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Abstract. A posteriori studies of rock slope instabilities gen- instabilities in similar morphological contexts. Such an ap-
erally show that rockfalls do not occur at random locations:proach is useful because rock instabilities are a common
the failure zone can be classified as sensitive from geomorthreat to mountainous roads (Brawner, 1994; Carere et al.,
phological evidence. Zones susceptible to failure can there2001; Fard, 2001). The economic impact of rockfalls is po-
fore be detected. Effects resulting from degrading and trig-tentially important because they often lead to traffic disrup-
gering factors, such as groundwater circulation and freezdions or delays, and require remedial measures (Turner and
and thaw cycles, must then be assessed in order to evaluagchuster, 1996). The identification of areas from which a
the probability of failure. rockfall might originate, and the assessment of the hazard
A simple method to detect rock slope instabilities was of unstable areas, allows for the implementation of stabiliza-
tested in a study involving a 200CPnrockfall that ob-  tion or protective measures before the occurrence of a catas-
structed a mountainous road near Sion (Switzerland) orirophic event, thereby reducing costs significantly (Carere et
9 January 2001. In order to locate areas from which a rock-al., 2001; Crosta et al., 2001). For example, precursory rock-
fall might originate, areas were assessed with respect to thélls led to the closure of the road to traffic one hour before
presence or absence of five criteria: (1) a fault, (2) a screghe 2001 Eterpas rockfall. The traffic was then disrupted for a
slope within a short distance, (3) a rocky cliff, (4) a steep period of two weeks in order to rebuild the road and re-scale
slope, and (5) a road. These criteria were integrated into dhe cliff.
Geographic Information System (GIS) using existing topo- Various methods can be used to assess landslide hazard,
graphic, geomorphological, and geological vector and rastethough very few are dedicated to rockfalls on a regional scale
digital data. The proposed model yields a rating from 0 to 5,(Wagner et al., 1990; Meissina et al., 2001). Studies of rock-
and gives a relative hazard map. Areas yielding a high relafalls are often based on field surveys, and hazard is estimated
tive hazard have to meet two additional criteria if they are toeither by an empirical assessment of the susceptibility to fail-
be considered as locations from which a rockfall might orig- ure, or by the calculation of a safety factor derived from mod-
inate: (1) the local structural pattern has to be unfavourablegls of rock mechanics (Hoek and Bray, 1981; Guzzetti et al.,
and (2) the morphology has to be susceptible to the effectd999; Carere etal., 2001; Crosta et al., 2001). Many methods
of degrading and triggering factors. The rockfall of 9 Jan- for the assessment of landslide hazard are based on data pro-
uary 2001, has a score of 5. Applied to the entire length ofcessing linked to Geographical Information Systems (GIS).
the road (4 km), the present method reveals two additionall hree types of approaches can be distinguished (Guzzetti et
areas with a high relative hazard, and allows the detection o#il., 1999; Crosta et al., 2001):

the main instabilities of the site. 1. Methods comparing the distribution of observed land-

slides (by means of an inventory) with the distribution

of physical factors thought to cause landslides either di-

1 Introduction rectly or indirectly. These methods use statistical tech-
nigques (Carrara, 1983; Carrara et al., 1995; Chung et al.,

Based on the 2001 Eterpas rockfall that occurred along a  1995).

road near Sion (central canton of Valais, Switzerland), an au-

tomatic method was devised to detect potential rock slope

2. Heuristic or multi-criterion methods (Leroi, 1996) asso-
ciating weights to various instability factors, based on

Correspondence tdr. Baillifard expert experience (Wagner et al., 1990; Gupta et al.,

(francois.baillifard@crealp.ch) 1999; Meissina et al., 2001).
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Fig. 1. Slope instability map. The rockfall occurred in an area
affected by a fault and possessing a scree slope, a rock cliff, a steq
slope and a road.

Fig. 2. The Eterpas area after the 9 January 2001, rockfall (photo

3. Physically-based approaches that evaluate stability usl--D- Rouiller). The 30-m-high sup-vertical rock cliff overhanging
ing physical laws (Terlien et al., 1995). the road collapsed at 17:30, blocking the road.

The method employed in this study belongs to the second

type. It is based on the analysis of topographic, geomorpho- ] ]

logical and geological parameters derived from the location Eterpas” (Figs. 1 and 2). As reported by witnesses, precur-

of the observed rockfall. The parameters are chosen so th&OrY rockfalls & 20 n?) occurred as early as 16:15, for about

they can be easily mapped and integrated in a GIS. an hour. At the same time, silty water flowed out from the toe
of the rock cliff. This observation confirms the continuity and
aperture of the joints. Shortly before the main rockfall, the

2 The Eterpas event rock mass began to bulge out at its base. A cloud of dust

. ) accompanied the rockfall.
The Eterpas rock cliff is located directly above the road, and

displays slope ravelling resulting from periods of snow melt2.1  Structural survey

and heavy rainfall. The scree slope located at its toe confirms

this assessment (Figs. 1 and 2). The a posteriori structural survey highlights six major sets
The rock cliff consists of a succession of shaly sandstone®f discontinuity (Fig. 3). The main schistosity (S) dips on

and schists with coal layers belonging to the “Zone Hevdl  average 30to the east-northeast. It is mostly sub-parallel

Inférieure” (Escher et al., 1997), topped by a moraine con-+o the bedding. The softest beds weaken the toe of the rock

taining gypsum blocks. A fault several km long forms a small mass. The schistosity forms tension cracks. The J4 disconti-

scarp to the west of the rockfall (Fig. 1). This fault is located nuity set & 290/65) and J5 discontinuity set(350/75) are

less than 50 m from the instability. It can be seen on aerialslightly persistent, rough and undulating. They form wedges,

photographs and marks the eastern limit of a landslide, afwhose axes dip down to the slope (295/65). The subverti-

fecting an area of about 0.3 Km cal and globally north-northwest — south-southeast oriented
Approximately 2000 ri of rock came from a subvertical, J1 discontinuity set and J2 discontinuity set are lateral shear

30-m-high cliff on 9 January 2001, at 17:30. The rockfall planes. Dipping to the south, the J3 discontinuity set forms

obstructed the road between Aproz and Fey, at a place calleténsion cracks.
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Fig. 3. Stereonet displaying the main discontinuity sets (Schmidt-
Lambert, upper hemisphere). The upper hemisphere is used in ord
to display the wedges.
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Fig. 5. Meteorological conditions occurring during the days be-
fore the rockfall. Daily rainfall (from 07:00 to 07:00), cal-
Fig. 4. Sketch of the failure mechanisn(e) unstable rock wedge; culated Antecedent Precipitation IndeX #7) and mean daily
(b) the bulging of the rock mass that occurred before the final failuretemperature measured from 00:00 to 00:00 (data: MeteoSwiss,
indicates that maximum compression was located at the toe of thevww.metoswiss.ch).
rock wedge.

nd modified their geomechanical characteristics. Weath-

A J4-J5 wedge built by composite stepped surfaces J4-S .~ . o . ; .
and S-J5 defines the unstable rock mass. S forms the regrrlng in schists is thought to be “moderately easy” (Ollier,

| al969; Selby, 1993). The seismic hazard of the canton of
;g?j'&l Cr;iﬁrlﬁsévinmtags;%cnkgaall:?gggk”g?;::t(f; ;?;;Zdtgg'latya!ais (Franzetti and Tisares, 2000) may also have induced
eral boundaries formed by the discontinuous J1 and J2 Sheg?tlgue of the rock mass (Keefer, 1994).
planes, (2) at the toe of the unstable wedge, and (3) at the The hypothesis of a triggering earthquake can be excluded.
top of the rock cliff (Fig. 4). This progressive dismantling Only a minor earthquake (Richter's magnitude of 1.7) was
indicates a loss of resistance along the discontinuities and/oiecorded on 9 January 2001, at 04:25 and 230 km from the
a failure of the buttress. The latter indicates that the area oftudy area (data: Swiss Seismological Service: Earthquake
maximum compression was actually located at the toe of théatalogues of Switzerland: http://www.seismo.ethz.ch/).
wedge (Fig. 4), lying on a weaker bed parallel to the foli- Antecedent meteorological conditions probably influ-
ation. Despite this unfavourable geometry — a result of theenced the rockfall event. The nearest weather station is lo-

construction of the road in the 1950’s — the rock wedge sub-cated approximately 2.2 km from the study area, at Fey. No

sequently remained stable. rainfall was recorded on 9 January 2001 (Fig. 5). A sim-
ple and relevant hydrological index to assess the influence
2.2 Cause of the failure of precipitation on rockfall is the Antecedent Precipitation

Index (API). The API is based on the amount of rainfall
The presence of the road is the major long-term factor affectthat occurs before a given day. It assumes a logarithmic de-
ing the stability of the rock mass. At the time of the construc- crease of the soil moisture content with time during a period
tion of the road, the buttress of the compartment was reducedf no rainfall. TheA P 1; gives an indication of the moisture
and consequently, stresses increased in its base. Groundwesnditions before an event using the precipitations ofd¢he
ter probably weathered the surfaces of the rock and jointspreceding days. Tha P1; is estimated using the following
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expression (Jaton et al., 1978; Musy and Higy, 1999): Table 1. Weights affected by “proximity of a fault” in relation to
factors of instability, with various multi-criterion approaches
APl; =APl;_1- K+ Pj_q (1)
or: Author Distance to the fault (m)  Weight
n=d—1 <100 25
API; = Z K" P, 2) Wagner et al. (1990) 100-300 13
ot >300 0
where: <500 9
Gupta et al. (1999) 500-1000 6
API; antecedent precipitation index on daymm) >1000 3
Py—, rainfall on dayd — n (mm) <20 20
K coefficient varying between®and 09, assumed . 20-50 17
to be Q9 for this study by analogy with other studies Meisina et al. (2001) 10%0__2%%0 ;21
performed in Switzerlan@Jaton et al 1978 ~200 10

The API was calculated for the period 1 January 2000 to

15 January 2001 (Fig. 5). Two peaks appear during this

period: the first one corresponds to an October 2000 storm i ]
(FOWG, 2002), and the second peak begins two days befordNese .factors 'relate to topographlc, geomorphological and
the rockfall. No rockfall occurred during October 2000 at 9€0logical settings. The ArcView software (ESRI) was used
the Eterpas. However, displacements and rockfalls were relll this analysis. _ . o

ported in many of the sites monitored in the canton of Valais The study was carried out using a 25m grid size DTM
(FOWG, 2002). The hight PI supports the assumption that and manual digitization of the road, the cliff, the scree
the Eterpas rock mass was saturated in January 2001. Diuglope and the fault from 1:10000 topographic and geolog-
nal freeze and thaw Cyc|es may have p|ayed arolein triggerjcal maps. The vector dataset (VeCt0r25) derived from the
ing the event (Brawner, 1994). On 9 January temperature§525 000 .Swiss topographic maps were not available at the
ranged between 1.8 and 1.8C. The mean value was 0@  time of this analysis.

(Fig. 5). Damage linked to freeze and thaw cycles increase&ault. Large-scale structures like faults or thrusts induce re-

if antecedent moisture conditions are high (Matsuoka et al.gional perturbations in the fracturing density, and also in the
1998; Wegmann, 1998). circulation of water (Wagner et al., 1990; Ferrill and Morris,

2001; Kellogg, 2001). Using a survey of 205 slope instabili-

ties along a mountainous road in Nepal, Wagner et al. (1990)
3 Relative hazard mapping showed that the lateral influence of faults on instability den-
sity could reach 300m. The Eterpas instability is located
near a fault, as shown on available maps (Steck et al., 2001,

As demonstrated, the Eterpas rockfall is the result of desta-sartor" in prep.). The area of influence of a fault has to ac-

bilizing factors acting simultaneously that resulted in a de_count forlocation errors (scale effects, mapping uncertainty),

: . L as well as the effect of the fault itself. A 150 m buffer was
crease of the resistance along the discontinuities and a prq;

) . - X hen assigned on each side, in accordance with comparable
gressive failure of the remaining rock bridges. These desta-
oo 4 - expert approach systems (Table 1).
bilizing factors depend on various conditions. The un—S lobe Th ¢ | below th K
favourable topographic, geomorphological and geological cree slope.The presence of a scree slope below he roc
settings allow the classification of the Eterpas area as a re(-:IIﬁE suggests slope ravelling activity. This activity can be
linked to the progressive failure of the rock cliff, but can

gion that is susceptible to rockfall, and suggest that a re- Iso b tof I Kfalls (Sartori et al
gional, multi-criterion approach could be used to detect ancf'SC D€ a precursory event ot larger rockialls (Sartori et al.,

qualify the relative hazard of rock slope instabilities in alpine 2003). A 100 m buffer was chosen on the outside of the lim-

contexts. The occurrence of the 2001 rockfall was not Onlyits of the scree slope, in order to include the source area. The
caused by unfavourable structural settings, but also by de[ninimum size of the considered scree slopes depends on the

grading and triggering factors that were not taken into ac-Scale ofthe bafse o!ocument used for the digitizatiqn. Al scree
count in the present approach. 213335 appearing in the base document are considered in this
3.2 Modeled instability factors Rock cliff. The presence of a rock slope instability is usually

linked to the presence of a rock cliff. Cliffs are rock outcrops
Five factors of instability based on the a posteriori analysis offrom the geological or the topographic maps. As a conse-
the Eterpas rockfall have been chosen and modeled by meamgience, their minimum size depends on the scale of the base
of a GIS: (1) the proximity to a fault or (2) a scree slope, (3) document used for digitization. All cliffs appearing in the
the presence of a rock cliff, (4) a steep slope or (5) a roadbase document are considered in this study.

3.1 Principle
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Fig. 7. Automatic detection of susceptible areas along the road join-
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The area of the Eterpas rockfall has a maximum relative

. . _ N .. hazard value of 5, which means that its susceptibility to ex-
Fig. 6. Automatic assessment of susceptibility using five criteria . . L . o
at the Eterpas area. The criteria used: (1) the proximity to a faultp(:f”en(_:Ing a rO_Ckf_a” Is high ,(Flg' 6). Its S,‘,Jscept"?"'tY to
or (2) a scree slope, (3) the presence of a rock cliff, (4) a Steeaanure is also high if one considers two additional criteria:
slope, or (5) a road. This area has a maximum susceptibility index
value reaching 5. According to this approach, the susceptibility to
producing a rockfall is high.

— The local structural pattern has to be susceptible to fail-
ure (in this study, the presence of a wedge whose axis
daylights in the talus cut created by the road).

— The local morphology has to be susceptible to the action
of degrading and triggering factors (in this study, the
presence of a gentle slope topping the rock mass and
allowing the accumulation and infiltration of part of the
runoff water, and exposure of the rock mass to the north
favouring freeze and thaw processes).

Steep slope.Rock slope instabilities occur in steep slopes
(Rouiller et al., 1998). The adopted cut off value for slope
gradient above which a rock slope instability may occur is
45°, by analogy with other approaches that give higher val-
ues to steeper slopes (Gupta et al.,, 1999; Meissina et al.,
2001). The slope map was calculated using the 25m gridrhis method of detection and hazard assessment was applied
size DTM (level 1; www.swisstopo.ch). The standard Ar- to the entire length of the road joining Aproz and Fey (Fig. 7).
cView processing was used (Horn, 1981), which is consid-The Eterpas area is the only one with a relative hazard of 5.
ered as better for rough surfaces (Burrough and McDonnelAdditionally, two other locations have high relative hazard
1998). values, and are thus areas from which rockfalls might origi-
Road. A distance of 50 m above the road was chosen (max-ate:
imum height of a talus cut created by the construction of a
road). This parameter has been taken into account by other
researchers (Chung et al., 1995).

Each parameter was then transformed to a raster format.
The sum of the 5 parameters leads to a relative hazard map
for which the scale ranges from 0 to 5 (Figs. 6 and 7).

— The Coua rock cliff is characterized by a maximum sus-
ceptibility of 3. A field survey shows that this area is
indeed the site of a 2000%mock instability. The ge-
ological study performed in 1998 describes a potential
J5-S wedge sliding (BEG S.A., 1998).

— The Moudonne rock cliff has a maximum susceptibility
3.3 Results of 4. A 1000 n? unstable rock mass can be delimited.
Its potential failure mechanism is similar to the Eter-
The method must now be applied at a larger scale using the ~ Pas instability. Rockfalls can be seen at the bottom of
newly available documents, such as tectonic maps (Steck et ~ the rock mass. Unfortunately, it is impossible to deter-
al., 2001), vector25 or digitized thematic maps at a 1:10000  mine their freshness, because the unstable mass is cov-

scale, all of which were not available as this article was being ~ ered with a geotextile net that prevents small rockfalls
written. from hitting the road.
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Chaj/gis
rockfall

Fig. 9. Automatic susceptibility assessment at the 04 November
2002 Chalais rockfall.

Swiss 1:25 000 topographic digitized map. Thus the present
method yields rapid results. Very few additional field surveys
or data processing is necessary.

Questions arise concerning the relevance of the five chosen
parameters: are they exclusive or are some of them redun-
dant? Only the “slope” and the “rock cliff” parameters may
be redundant. In any event, the presence of a steep slope is
the most important parameter characterizing susceptibility to
rock instabilities. As steep slopes can affect areas without
Fig. 8 Photo of the 04 November 2002 Chalais rockfall (photo J.-D. (qck outcrops, the presence of a rock cliff was chosen as an
Rouiller). additional controlling factor. Furthermore, the grid size of
the DTM used (25« 25 m) doesn't allow for the detection of
small rock cliffs by means of the “slope” parameter. Thus the
use of both “slope” and “rock cliff’ parameters allows higher
susceptibility values to be assigned to steep and high slopes.

The sum of the five relevant parameters allowed the rapido‘” remaining parameters are unique and mutually exclusive.
production of a relative hazard map. The analysis of insta- The proposed multi-criterion approach allows priority to
bility factors related to topographic, geomorphological andbe assigned to areas displaying a high sensitivity to rockfall
geological settings shows that the Eterpas area was highw']stabi"ty when considering instability factors related to to-
sensitive to rock instability. The application of this method pographic, geomorphological and geological settings. These
to the entire length of the road reveals two other unstable arresults must of course be combined with other instability fac-
eas. One of those has been monitored since 1998. A field@ors in order to determine the susceptibility to failure of sin-
survey showed that a slope of instability was present at thegle unstable rock masses. Highly rated areas are more likely
other location. to contain rock slope instabilities than lower ones, but the
In a previous large-scale study dedicated to thet@rx ~ hazard is increased only if local structural settings and sen-
rockfall (4.4 km southeast from the Eterpas) that occurred insitivity to degrading and triggering factors are conducive to
26 August 1985 (Descoeudres’ 1990)1 a “h|gh to very h|ghfallure Identification of phenomena Ieading to potential in-
hazard” was attributed to the Eterpas rock cliff (Wagner etstability for given structural conditions is realized by field
al., 1990). Due to its location at the border of the study surveys, but part of this treatment can be performed automat-
area, this rock cliff was not extensively studied. The methodically (Rouiller et al., 1998).
used by Wagner et al. (1990) produces susceptibility maps The next step will be to enhance the present approach by
semi-automatically with a software named “SHIVA” and is including instability factors that relate to structure and sen-
based on parameters related to lithology (like hardness ositivity to degrading and triggering conditions, as well as to
alteration), fracturing, topography and hydrogeology. Thelimit the buffer zone around scree slopes to the upslope side
present approach is less time-consuming than the one used lonly. A database of catastrophic events will then be used to
Wagner et al. (1990). The parameters outlined in this studyquantify the temporal probabilities of occurrence (Hantz et
are easy to obtain, and may, for example, be derived from thal., 2001; Dussauge-Peisser et al., 2002). The identification

4 Discussion and conclusions
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of areas with identical probabilities of failure could then be  Joint IAH and CGS Groundwater Conference, 16-19 Septem-
used in order to draw hazard maps in a semi-automatic way ber 2001, Calgary, Alberta, Canada, 1, 379-383, 2001.

using available software (Utelli, 1999; Guzzetti and Crosta,Ferrill, D. A. and Morris, A. P.: Displacement gradient and defor-
2001). The method that we propose is currently being tested mation in normal fault systems, Journal of Structural Geology,
on the entire canton of Valais. A rockfall occurred 20 km east 23 619-638, 2091'

of the Eterpas area on 4 November 2002. Six hundred cubi€ ©V/G: Federal Office for Water and Geology: Hochwasser 2002 —
meters of rock fell down and destroyed the road joining Cha- Les crues 2002, Rapports de MOFEGrE Eaux, 2, Bern, 248,

lais and the ski resort of Vercorin (Fig. 8). Our met!:]c‘)‘d 9IVES cranzetti, F. and Tisares, P.: Guide de construction parasismique,

this area a high susceptibility rating (Fig. 9): “slope”, “road”, Crealp, rapport 99.06, Sion, 2000.
“steep slope” and “cliff” parameters are present. Gupta, R. P., Saha, A. K., Arora, M. K., and Kumar A.: Landslide
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