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Abstract. Many works have shown that the relation between population, buildings, infrastructure, environmental features,
rock fall frequency and volume is well fitted by a power law. or economic activities.
Based on this relation, a new method is presented which al- The rock fall danger which is considered in this paper is
lows estimating the fall frequency and probability for a wall the fact that a given element at risk is reached by a rock
section in a homogenous cliff, considering all possible rockmass (consisting of one or several blocks). It results from
fall volumes. The hazard for an element located at the foottwo events: (a) the detachment of a rock mass from the rock
of the cliff, with a minimal energy, is also estimated. The wall due to a failure process; (b) the propagation of this rock
method has been applied to an itinerary, for which the humarmass down to the element at risk.
risk has also been estimated. Rock fall inventories featuring The rock fall hazard may be defined as the probability of
the location, date, and volume of the falls and the dimensions rock fall of a given magnitude (or kinetic energy) reaching
of the fallen compartments (width, length, and thickness) arethe element at risk, which can be expressed as the probability
needed for better estimating of hazard and risk. of detachment (or failure probability) times the probability
of the rock mass reaching the element given that it detaches
from the rock wall (propagation probability).
. ) The probability of detachment may concern a particular,
1 Introduction and terminology well defined rock mass (located danger) or a part of the rock
wall, from which a rock mass can detach anywhere (diffuse

In this paper, the term “rock fall” is used in its usual SeNse, ganger). In this paper, only the second case will be consid-
given for example by Cruden et al. (1996). A rock fall can ered

result from a subsequent roc!< slide or rock topple. For the e present state of knowledge, a quantitative rock fall
terms related to hazard and risk assessment, we use the dgf, 54 assessment is only possible when a historical inven-
initions recommended by_the Inte_rnatu_)nal Society of So'ltory is available for the area considered (Vengeon et al.,
Mechanics and Geotechnical Engineering (ISSMGE) Tech-g01: Hantz et al., 2003a, b). Without such an inventory,
nical Committee on Risk Assessment (Fell et al., 2005). Be-, qajitative assessment is achieved, mainly based on expert
fore it occurs, a rock fall can be qualified as a potential da“"udgment (Groupe Falaise, 2001: Hantz et al., 2003b; Ef-
ger. The hazard is the probability (between 0 and 1) tha4endiantz et al., 2004). Examples of quantitative rock fall

it occurs within a given period of time, which may be es- 5,414 and risk assessment are given by Hungr et al. (1999),
timated in an objective or subjective way. The hazard cangg|| et al. (2005), Picarelli et al. (2005), Corominas et

also be the probability of the magnitude of a given quan-,; (>005), Jaboyedoff et al. (2005), Agliardi et al. (2009),
tity (kinetic energy for example) to be reached. For land-use; 4 Apbruzzese et al. (2009). In these examples, a given vol-

planning, the period of time which is considered is usually me range of rock falls is considered. This paper presents
one century (MATE and METL, 1999). The risk is @ mea- 5 method to calculate rockfall hazard and risk using a nor-

sure of the probability and the severity of an adverse effecty5jized frequency and taking into account all the possible
to life, health, property, or the environment. It can be ex-qcy 4]l volumes, from the smallest to the largest possible

pressed as the probability of an adverse event times the COM5nes, using a power law relation between the volume and the
sequences if the event occurs. The elements at risk may bﬁequency of the rock falls.
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2 Rock fall (failure) frequency

Considering a geological time scale, rock falls are repetitive

events and represent one of the main erosion processes. #

a human time scale and a particular rock wall spatial scale,

only the smallest ones are sufficiently frequent for their fre-

quency to be determined from an inventory. Indeed, the size

of the spatial-temporal observation window is usually too

small for the frequency of larger rock falls to be determined.

But in some cases, the shortness of the observation perioc

can be compensated by the extent of the observation aree

should the area be sulfficiently homogenous. This is the case

for some calcareous cliffs, the structure and morphology of Cylindrical slope

which are relatively constant on several kilometers or tens of

kilometers. For example, the calcareous cliffs which consti- _. L ) )

tute the west side of the large valley called “Sillon Subalpin” Fl_g. 1. Cylindrical slope with rock compartments having the same
L L width w.

near Grenoble have arectilinear shape, which indicates a uni-

form rate of retreat and therefore a relatively homogenous

behavior in terms of rock falls. _ The spatial temporal rock fall frequency) is the num-
Many works have shown that the relation between rockper of rock falls per unit of time and per unit of wall area,

fall frequency and volume is well fitted by a power law (for with a volume greater than a given valte (|n ms)’ ex-
example, Dussauge-Peisser et al., 2002; general review byressed by:

Picarelli et al., 2005). For a given rock wall, the number

of rock falls per unit of time (frequency E) with volume Fsi=aV ™" 2
greater tharV (in m®) is given by:

wherea =number of rock falls, per unit of time and area,
F=aV~" Q) with volume greater than 1%z = o/wall area).

wherea = number of rock falls, per unit of time, with volume
greater than 1rh andb =another constant. The constant 3  Failure frequency and failure probability in a
depends on the size of the considered area and of the geolog- homogenous rock wall
ical and geomorphological conditions. Concerning the con-
stantb, a review by Dussauge-Peisser et al. (2002) and receritet us consider a homogenous rectilinear wall the height of
work by Dewez et al. (2009) have showrvalues ranging  which ish, and define a horizontal abscissavhich is paral-
between 0.4 and 0.7. lel to contour lines (Fig. 1). The underlying slope is supposed
For the Grenoble calcarous cliffs (French Alps), the rock to be cylindrical. A rock mass falling from this wall in a sin-
fall frequency has been estimated from an inventory car-gle rock fall event will be called a rock compartment. We first
ried out by a forest service (RTM 38) and completed by theassume that the falling compartments have a constant width,
Grenoble University. This inventory concerns rock falls of w (defined parallel toc). For a profile of the wall to be af-
volume between Hand 13 m3, distributed on a wall area fected by a rock fall, the centre of gravity of the potentially
of 200 m in average height and 120 km in length. The obserunstable rock compartment must have an abscissa between
vation period considered was 65 yr for the volumes smaller(x —w/2) and ¢ +w/2), i.e. it must be in a vertical wall slice
than 1@ m3, and several centuries for larger volumes (Hantzthe width of which isw (Fig. 1). This assumption neglects
et al., 2003b). The constahtwas estimated at 0.55:0.1)  the lateral dispersion which always occurs for an actual rock
ando at 11 rock falls/yr (between 12 0.5 and 11x 2). The  fall, and then leads to underestimating the frequency. The
volumetric erosion rate of the cliff can be obtained by inte- frequency of the rock falls which affect any profile of the
gration of Eq. (1) (Hantz et al., 2003a), and divided by thewall is then Fsaw. In the same way, the frequency of the
wall area to give the linear rate of retreat. The value obtainedock falls of width w which affect a slice of the wall of width
of 1.5 mmyr1is compatible with the retreat of the Urgonian v is Fsth(w +v).
seam, which is around 10km in 1gr. Assuming the rock We now consider that the width of the falling compart-
fall frequency is constant with time, the mean age of the wallments is not constant anymore, and the volumes of the falling
can be estimated to 5500yr. This value is compatible withcompartments are distributed according to Eqg. (1). To de-
the first results obtained by cosmic ray surface exposure datermine the fall frequency affecting any profile of the wall,
ing, which give a mean age of 8000 yr (Hantz and Frayssinespne must consider a slice of wall the width of which equals
2007). the width of the fallen compartment (Fig. 1), which is not
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constant anymore and is related to its volume. The rela-
tion between the volume and the width of the falling com-
partments depends on the internal structure of the rock wall.
Frayssines and Hantz (2006) have analyzed the relationshiy
between the width, the length (measured in the movement di-
rection), and the thickness of compartments fallen from the
calcareous cliffs of the Grenoble area. It appears that the
length is about twice the width, which in turn is 4 times the
thickness. In a general formulation, the relationship between
the volume ¥) and the width @) of the fallen compartments
may be written:

V =kw® (3)

wherek is a shape factor, which equals 0.5 for the calcare-
ous cliffs of the Grenoble area. Afis unknown, the author
recommends using the value of 1.

For compartments the volume of which is betwééand
(V 4+4dV), the fall frequency affecting a profile of the wall
can be calculated as below, using Egs. (2) and (3):

Fig. 2. Cylindrical slope featuring both types of elements at risk
(punctual and with a widthv) and rock compartments having dif-
ferent widths. The compartments threatening the element at risk
with width v are in solid lines.

v\ 13 ~
dF = hw|dFsi|=—h (;) d (aV b) (4) The problem of the temporal distribution of landslides has
13y b2/3 been discussed by Durville (2004). Rat (2006) has shown
=abhk™"V av that the occurrence of rock falls on a road in theuRion
The integration of Eq. (4) gives the frequency of the rock Island is well described by the Poisson’s law, provided one
falls the volume of which is betweenin and Vmay: considers time steps of more than 5 days. Assuming the Pois-
1 son’s law to describe the temporal occurrence of rock falls,
_ Babhk™3 (1 (3-») (3-») the probability for a slice of wall the width of which is to
Fr=———1 Vmin — Vimax (5) . . .
3b-1 be affected by at least one rock fall during a period of time

Note that, as is higher than 1/3, the limit of, as Vmin 'S

approaches 0, is infinite. This is not a problem because we R 1

always consider a minimal volume for the rock falls. On the Pr=1-e =1l-en @)
contrary, the limit ofF ¢, as Vimax approaches infinity, is not . .
infinite. This allows taking into account the largest rock falls whereT; = 1/ F; is the return period of the rock falls. If the

which can occur in the wall considered. The largest possiblé)erIOd considered is small compared to the return pefiod

volume depends essentially on the height of the wall, but isthe failure probabilityP can be approximated by:

very difficult to estimate. Fortunately, the exponentVigfax P Fot—t/Th 8
in Eq. (5) is about 0.2 and, consequently, the frequency i = £t/ =1/Ti ®)

not very sensitive to this parameter. It is also not sensitive tONote that the failure frequency and the failure probability

the parametek, the exponent of which is 1/3. Assuming kK . : :
/3 umri given by Egs. (6) and (7) are estimates of the hazard if the
can range between 0.4 andi2/> varies between 0.74 and element at risk is close enough to the rock wall so that the

1.26. Considering that the precision which can be hoped for o :
the failure probability is by a factor 10, taking 1 for the value probability of propagation equals 1.
of k appears to be acceptable.

We now consider an element at risk, the width of which is . .
v. It can be seen in Figs. 1 and 2, that for the element to be4 gr:q?r::renn;iyeizggsrobablIlty of reach by a fall with
affected by a rock fall of widthw, the centre of gravity of the
potentially unstable rock compartment must be in a vertical
wall slice, the width of which isy+ w). The fall frequency
affecting this slice of wall can be obtained by substituting
by (v+w) in EQ. (4). Thus, the frequency is:

We now consider an element at risk, the width of which is
v, located at (or near) the foot of a rock wall and which
is necessarily reached by a rock fall affecting the overlying
slice of rock wall having the same width(it is assumed that
3abhk‘% (;717) (;7}7) the element is sufficiently high not to be flown over by the
Fi=—— <Vmin ) = Vmax\® ) (6)  blocks). It means that the propagation probability equals 1
and, consequently, the hazard equals the failure probability,
+ahv (Vminib - Vmaxib) which is given by Eq. (7). The same is true of the frequency,
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which equals the failure frequency given by Eq. (6). More-
over, it is assumed that the kinetic energyof a compart-
ment reaching the foot of the rock wall is given by its initial
potential energy:

E=yVh (9)

wherey is the specific weight of the rock/ the volume of
the compartment, andl its initial height, taking as a refer-
ence the height the wall foot.

In the context of risk assessment, the events to considel
are rock falls whose kinetic energy exceeds a given vakie
when they reach the element at risk. This value depends or
the type of element at risk. For example, the Swiss federal
guidelines (Lateltin et al., 2005) consider that a reinforced
concrete wall can resist to an impact energy of 300 kJ. Fig. 3. Cylindrical slope with a punctual element at risk (star). The

Let us first assume that the falling compartments have the&olid rectangle represents the wall area to be considered folr.a rock
same width ¢) and consequently the same volumé) @c- volgmev to have a minimal potential enerdyp. y: the specific
cording to Eq. (3). For a point located at the foot of the rock Veight of the rock: shape factor.
wall, at the abscissa, to be reached by a rock fall (the en-
ergy of which is higher thatkp), the center of gravity of the , .
falling mass must be initially located at an abscissa betweer? DIScussion
(x —wl2) and & +w/2), and at a height greater thaggiven

by: 5.1 Homogenous rock wall
hozmin<H,ﬂ> (10)  The initial hypothesis of a homogenous rock wall may be
144 oversimplified in some cases. If the failure frequency varies

where H is the height of the rock wall (Fig. 3). The fre- along the wall, it is the same for the hazard. In the case of a
quency for the point considered, with an energy higher tharfix element at risk (a house for example), the hazard depends
Ep, is then: on its abscissa (Fig. 1). However, the method presented

. _ allows estimating the order of magnitude of the hazard in
Fr(Eo) = Fstw(H = ho) (11) the cases where it is not possible to distinguish particularly

Now considering compartments whose volume is betweerhazardous sections of the wall.
Vv and (v +dV), the frequency for an element at risk whose  \when the element at risk is moving (a vehicle for exam-
width is v, with energy higher thato, is given by: ple), the hazard during the time the risk element traverses the
dFy = (w+v)(H — hg)d Fet (12)  Wwhole wall is not affected by the variations of the failure
frequency (the most hazardous sections are compensated by

This frequency cancels ifV is lower thanEy, i.e. if V is the least ones).

lower thanEg/y H. Then the integration of Eq. (12) must be
done fromVmin = Eo/y H. The frequency which is obtained

5.2 Cylindrical sl
is lower than the failure frequendy given by Eq. (6): ylindricat slope

3abk~3 Eo _p_2 _p_2 The hypothesis of a cylindrical slope is also a simplification.
Fr=Fi— Y@h+2) (Vmin ¥ — Vmax 3) (13) In the general case of a 3-D non-cylindrical slope (Fig. 4), the
abvEo 1 1 above given frequencies are average values along the contour
— (Vmin‘ T —Vmax ) lines of the slope. In drainage ways, the actual frequencies
y(b+2) are higher than the average value, and they are lower on the
with divides. For a given element at risk, Fig. 4 shows the wall
Vinin= Eo/y H (14)  area that must be considered to determine the hazard. In

Eqg. (6), v must be substituted, for good measure and pro-
~ Note that the energy loss due to rebounds on the rock walection purposes, by the width of the wall section threatening
is not considered here. So Eq. (13) overestimates the freqe element at risk (Fig. 4). Note that the failure frequency

quency. given by Eq. (6) and (13) gives the hazard only if the element

Assuming the occurrence of the rock falls is given by Pois- 4t risk is close enough to the rock wall so that the probability
son’s law, the hazaré is given by the expression: of propagation equals 1. Otherwise the probability of propa-
P=l—cFit= e - (15) gation must be taken into account (see for example Guzzetti

et al., 2002; Jaboyedoff et al., 2005).
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Fig. 5. Saint-Eynard calcareous cliff, near Grenoble.

3D slope

to rock volumes as small as 19m3, as expected from the

Fig. 4.3.D sl h wal el ¢ at risk (stan. The dash dresults obtained by Dewez et al. (2009). These authors have
'g. 4. 3-D slope with a punctual element at risk (star). The dashed,sq e rock falls with volumes from 16to 10+ m3in a

line represents the area where a rock compartment must start to . .
threaten the element at risk. chalk cliff, and have obtainediavalue of 0.51 very close to

the value of 0.5510.1) obtained for the limestone cliffs in
the Grenoble area for volumes ranging fronf 10 10/ md.
5.3 Fragmentation of the rock falls This suggests that for calcareous rocks, the power law could
be valid for a very large volume range. A sensitivity analysis
The impact frequency given by Eq. (13) concerns rock fallshas been achieved taking account of the uncertainty affecting
with very different sizes, which can imply one or several the parameterg andb. The impact frequencies with a min-
blocks. For rock falls implying several blocks, the elementimal energy of 0.025kJ have been calculated using Eq. (13)
at risk does not receive all the energy. This leads to an overand are given in Table 2.
estimation of the hazard with a given energy. For a better es- According to the uncertainties affecting a and b, the fre-
timation, the individual block frequency rather that the rock quency was determined with an uncertainty factor of 10. The
fall frequency must be considered. A method to derive thecentral value is 2.% 10~2 events per year, which gives a re-
block frequency from the rock fall event frequency is given turn period of 44 yr.
by Corominas (2005), based on the analysis of the distribu- It has been mentioned in Sect. 3 that the frequency is not
tion of block volumes on talus slopes. This kind of informa- very sensitive to the value estimated for the maximal possible
tion should be very useful in the future rock fall inventories. rock fall volume. This statement is confirmed in the case
Note that when the considered minimal energy is low (as inpresented: The 2-digit values given in Table 2 are valuable
the following application), most of the rock falls considered for any maximal volume larger than 10Fmin the present
are small and consist of single blocks. case, the maximal possible rock fall volume was obviously
larger than 100 It can also be seen from Eq. (5) that
the smaller the minimal volume considered, the lower the
6 Application to a hiking track at the foot of a cliff contribution of the largest volumes.

6.1 Hazard assessment 6.2 Risk assessment

The method has been applied to the hiking track whichThe time necessary for a hiker to cover the route is about one
stretches over 1 km along the base of the Saint-Eynard calhour. As this time is small compared to the return period of
careous cliff, near Grenoble (Fig. 5). The height of the cliff the rock falls (tens of years from Table 2), the probability for
is about 150 m. The spatial temporal failure frequency is wella period of one hour can be approximated by Eq. (8) with the
described by Eq. (2), where the parameters a and b have bedrequency given in Table 2 (Eq. 8 applies for the hazard as
determined from an inventory concerning 120 km of cliff well as for the failure probability). With an annual frequency
(Sect. 2). The width of the element at risk (hiker) was setof 2.3x 10~2, the probability obtained is about 2x61076.

to 0.5m. The minimal energy considered (0.025 kJ) was deAssuming that a hiker wearing a helmet is killed if he is af-
rived from climbing helmet tests. To reach this energy level,fected by a fall whose energy is higher than 0.025 kJ, a hiker
the rock compartments detaching from the top of the cliff who takes the trail once a year increases his/her yearly death
must have a minimal volume of6 10~ m3 (Sect. 4), which  probability by about 10°. This individual risk has to be
corresponds to a width of 2.3cm (Eg. 3). This minimal vol- compared with the yearly death rate in France, which varies
ume increases when the detachment point moves down thitom 10~% (for a 10yr old child) to 102 (for a 65yr old
wall, as shown in Table 1. It was assumed that Eq. (2) applieadult). Acceptable and tolerable individual life risk criteria
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Table 1. Minimal volume and corresponding width to consider for a rock compartment reaching a wall foot with a minimal kinetic energy
of 0.025 kJ, as a function of the detachment height.

Height (m) 150 100 50 30 15
Volume (M) 6.2x10°8 9.3x10% 19x10° 31x10° 6.2x10°°
Width (m) 0.023 0.026 0.033 0.040 0.050

Table 2. Impact frequency (event per year) with a minimal kinetic f_requency also .represents an average value along a contour
energy of 0.025kJ, of an element at risk of width 0.5m, located atliN€- However, in both cases of non-homogenous walls and

the foot of the 150 m high Saint-Eynard rock cliff. non-cylindrical slopes, the obtained frequency is pertinent
for a moving element at risk (pedestrian or vehicle).
a (10~ fallyrm?) 2.3 4.7 9.4 The method proposed to determine the rockfall frequency
b=0.45 3.8<103 7.7x103 15x10°2 with a minimal energy leads to an overestimation of the haz-
b=0.55 1.1x 1072 23x102 45x10°2 ard. Individual block frequency rather than rock fall fre-
b=0.65 35x10°2 7.1x102 1.4x101 guency must be considered for a better estimation.

Hazard and risk have been estimated for the Saint-Eynard
cliff. With the available data, the individual risk can be con-
sidered as acceptable, and the societal risk as tolerable.

in different countries are reported by Leroi et al. (2005). The Rock fall inventories at different spatial and temporal

individual risk of about 108 corresponds to the broadly ac- Scales featuring the location, date, volume of the falls, and
ceptable limit given by the Health and Safety Executive (UK) the dimensions of the fallen compartments (width, length,
for land use planning around industries. As higher riSkSand thickness), together with a better knowledge of the rate

. . of retreat of the rock walls, are needed for better estimating
are usually accepted from naturally occurring landslides tha f hazard and risk.
from engineered slopes, and as the hazard had been overesti-
mated (Sect. 5), this risk can be considered as acceptable. Egited by: O. Katz
In terms of societal risk, considering that about one thou-Reviewed by: J. Corominas and L. Franzi
sand hikers take this trail each year, the expected annual
number of deaths is about 18 From the knowledge of the
author, no death has occurred on this trail, which had been
taken by hikers for several decades before it was closed after
two rock falls of some tens of froccurred in 2003 and 2006.
Leroi et al. (2005) have reviewed published societal life risk
criteria. HKSAR (Hong Kong Special Administrative Re-
gion) has published interim risk guidelines especially for nat-
ural slopes. The societal risk of about F0corresponds to  The publication of this article is financed by CNRS-INSU.
their limit between the unacceptable risk and the tolerable
risk. As the hazard had been been overestimated (Sect. 5),
it can be considered as tolerable by society. That said, acreferences
cording to IUGS (1997), a tolerable risk should, wherever
reasonably practicable, be reduced. Abbruzzese, J. M., Sauthier, C., and Labiouse, V.: Considerations
on Swiss methodologies for rock fall hazard mapping based on
trajectory modelling, Nat. Hazards Earth Syst. Sci., 9, 1095—
7 Conclusions 1109,d0i:10.5194/nhess-9-1095-2Q@D09.
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