for landslide distribution analysis (click to enlarge)
Mass movement inventory maps are the basis for most of the other landslide hazard zonation techniques. They can, however, also be used as an elementary form of hazard map, because they display where in an area a particular type of slope movement has occurred. They provide information only for the period shortly preceding the date the aerial photos were taken or the fieldwork was conducted. They do not provide insight into temporal changes in mass movement distribution. Many landslides that occurred some time before the photographs were taken may have become undetectable. Therefore a refinement is the construction of landslide activity maps, based on multi-temporal aerial photo interpretation.
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Figure 3.10: Flowchart for landslide activity analysis (click to enlarge)
The landslide distribution can also be shown in the form of a density map (figure 3.11). Wright et al. (1974), DeGraff (1985), and DeGraff and Canuti (1988) presented a method to calculate landslide densities using counting circles. The resulting density values are interpolated and presented by means of landslide isopleths. Although the method does not investigate the relationship between mass movements and causal factors, it is useful in presenting landslide densities interpretation (Canutti et al., 1979). To study the effects of the temporal variation of a factor such as land use, landslide activity maps are quantitatively.
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Figure 3.11: Flowchart for landslide density analysis (click to enlarge)
This type of analysis can be carried out at all scales of analysis. At small scales this method is difficult to apply, since it is quite time consuming to map landslide distribution over large areas, using image interpretation. At larger scales this method is used before a heuristic or statistical method is carried out.

3.2.3.2. Heuristic approach

In heuristic methods the expert opinion of the geomorphologist, making the survey, is used to classify the hazard. The mapping of mass movements and their geomorphological setting is the main input factor for hazard determination. Two types of heuristic analysis can be distinguished:

(1) Geomorphological analysis or direct mapping method. Kienholz (1977) developed a method to produce a combined hazard map based on the mapping of “silent witnesses” (Stumme Zeugen). The hazard is determined directly in the field by the geomorphologist. The process is based on his experience and he is using a reasoning of analogy. The decision rules are therefore difficult to formulate, as they vary from place to place. This methodology for the appraisal of the susceptibility of the terrain for slope instability is used mainly in Europe, where there is ample experience in geomorphological and engineering geological mapping (Carrara and Merenda,1974; Malgot and Mahr, 1979; Kienholz, 1977, 1978; Kienholz et al., 1983, 1988; Ives and Messerli, 1981; Rupke et al., 1988 and many others, see also Varnes, 1984 and Hansen, 1984). The French program of the 1:25.000 ZERMOS maps (Meneroud and Calvino, 1976) is in this respect the best example, but the reproducibility of the maps is much debated (Antoine, 1977). The same applies for the method used by Brunsden and his collaborators (Brunsden et al, 1975), who are even not giving a hazard zonation in a project related with a road alignment. They are projecting directly the alignment for the best possible road according their assessment for the stability of the slopes.
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Qualitative methods based on qualitative map combination (figure 3.12) have been developed to overcome the problem of the “hidden rules” in geomorphological mapping. In a qualitative map combination, the earth scientist uses his expert knowledge to assign weight values to series of parameter maps. The terrain conditions are summated according to these weights, leading to hazard values, which can be grouped into hazard classes. Stevenson (1977) developed an empirical hazard rating system for an area in Tasmania. He assigned weighting values to different classes in a number of parameter maps. This method of qualitative map combination has become widely used in slope instability zonation. The drawback of this method is that the exact weighting of the various parameter maps is often based on insufficient field knowledge of the important factors, which will lead to false generalizations. 

3.2.3.3. Statistical approach

In statistical landslide hazard analysis, the combinations of factors that have led to landslides in the past, are determined statistically and quantitative predictions are made for landslide free areas with similar conditions. Two different statistical approaches are used in landslide hazard [image: image21.jpg]Method
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analysis: 

(1) Bivariate statistical analysis (figure 3.13). In this method, each factor map (slope, geology, land use etc.) is combined with the landslide distribution map, and weight values, based on landslide densities, are calculated for each parameter class (slope class, lithological unit, land use type, etc). Brabb et al. (1972), who performed a simple combination of a landslide distribution map with a lithological map and a slope map, were the first to perform such an analysis. Several statistical methods can be applied to calculate weight values, such as landslide susceptibility (Brabb, 1984; Van Westen, 1993), the information value method (Yin and Yan, 1988; Kobashi and Suzuki, 1988), weights of evidence modelling (Spiegelhalter, 1986), Bayesian combination rules, certainty factors, the Dempster-Shafer method and fuzzy logic (Chung and Fabbri, 1993). 
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Multivariate statistical models (figure 3.14). This type of landslide hazard zonation has been developed mainly by Carrara (1983, 1988) and his colleagues (Carrara et al, 1990, 1991, 1992). In this type of analysis all relevant factors are sampled either on a large grid basis, or in morphometric units. For each of the sampling units also the presence or absence of landslides is determined. The resulting matrix is then analyzed using multiple regression or discriminant analysis. With these techniques, good results can be expected in homogeneous zones or areas with a small variation in typology of slope instability processes, as shown in the work of Jones et al. (1961) on mass movements in terrace deposits. When applying complex statistics (e.g. Neuland; 1976, Kobashi and Suzuki 1988), a subdivision according to the type of landslide should be made. Large data sets are then needed to obtain reliable results. The use of complex statistics therefore asks for a laborious effort in collecting large amounts of data, without making use of selective criteria based on professional experience.

3.2.3.4. Deterministic approach

Deterministic models (figure 15) are increasingly used in hazard analysis over larger areas. With the aid of geographic information systems safety factors over large areas can be calculated. The methods are applicable only when the geomorphological and geological conditions are fairly homogeneous over the entire study area and the landslide types are simple. The advantage of these “white box models” is that they are based on slope stability models, allowing the calculation of quantitative values of stability (safety factors). The main drawbacks of this method are the high degree of oversimplification and the need for large amounts of reliable input data. This method is usually applied for translational landslides using the infinite slope model (Ward et al., 1982). The methods generally require the use of groundwater simulation models (Okimura and Kawatani, 1986). Stochastic methods are sometimes used for selection of input parameters (Mulder and van Asch, 1988; Mulder, 1991; Hammond et al., 1992).

3.2.3.5. Accuracy and objectivity

Determination of the degree of accuracy is of vital importance in landslide hazard studies. The terms accuracy and reliability are used to indicate to what extent the hazard map makes a correct distinction between landslide free and landslide prone areas. Evaluation of the accuracy of a landslide hazard map is generally very difficult. A hazard prediction can only be verified by observing if failure takes (or has taken) place in time (“wait and see”), but this is – obviously – not a very useful method. One of the most frequently used methods for checking the accuracy of hazard maps is the combination of the final hazard map with the pattern of existing landslides. A frequency distribution is made of the hazard scores of present landslide areas, and non-landslide areas. From the frequency distribution of the hazard scores for the landslide areas the percentage of landslides predicted as stable areas can be calculated. It is assumed that the error is equal to the prediction of the presently landslide-free areas. This method can be refined if multi-temporal landslide distribution maps are available. If so, the landslide prediction, based on an older landslide distribution map, can be checked with a younger landslide distribution map (Chung et al, in press). Also the comparison of landslide hazard maps, made by different methods (for example statistical and deterministic methods) can give an idea of the accuracy of prediction.

The accuracy of landslide prediction depends on a large number of factors. These are considered to be the most important:

(1) The accuracy of the models that were used;

(2) The accuracy of the input data;

(3) The experience of the earth scientists involved;

(4) The size of the study area;

Many of these factors are interrelated. The size of the study area determines to a large degree what kind of data can be collected (table 2.3) at which density, and what kind of analysis technique can be applied (table 2.4).

A problem related to assessing the accuracy of hazard maps is the question of objectivity. The terms objective and subjective are used to indicate whether the various steps taken in the determination of the degree of hazard are either verifiable and reproducible by other researchers, or depend on the personal judgment of the earth scientist in charge of the hazard study.

Objectivity in the assessment of landslide hazard does not necessarily result in an accurate hazard map. On the other hand, subjective studies, such as detailed geomorphological slope stability analysis, may result in very accurate hazard maps, when made by experienced geomorphologists. However, such a good, but subjective assessment has a relative value, as the reproducibility will be low (i.e. the same evaluation made by another expert will probably yield other results). This can clearly have undesirable legal effects. 

Many of the input maps used in landslide hazard analysis are based on aerial photo-interpretation and will therefore contain a large degree of subjectivity. This was already illustrated in chapter 2, with the examples of differences in aerial photo interpretation. Also factors which are obtained by means of precise measurements (such as soil strength) the degree of subjectivity of the resulting parameter maps may be high, as the point-wise data has to be linked with a material map, made by photo-interpretation and fieldwork.

The degree of objectivity of a hazard study depends on the techniques used in data collection and the methods used in data analysis. The use of objective analysis techniques, such as statistical analysis or deterministic analysis, may still lead to subjective results, depending on the amount of subjectivity which is required for creating the parameter maps.

According to the type of data collection and analysis, different levels of objectivity and accuracy are corresponding with the hierarchical levels determined for the various scales of hazard analysis. As a result of the demand for a high level of objectivity, several researchers have been replacing the subjective expert's opinion on the causative factors related to slope failure, by the statistical analysis of all the terrain conditions observed in areas with slope failures (Carrara et al.,1978; Neuland, 1976). Although the objectivity of such an approach is guaranteed, doubts may exist on the accuracy of the assessment, certainly considering the experience and skill required in the data collection, when filling in extensive data sheets.

A hazard survey will always retain a certain degree of subjectivity, caused by the limitations of data collection and data analysis techniques and the restrictions imposed by the mapping scale. This does not necessarily imply inaccuracy. The objectivity and certainly the reproducibility of the assessment can considerably be improved by the interpretation of sequential imagery, the use of clear, quantitative description of the factors considered (if possible), as well as well defined analytical procedures and decision rules, which are applied to come to the hazard assessment. The experience of the interpreter remains vital, however, both with regard to various factors involved in slope instability hazard surveys, as well as in the specific conditions of the study area.

3.2.3.6. Choosing a technique of analysis

Not all methods for landslide hazard zonation are equally applicable at each scale of analysis. Some require very detailed input data, which can only be collected for small areas at the expense of a lot of efforts and costs. Therefore a selection has to be made of the most useful types of analysis for each of the mapping scales, maintaining an adequate cost / benefit ratio. Table 3.2 gives an overview of the methods for landslide hazard analysis and recommendations for their use at the three most relevant scales.

	
	Type of analysis
	
	Techniques
	
	Characteristics
	Required data from table 1

	
	
	
	
	Regional  1:100,000
	Medium25.000
	Large10.000

	Inventory
	Landslide distribution analysis
	Analyze distribution and classification of landslides
	3
	Yes, but...  (*)
	Yes
	Yes

	
	Landslide activity analysis
	Analyze temporal changes in landslide pattern
	4,5,14,15,16,17
	No
	Yes
	Yes

	
	Landslide density analysis
	Calculate landslide density in terrain units or as isopleth map
	1,2,3
	Yes, but...  (*)
	No
	No

	Heuristic analysis
	Geomorphological analysis
	Use in-field expert opinion in zonation
	2,3,4
	Yes
	Yes, but...  (**)
	Yes, but...  (**)

	
	Qualitative map combination
	Use expert-based weight values of parameter maps
	2,3,5,6,7,8,9,1012,14,16,18
	Yes, but...  (***)
	Yes, but...  (**)
	No

	Statistical analysis
	Bivariate statistical analysis
	Calculate importance of contributing factor combination
	2,3,5,6,7,8,9,1012,14,16,18
	No
	Yes
	No

	
	Multivariate statistical analysis
	Calculate prediction formula from data matrix
	2,3,5,6,7,8,9,1012,14,16,18
	No
	Yes
	No

	Deterministic analysis
	Safety factor analysis
	Apply hydrological and slope stability models
	6,11,12,13,16,20,21,22,23 
	NO
	No
	Yes, but...  (****)


Table 3.2: Analysis techniques in relation to mapping scales. The numbers in the fourth column refer to the input data, given in table 1. Meaning of the symbols: (*) only with reliable data on landslide distribution, as mapping will be out of an acceptable cost/benefit ratio, (**) strongly supported by other more quantitative techniques, to obtain an acceptable level of objectivity, (***) only if sufficient reliable data exist on the spatial distribution of the landslide controlling factors, (****) only under homogeneous terrain conditions, considering the variability of the geotechnical parameters.

Applied geomorphological or direct mapping methods intend to establish the real causes for slope instability. Considering the scale of slope failures and the complexity of the causes that lead to slope instability, the direct mapping methods have to be carried out on large scales. A practical hierarchical set up is therefore difficult to implement.  The combination of geomorphological analysis with assigning weights to the contributing parameters (e.g. Kienholz; 1977, 1978) improves the objectivity and reproducibility.

Actual developments are looking for a combination of the indirect mapping methods with more analytical approaches. At small scales (1:50.000 - 100.000) litho-morphological terrain classification can be made using stereo satellite imagery. The terrain-mapping units are submitted to a general analysis based on photo-interpretation and a walkover survey. Selected relevant parameters, based on an analysis of the slope instability in the area, are then used in the definition of hazard and extrapolated to the terrain mapping units according to the presence or absence of contributing factors in the attribute data base. The amount of analytical studies is increased at larger scales, when more time and money becomes available. The use of factor maps, displaying the spatial distribution of the most important factors, together with an increase of the analysis of possible contributing parameters, based on statistics, increases the accuracy of the prediction of susceptibility for instability. An adjustment or refinement of the decision rules for the hazard assessment is obtained by a verification of the results of the assessment with the real situation in the field. If necessary weights assigned to parameters are adjusted and a new hazard assessment is produced. This iterative way of working becomes necessary when the decision rules for the hazard assessment are extrapolated over areas with a similar geological/geomorphological setting, but where little ground truth is available, as studies have shown that in areas with apparent equal conditions resulting weight values may vary considerably. In detailed studies, when large amounts of data become available, the use of simple deterministic or probabilistic models to approximate the variability of safety factor for slope failure, are more and more introduced for hazard zonation.

Back to top
3.3. Phases in GIS-Based Landslide Hazard Zonation

A GIS supported landslide hazard analysis project requires a number of different phases (figure 3.16): 
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Preliminary phase:

Phase 1: Defining of objective of study
Data collection phases

Phase 2: Collection of existing data 

Phase 3: Image interpretation
Phase 4: Data base design
Phase 5: Fieldwork
Phase 6: Laboratory analysis
GIS work

Phase 7: Data entry
Phase 8: Data validation
Phase 9: Data manipulation
Phase 10: Data analysis and modelling
Phase 11: Presentation of output maps
Phase 12: Error evaluation and reporting
These phases of a GIS-supported landslide hazard assessment project are partly different from those in a conventional project. An ideal GIS for landslide hazard zonation combines conventional GIS procedures with image processing capabilities and a relational data base. Map overlaying, modeling, and integration with remote sensing images (scanned aerial photos and satellite images) is required, thus a raster system is preferred. The program should be able to perform spatial analysis on multiple-input maps and connected attribute data tables for map overlay, reclassification, and various other spatial functions, incorporating logical, arithmetical, conditional, and neighborhood operations, including iteration. The system should allow for the use of batch files and macros for those models that require similar analysis using different parameters. Since most data sets for landslide hazard zonation project are still relatively small (mostly less than 100 Megabyte) the use of less expensive, PC-based systems is no problem.

The advantages of the use of GIS as compared to conventional techniques are treated extensively by Burrough (1986) and Aronoff (1989). The advantages of GIS for assessing landslide hazard include:

1. The much larger variety of hazard analysis techniques that becomes attainable. Due to the speed of calculation, complex techniques requiring a large number of map overlaying and table calculations become feasible.

2. The possibility to improve models, by evaluating their results and adjusting the input variables. The users can achieve the best results in a process of trial and error, by 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.

3. In the course of a landslide hazard assessment project the input maps derived from field observations can be updated rapidly when new data are collected. Also after the completion of the project the data can be used by others in an effective manner. 

The disadvantages of GIS for assessing landslide hazard include:

1. The large amount of time needed for data entry. Digitizing is very time- consuming.

2. The danger of placing too much emphasis on the data analysis as such, at the expense of data collection and manipulation based on professional experience. It is possible to use many different techniques of analysis, but often the necessary data are missing. In other words: the tools are available but cannot be used due to the lack, or uncertainty, of input data.
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Phase 1: Defining the objective of the study

Before any data has been collected in a landslide hazard assessment project, it is important to first define the objective of the study. If this is not done properly, the danger exists that the data that will be collected will not be in accordance with the scale of analysis, or the method of analysis. This might lead to a waste of time and money if too detailed data is collected, or an oversimplification if too general data is collected.

The following things should be considered:

· The objective of the study
· The scale of the study 

· The type of analysis that will be followed
· The types of input data that will be collected.
Back to overview of  phases
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 The objective of the study

Landslide hazard studies can be made for any different purposes. Some of these might be:

· An environmental impact study for engineering works; 

· The disaster management of a town or city;

· The modelling of sediment yield in a catchment ;

· A watershed management project;

· A community participation project in disaster management;

· A the generation of awareness among decision makers; 

· Scientific purposes.

Each of these objectives will lead to specific requirements with respect to the scale of work, the method of analysis and the type and detail of input data to be collected.

Back to overview of phases
Back to phase 1: Defining of objective of study
3.3.1.2. The scale of the study
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Landslide hazard maps can be made at different scales, and different degrees of detail, such as (links jump to section 3.2.1):

· National scale 

Smaller than 1:1.000.000, covering an entire country, mainly intended to generate awareness among decision makers and the general public.

· Regional scale
Between 1:100.000 and 1:1.000.000, covering a large catchment area, or a political entity of the country (district, province). Mostly intended for reconnaissance phases for planning projects for the construction of infrastructural works, or agricultural development projects.

· Medium scale
Between 1:25.000 and 1:100.000, covering a municipality or smaller catchment area. Intended for the detailed planning  phases of  projects for the construction of infrastructural works, environmental impact assessment and municipal planning. 
· Large scale
Between 1:2.000 and 1:25.000, covering a town or (part of) a city. They are used for disaster prevention and generation of risk maps, as well as for the design phase of engineering works.

· Site investigation scale
Between 1:200 to 1:2.000, covering the area where engineering works will be carried out, or covering a single landslide. They are used for the detailed design of engineering works, such as roads, bridges, tunnels, dams, and for the construction of slope stabilization works.

Click here for more information on scales of investigation.
Back to overview of phases
Back to phase 1: Defining of objective of study
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The type of analysis that will be followed

Depending on the objective of the study, the working scale and the types of data available, a selection can be made from a wide range of analysis techniques, such as:

· Landslide distribution analysis
· Limited to knowing the spatial and temporal distribution.

· Can be carried out at all scales of analysis.

· Difficult to apply at small scales (it is quite time consuming to map landslide distribution over large areas, using image interpretation).

· Used in combination with a heuristic or statistical method at larger scales.

· Heuristic landslide hazard assessment
· A dominant role for the expert opinion of the analyst.

· Can be used at all scales of analysis.

· Increasing detail of the input data, going from small to large scales.

· Highly subjective, depending on the skill and experience of the analyst, but may result in the best output results, since they do not lead to generalization.

· Statistical landslide hazard assessment
· The relative importance of the causal factors for landslides is analyzed using bivariate or multivariate statistics. 

· These methods are objective, since the weights for the different factor maps contributing to slope instability are determined using a fixed method.

· They may lead to generalizations in those cases where the interplay of causal factors is very complex.

· Deterministic landslide hazard analysis
· The hazard is determined using slope stability models, resulting in the calculation of factors of safety and failure probabilities.

· Provides the best quantitative information on landslide hazard.

· Can be used directly in the design of engineering works, or the quantification of risk.

· Requires a large amount of detailed input data, derived from laboratory tests and field measurements.

· Suitable only over small areas at large scales.

Click here for more information on landslide hazard assessment techniques.

Back to overview of phases
Back to phase 1: Defining of objective of study
3.3.1.4. Types of input data to be collected.

For the analysis of landslide hazard, a large number of input data needs to be collected.  In practice it is not always feasible to collect all data at a certain scale. The main types of data are:
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Landslide information (figure 3.21): The multi-temporal distribution of landslides and the characterisation of landslides.

· Geomorphological information (figure 3.22): The geomorphological context and the subdivision of the terrain according to the geomorphological evolution.

· Geological information (figure: 3.23): The lithology as well as the structural geology, including seismic data if the area is seismically active

· Slope information (figure: 3.24): Altitude, slope gradient, slope direction, slope form, and slope length

· Geotechnical information: Geotechnical characterisation of the soil and rocktypes, soilmass and rockmass classification, seismic parameters if the area is seismically active

· Land use information (figure 3.25): Multi-temporal information on land cover and land use, infrastructure, and human activity.

· Hydrological information: Rainfall intensity, duration and frequency, soil infiltration and permeability, water table heights.
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Figure 3.24: Slope information


Figure 3.25: Land use information

Click here to obtain more information on the types of data that can be collected.
Back to overview of phases
Back to phase 1: Defining of objective of study
Back to top
3.3.2. Phase 2: Collection of existing data
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Gathering existing data related to to landslide information and landslide contributing factors  is the first important activity in a GIS- supported landslide hazard analysis. The amount, and the quality, of existing data determine to a large extent the timespan during which a project can be executed. The data listed in the table are considered crucial in the execution of a hazard study at the three scales mentioned. They can often be collected only at high cost due to the time-consuming methods needed

	Type of data
	Regional scale

Minimum requirement
	Medium scale

Minimum requirement
	Large scale

Minimum requirement

	Topographic map
	1:50.000

Contour-interval: 50 m
	1:25.000

Contour-interval: 20 m.
	1:10.000

Contour-interval: 5 m.

	Geological map
	1:100.000
	1:50.000
	1:25.000

	Aerial photographs
	1:35.000 

Stereo coverage
	1:25.000

Stereo coverage
	1:10.000 

Stereo coverage

	Satellite images
	Stereo panchromatic

Multi-spectral 
	Stereo panchromatic
	Not required

	Other data
	Seismic macro-zonation

Climatic variation
	Landslide records

Land use data

Infrastructure data


	Soil/rock strength

Seismic acceleration

Water table data

Landslide records


Table 3.3: Minimum requirements for data in order to carry out a landslide hazard assessment at the regional, medium and large scales.
It is strongly advised never to use data obtained by others without thorough inspection and revision. 

Those maps in which image interpretation plays an important role, and in which the quality of the product depends largely on the experience of the interpreter, will produce the greatest inconsistencies. These maps will be quite erroneous if not based on thorough field checks. Moreover, they are normally based on legends other than those that can be used in the analysis. It is therefore advisable to remake the maps, and base them on new image interpretation.

Care should be taken as to the coordinate systems used in the available maps. Information should be obtained on the parameters of the coordinate systems, in order to be able to convert them to a common coordinate system. 

Click here to obtain more information on the types of data that can be collected.

Back to overview of phases
Back to top
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Phase 3: Image interpretation

Interpretation of remote sensing images, such as satellite images or aerial photos, is one of the most important phases in a landslide hazard assessment project. Many of the data layers are obtained by image interpretation, in combination with field checks. For this purpose a number of remote sensing tools are available, as discussed in chapter 2.

Click here to read more about image interpretation.
Back to overview of phases
Back to top
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Phase 4: Data base design

Data base design (figure 3.28) needs to be initiated at the beginning of a project, before data collection, takes place, because the way the data will be stored in the data base determines the form in which data will be collected during aerial photo interpretation and fieldwork. Especially the design of checklists, used for gethering data in the field, should be designed in accordance with the database structure.

A GIS data base design is needed for both graphical data (maps) and for attribute data (tables). Graphical data can be stored as points (observation points, rainfall stations, etc.), lines (drainage lines, roads, contours, etc.), polygon maps (geomorphological, geological units, etc.), or pixel maps (DTMs, satellite images, etc.). Attention should be paid to the connection between maps and tables.  Polygon data can be connected to tabular information either for each polygon separately (such as landslides) or for each mapping unit (such as geomorphological units), which may contain several polygons.

· Graphical database
· Attribute database

Back to overview of phases


Back to top
3.3.4.1. Graphical database
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The design of a graphical database depends strongly on the specific requirements of the GIS which is used (e.g., vector or raster data structure, or a combination of these). The combination of raster and vector structure gives the highest flexibility, because some analytical techniques can be best performed in vector and others in raster mode. 

Most current GIS systems combine vector- and raster operations. Vector storage is used for digitizing, network and linear analysis, and plotting, and raster data structure is used for analysis and image processing. Various types of maps are stored in the data base:
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Digitized maps containing points, lines, or polygons (figure 3.29). These maps contain both vector as well as raster files, and usually have accompanying tables in the attribute data base.

Digital images (figure: 3.30). Satellite images or aerial photos, which consist only of raster files, mostly without accompanying tables.
Raster maps (figure 3.31). They result from pre-analysis data manipulation, such as the engineering geological maps which are formed by a combination of different input maps. They usually have accompanying tables.

Final result maps (figure 2.32).[image: image35.jpg]


 With accompanying legend and annotation files, which are used for display and printing.

In the design of a graphical data base the following factors should be taken into account:

[image: image36.jpg]


The inventory of available data types. A list of the available input data should be made. Click here to see full list.

Division of these data into "data layers". A "data layer" in a GIS can be seen as one digital map, containing one type of information and composed of one type of element (points, lines, or polygons related to one feature). Data from the same source, such as geological data, often have to be stored in different data layers: lithological units as polygons in one, and faults as lines in another. It is important to split the data layers such that data, which are not directly related, are stored in different layers. 

Back to phase 4: Data base design
Back to top


3.3.4.2. Attribute database

Practically all data base systems used today for storage and analysis of attribute data (such as ACCESS, ORACLE, INGRES, INFORMIX, DBASE) in connection with geographic information systems are of the relational type. A relational data base is perceived by the user as a collection of tables, called relations. Relationships between data from various tables are assessed by matching columns (key columns) in two or more tables. In designing the database, the concept of normalization, or successive refinement, should be followed as much as possible. Complete normalization cannot always be achieved, as this would result in too many small tables. 

The attribute database for different types of input data used in this study is presented below. It is beyond the scope of this discussion to explain the contents of each field separately. Instead, the figures containing the various data base structures indicate only the key columns with shading. The most important key columns have dark shading, while those that are used only in connection with descriptive tables are shown in lighter tones. 

Landslide database
Geomorphological database
Geotechnical rock characterisation database
Geotechnical soil characterisation database
Land-use database
Meteorological database
Cadastral database
Back to phase 4: Data base design
Back to top
Landslide database

This database contains the information that is collected for each landslide both during the photo-interpretation phase as well as during fieldwork, making use of checklists (figure 3.34).
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Figure 3.34: Photo checklist database.

The table PHOTOSLIDE, contains basic information on type, subtype, activity, depth, vegetation, and division of scarp and body. In this table all mapped polygons receive a unique code (Slidenr). Normally only a small percentage of all landslides are described in detail in the field. Therefore, a connection is made between Slidenr, which is present for all landslides, and Mapnr, which corresponds to the number given in the field. 
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Figure 3.35: General landslide database.

The field data consist of a large number of variables, which have been stored in four different tables (FIELDSLIDE1 to  FIELDSLIDE4). 
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Figure 3.36: Landslide causes database.

The description tables of the variables, or domains are also provided for those variables described by class codes.
Back to: Attribute Database
Geomorphological data base

Hazard analysis at the regional scale is based predominantly on the use of attribute data connected to the Terrain Mapping Units (TMU) map, derived through image interpretation (figure 3.37). In general, the different maps used for the analysis, such as land-use or soil maps, are not of sufficient detail that the analysis can be executed on a pixel basis. The units in the TMU map define the polygons for which a hazard score will be given. It is therefore necessary to input all data into tables, related to this TMU map. This is done by map overlay of the TMU map and different input maps. 
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Figure 3.37: TMU on SPOT image.

The database consists of a central table (TMU), which is connected directly to the map, a table (TMUDESC) with descriptions of terrain mapping complexes, units and subunits, and a table (TMUCROS) containing the predominant values of a number of variables occurring per Subunit. The individual variables are shown in the lower part of the scheme. These are produced by overlaying with the TMU map. The column Code is the principal key column, containing the code for the terrain mapping subunits.

Back to: Attribute Database
Geotechnical rock characterisation database
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Data related to the engineering geological descriptions of the lithological units are stored in the geotechnical rock characterisation database. The data base structure is shown in the figure, which also indicates the relationship between the various tables and accompanying spatial data. The main table for geotechnical characterisation is called ROCKDESC, which describes for each observation point the lithological group (homogeneous part of an outcrop), lithology, and geological formation. The tables LOCATION and PROJECT contain information on the location of the observation points both on the map as well as in the aerial photos, and a general description of the outcrop. The table containing Schmidt hammer rebound values (SCHMIDTH) is combined with the table containing the rock discontinuity descriptions (ROCKDISC), in order to classify the various rock units with respect to rock mass strength. The table POINTLOA contains the results of point-load testing on rock samples, and the table ROCKDENS contains results from laboratory density tests. 

The tables mentioned above are combined, using a concatenated key of the observation point code (OP) and the lithological group code (LG) and all data are recalculated per material type (MAT) and stored in the result table ROCKRES. This table can be used in connection with the engineering geological map to characterise the units displayed in the map with respect to their engineering geological characteristics.
Back to: Attribute Database
Geotechnical soil characterisation database
Several engineering geological information systems have been developed (Rosenbaum and Warren, 1986; McMillan et al., 1987; Raper and Wainwright, 1987; Chaplow, 1986). Most of these systems were developed for specific applications, such as borehole storage. Kooter (1988) presents a fully designed data base structure for an engineering geological information system (EGIS). 

Although the engineering geological data base is developed primarily for application in slope instability assessment, it can also be used for other applications, such as road planning or construction material analysis. Of course additional data would be included in those cases, but the relationships between the tables could remain the same. The structure of the soil data base is shown schematically in the figure. The principal table in the soil data base is PROFILE, which contains the relationship between observation points, the number of layers and their thicknesses, and the types of materials. This table can be connected to a table containing the location and general information on the observation points (LOCATION), via the key column OP. The data base contains a number of tables with test results, such as soil classifications (SOILCLAS), grain-size distribution (SOILGRAI), saturated conductivity (KSATFIEL and KSATLAB), water retention (SOILPF), soil strength (SOILSHEA), clay mineralogy (CLAYMIN), and density (SOILDENS). All field and laboratory test results for the soil materials are stored in separate tables, which are linked to PROFILE via the concatenated key columns OP and LN (layer number). All data are recalculated for each material type (MAT) and stored in the result table SOILRES. This table can be used in connection with the engineering geological map to characterise the units displayed in the map with respect to their engineering geological characteristics.

Back to: Attribute Database
Land use database

The land-use data base is prepared through elaborate photo-interpretation and field visits using checklists and interviews with farmers. The data base is useful for assessing landslide hazard, and even more useful for vulnerability and risk analysis. The data base contains three different levels of spatial data. The tables FARMS, PERSONS, WORKERS, and MACHINES are connected to a map with digitized farm boundaries (with key column Farm), and are in fact only useful for vulnerability and risk studies. The table PARCELS is connected to digitized land parcel boundaries within the farm limits, and contains detailed information on the dominant and secondary land use within each parcel. A last table, called HOUSES is connected to a point file, listing all buildings within the rural area and indicating the type of building and the method of construction.

Back to: Attribute Database
Meteorological data base

The structure of the meteorological data base is relatively simple. A table (STATIONS) contains the locations, in x- and y-coordinates, of the available meteorological stations in the area. Average monthly and yearly rainfall, temperature and evapotranspiration data, are stored in three separate tables (RAINAVG, TEMPAVG and ETPAVG). The table RAINCOMP contains daily rainfall values for a selected number of days for all stations, to allow evaluation of spatial variability in rainfall. Daily rainfall are stored in the table DAYRAIN, which is very large. The table ANTERAIN is used to store antecedent rainfall values using windows of 5, 15, and 30 days. 

Back to: Attribute Database
Cadastral data base

The socioeconomic data base for the large scale is intended primarily for use in the vulnerability and risk analysis. In the hazard analysis only the indication of social class is important, as many landslides are related to the presence of squatter areas on steep slopes.

The data base is normally obtained from a land registration office. The data can either be arranged by land parcel, or they can be aggregated to the city block level. The data base structure is shown schematically in the figure. The data base contains information on the number of buildings present on every block, as well as the building type (institutional, commercial, industrial, and residential). The social status of the residential houses can be retrieved, as well as the number of floors and a classification according to the point system of the land registration office, which is an indication of the value of the building.

The basic table in this data base is BLOCK. It is connected to the digitized city block map. 

Back to: Attribute Database
[image: image38.jpg]


Phase 5: Fieldwork

Although fieldwork takes only a small portion of the total time needed for an assessment of landslide hazard (5 to 20%), it is one of the most important phases. Only through thorough fieldwork can the researcher obtain an impression of the real- world situation, i.e., of the various factors that are really important in the analysis. It is therefore advisable to include more than one period of fieldwork. The first consists of a walk- over survey, during which decisions are made on the variables to be sampled and the legends to be used for the various maps. Also in the first phase collection of existing data should take place. The second field-visit should be used for data collection, and should be executed after image interpretation. The major part of data base design should be finished before the second field period so that the data obtained in the field can be entered quickly in the data base.

Regional scale Terrain Mapping
Geomorphological fieldwork
Landslide mapping



 HYPERLINK  \l "Fieldwork_3154" 

Geotechnical soil characterisation

Geotechnical rock characterisation
Hydrological measurements

Back to overview of phases


Back to top
Regional scale Terrain Mapping 
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Since the area in a regional investigation is very large, it is not practicable to obtain a sufficient number of quantitative data for a detailed characterization of the various terrain units. Therefore, no systematic quantitative data collection is suggested for the regional scale, and fieldwork will serve merely as a walkover survey to compare the interpreted terrain-mapping units with the actual field situation.

One method for mapping at a regional scale is to use checklists to collect semi-quantitative data for each Terrain Mapping Unit (TMU), using variables such as the percentage of TMU’s or Terrain Mapping Subunits (TMS) covered by certain land-use, landslide, or soil types. However, it is very difficult to estimate in the field percentages of cover in large terrain units in a mountainous area with dense vegetation cover. No good overview of a TMU or TMS can be obtained from ground level. Any attempt to do so would result in pure guesswork, or at best be excessively time-consuming. 

One possible solution would be to use aerial photos or satellite imagery to select a number of sample areas in each TMU or TMS and make more detailed observations only in those areas. This method may not be workable either, if the area is too heterogeneous, with too many different TMSs, to allow sampling in all of them. 

Another way to characterize the TMU’s and TMS’s is to traverse the area by car, or by foot in the higher regions, where no passable roads exist with the following objectives:

· To obtain photographs of characteristic areas to be used later in final production of the TMU map;

· To make simple field descriptions of the various TMUs and TMSs;

· To make a general mass movement inventory, with special attention given to the types and frequency of mass movements occurring in the various TMSs;

· To obtain information to be used in designing the various map legends for the medium scale analyses.

Back to Phase 5: Fieldwork techniques
Geomorphological fieldwork

[image: image40.jpg]


A simple checklist, prepared before commencing the fieldwork, can be used to check the geomorphological photo-interpretation. The list contains points of uncertainty arising during photo-interpretation that can be checked systematically in the field. The points entered in the list coincide with points marked on the photo-interpretation sheets. During geomorphological fieldwork, a second list can be used to collect relevant morphographic point information, including factors such as slope length and concavity-convexity. This information may serve as a quantitative basis for the interpreted geomorphological subunits. It may also be useful to obtain more information on slope angle values at various locations in the terrain in order to check the digital slope map and, if necessary, update it.

Back to Phase 5: Fieldwork techniques
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Landslide mapping

Naturally the most important type of data to be collected for a landslide hazard assessment is the locations and characteristics of the landslides in the study area. These data can be collected using a checklist, designed in accordance with the data base structure. 

Checklist examples
Checklists or field computers
Landslide parameters
Landslide monitoring
Back to Phase 5: Fieldwork techniques
Checklist examples

The use of checklists in landslide analysis is quite common nowadays, especially for studies based on computer applications. Extensive landslide checklists were used by:

· Carrara and Merenda (1974). A checklist for multivariate statistical analysis. 

· Italian National Research Council (CNR). A landslide checklist for the development of a national landslide database (Asté et al., 1990).

· The French Geological Survey (BRGM). A landslide checklist for the development of a national landslide data base (Asté et al., 1990). 

· Cruden and Brown, 1992. Simple landslide checklists that have even been used to create a global data base on landslides.

· Brown, 1992. The National Landslide Information Center of the U.S. Geological Survey works at a national scale for the United States.

· Baez et al. (1988). A checklist in a national investigation on landslides for the Colombian road network, and used descriptive statistics to analyze the important parameters involved. 

· Kienholz (1977, 1978). Simple checklists used in direct geomorphological hazard mapping.

Back to landslide mapping



Checklists or field computers

Two methods of data collection can be applied:

· Using hard-copy checklists

Checklists are designed in accordance with the data base structure.The data is later entered into the data base at the field residence using a laptop computer;

Advantages: 

· Allows extra information, such as field sketches, to be added on the back of the checklist;

· More secure is rough terrain conditions;

Disadvantages: 

· Parts of the checklist can be overlooked;

· Values outside of the possible range can be entered;

· Errors may still occur when typing the data.

· Using field computers

Entering data directly when collecting in the field using small, hand-held, inexpensive field computers (Elbersen and Catalan, 1986). 

Advantages: 

· The computer program can check immediately whether all data have been entered correctly;

· It can warn when values are added that are outside the possible range;

· It can be combined directly with a Global Positioning System (GPS);

· It can be combined directly with GIS data.

Disadvantages: 

· Data may become “impersonal”, just numbers in a database, which may make it difficult during data analysis for the researcher to remember details of the field situation;

· Field computer are fragile, and difficult to use in rough terrain conditions;

· Data storage may be less secure.

Both methods allow the consistency of the collected data to be checked during the fieldwork period itself, and provide an opportunity to identify gaps in the data that still need to be filled. This allows observation points with abnormal, suspect or missing values to be revisited for verification.

Both methods however, have the danger of  “boredom”. At a particular landslide, the person filling in the checklist may be filling in values that have been used in previous landslides.

An overview of the field techniques used in landslide hazard mapping is given by Sowers and Royster (1978), Selby (1982), and Dackombe and Gardiner (1983).

Back to landslide mapping




Parameters to be checked

An example of a checklist designed for landslide mapping study is shown below. The checklist has been split up into a number of tables. Most of the variables selected for description are relatively simple to evaluate or measure, and were selected in order to minimize guesswork and reduce the time needed for filling in the list. Two variables, however, are difficult to assess: the landslide depth and the main cause of failure. For each landslide, the following types of information need to be collected (Tables 3.4 to 3.9):

	Landslide type
	State of activity
	Distribution of activity
	Style of activity
	Rate of movement
	Water

Content
	Material

	Fall
	
	Active
	
	Advancing
	
	Complex
	
	Extr. rapid
	
	Dry
	
	Rock
	

	Topple 
	
	Suspended
	
	Retrogressive
	
	Composite
	
	Very rapid
	
	Moist
	
	Debris
	

	Slide
	
	Reactivated
	
	Enlarging
	
	Successive
	
	Rapid
	
	Wet
	
	Soil
	

	Flow
	
	Dormant
	
	Diminishing
	
	Single
	
	Moderate
	
	Very wet
	
	Mud
	

	Spread
	
	Abandoned
	
	Confined
	
	Multiple
	
	Slow
	
	Saturated
	
	

	Creep
	
	Stabilized
	
	Moving
	
	
	Very slow
	
	
	

	Complex
	
	Relict
	
	Widening
	
	
	Extr. slow
	
	
	

	Other
	
	Other
	
	
	
	
	
	

	?
	
	?
	
	?
	
	?
	
	?
	
	?
	
	?
	


Table 3.4: Checklist for general landslide information.
	LANDSLIDE SCARP AREA

	State
	Form
	Vegetation (%)
	Dimensions
	Water
	Features

	Single scarp
	
	Length = Width
	
	Bare
	
	Length
	
	Dry
	
	Tension cracks
	

	Multiple scarp
	
	Length < Width
	
	Grass
	
	Slope
	
	Seepage
	
	Radial cracks
	

	
	
	Length > Width
	
	Shrubs
	
	Area
	
	Springs
	
	Minor scarps
	

	
	
	
	
	Straight trees
	
	Depth
	
	
	

	
	
	
	
	Bended trees
	
	
	
	

	No scarp
	
	
	
	Fallen trees
	
	
	
	

	?
	
	?
	
	?
	
	?
	
	?
	
	?
	


Table 3.5: Checklist for description of landslide scarp area.

	TRANSPORT ZONE

	Form
	Vegetation (%)
	Dimensions
	Water
	Features

	Length = Width
	
	Bare
	
	Length
	
	Dry
	
	Slickensides
	

	Length < Width
	
	Grass
	
	Width
	
	Moist
	
	
	

	Length > Width
	
	Shrubs
	
	Area
	
	Wet
	
	
	

	
	
	Straight trees
	
	Slope
	
	Very wet
	
	
	

	
	
	Bended trees
	
	
	
	Saturated
	
	
	

	
	
	Fallen trees
	
	
	
	Ponds
	
	
	

	?
	
	?
	
	?
	
	?
	
	?
	


Table 3.6: Checklist for description of transport area.

	ACCUMULATION ZONE

	State
	Form
	Vegetation (%)
	Dimensions
	Water
	Features

	Single block
	
	Length=Width
	
	Bare
	
	Length
	
	Dry
	
	Transv. cracks
	

	Multiple blocks
	
	Length<Width
	
	Grass
	
	Width
	
	Moist
	
	Transv. ridges
	

	Desintegrated
	
	Length>Width
	
	Shrubs
	
	Area
	
	Wet
	
	Radial cracks
	

	Sinlge flow
	
	
	
	Straight trees
	
	Depth
	
	Very wet
	
	Minor scarps
	

	Multiple flow
	
	
	
	Bended trees
	
	Volume
	
	Saturated
	
	Backtilting
	

	Removed
	
	
	
	Fallen trees
	
	Slope
	
	Ponds
	
	Bulging
	

	?
	
	?
	
	?
	
	?
	
	?
	
	?
	


Table 3.7: Checklist for description of accumulation area.

	SLOPE INFORMATION (SLOPE ON WHICH LANDSLIDE OCCURRED)

	Dimension
	Form in plan
	Form in profile

	Slope gradient
	degrees
	Straight
	
	Straight
	

	Slope direction
	degrees
	Concave
	
	Concave
	

	Slope length  upslope
	meters
	Convex
	
	Convex
	

	Slope length downslope
	meters
	
	
	
	

	?
	
	?
	
	?
	


Table 3.8: Checklist for slope information.

	CAUSES

	Geological  
	Morphological 
	Physical 
	Human

	Weak materials
	
	Tectonic or volcanic uplift
	
	Intense rainfall 
	
	Excavation at toe
	

	Sensitive materials
	
	Glacial rebound
	
	Long precipitation
	
	Loading of slope 
	

	Weathered materials
	
	Fluvial erosion 
	
	Rapid snow melt
	
	Reservoir drawdown 
	

	Sheared materials
	
	Wave erosion
	
	Freeze-and-thaw 
	
	Deforestation
	

	Jointed/fissured mat. 
	
	Glacial erosion
	
	Earthquake
	
	Irrigation
	

	Mass discontinuity
	
	Erosion of lateral margins
	
	Volcanic eruption
	
	Mining
	

	Structural discontinuity
	
	Subterranean erosion 
	
	
	
	Artificial vibration
	

	Contrast in permeability
	
	Deposition loading slope 
	
	
	
	Water leakage 
	

	Contrast in stiffness
	
	Vegetation removal
	
	
	
	
	

	Other: ….
	
	Other: …..
	
	Other: …..
	
	Other: …..
	

	?
	
	?
	
	?
	
	?
	


Table 3.9: Checklist for landslide causes.


Back to landslide mapping




Landslide monitoring

A wide range of tools is available for the monitoring of the movement of landslides (figure 3-43). Some of the most important techniques are described by Mikkelsen (1996).
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Figure 3.43: Methods for monitoring landslides.

Surface measurements

· Conventional Surveying Equipment. These methods may be referred to collectively as tacheometry. They include plane table and alidade surveys, transit and stadia surveys, and transit and subtence bar surveys. Conventional equipment such as theodolites in combination with measurement stakes have been widely used.

· Tiltmeters. Portable tiltmeters can be used to detect tilt (rotation) of a surface point.

· Electronic Disastance Measurement (EDM). These devices can measure the distance towards benchmarks very accurately. They are used in automated setups to measure routinely a set of benchmarks every minute, hour or day, depending on the set-up. A good example of such a system is the one established on the Tessina landslide in N. Italy. More about Tessina, monitoring system.

· Differential Global Positioning Systems. The Global Positioning System (GPS) has many advantages over conventional surveying for landslide disaster prevention and mitigation. Once an initial baseline network of ground markers has been positioned, the re-occupation of survey stations determines ground deformation. This verifies both the boundary of the landslide block and ground surface changes. Networks are measured using rapid static GPS. The method enables many survey stations to be measured in a short time, to quickly determine the three-dimensional map of the ground surface (of the landslide). More about Tessina, monitoring system.

Ground displacement measurements

· Inclinometers. Inclinometers measure the displacement along a vertical profile, and are used to determine where the slip surface is, and how much the material inside the landslide is deforming. The simplest type of inclinometer is a semirigid plastic tube, which is inserted into a borehole. Apart from this a number of sophisticated inclinometers have been developed.

· Extensometers. Extensometers and strain meters measure the increase or decrease in the length of a wire or rod connecting two points that are anchored in the borehole and whose distance apart is approximately known.


Back to landslide mapping
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Geotechnical soil characterisation
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Besides geomorphological mapping and description of the mass movements, fieldwork at the medium scale is designed to collect data for the preparation of an engineering geological map. The map itself is made by combining several maps within the GIS. During fieldwork, data are collected to characterize various soil and rock materials outlined on the map.

· Material types
· Field description of soil types
· Variables for soil description
Back to Phase 5: Fieldwork techniques
Material types

The method for soil description is based on the procedures developed at ITC for large- scale engineering geological mapping (Rengers et al., 1990). Prior to the second fieldwork period, a list of all materials occurring in the study area should be prepared. This list is based on geomorphological photo-interpretation, existing geological maps and reports, and the general overview of the area obtained during the first walk-over field survey.

The list should contain all material types, including rocks and soils. The different rock types are grouped according to their origin (sedimentary, metamorphic, etc.) and classified as residual soil, weathered rock, and fresh rock. The base of weathering grade IV (above which more than 50% of the rock is decomposed and/or disintegrated into soil) is taken as the limit between soil and rock (Anonymous, 1990). 

Soils should be named with respect to their genesis, and not with respect to their geotechnical characteristics. This is done because the correlation between different outcrops should be done on the basis of a genetic classification.

Back to Geotechnical soil characterisation
Back to overview of phases

Field description of soil types
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The variables for field description of soils are described in Anonymous (1990), Selby (1982), Dackombe and Gardiner (1983), Cooke and Doornkamp (1990). Most of these data are obtained by direct measurement or observation. Others, such as permeability or grain size percentage were obtained by estimation. In the checklist  not all the parameters suggested previously (Anonymous, 1990), can always be used, because some are too detailed for general characterization or too difficult to estimate in the field. Some of the parameters, such as bulk density, plasticity, porosity, grain-size distribution, and mineralogy, should be tested in the laboratory on a limited number of samples. 

For each soil outcrop, a separate soil observation sheet is filled in. The first step in soil description is to divide the soil outcrop into a number of different layers. Each layer is assigned a unique identifier, entered as LN (layer number) in the checklist, starting from the top of the profile. For each layer, the depth (in cm) below the terrain surface of the top and the bottom of the layer were entered into the columns TOP and BOTTOM, and the descriptive parameters were filled in. Pocket penetrometer and shear vane test results are made if the soil material allowed it. In outcrops with coarse materials, grain-size estimations of the coarser fraction are performed by line counting, on which the percentage cobbles and boulders on a scanline of 10 m is measured. From the results an average layer thickness of the various soil material types can be calculated.

Back to Geotechnical soil characterisation
Variables for soil description

For the soil observations, a checklist can be used that is in accordance with the data base structure. It contains the following variables (tabe 3.10):

	Variable
	Units
	Description

	Observer

Project

OP

Run

Photo

Day/Month/Year

Location

Sector

Altitude

Sdir

Sdip

Sheight

LN

Top

Bottom

Material

Color

Layering

Cement

Moist

Permea

Sorting

Consist

Redens

PerB

PerC

PerG

PerS

PerF

PPMIN

PPAVG

PPMAX

Vavalue

Dummy

Varesi

Sample

Sdepth

Labtest


	name

name

OP:

-

nr

dd/mm/yyyy

name

-

m

degree

degree

m

nr

cm

cm

code

-

class

class

class

class

class

class

class

%

%

%

%

%

kgf/cm2

kgf/cm2

kgf/cm2

ton/m2

ton/m2

ton/m2

OP/S/..

cm

-
	Name of observer

Project name

Observation point

Photo run (F.e. C-2275)

Photo number

Date of observation

Location description

Map sector

Altitude in metres

Slope direction

Slope angle 

Height of outcrop

Layer number, starting from 1 at the surface

Depth from surface to the top of layer

Depth from surface to the bottom of layer

Code of material type

Color using Munsell

Code for layering 

Code for cementation

Code for soil humidity

Estimated permeability class 

Code for sorting

Code for consistency 

Code for relative density 

Estimated weight % boulders (fraction >20 cm)

Estimated weight % cobbles (fraction 7.5 - 20 cm)

Estimated weight % gravel (fraction 0.475 - 7.5 cm)

Estimated weight % sand (fraction 0.075 - 4.75 mm)

Estimated weight % fines (fraction < 0.075 mm)

Min. pocket penetrometer value

Avg. pocket penetrometer value

Max. pocket penetrometer value

Shear vane result 

Shear vane dummy value

Residual shear strength

Code for soil-sample taken

Sampling depth

Laboratory test to be executed


Table 3.10: Overview of variables used on the soil observation sheet.
Back to Geotechnical soil characterisation
3.3.4.5. Geotechnical rock characterisation

In addition to geomorphological mapping and description of the mass movements, fieldwork at the medium mapping scale is designed to collect data for the preparation of an engineering geological map. The map is eventually constructed by combining several maps within the GIS, but during the fieldwork data are collected to characterize and rock materials.

The objective is to gather information on the following features:

· Lithological variability of the various rock units,

· The importance of weathering in the various rock units,

· Rock mass characterization using rock material strength indices and fracture spacing.

Field description of rock types
Variables for rock description
Schmidt Hammer Rebound test
Rock discontinuity measurements
Back to Phase 5: Fieldwork techniques
Field description of rock types
Many different classification systems exist for geotechnical rock mass classification (Deere and Deere, 1988; Wickham et al., 1972; Bieniawski, 1973; Barton et al., 1974). Most of these systems were developed for mining or tunnelling projects and involve factors that are relatively unimportant for slope instability analysis. 

The format for the rock mass description used in this study is a fairly simple one, developed for use in engineering geological fieldwork at ITC (Rengers et al., 1990). As the description method is applied here to characterize mapping units and not specific sites, detailed information on discontinuity orientation is omitted. In structurally heterogeneous study areas, discontinuity patterns cannot be extrapolated over large areas. Identification of the weathering intensity zones, using the classification of Dearman (1976), is important. 

The first step in describing the rock mass in an outcrop is to a divide it into homogeneous zones, called "lithological groups" (LG). A lithological group is defined as a homogeneous zone in the outcrop with a uniform degree of weathering, lithological composition, and/or discontinuity pattern. The LGs are not necessarily positioned in a vertical sequence. Therefore no measurements of depth are given, but instead the area percentages of the various LGs within the rock outcrop are measured/estimated. 

Back to geotechnical rock characterisation
Variables for rock description

For the rock observations, a checklist can be used that is in accordance with the data base structure. It contains the following variables (table 3.11): 

	Variable
	Units
	Description

	Observer

Project

OP

Run

Photo

Day/Month

Location

Sector

Altitude

Sdir

Sdip

Sheight

LG

LGPERC

LITHO

Material

WS

Wdepth

SH

Angle

PLmax

SL

Dir1

Dip1

Type1

Spac1

Dir2

Dip2

Type2

Spac2

Dir3

Dip3

Type3

Spac3

Sample

Test
	Name

Name

-

-

nr

dd/mm

name

-

m

degree

degree

m

nr

%

nr

class

1-6

cm

-

degree

Bar

Mm

degree

degree

1-6

1-5

degree

degree

1-6

1-5

degree

degree

1-6

1-5

-

-
	Name of observer

Project name

Observation point.

Photo run (F.e. C-2275)

Photo number

Date of observation

Location description

Map sector

Altitude in metres

Outcrop direction

Outcrop angle

Height of outcrop

Lithological group

Percentage in outcrop occupied by LG

Detailed lithological characterization

Code of material type

Weathering zone 

Vertical depth of weathering

Schmidt hammer rebound value

Angle of Schmidt hammer test

Point load oil pressure at failure

Distance between cones

Discontinuity set 1: direction

Discontinuity set 1: dip

Discontinuity set 1: type

Discontinuity set 1: spacing

Discontinuity set 2: direction

Discontinuity set 2: dip

Discontinuity set 2: type

Discontinuity set 2: spacing

Discontinuity set 3: direction

Discontinuity set 3: dip

Discontinuity set 3: type

Discontinuity set 3: spacing

Sample code

Proposed rock test


Table 3.11: Overview of variables used on the rock observation sheet.
Back to geotechnical rock characterisation
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Schmidt Hammer Rebound test

One of the simplest methods for obtaining general information on rock material strength is the Schmidt hammer rebound test (Selby, 1982). The Schmidt hammer (figures 3.46 and 3.47) works on the principle that the rebound of an elastic mass impacting on a surface is a function of the hardness of the surface itself. Hence the harder the surface, the greater is the rebound distance. The rebound values of this spring-loaded hammer give an index value for the compressive strength of rock materials. Values below the minimum sensitivity of the Schmidt hammer are recorded as zero. For each material type, Schmidt hammer values are divided into those higher than 10 and those lower than 10, including the zero readings. Average and standard deviations are calculated and frequency distributions were made. The Schmidt hammer results are used in the characterization of engineering geological units. 

[image: image15.jpg]



Figure 3.47: Interior of the Schmidt hammer

Back to geotechnical rock characterisation
Rock discontinuity measurements
Rock discontinuity measurements are collected systematically on the rock observation sheet. In general only the three most important discontinuity sets are described, for which the type, orientation and spacing class are measured. The discontinuity spacing measurements are aggregated per material type. 

Back to geotechnical rock characterisation
Back to overview of phases
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3.3.4.6. Hydrological measurements

One of the most important elements in the application of slope stability models is groundwater level. There are two ways to obtain more insight into groundwater fluctuations over time:

· Measuring parameters for hydrological modelling 

One of the most important parameters in such a model is saturated hydraulic conductivity (Ksat). This can be determined in the field using the inverse borehole test, described by Kessler and Oosterbaan (1974).

· Groundwater monitoring

· Open standpipe Piezometers. The most common water-level recording tecchnique is observation of the water level in an uncased borehole or observation well. 

· [image: image45.jpg]


Pressure sensor piezometers. There are two types: the electrical vibrating-wire and the pneumatic sensors. The pneumatic piezometer consists of a sealed tip containing a pressure-sensitive valve. The valve opens or closes the connection between the two tubes that lead to the surface. Electrical piezometers have a diaphragm that is deflected by the pore pressure acting against one face (see also table 3.12). 

· Tensiometers (figure 3.48). Tensiometers are used to measure negative pore pressures, and are usefull to measure groundwater levels below the measuring point.

	Piezometer type
	Advantages
	Limitations

	STANDPIPE
	Simple and reliable
	Hydro-dynamic time lag in low

permeability soils

	
	Low cost
	Manual readings can be automated using electrical transducers

	
	Allows permeability testing
	Liable to damage from construction activities

	PNEUMATIC PIEZOMETERS
	Rugged reliable
	Long lead lengths can decrease response and accuracy

	
	Fast response times
	Automation is difficult and requires

electro/pneumatic controls

	
	No long term drift and null balance calibration principles
	Compressed gas supply required

	
	Unaffected by frost
	

	
	Cheaper than electrical output piezometers
	

	ELECTRICAL PIEZOMETERS
	Very fast response
	Poor accuracy at low pressures

	
	Suitable for dynamic measurements
	Often inaccessible after installation

	
	Easy to read and readily automated
	Calibration checks not possible after

installation

	REMOVABLE PORE

PRESSURE TRANSDUCERS
	Calibration readily checked and thus suitable for long term monitoring
	Pressure range limited to 5 bar

	
	Easily automated
	Standpipe tubing required

	
	Negligible hydro-dynamic time lag in low permeability soils
	Standpipe tube can be damaged by

construction activity

	
	Cost effective for intensive monitoring

strategies
	

	
	Reusable
	


Table 3.12: Piezometer comparison table (Source: Geotechnical Instruments (UK) Ltd.)
Back to Phase 5: Fieldwork techniques
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Phase 6: Laboratory analysis

In addition to the field techniques laboratory analyses can be performed at both the medium and the large scales. Common laboratory analyses, in respect to landslide hazard, are:

· [image: image47.jpg]


Soil classification. The Universal Soil Classification System (USCS) method for classification of soils for engineering purposes (ASTM, 1989) is normally used. The data are rearranged according to genetic soil type.

· Grain-size distribution. The objective is to characterize the soil material types with respect to their grain-size distribution. They are dry-sieved using standard American Society for Testing Materials (ASTM) sieves (ASTM, 1989). The grain-size curves are grouped by material type, after which the average and standard deviation for each fraction could be calculated.

· Water retention. Samples for soil retention are tested using a standardized method. Water retention curves (or pF curves) are constructed to predict soil behavior at different water contents.

· Densities. Soil density (both bulk density and particle density) is measured to obtain a general idea on the dry density, the range of in situ densities and pore fraction. Samples for in situ density analyses are taken during both dry and wet seasons, to obtain a reasonable range of values throughout the year. Saturated densities should also be defined. The data should be calculated for the different soil material types. 

· Soil strength. Both shearbox test and triaxial test results are used to determine soil strenght. Triaxial tests are mostly of the CU type (consolidated, undrained), with pore pressure measurements. The testing speed should generally not be too high, on the order of 0.08 to 0.25 mm/min. From these test values for effective cohesion and effective angle of friction are obatined. Reading (1991) presented soil strength results from various authors.

· Clay mineralogy. Clay mineralogy analyses are performed using X-ray diffraction. The presence of minerals is indicated by classes:

1 = traces (< 5%)

2 = present (5-15%)

3 = common (15-30%)

4 = abundant (30-50%)

5 = dominant (>50%)

The data are grouped by soil type and the predominant classes were calculated. It is important to measure the cation exchange capacity (CEC) of the soils as well as the percentage of swelling clays, such as montmorillonite or vermiculite.

Most of these data are collected to obtain insight into the geotechnical characteristics of the various soil types occurring in the area. The water retention data are used in hydrological modelling. Density and soil strength data are used in the slope stability modelling. 

External Links:

· http://wwwrcamnl.wr.usgs.gov/uzf/retention.html
USGS Soil water retention measurement

· http://www.ianr.unl.edu/pubs/fieldcrops/g964.htm
Basics of soil water retention.

· http://ltpwww.gsfc.nasa.gov/globe/pvg/chartoc.htm#labanalysis
Soil Characterization Protocols.

· http://www.bsyse.wsu.edu/saxton/soilwater/
Soil texture triangle: hydraulic properties calculator.

· http://www.geology.iupui.edu/research/SoilsLab/procedures/bulk/Index.htm
Bulk density determination.
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3.3.6. Phase 7: Data entry
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Data entry refers to the conversion of analogue data to digital data that can be used in the GIS. Analogue data can either be spatial data (maps) or attribute data. Attribute data is entered manually through typing, or through text recognition programs, after scanning the text. The latter method can only be used if the analogue attribute data is in typed format and not too complex.

Analog spatial data can be entered in several ways:

· Manual digitizing
· Scanning and semi-automated digitizing

Back to overview of phases
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Manual digitizing 

Manual digitizing remains the principal method to convert analogue map data into a digital format. The amount of work spent on digitizing maps can be very large, especially when many different input maps are to be used in the analysis.

Accuracy. Although it is routine work, manual digitizing has to be done very precisely, to prevent errors such as shifts in control points, errors in the correct following of lines, overlooking of small segments during digitizing, and mistakes in the coding of line segments (for contour maps, for example) or polygons.

Care with coordinate system. One of the most important things before starting to digitize maps of an area, is to verify that the coordinates on the map are correct. Once maps are digitized with wrong coordinates, it will be quite difficult to correct for this. 

Good quality input maps. To reduce errors in digitizing photo-interpreted maps, special care should be taken in preparing the hand-drawn original. The base map on which the interpretation is drawn should be of good quality. It is best to draw all maps on film and not on paper, to prevent errors due to differential shrinking of the paper. 

Fit of different maps. An important factor that should be taken into account during digitizing is the fit of different digitized maps. Digitizing maps containing related information separately invariably produces errors when these maps are combined. For example, when drainage lines and contour lines are digitized separately, the drainage lines will most probably fall outside of the backward recession points of the contours. For this reason, digitizing related information in one file using different codes for different types of information is recommended.

Back to Phase 7: Data Entry
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3.3.6.2. Scanning and semi-automated digitizing
Some data can be entered automatically using scanners. Scanners can be used to enter both maps and images. The resulting files in TIF or Bitmap format can be converted to the GIS software. 

Some GIS software packages now have line-tracing algorithms, that allow for the conversion of scanned line maps to vectors. This success of this process depends to a large extend on the quality of the input map. The best results are obtained when the input map only contains the lines that should be vectorized and no other information. Topographic maps with all kind of information will require a lot of editing, after the vectorization.

The procedure is semi-automatic. The user should still provide input when the vectorization software encounters points where there is ambiguity. The user should also indicate the codes of the vectors.

Back to Phase 7: Data Entry
Back to overview of phases
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3.3.7. Phase 8: Data validation
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Data validation is very important in any project involving GIS, owing particularly to the tendency to lose sight of the numerous data layers and the data quality during the tedious process of data entry. 

The time required for data validation increases with the complexity of the data set, going from the regional to larger scales.

Data validation of both spatial and attribute data is achieved by performing cross-checks in the data base. 

· Validating maps. This can be done for maps simply by overlaying different maps to evaluate the possibility of mismatches or incorrectly coded polygons.

· Validating attribute data. For attribute data, cross-checks are performed by making various connections between tables. Random checks of records and polygons can also be made. 

In practice data validation is not performed at a single stage of the process, but is done continuously throughout the project. Inconsistencies in the data are usually detected during data manipulation and data analysis, when strange results occur.


Back to overview of phases
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Phase 9: Data manipulation

The phase of data manipulation includes all GIS activities required to convert you input data to a useful set of data for data analysis. All operations that are done before the actual data analysis fall in this category. For more information on these techniques, consult a textbook on GIS (Bonham-Carter, 1996).

The most important activities are:

· Basic operations on maps
· Basic operations on images
· Basic operations on tables
· Preparing of input maps for landslide hazard assessment

Back to overview of phases


3.3.8.1. Basic operations on maps

File conversion. Often some digital data is already available for the study area, e.g. satellite images, digital contour lines, Digital Elevation Models, or digital thematic maps. These data may not be (in practice: is unlikely) in the file format required for the GIS system with which you are working. Therefore they will have to be converted first. Most GIS systems have import/export procedures for converting files.

Data editing. Maps obtained from other sources should be edited before they can be used for landslide hazard assessment. Editing can be done for raster maps, polygons maps, segment maps and point maps.

· Raster maps. For raster maps editing is the most problematic, since you have to edit the pixels, or group of pixels one by one. You can edit the class names, IDs, or values of pixels in a raster map. 

· Polygon maps. With a polygon editor, you can edit the class names, IDs, or values of polygons, create labels from polygons, apply labels to polygons, and extract segments.

· Segment maps. With the segment editor, you can insert segments and delete existing ones, edit the class names, IDs, or values of segments, change the shape of segments, split and merge segments, and check segments and polygonize segments.

· Point maps. With the point editor, you can insert new points and delete existing ones, edit the class names, IDs, or values of points, and move points to a new position.
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Coordinate transformation. A coordinate system contains information on the kind of coordinates you are using in your maps; you may for instance use user-defined coordinates, coordinates defined by a national standard or coordinates of a certain UTM zone. A coordinate system defines the possible minimum and maximum X's and Y's that can be used in your maps. To be able to convert one coordinate system into another, a projection with parameters needs to be attached to both coordinate systems. If a projection is added to a coordinate system, the maps using this coordinate system can be displayed with a graticule. 

Vector to raster conversion. When you use a raster based GIS system, all maps that are to used for the landslide hazard assessment need to be in raster format, with equal pixelsize, equal minimum and maximum coordinates, and equal number of rows and columns. Therefore maps need to be rasterized, using the same Georeference. Rasterization should be done for polygon-, line- and pointmaps.

Point interpolation. Point data, such as rainfall data, soil properties, seismic intensity etc. need to be interpolated in order to derive at continuous surfaces. A wide range of interpolation techniques is available, e.g. nearest point, Thiessen, moving average, trend surface analysis, moving surface analysis and kriging.

Back to Phase 9: Data manipulation
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3.3.8.2. Basic operations on images

Image rectification and enhancement. Image processing software is used for image enhancement, rectification, classification and other digital image processing, as well as for the creation of an ortho-image. The resulting false-color composites can be printed on a color printer, or a film writer. From the film-positives of the film writer, high quality normal prints can be made, which are used for the visual stereoscopic interpretation.

Image classification. Image classification classifies a multi-spectral image according to training pixels in a sample set. This method is used to derive land use, land cover maps and lithological maps from multi-spectral satellite images. A wide range of classification methods is available, among which are box classifier, using a multiplication factor and Minimum distance, Minimum Mahalanobis distance and Maximum Likelihood, using a threshold distance.
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Orthophoto generation. The conversion of data from a photo to a base map is one of the most time-consuming and error-producing steps in preparing photo-interpretation maps. First digitizing the photo-interpretation without conversion, and then recalculating the interpretation to the map coordinates by an ortho-photo program within the GIS can reduce these errors. The ortho-photo program calculates the relief displacement on the basis of a DEM and a data file containing control points with photo-coordinates and corresponding map coordinates.

Back to Phase 9: Data manipulation
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3.3.8.3. Basic operations on tables 

Normalizing tables. Normalization is the process where the tables are reordered in such a way that data redundancy (the same data stored in different places) is reduced to the maximum. This involves the splitting of tables, and the selection of relevant key columns, through which tables can be combined or joined.

Linking tables with maps. In order to be of use in the landslide hazard assessment, all tables should be linked to spatial object (maps with pixels, polygons, lines or points). This is done either through the assignment of Identifiers of the spatial elements that are linked to the tables, or through common domains (explanation tables containing the class names or Ids).

Aggregating tables. A number of tables in the database will contain information that will first have to be aggregated in order to be useful. For example, the information on soil observation, or soil tests, will have to be aggregated per soil type. For the aggregation use can be made of operations like: maximum, minimum, average, standard deviation, median etc. 

Joining tables. Joining two tables using a key column is only possible if the key column is unique in the table from which information is obtained. In other words, there may be a many-to-one relation between the two columns, but no one-to-many nor a many-to-many.

Click here for more information on the design of a data base 

Back to Phase 9: Data manipulation
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3.3.8.4. Preparing of input maps for landslide hazard assessment

Generating a DEM. One of the most important data types for landslide hazard assessment is a Digital Elevation Model (DEM), also called a Digital Terrain Model (DTM). A DEM can be generated using photogrammetrical methods from airphotos or satellite images, or can be generated through contour interpolation. DEM’s can be in raster format, in which each cell display the altitude of the central cell, or in vector format in the form of Triangulated Irregular Networks (TIN).

Generating derivative maps from DEMs. DEMs have a wide range of applications. They can be used to generate slope direction maps, and slope gradient maps. For raster DEMs directional filters are used to calculate these features. Other applications are the generation of the slope convexity maps, slope length maps, and the automatic detection of drainage and catchment areas. DEMs are also used as a basis for hydrological modeling.

Distance calculation. These functions determine the connected areas having the same distance (in time, distance, costs, etc) to a given point, line or area. Four factors are important: the source (the points from which the calculation is started), the units of measurement (distance, time), the function used in calculating (linear distance, travel time), and the area for which you want to calculate it.
Back to Phase 9: Data manipulation
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Phase 10: Data analysis and  modelling

In the tenth phase of a GIS based hazard zonation the data analysis technique chosen in phase 1 is carried out. Available analysis techniques:

· Landslide distribution analysis
· Heuristic landslide hazard assessment
· Statistical landslide hazard assessment
· Deterministic landslide hazard analysis
Back to Phase 1: Defining the objective of the study
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Phase 11: Presentation of output maps

Data presentation is the procedure by which information from the GIS is presented in a form suitable for the user. The results of a GIS based landslide hazard analysis are used in planning and management. The data analysis is usually not done by the decision makers and planners, so the information should be presented to them in such a way that they are able to make sound decisions. If the information is presented to them in a vague unclear way wrong decisions will be taken.

· Important aspects in the design of output maps 

· Cartographic tools 

· Visual variables 

· What should be on a  landslide  hazard map?
· Output types
· Examples of landslide hazard maps

Back to overview of phases


3.3.10.1. Important aspects in the design of output maps

When you make a map you should be aware of the following points:

Who is going to use them?
· A map intended for decision makers, containing only the conclusions on the hazard classes, will be very different from one made for scientists, which should contain as much factual information as possible. 

· A map made for decision makers, should leave out all detail, and should only present the information relevant to them.

What is their purpose?

Most landslide hazard maps are single-purpose, displaying only one theme (hazard classes). However, they can also be multi-purpose, for example when they are combined with geomorphological, geological , or engineering information.

What is their content?

A landslide hazard map should normally have different types of content:

· Primary content (main theme)

· Secondary content (base map information)

· Supportive content (legends, scale etc)

Scale of the map?

Many GIS workers unfortunately still produce maps at A4 size, with no respect to the original scale of the input maps, since it is often most convenient to make a screen dump. Or they let the size of the output devices determine the final map scale. The scale of the output map should, however be based upon other considerations, such as:

· The purpose of the map (e.g. regional planning, detailed design)

· The needs of the map user

· The map content

· The size of the area mapped

· The maximum size of the map (format)

· The accuracy required.

Projection of the map
The projection of the map is of importance when working over large areas. Normally the map projection is selected which is also used for topographic maps in a certain country.

Accuracy

· Positional accuracy: is it at the correct place. This depends on the accuracy of data capture, the scale of map and methods used

· Thematic accuracy: is it in the correct unit

· Semantic accuracy: cartographically okay?

Back to Phase 11: Presentation and reporting
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Cartographic tools 

A cartographer disposes of the following tools in the representation of information in a map:

· Points: Individual landslides on a small scale map, rainfall stations, earthquake epicenters for example.

· Lines: Faults, drainage lines, roads etc.

· Areas: Individual landslides, landslide hazard classes, geological units etc.

· Volumetrically shaped: Relief shown with hill shading

· Text: Legend information, topographical information, and codes of mapping units

· Other symbols: Pie graphs, or bar graphs, to display statistical information within mapping units.

Back to Phase 11: Presentation and reporting
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3.3.10.2. Visual variables

For conveying relevant information of the cartographic tool, a cartographer can use several visual variables. The following visual variables are available:

Position
· The position of the point, line, or area features is already given by the information contained in the map. However, the position of these features only often already gives much information (e.g. the distribution of landslides tells a lot about the most susceptible areas).

Form

· The form of objects is a very important variable. For example: point features, such as observation points or quarries may be represented by a geometric or specially designed symbol, by text, or by both.

· The form of the features is also determined by the information of the map itself. However, the cartographer can manipulate the forms of objects, by generalization. 

Orientation
· The orientation of objects can be manipulated to convey certain information: variation in orientation creates an impression of movement and instability. Orientation is not used very frequently. The most obvious application is the use of dip-strike symbols.

Texture 
· Texture is defined as the variation in density of the graphical elements under constant value, i.e. with the same overall gray expression. An increased density contrast increases the interest.

Value
· Value is the visual variable that refers to the values on a gray scale, ranging from white to black. Increasing darkness implies increasing importance. The higher the quantitative value, the darker it is represented

Size
· Size increases with value. Thicker lines are more important than thin lines.

Color
· Landslide hazard maps often use the “traffic light”-colors ranging from green (no hazard) via yellow and orange to red (high hazard).

· Colors on screen appear different than on paper. Lighter colors should be used for printing.

· Most colors are evident; e.g. blue - water, green - vegetation, yellow - sand areas.

· To indicate increasing order scales, changing values are used: dark to light.

· It is not advisable to use more than 4 to 6 steps of the same hue.

Back to Phase 11: Presentation and reporting

 HYPERLINK  \l "Begin_page" 

Back to overview of phases


3.3.10.3. What information should a landslide hazard map contain?

A landslide hazard map should contain the following types of information:

Thematic information. The main thematic information on a landslide hazard map is the landslide hazard. This can be expressed in two different ways:

· Absolute values. Hazard is expressed as safety factors, failure probability or statistical weights, on a gradual (sliding) scale. It should be represented by a gradual change between two colors (usually green to red).

· Relative hazard classes. Hazard is expressed in relative hazard indications, such as high, moderate and low. It is best not to use too many different classes, and to define the hazard well in the legend. Distinct colours are used going from green (low hazard) to red (high hazard).

Topographic information. Only part of the topographic information should be used, shown in soft tones, otherwise the thematic information of the map will be badly readable. However, sufficient topographic information should be included, so that the reader can orient him/herself. The topographic information generally included: major drainage lines (in blue), major roads (in grey), city boundaries (in grey), contour lines (in reddish brown) and names of main rivers and towns (in grey).

Geographical location. Hazard maps should include the geographic location of the area. The map should have a grid, every 1 km or 10 km depending on the scale of the map. The coordinates should be indicated, at least for the opposite corners of the map.

Projection parameters. Indicate the coordinate system that has been used, and the projection parameters, or refer to the source map on which these projection parameters can be found.

Legend. Use different parts of the legend for different types of content:

· Nominal data: no order, just list them

· Ordinal data: features are ranked

· Class interval data: make correct class boundaries. These don’t have to be equal.
·  Classes of hazard should be well explained. An example of this is:

· Low hazard. In these areas no destructive phenomena (landslides, rockfall, inundation etc.) are expected to occur within the coming years, given that the land use situation remains the same. However, inadequate construction of infrastructure or buildings may lead to problems.

· Moderate hazard. In these areas there is a moderate probability that destructive phenomena that may damage infrastructure or buildings will occur within the coming years. However, the damage is expected to be localized and can be prevented or evaded by relatively simple and inexpensive stabilization measures.

· High hazard. In these areas there is a high probability that destructive phenomena will occur within the coming years. These are expected to damage infrastructure or buildings considerably. It is advised not to construct new infrastructure or buildings, or at least only after detailed study.

Title. Use both a main title and a subtitle:

· Main title: explanation of content (large).

· Sub title: area explanation (smaller).

Name of the author. Also add the name of institute and the name of the project.

Year of production and time of validity. The occurrence of landslides continually changes through in space and time. As do some of the factors that contribute to the occurrence of landslides, such as land use or infrastructure. It is therefore important to indicate when the landslide map was made, and for which period the hazard map will have validity.

North indication. Indispensable if the map is not north oriented.

Scale indication. Should be present as both a scale bar and a ratio (e.g. 1:10.000).

Location of the study area. Add a small inset map showing the location of the study area.
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3.3.10.4. Data output types

Three types of output are distinguished:

· Softcopy. Softcopy output is the format as viewed on a computer screen. This may be text or maps/images in black & white or color. Because the output is displayed on a computer screen and can be erased from the screen at any time, this type of output is regarded to be non-permanent. Softcopy allows the operator to interact and to preview data before its final output.

· Hardcopy. Hardcopy output is a permanent means of display. The information is printed or plotted on paper, photographic film, transparencies, or similar material. Maps/images and tables are usually stored in this format. 

· Electronic. Electronic output consists of computer-compatible files. Information is stored on disk, computer compatible tape, optical disk or any other computer storage media. Although in general the information can be erased, the electronic output is considered to be permanent. They are used to transfer data to another computer system either for additional analysis or to produce hardcopy output at another location.
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3.3.10.5. Types of landslide hazard maps

Landslide hazard maps exist in different forms. To name the most common:

<!--- Documents containing examples not yet finished --->

· Landslide distribution map. View example by CNR Guzzetti et al 199?
· Landslide density map. View example by Canuti et al 198?
· Conventional detailed Geomorphological landslide hazard map. View example by Rupke et al 198?
· GIS based Geomorphological landslide hazard map. View example by Van Westen et al 1999
· Heuristic landslide hazard map. View example by Kienholz, 197?
· Statistical landslide hazard map. View example by the USGS, 199?
· Deterministic landslide hazard map. View example by ???
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3.3.11. Phase 12: Error evaluation and reporting
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Any GIS based landslide hazard assessment should include an analysis of the reliability and accuracy of the resulting hazard map, as well as an analysis of the errors and uncertainties involved.

· Accuracy
· Success rate
· Prediction rate

· Errors and uncertainty
· Error estimation
· Uncertainty assessment
· Objectivity/ subjectivity


Back to overview of phases


3.3.11.1. [image: image57.jpg]Presentation

Cartography
Analog

Digital
Reporting




Accuracy

The most important question to be asked for each hazard study is related to the degree of accuracy. The terms accuracy and reliability are used to indicate whether the hazard map makes a correct distinction between hazard  free and hazard prone areas. The accuracy of a hazard prediction is depending on a large number of factors, of which many are interrelated. The most important ones are:

· The accuracy of the models that were used;

· The accuracy of the input data;

· The experience of the earth scientists involved;

· The size of the study area.

Paragraph 3.2.3.5: Accuracy and Objectivity
The evaluation of the accuracy of a hazard map is generally very difficult. In reality a hazard prediction can only be verified by observing if the event takes (or has taken) place in time ("wait and see"), but this is not a very useful method, for obvious reasons. 

There are several other techniques to determine the accuracy of landslide hazard maps:

· Success rate 

· Prediction rate
Back to: Phase 12: Error evaluation and reporting
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Success rate
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The success rate (Chung, 19??) is a statistical method to determine how well the resulting hazard maps can has classified the areas of existing landslides as high hazard areas. 

The method first divides the area of the hazard map in equal classes of 5 percent of the histogram, ranging from the highest to the lowest scores. Then for each of these classes the percentage of the landslides that occur in that class is calculated. The result is plotted as the percentage of the map on the X-axis, ad the percentage of the landslides on the Y-axis (see figure 3.61).

This method is often unjustly presented as a check of the predicting power of the hazard map. It is merely a method that allows checking how many of the landslides occur in the high hazard areas (well classified) and how many occur in the low hazard areas (wrongly classified). To some extent this is circular reasoning, since the same landslides that are used to calculate the hazard, are used later to check it. This can be avoided by separating the landslide set into two populations: one used for generating the hazard map, and the other for checking it. This can be done by using a random selection of the landslides, or by dividing the area in a checkerboard pattern, and use the landslide falling in the “white” blocks for the generation of the hazard map, while using the ones in the “black” bocks for checking it.

Back to Accuracy
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Prediction rate

The objective of the prediction rate is to check how well the hazard map can predict the future occurrence of landslides. This method can only be carried out if multi-temporal hazardous event distribution maps are available. The hazard prediction, based on an older distribution map, can then be checked with a younger distribution. This method first divides the area of the hazard map in equal classes of 5 percent of the histogram, ranging from the highest to the lowest scores. Then for each of these classes the percentage of the landslides that have occurred in the following period (e.g. 10 years) in that class are calculated. The result is plotted as the percentage of the map on the X-axis, ad the percentage of the landslides on the Y-axis (see figure 3.62).

The comparison of hazard maps, made by different methods (for example statistical and deterministic methods) may give a good idea of the accuracy of the prediction as well.
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3.3.11.2. Errors and uncertainty
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The occurrence of landslides is governed by complex interrelationships between factors, some of which cannot be determined in detail and others only with a large degree of uncertainty. Some important aspects in this respect are:

Error estimation
Uncertainty assessment
Objectivity/Subjectivity
The sources of errors, which may occur in the procedure of a GIS supported analysis, are (partly after Aronoff, 1989):

· Errors in source data

· Geometric (positional) and semantic (classification) errors in the compilation of maps.

· Geometric and classification errors in remotely sensed data.

· Errors in other source data. e.g. from field sampling.

· Inaccuracies due to the vague ("fuzzy") character of natural boundaries.

· Errors due to the source data being out of date.

· Errors occurring during data input

· Digitizing errors due to operator mistakes and limited precision of the digitizer.

· Errors in attribute data entry (typing errors).

· Errors in data storage
· Errors due to the limited precision with which coordinates and other numerical data are stored.

· Errors in coordinate systems being used, and the conversion from one to another

· Errors arising from vector-to-raster conversion.

· Errors in data analysis and manipulation.

· Propagation of errors during map overlay.

· Errors due to incorrect use of formula (misuse of logic, etc).

· Errors arising from interpolation, e.g. for the determination of terrain slope.

· Errors in data output and application.
· Cartographic errors due to the limitation of output devices.

· Incorrect or inappropriate application of GIS outputs.

Back to: Phase 12: Error evaluation and reporting
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The error in a map can be assessed only if another map, or field information is available which is error-free, and with which it can be verified. Slope angles, for example, can be measured at several points in the terrain, and these point values can be compared with a slope map to assess the degree of error. This evaluation is different for maps which are not based on factual, measured data, but on interpretation, such as the genetic elements of a geomorphological map. Such a map can also be checked in the field, but it is still possible that different geomorphologists will not agree on the specific origin of a certain landform. In other words, there is no absolute way to verify the map.

Back to Errors and Uncertainty
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For maps based on interpretation, only the uncertainty of the map can be assessed, by comparison of different maps by different observers. If the area identically mapped in several maps is small, the map is considered to contain a high degree of uncertainty. This method will only render reliable result if the field experience of the observers, and the mapping method is identically. Usually this is not so, and it may be that one of the observers has made a lot of errors in mapping, and that the other observer has mapped more reliably. For this reason, although it is possible to express the difference between the various maps in a quantitative way, the actual uncertainty of such maps is difficult to determine in an absolute manner.

A better way is to express directly the uncertainty of the features that are mapped. This can be done for example for landslides, by including a parameter in the description of the landslide referring to the certainty of the landslide features. Spatial uncertainty can also be expressed by not drawing straight boundary lines, e.g. between two lithological units, but by drawing an “uncertainty buffer”. It is possible to include these “fuzzy” boundaries in the map, and assigning fuzzy values between 0 and 1.

Back to Errors and Uncertainty
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Objectivity/Subjectivity

The amount of uncertainty is strongly related to the degree of subjectivity of a map. The terms objective and subjective are used to indicate whether the various steps taken in the determination of the degree of hazard are verifiable and reproducible by other researchers, or whether they depend upon the personal judgment of the researcher. The larger the subjectivity will be, the larger also the uncertainty, as the possibility increases that different individuals will come to different conclusions.

Many of the input maps used in landslide hazard analysis are based on aerial photo-interpretation and will therefore contain a large degree of uncertainty. Table 3.13 lists the factors that are considered to be important in controlling slope instability and a qualitative description of the degree of uncertainty (partly after Carrara et al., 1992). 

The degree of uncertainty is related to many factors, such as the scale of the analysis, the time and money allocated for data collection, the size of the study area, the experience of the researchers, and the availability and reliability of existing maps. From this list it can be seen that many factors contain an inter-mediate or high degree of uncertainty, either because they are based on a limited amount of factual data (such as soil characteristics) or they are made by subjective interpretation.

	Factor
	Uncertainty

	Slope angle

Slope direction

Slope convexity

General lithological zonation

Detailed lithological composition

General tectonic framework

Detailed rock structure

Earthquake acceleration

Rainfall distribution

Geomorphologic setting

Detailed geomorphologic situation

Present mass movement distribution

Present mass movement typology

Present mass movement activity

Past mass movement distribution

Soil type distribution

Soil characteristics

Soil thickness

Groundwater conditions

Land use

Past climatologic conditions
	Low

Low

Low

Low

High

Low

High

High

Intermediate

Low

Intermediate

Intermediate

Intermediate

Intermediate/high

High

Low/intermediate

Intermediate/high

High

High

Low

High


Table 3.13: Relative uncertainties for several factors determining landslide hazard.
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Figure 3.21: Landslide information
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Figure 3.22: Geomorphological information
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Figure 3.23: Geological information
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Figure 3.20 Method selection
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Figure 3.19: Study scale





�


Figure 3.7: Example of a site-investigation scale photo interpretation.
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Figure 3.4: Example of a regional scale Geodynamic processes map (click to enlarge).
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Figure 3.18: Study objectives
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Figure 3.17: Preliminary phase
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Figure 3.15: Deterministic approach to landslide hazard zonation (click to enlarge)
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Figure 3.14: Multivariate statistical analysis (click to enlarge)
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Figure 3.13: Bivariate statistical analysis (click to enlarge)
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Figure 3.12: Qualitative weight analysis (click to enlarge)
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Figure 3.8: Hazard maps are created by combination of several data layers.





�


Figure 3.16: Flow chart of a GIS-based Landslide hazard zonation (clickable map).
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Figure 3.1: Hardware associated with GIS.
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Figure 3.28
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Figure 3.29: Digitized raster and vector maps
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Figure 3.30: Digital images.
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Figure 3.31: Raster map
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Figure 3.32 Final result map (� HYPERLINK "figure3-32_small.jpg" ��click to enlarge�)
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Figure 3.33: Division of the data into data layers.
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Figuur 3.39:Phase 5: fieldwork
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Figure 2.40: TMU approach


(click to enlarge)
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Figure 3.41: Geomorphological fieldwork
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Figure 3.42: Landslide mapping
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Figure 3.44: Soil characterization
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Figure 3.45: Description of soils.
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Figure 3.46: Schmidt hammer
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Figure 3.48: Elementary form of a tensiometer.
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Figure 3.49: Laboratory analysis





�


Figure 3.50:  A textural triangle is used to classify soil texture.
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Figure 3.51: Data entry.
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Figure 3.52: Digitizing analogue map data manually. Photo: Royal Holloway University of London
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Figure 3.53: Data validation





�


Figure 3.54: Data manipulation.
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Figure 3.55: Map of the United States in three different projections. Image Peter H Dana.
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Figure 3.57: Data Analysis
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Figure 3.58: Phase 11.
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Figure 3.56: Orthorectification allows aerial photographs to be combined with other map layers.





�Figure 3.59: Phase 12





�


Figure 3.60: Similarity and difference between two hazard maps of the same area.





�


Figure 3.61: Success Rate
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Figure 3.62: Prediction rate.
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Figure 3.63: Error and uncertainty.
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Figure 3.64: Error estimation (click to enlarge)
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Figure 3.65: Two hazard maps error.
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Figure 3.66: Difference between two landslide maps (click to enlarge).
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