N
N

N

HAL

open science

Rock fall hazard assessment: from qualitative to
quantitative failure probability

Didier Hantz, Carine Dussauge-Peisser, Mathieu Jeannin, Jean-Marc Vengeon

» To cite this version:

Didier Hantz, Carine Dussauge-Peisser, Mathieu Jeannin, Jean-Marc Vengeon. Rock fall hazard as-
sessment: from qualitative to quantitative failure probability. Int. Conf. on Fast Slope Movements,
Prediction and Prevention for Risk Mitigation, May 2003, Naples, Italy. pp.263-267. hal-00337780

HAL Id: hal-00337780
https://hal.science/hal-00337780
Submitted on 10 Nov 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00337780
https://hal.archives-ouvertes.fr

Fast Slope Movements, Naples, 2003, pp.263-267

ROCK FALL HAZARD ASSESSMENT: FROM QUALI'ATIVE TO
QUANTITATIVE FAILURE PROBABILITY

D. HANTZ, C. DUSSAUGE-PEISSER, M. JEANNIN, J-M. VENEON
LIRIGM, Ecole Polytechnique de I'Université de Grbleg France

ABSTRACT: A new method (HGP) is proposed to estimhtefailure probability of potentially unstableckomasses in a homoge-
nous area, as a function of time. It is based dh geomechanical and historical approaches: thedire is aimed to classify the rock
masses according to their relative failure prolighibut the time factor can not be approached byeghanical analysis; the second
one to estimate the mean expected rock fall nuritbére studied area, for the considered periodfandifferent volume classes.
This rock fall frequency can be estimated from ekrfall inventory, directly or indirectly using awer law for the volume distribu-
tion. A relation between these frequencies andetiosion rate is established, which allows to apgiahe former from a paleo-
geographical study. The failure probabilities canchlculated from the expected total rock fall namin the area, and the numbers
of potential rock falls with different relative grabilities. The method is applied to the case ef @renoble area. Development of

rock fall data basis is needed to improve both gadranical and historical approaches.
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1 INTRODUCTION

Rock fall hazard results from two processes: detactinof a
rock volume from the upper part of the slope (Idedlire of the
slope), and propagation of this volume along tlopel A deter-
ministic evaluation of rock fall hazard in an exded area would
consist in determination of potentially unstablekosolumes,
their departure times and their trajectories. Unifaately, the
knowledge of rock slope structure and of failurd anopagation
processes is not sufficient to make possible sudbterministic
evaluation.

Mechanical methods exist to calculate the trajgoddra rock
fall or avalanche for a given unstable rock volufag. Hungr,
Evans 1996; Fell et al. 2000; Guzzetti, Crosta 20@bjouse et
al. 2001). For individual blocks, the probability teach a given
point with a given energy can be calculated. Bus i condi-
tional probability because it is assumed that tbemtially un-
stable block has gone out from the slope. We vall @ the
"propagation probability”. To get the real "readiolmbility” of
a point, it must be multiplied by the probability detachment
(or “failure probability”), which obviously depends the con-
sidered period (usually of the order of one cenforyland use
studies).

Probabilistic methods exist to analyse the futuediity of
designed slopes (Hoek 1998a; Nilsen 2000). Moghein use
Monte-Carlo simulation to obtain the probability fibre safety
factor to be greater than 1. But they are not adafenatural
slopes for which one knows that their safety faareater than
1 under the present conditions and the questi@esof their fu-
ture evolution. At the present time, no methodtsxi¢hich gives
the failure probability of a potentially unstableck volume as a
function of the considered period. The existing hodks to
evaluate rock fall hazard in natural slopes givgualitative and
relative evaluation of the failure probability (Qaitli, Crosta
1993; Hoek 1998b; Rouillet et al. 1998; Mazzocc@ajesa
2000; Mazzoccola, Sciesa 2001; Mazzoccola 2001).

The purpose of this paper is to present a new agprto es-
timate an absolute quantitative probability of de@ for poten-
tially unstable rock masses. This approach, cal& (Histori-

cal, Geomechanical, Probabilistic), combines theults of
geomechanical and historical analyses to estimate failure
probability (Dussauge et al. 2001; Vengeon et @12 Hantz et
al. 2002). Knowing the failure probability of a giv rock vol-
ume in the slope and the propagation probabilitang point
downhill, the real reach probability of any poimtutéd be calcu-
lated and compared with the probabilities of othatural haz-
ards like earthquakes or floods. This comparisoy b®useful
for land use policy.

Figure 1. A potentially unstable rock mass of abb000 m. The slab
is 6 m thick. The potential failure mechanism gane slide.

2 GEOMECHANICAL ANALYSIS

Based on the factors which influence the mecharsiedility of
a rock mass, the mechanical analysis is aimed tectipoten-
tially unstable rock masses (or potential instéibs) and to clas-
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sify them according to their failure probability angiven estima-
tion period.

2.1 Detection of potential rock fall sources

The detection is based on the identification dfufai configura-
tions, and on the search for indications of recentpresent
movements (the term "recent” must be regardeddeadogical

sense and refers to an age up to one century)ofjeetive is to
localise and to define, as precisely as possildterially unsta-
ble rock masses, which then will be individuallyalated. Each
rock mass, called "localised potential instabilityiust be char-
acterised by its total volume and the dimensionthefindividual

blocks it consists in. An example of localised pditd instability

is given on the Figure 1.

According to the nature of the slope or the ingzgton
method, it may be impossible to identify localisedtabilities,
but only to detect the possibility that potentiallpstable rock
masses exist in a given area of the slope unddy.siihese "dif-
fuse potential instabilities" can be detected bynparing the
geological structure of the rock mass and the toguiy of the
slope. The principle of the detection was givenHnek, Bray
(1981) for a slope defined by an inclined plane arftbrizontal
upper surface, and by Goodman, Shi (1985) for #hreenl case
of a slope defined by several planes. The deteatimy be
automated by using Geographical Information Systémg.
Tanays et al. 1989, 1992; Jaboyedoff et al. 1999).

2.2 Factors influencing failure probability of a potdaity un-
stable rock mass

If recent movements are proved, the probabilitdethchment of
the slowly moving rock mass is usually considersdigh. Ac-
cording to the velocity, an evaluation for the $herm, and not
only for mapping, may be necessary. It must be dasemoni-
toring of the slope. The methodology for interptieta of moni-
toring data is out of the scope of this paper Reehet 1992;
Azimi, Desvarreux 1996; Hantz 2001). Without moriiig,
opening of tension cracks is an indication of mogetincreas-
ing of block fall frequency may indicate the slowwvement of a
larger rock mass.

The evaluation of the failure probability of pre#grstable
rock masses is more difficult (why would they beeounstable
and when?). The failure may be due to a decreasbeofock
mass strength, an increase of the active stresdastio of these
phenomena. These variations can be induced by hatian-
ties, which are normally predictable, or by natupabcesses.
These latter may be continuous and progressive {(lasaketi-
cally detectable) or discontinuous and uncertaihc@rse, the
present state of stability also influences theufailprobability for
a future period: the higher the present stabilibhe lower the
failure probability. The factors that have to besidered in the
evaluation of the failure probability of a presgnstable rock
mass may be classified in four categories: prestame of stabil-
ity; continuous natural processes; discontinuous @ancertain
natural processes; human modifications of the slope

Theoretically, the present state of stability can dnalysed
with a classical stability analysis and quantified means of a
safety factor. Despite the important uncertainigt thffects the
involved parameters, stability analyses are largskgd for rock
slope design, in a deterministic or probabilistiaywIn the de-
terministic approach, the uncertainty is coped Wigtrequiring a
value greater than 1 for the safety factor (1.5ewample) and
accordingly modifying the slope. In the probabitishpproach,
the slope is designed in order to reach an accdaiiede prob-
ability. On the contrary, in rock slope evaluatite slope has to
be considered in its actual state and the uncéytagmains.
Moreover, the knowledge of the present safety facf@ slope
(or its probability distribution in the probabilistapproach) is

not sufficient to evaluate the failure probabiléyg a function of
time.

Continuous natural processes that can decreasdatidity
are weathering and dissolution, damage due to regpeabcriti-
cal stresses, permafrost retreat, erosion, acctiomlaf mate-
rial, tectonic deformations. These processes aet g¢ological
time scale and with very low rates, which make ttbfficult to
observe and quantify.

Discontinuous natural processes susceptible tougedail-
ure are earthquakes, water pressure or water doimerease,
rapid erosion or accumulation. They are induceeXternal ex-
ceptional events such as heavy rainfall, rapid treasthquake or
debris flow. Seismologists or climatologists camegthe occur-
rence probability of some of these events, but tinfluence on
the slope is difficult to quantify. For earthquakdgnamic sta-
bility analyses are uncertain for the same reasbas static
ones. For ground water, its flow pattern in rocksg®s is poorly
known and quantitative analysis is highly uncertain
Human modifications of the slope may be produceeinava-
tions, blasting vibrations, modifications of sudaor under-
ground water flow. They are normally known and fotble,
and can be input in static or dynamic stabilitylgses.

2.3 Qualitative evaluation of the failure probability

Most of the existing methods for failure probapilévaluation
use the above-mentioned influencing factors to githeé poten-
tially unstable rock masses. Some of them are ttireased on
the expert experience and judgement, and give Eafiee clas-

sification (e.g. Effendiantz 2001). For examplangy consist in
three classes corresponding to high, medium and félre

probabilities. Other ones use a weighting of tHei@ncing fac-
tors to calculate a hazard index (e.g. Baillifardle2001; Maz-
zoccola, Sciesa 2000, 2001; Mazzoccola 2001). Baitattribu-
tion of weighted values is based again on the éxpmxperience
and judgement.

2.4 Relative failure probabilities

At the present time, no method gives a true quativé failure
probability for a given potentially unstable rockass. But one
can expect that statistical analysis, similar te tines which
have developed for landslides hazard assessmergot{iAl
Chowdhury 1999; Carrara et al. 1990), will develogha near
future for rock falls. These analysis should giverenobjective
results than the existing empirical approaches.

The new approach proposed in this paper (HGP appyoa
supposes that the order of magnitude of the rabietween the
probabilities associated to the different probapilklasses is
known. In other words, it supposes that relativieifa probabili-
ties can be estimated. If the unknown mean proipalzibrre-
sponding to the higher probability claspisthe mean probabil-
ity corresponding to the second clasp.is p; / r.

Note that the expected mean number of rock falthénstud-
ied areay, for the estimation period (of lengi) and the con-
sidered volume class, is
“(T)=2nnp 1)
wheren; is the number of potential rock falls in the clads can
be expressed as a functionraind the unknown probabilify.

At the present day, the influence of time can reoybantified
from geomechanical analysis, but it can be appmadiom a
global historical or morphodynamical analysis oé thomoge-
nous area which contains the potentially unstadit& masses.

3 HISTORICAL ANALYSIS

The objective of the historical analysis is to mstie the mean
number of rock fallsy, for the estimation period and the consid-
ered volume class. It may be estimated directlynfem exhaus-
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tive inventory of rock falls in the studied arear;, the considered
volume class, or indirectly, using statistical misd® rock slope
erosion. Estimation methods will be presented belbustrated

with the example of the Grenoble area. The Grenal#a is sur-
rounded with about 120 km of cliffs, whose heiglarigs be-
tween 50 and 450 m (Fig. 2). They consist mainlyliitonian,

Valanginian and Urgonian limestone strata that aseally

slightly inclined inside the slope. They are refaly rectilinear

on several km (sometimes almost 20 km), which iatgis a uni-
form retreat rate. Consequently, the studied araabeaconsid-
ered relatively homogenous from a geological andpmoady-

namical point of view.

Annecy
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Figure 2. Simplified geological map of Grenoblezare

3.1Rock fall inventory

Inventories may be available from road, railwayfarest ser-
vices, or from natural parks. The observation gernmy be as
long as one century. The larger the consideredmvesuare, the
longer the observation period or the broader tkea anust be.
For small rock falls on a road, significant valueay be drawn
from some years of observation. For example, 42% rfalls

have been observed during a 4 years period, on lemlioad

section, in La Réunion island (CFGI 2000); on theeotrand, 33

the last century, rock falls in the class 18 1100 nf are less
numerous than in the class 108 1000 . It proves that the
inventory is not exhaustive under 108. /e assumed that it is
roughly exhaustive for the period 1935-2000 and wbkimes
between 100 fhand 100 000 fh The numbers of rock falls for
the different volume classes and considered perdoglgiven in
the Table 1, with the corresponding "observed"sfasquencies
and cumulated frequencies.

Table 1. Observation period, number of observed fads, observed
class frequency and cumulated frequency (per cgntealculated cumu-
lated frequency and class frequency (assuming @plaw distribution)
for each volume class (calcareous cliffs in thenBbde area).

Voslume class 10-10° 10*-10° 10~10° 10>-10° 10°-10°

(m?)

Observation period 1935- 1935- 1935- 1800- 1600-
2000 2000 2000 2000 2000

Rock fall number 33 9 6 3 2

Observed frequency

(per century) 51 14 9 15 0.5

Observed cumulated

frequency (per century) 76 25 11 2.0 0.5

Calculated cumulated

frequency (per century) 91 26 7 2.1 0.6

Calculated frequency

(per century) 65 18 5 15 0.6

3.2Volume distribution of rock falls

The volume distribution of the rock falls have besudied by
some authors (e.g. Wieczorek et al. 1992; Hungal.etl999;
Dussauge-Peisser et al. 2002). For the inventovtgsh have
been analysed, the cumulated distribution of ratkvolumes
follows a power law in a volume range coveringeast 4 orders
of magnitude:

f(V)=aV 2
wheref (V)is the frequency of rock falls with a volume gezat
thanV, anda andb are constants. According to the inventdyy,
varies between 0.4 and 0&/is the frequency of rock falls with a
volume greater than 13nsupposing that the power law is valid
down to this value. It depends on the cliff areacswned by the
inventory and on the activity of the processes icauthe failure
of rock masses. To compare different areas, weneldfie spe-
cific rock fall frequency, as the number of rockdawith a vol-
ume greater than 13mper century and per unit cliff area (Am
This specific frequency varies of at least 2 orddrsnagnitude
according to the geological and morphodynamical texdts
(Dussauge-Peisser et al. 2002).

An observed frequency (Table 1) must be regardeshass-
timate of the mean value of a random variable. Qlangig that
the rock falls are rare, independent and discretats, the Pois-
son law applies to describe this variable, asHerftequency of
earthquakes. Supposing that the power law reff@gysical pro-
cesses, fitting the observed frequencies to a ptamemust give
better estimates of the mean frequencies. For thadble area,
fitted (calculated) frequencies are given in thél&al. More-
over, if the law was valid outside the observediuw range, ex-

rock falls between 100 and 100G imave been reported in 65 trapolations would be possible.

years, along 120 km of cliff in the Grenoble arsee(later).

A rock fall inventory for the Grenoble area hasrbasde by
a forest service (RTM, which means mountain lartthbdita-
tion), which have recorded rock falls occurringttie 20th cen-
tury and some others occurred before, which haftepleysical
or historical traces (RTM 1996). It comprises abou¢ hundred
rock falls having occurred in the four last cergariThe exhaus-
tivity of the inventory depends of the volume claEke bigger
rock falls have left traces, which remains visifieseveral cen-
turies. So the inventory has been assumed to baustifie for
the 4 last centuries for the volume class 1 to m, land for the
2 last centuries for the volume class 0.1 to £.HBonsidering

3.3.Rock fall erosion rate

With the assumption that the power distribution iawalid for
the whole range of possible volumes, the erodedmelper cen-
tury, due to rock falls of a volume comprised bein¥, andV,
is:

b
V. = ["V)vdn= (VAP D)
t o n,) (1-b)

@)
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b being lower than 1, this integral does not congendienV, failure probability for the most probable onessfficlass) varies
tends towards infinity. BuY, is limited by a maximal possible from 0.05 to 0.4. These results give the order afjnitude of
volume V., depending notably on the slope dimensions. Thethis probability. It means that the failure of astability belong-

the true rock falls distribution law is truncated.

FOrV < Vipas N(V) = a VP

ForV > Vpae N(V) =0 4
The total eroded volume per century, due to rolk,fes then:

00 a -

Vt = J‘O Vdn= mvr}']a?(

®)
If Sis the total area of the slope covered by theritony, the
erosion rate is:
E=W/S (6)
If b was known, it would be possible to evaluate thaupatera
from the erosion rate. The later can be estimaterh fpaleo-
geographical studies (time scale of several miljjears) or his-
torical measurements (time scale of several years).

For the cliffs around Grenoble, the maximal possioick fall
volume is estimated to 1@n®. The Table 2 gives the eroded vol-
ume per century for each volume class, the totadedt volume
and the erosion rate.

Table 2. Fallen volumes per century (calculatedhftbe power law dis-
tribution) and erosion rate for calcareous cliffthe Grenoble area.

<10 10-10° 10°-10* 10-10° 10°-10° 10°-10°

Volume class (%)
Fallen volume per

century (n”i) 10,89¢ 19,807 55,825157,336 443,433834,632
Total fallen volime

per century 3521,927

Cliff area 24.16m?

Erosion rate 0.15 m/century

Acording to Arnaud (1979) and Gidon (1996), thetemwslimit
of the Urgonian platform when sedimentation ocalimes 10 to
15 km from the actual cliff (Fig. 2), and it begembe eroded

ing to the first class can be considered as a }@@@-return pe-
riod event rather than a 100-year return period one

Table 3. Failure probabilities, in the next 100 rgedor 30 po-
tential instabilities distributed in two classessaming that 1.5
rock falls are expected in the whole area. Twoedét relative
probabilities (failure probability in the class faflure probabil-
ity in the class 2) and different distributions \weeén the two
classes have been considered

Relative Number of Number of Failure Failure

probability instabilities instabilities probability foiprobability fol

classl/class2inclass1 inclass2 class1 class 1

(0] (ny) (n2) (<) (p2)
10 1 29 0.385 0.038
10 5 25 0.200 0.020
10 10 20 0.125 0.013
10 15 15 0.091 0.009
10 20 10 0.071 0.007
10 25 5 0.059 0.006
10 29 1 0.052 0.005
5 1 29 0.221 0.044
5 5 25 0.150 0.030
5 10 20 0.107 0.021
5 15 15 0.083 0.017
5 20 10 0.068 0.014
5 25 5 0.058 0.012
5 29 1 0.051 0.010

about 106 years ago. From this paleogeographical appro&eh, ts cCONCLUSION

order of magnitude of the erosion rate is 0.1 ntlogn The rates
obtained from the rock fall inventory (for 49ears) and from
the paleogeographical approach (for y8ars) are of the same

order of magnitude. If is site independent, it means that the or

der of magnitude of the rock fall frequencies candstimated
from the erosion rate, without inventory.

4 QUANTITATIVE EVALUATION FOR FAILURE
PROBABILITY

Considering the equation (1), the historical analyglds the
expected number of rock fallg, for a given period and a given
volume class, and the geomechanical analysis yieElaumbers
n; of potential rock falls, for each probability ciagnd the rela-

tive probabilityr between these classes. The unknown probab

ity p; can then be calculated. The method will be illatet with
the case of the Grenoble area, for the volume digs$0° m?, in
which a mean number of 1.5 rock falls is expectachecentury
(Table 1). The geomechanical analysis being not pteted,
suppose that 30 potentially unstable rock masses haen de-
tected and classified in 2 classes, the probalsfigociated to the
second class being 10 or 5 times lower than tditseone. Dif-
ferent distributions of the instabilities betwedre ttwo classes
have been considered. The obtained failure prakabilin the
next 100 years are given in the Table 3. For exampith 10
potential instabilities in the first class, 20 hetsecond one and a
relative probability between them of 10, the "indial" failure
probability is 0.125 for the rock masses belondgioghe first
class, and 0.0125 for the ones in the second dlegsending on
ther value and the way the experts distribute the biliies, the

The HGP method yields an order of magnitude of feikire
probability for potentially unstable rock massedhich have
been classified according to geomechanical critditigs gives a
more quantitative significance to the qualitativealaations
which are usually affected to the potential indiabs (e.g.
"high, medium or low probability”). By this way, ¢k fall haz-
ard can be compared with other natural hazard$y asdloods
or earthquakes, for which 100-year or 1000-yeaurneperiod
events can be determined. The method can be useeldtively
homogenous area, where a historical rock fall itmgnis avail-
able or can be realised. A relation between rotkfriequencies
and the erosion rate has been established, whgdests that the
formers could also be obtained from the erosioe odtthe area.
A better knowledge of the rock fall volume distriimm, by
neans of data basis, is needed to validate thi®app.
Presently, the weak side of the HGP method is tthetrelative
probabilities result from a subjective evaluati@ut improve-
ments are expected from statistical analysis doditset rock fall
data basis, which are planned in several Alpinat@s.
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