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AUTOMATIC DETECTION OF LANDSLIDES
Francis-Daniel Novcrraz”, Nicolas ]E*'reitagZJ

ABSTRACT

Landslides create typical morphologies in the ground which can be recognised
on topographic maps. By an appropriate computer analysis of numerical maps, it is
possible to put forward anomalies in an automatic way and thus to grossly detect the
limits of slidden zones. This paper describes a first development of such an analysis.

SITUATION OF THE QUESTION

Existing landslides can be very numerous in some geological contexts and
cover up to 20 or 30% of the territory. They alone are the essential problems caused by
land movements altogether, and that in every context and all over the world.

However they can only be identified by means of field investigations, which are
long, deemed expensive and problematic in certain contexts (access, vegetation cover).
Moreover, their identification supposes real problems for most geologists, untrained for
such work, and it is well known that this kind of mapping engenders reliability and
“reproducibility” problems.

Attempts consisting of getting around the problem, consciously or due to a lack
of understanding of the problem, by resorting to “Geographical Information Systems™
do not offer a solution : effectively the GIS can help to design the more or less important
sensibility of the different parts of the territory to problems of land instability
(potentiality of landslides), but are unable to identify the presence of landslides in the
field. And these zones remain those of the highest sensibility to problems of ground
instability. Certain authors are perfectly conscious of this problem and integrate an
inventory of existing landslides in the GIS (Carrara et al., 1990) ... which does not
however solve the problem of the quality of field identification.
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So there exits a real unsolved problem conceming reliable systematic
identification of existing landslides. The approach taken and written here is an attempt
to contribute to the solution of this problem, with the aim to answer the important
demand which exists actually in many countries.

USED MORPHOLOGICAL CHARACTERISTICS OF LANDSLIDES

This research work is based on several observations deriving from very
numerous landslide surveys done previously (Noverraz, 1990).

The declared or existing landslides of a large magnitude, extending over some
dozens of hectares to more than 30 km? for the largest ones, are characterized by a series
of geomorphological attributes which are more or less typical of these phenomena.
These attributes are the visible display of mechanical peculiarities for the considered
slide; the more recent or active is the slide, the more clearly these attributes can be
identified. The mechanical peculiarities of a slide hang on :

4 the structural and mechanical geological characteristics of the environment under
concern; '

- the relations between the geomorphological and the structural contexts;

- the paleogeographical context of the environment under concern (paleoglacial
erosion, ancient and present torrent or river erosion);

- the mechanism of the slide, although it is nearly always of a composite type for
large slope slides.

It is possible to distinguish direct geomorphological attributes, namely these
belonging the slidden mass itself, and the indirect attributes, namely those generated by
the ancient and/or present influence of the slide on its immediate surroundings.

The direct attributes can be divided into two categories, namely the limit
attributes and the surface attributes :

- The limit attributes include the scarps which characterize the zone at the head of
the slide and extend more or less along its lateral parts, aiming at a general
development in the shape of an arc. Towards the downward part of the slide, the
scarp slope which leans towards the centre line of the landslide connects in an
ideal case with a zone showing a progressively increasing positive offset in
relation to the surrounding topography, which corresponds to the toe of the slide.
The typical characteristics of these limit attributes are generally upset by a large
number of elements which are bound to the geological and geographical
environment of the considered slide, namely : change in the geological nature of
the ground; transition from a paleoerosion context (glacier environment for
instance) to a present erosion context (of a torrent type for instance); cut of the
slide toe by a cliff; presence of other adjacent slides; more or less thorough
absence of the head scarp when the slide begins right at the crest of the slope or
against cliffs that are undifferentiated from the scarp.
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- The surface attributes can be classified into two classes as well : the
morphological anomalies applying to the global extent of the slide and those
implying a smaller part of the slide or local zones.

. The morphological anomalies applying to the global extent of the slide
include :

> The depressed upper part in relation to the surrounding
topography, which is surrounded by the main and lateral scarps. This area often
presents a more or less marked flat zone in the higher part of the slide and
sometimes even a short counterslope.

> The protruding lower part which takes the shape of a vast bulging
zone in relation to the surrounding topography (toe bulges of the slide).

. The morphological anomalies implying a small part of the slide may
consist in :

> undulating areas (slide bulges) of an extension depending more or
less on the general dimension of the slide (from several meters to some dozens
of meters, and even more than one hundred meters). These bulges generally
characterize in particular the lower part of the slide.

> The repetition at a smaller scale of the conjunction of
morphological attributes of a slide, due to the presence of one or several
secondary slides within the main slide zone.

The indirect attributes are the consequence of the activity of the slide on its
geographical environment. The most frequent ones are :

- the arc-shaped diversion of a riverbed towards the opposite bank when the toe of
the slide reaches the stream;

- the intense erosion of the opposite bank by the stream in the above mentioned
circumstances with the formation of a cliff or the occurrence of a slide on the bank
facing the first considered slide;

- the alluvial deposition in the valley upstream of the slide when the former closes
the valley floor and when the supply of loose material by the slide movement
lastingly exceeds the erosive potential of the stream. In such a case the streambed
displays a zone of “rapids” along the downstream half of the toe of the slide.

ANALYSIS OF MORPHOLOGICAL ANOMALIES GENERATED BY
LANDSLIDES ON THE BASIS OF TOPOGRAPHIC MAPS

All the mentioned morphological anomalies that the landslides generate are
liable to be detected on a fairly precise topographic map. The lower limit of visual
perception of these anomalies by careful observation of the map depends on the relative
extent of the slide and of the scale of the map. The contour lines do express all these
anomalies. As a general rule, the scale of 1:25'000 or a more precise scale (1:10'000 and
1:5'000 in Switzerland) is necessary to carry out a morphological identification research
work on a map (Noverraz & Bonnard, 1990). Even with those scales, a very careful
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cartographic restitution of the shapes of the ground is indispensable. A contour interval
of 10 m, or at least of 20 m, is needed.

A good cartographic expression of the topographic anomalies generated by
large landslides allows the experienced geologist to detect, directly on the maps, the
presence of nearly all slides exceeding some hectares. This detection research work is
based on a certain number of criteria, which depend themselves on the unique or joint
presence (in a logical succession) of the topographic anomalies briefly described above.
The detection of such morphological criteria, first separately, then and above all in a
logical sequence, requires the implicit application of some empirical “rules”. Indeed it
should be a priori possible to translate such rules in computer routines.

The necessary basic tool for such work is a numerical topographic map, such
as the ones available for the whole Swiss territory at a scale 1:25'000. This numerical
model represents the ground surface on the basis of a regular grid with a spacing of 25
m. In the model used for this study, the altitude of each point of the grid has been
computed by an interpolation of the contour lines which are shown on the graphical
maps at 1:25'000 (more specific models should see the light of day in the short term).
The mesh is divided into two planar triangular faces and the conjunction of all these
faces forms a surface which approximates the real surface of the ground. Another
approach would consist in directly analyzing the graphical map which would be scanned
by shape identification softwares, but this operation would need a very time-consuming
previous preparation work on the map. The use of a numerical terrain model (NTM)
necessarily implies to analyse not directly the shape of the contour lines anymore and
what they visually reveal, but to think over the geometrical explotation of the
morphological characteristics such as they are translated by the numerical grid, that is
indeed over the disposition in space of the elementary triangular faces or of one of its
sides, or over a succession of elementary faces.

First analysis by an automatic detection method

Considering this numeric mesh, several approaches are possible.

A first analysis based on the visualisation of the anomalies has been tried : it consists in
colouring each face of the grid as a function of its orientation or of its slope, so as to
display the morphological anomalies very clearly. However this approach proved to be
not efficient enough as it does not operate any selection in the global geomorphological
information, on one hand, which means that the result does not provide an interpretated
information; on the other hand, the visual effect is not always more explicit than that
deriving from the shape of the contour lines.
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A second analysis on which the research work was oriented, consists in
studying slope profiles. The profile is the curve obtained by the intersection of the
ground surface through a vertical plane. The selected principle consists in screening in a
systematic way the slope, and beyond, the hole geographical zone corresponding to the
used numerical model by a series of upward/downward profiles on one hand, that is
according to the slope line, and of horizontal profiles on the other hand, parallel to the
valley direction, which are more or less perpendicular to the former ones. The screening
proceeds by a series of different orientations (for instance every 10°) and for each
orientation along a regular spacing of the parallel profiles (for instance every 20 m). The
(principle) determining the adequate selection for the orientation of each part of the
slope supposes some delicate problems. The marking of the desired profiles can
however also be executed by an unautomatic way, “by hand” without much waste of
time. These profiles display the zones successively met from the top to the bottom, for
instance, by specific lines corresponding first to a scarp (zone steeper than normal),
followed by a flat zone (head of slidden mass), then by a steeper zone at the lower part
of the slope (toe of the slide).

The operation consists of fixing a threshold value for the slope of the scarp
zone (i.e. 120% of the average angle of the slope of the studied part of the profil) for the
median zone (i.e. 85% of the average angle of the slope) and for the toe zone (i.e. 110%
of the average angle of the slope). We scan the profils from uphill to dowhill, and we
study the evolution of the slope, searching to identify the succession of the three
characteristic zones. Different tests are attempted with different thresholds (see fig. 1
and 2). The threshold values, independent one of the other from the point of view of the
slide mechanism, are fixed separately until now, which is not satisfactory, because a
badly chosen threshold value for one zone will lead to the non-identification of the two
other zones, even if their values were chosen in an appropriate way.
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Automatic analysis of the region near Adelboden (canton of Bern) called “am
Trunig”, considering the following limit values for the anomalies :

- scarp zone : 120 % of the average profile slope
90 % of the average profile slope

- depressed zone :

- accumulation zone : 1 10 % of the average profile slope
- minimum lengths for each zone : 50 m for the scarp, 250 m for the depressed

zone and 100 m to the accumulation zone.

The thin vectors are those unduly established by the computer code which do not

correspond to a slide
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Fig. 2 Automatic analysis of the same region as in Fig. 1, with different limit values for
the scarp (110 % of the average profile zone, 75 m for its minimum length) and
for the depressed zone (minimum length of 300 m).
It is observed that small and independent changes in the limit values induce a
very different selection of vectors, with much less being meaningless; but the
selection is not representative enough for all the sliding zones (the identification
of their limits derives from a systematic field mapping)
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For each of these orientations, a series of parallel and regularly spaced out
profils is created (spacing out 20 m i.e.). The profil is represented by the series of the
altitudes of regularly distant points (spacing out 5 m i.e.). The altitude of every point is
calculated by linear interpolation between the three points of the corresponding
triangular facet. Then, the sides are delimited on each profil by locating three of the
slope, the inversion points.

To limit the aberrations of badly directed profils relative to the direction of the
slope, a procedure of elimination a posteriory has been tested : all the profils
corresponding to the mentioned conditions, but showing a direction too different of the
comprehensive direction of the subjacent facets are systematically rejected.

Other problems are still to be resolved, like the starting points of the up-stream-
down-stream profiles which is at present fixed at the highest point of the slope. As a
consequence this method includes all the summital walls (mountains faces) when they
exist, which are taken for head scarps (see fig. 3).

The foreseen result which was partially obtained displays a concentration of
vectors which express the computed anomaly in the landslide zones (see fig. 1 and 2).
Such a result should be still confirmed by other approaches like the screening through
profiles parallel to the valley direction, the research of regional anomalies appearing in
sequence etc. Finally the convergence of several positive criteria will really designate
the areas likely to present landslides; on the contrary such convergence will help to
eliminate the erroneous positive information obtained by one single method. Of course
it will be finally the task of the geologist, after a local control work in the field, to
eliminate the most persistant erroneous results.

In order to begin such a research work, a certain number of landslide sites which
are morphologically as characteristical as possible have been selected. However the fact
what a slide be quite well characterized morphologically does not imply, in the contrary,
that its topographic environment be also quite typical of a stable zone or of a zone
without declared slope instability. Indeed the surroundings of the selected sites did
display several problematic features in each selected case.

The quick work carried out up to how, as far as the upward/downward profiles

are concerned, displays a certain number of difficulties to be solved, among which the
following ones can be mentioned :
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- The fact to work on slope anomalies implies to fix quantitatively, by critical
values, the limit beyond which an anomaly is considered; indeed such a value is
more or less specific to each context and to each slide. However its statement,
case by case, supposes that the scientist has a clear vision of the slide he wishes to
display or that a circumstance justifies to exclude it from the analysis. Figures 1
and 2 show the effect of the selection of different limit values or the generated
vectors, in particular on the meaningless vectors.

- As far as the scale factor is concerned, it appears that a similar conjunction of
favourable criteria may occur at the scale of a whole slope (some dozens of kmz)
and at a more reduced scale for secondary slides. Therefore, the parameters related
to the “minimum length” of each of the three zones of anomaly on the profiles
must be adapted.

On the contrary, the figures (fig. 3 in particular) show that to include the totality of
the slope in the analysis can lead to different anomalies, for example when the
summital walls (mountains faces) are taken to be head scarps as we have seen. An
altitude limitation can then seem indispensable for certain alpine contexts.

- The absence of one of the basic criteria (for instance the head scarp) requires a
revision of the global assessment of a certain number of criteria.

- The morphological complexity of the immediate surroundings of the slide
must be considered (for instance where several streams deeply intersect the
topography).

- The occasional presence of “meaningless” form anomalies must be detected,
namely when such anomalies are quite similar to the landslide morphological
criteria, but have no relation with them.

All these difficulties will be expressed in the results of the computer analysis by
as many “foolish” information which need to be filtered. However this filtering
operation should not require specifically deep knowledge from the operator, as far as the
morphological identification problem of slides is concerned, because the computer
analysis is supposed to compensate for this lack of knowledge. This means that the
computer program should be able to “self censor” its results in a second phase, up to a
certain extent. It is of course a very complex work still to be carried out in an empirical
way, on the basis of very numerous applications of the basic computer code.

It is thus advisable to improve the basic procedure in a very critical way so as to
prevent the largest possible amount of tricky results obtained in the first analysis. This
development needs also a large number of test applications related to concrete
situations, to control the first phases of the code.

Foreseen developments
We can mention here some specific problems (among a lot of other ones which

will appear later) the solution of which shall be found within further developments of
the present research work and which require a constant interactive collaboration
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Fig. 3 (Hérémence Valley) an inappropriate choice of the relative threshold values for
the different zones, as well as the inadequacy of a starting point at the top of the

slope (situated here at an altitude too high, see zone with !, leads to a mistaken
selection of profiles).

between the geologist and the computer engineer. These developments include among
other :

- the screening of the slope by horizontal profiles;

- the screening of the slope at a reduced scale, for the detection of secondary and
local slides;

- the study of the horizontal azimuth variability, according to the contour line
direction, first in a general way so as to show scarps, toe bulges, then within
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specific zones designated by limit anomalies, for instance for the detection of
zones affected by slide bulging;

- the topographical analysis of the riverbed of streams in a horizontal and vertical
plan.

- automatic intensification of research in zones with a concentration of anomalies,
resulting from fixed criteria, testing different threshold values and the interactive
relationship between these threshold values, then the length of the profiles.

The zones designated by the conjunction of a high number of positively verified criteria
will correspond, with a hopefully relatively high probability, to the presence of a
landslide the exact limits of which will have to be determined in the field. On the zones
for which a smaller number of verified criteria will be met, a geological control survey
in the field shall have to be done. Such a survey shall never be made superfluous, but
the use of the computer code will allow saving significant time. On the other hand, the
survey will gain in terms of objectivity, reliability and reproductibility, when the results
will be considered in particular by the persons of the technical or administrative services
who will use it.

CONCLUSIONS

The presented research work which needs still some years of development
should supply a tool providing a certain objectivity that the traditional slide field surveys
cannot pretend to offer, within a domain that the numerous GIS models developed up to
now are unable to deal with. Such a tool should allow the geologists who are not
sufficiently trained in the field of landslides to carry out nevertheless a reliable work and
comparable with other works (reproducibility), and to gain faster the required
experience through interactive work : a first detection by the use of the computer code
followed by a verification work in the field.
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