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Abstract

The observation of 12 rock fall scars in steep limestone cliffs has shown that the fallen
masses were stable as a result of relatively small rock bridges. These results demonstrate
that consideration of rock bridges is necessary for a realistic evaluation of stability. Limit
equilibrium methods of analysis are presented for sliding and toppling, for both isostatic
and hyperstatic conditions. These methods are illustrated with four case histories. The
results of 9 back-analyses of rock falls with volumes between 24 m® and 3500 m® are
presented. The rock cohesion obtained from back-analysis appears to be significantly lower
than the cohesion obtained from classical laboratory tests. This discrepancy can be
attributed to several factors including: a spatial and temporal scale effect, the
oversimplified modelling (two-dimensional limit equilibrium) and some uncertainties
affecting the geometrical data. When analysing the stability of a cliff with a limit
equilibrium method, the authors suggest dividing the cohesion by a "scale and method"
factor of 3.

Keywords: Rock bridge, back-analysis, toppling, sliding, limestone cliff.
1. Introduction

Anaclinal slopes in hard sedimentary rocks can be very steep and can have large overhangs,
which can be natural or due to the construction of mountain roads. Rock falls in these steep
cliffs are due to either slide or topple. A survey of 25 rock falls that have occurred in the
French Subalpine ranges, with volume from 20 m® to 30,000 m® [1], has made it possible to
identify typical failure configurations for these anaclinal slopes (Fig. 1).

Figure 1 shows 3 typical failure configurations observed between the surveyed 25 rock
fall events. Where the beds dip less than 30°, A and B failure configurations have been
observed. In the first one (A), the unstable rock mass rests on a steep joint plane, which is
roughly perpendicular to the bedding (cross-joint), on which sliding is possible in a
translational mode. Toppling is also possible depending on the size of the overhang. In the
second configuration (B), the cross-joint is not sufficient to constitute a failure surface and
another joint (less inclined and generally shorter than cross-joints) makes up the low bound
of the unstable block, on which sliding is possible. Sliding may occur on this singular joint
in a translational mode (with opening of the cross-joint) or in a more complex mode
(compound slide). Toppling requires opening of both joints. Where the beds dip more than
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30° opposite the slope, the C configuration has been observed. The main joint set is
perpendicular to the bedding and it defines a potential sliding surface. This failure surface
is stepped where the bedding planes form overhangs. For the two first configurations, it is
often difficult to know which of the two mechanisms will occur: sliding or toppling, if no
precise cliff topographical model is available. In this case, both sliding and toppling must
be considered in the analysis.

Twelve failure surfaces were closely observed (generally using rappelling): in these
latter fresh intact rock fracture surfaces were visible, representing a small percentage of the
whole failure surface (0.2 to 5%). In the case of toppling failures, these surfaces are due to
fracturing of the rock bridges which had kept the rock mass in equilibrium for several
decades. In the case of sliding they may also be due to fracturing of prominent bumps on
the sliding surface.

Stability analyses of the configurations described above are necessary for a better
assessment of rock fall hazard, which is usually qualitative [2], and for mitigation studies
(bolting, mining). As the size and location of the rock bridges inside the rock mass are
hardly accessible to observation, these are usually neglected. This is acceptable in rock
slope design because it leads to a conservative design [3,4]. Should the rock bridges be
neglected in hazard assessment, the analysis would conclude that cliffs which have existed
for several centuries have very low safety factors. A realistic hazard assessment needs to
consider the rock bridges which exist on the potential failure surfaces. Methods for stability
analysis of potential translational rock slides (planar slides and stepped slides) have been
proposed [5,6,7,8,9]. The methods were applied to a priori analyses of potential rock slides,
but they were not validated by back-analyses of actual rock slides. Paronuzzi and Serafini
[10] back-analysed rock slides and topples involving rock bridge failure to determine the
intact rock cohesion and tensile strength. However, they did not compare the values
obtained to laboratory test results.

Stability analyses with rock bridges need to know their strength parameters. Classical
laboratory tests on intact rock specimens can be used, but the scale effect can be high and
does not work on the side of safety. The authors undertook back analyses of cliff failures to
determine the in situ rock bridge strength [11]. The methods used for both sliding and
toppling analyses are described in this paper. Since the static conditions may be isostatic or
hyperstatic, two different methods have been applied for both sliding and toppling. These
are presented with four case studies; in addition the results of nine back-analyses are given
and discussed.

2. Morphological and geological setting

The 25 rock falls which were surveyed to identify typical failure configurations occurred in
the French Subalpine Ranges, which represent part of the sedimentary cover of the External
Crystalline Massifs of the French Alps, and belong to the Dauphinoise (or Helvetic) zone
(Fig. 2). The front ranges are made of limestone and marls of the upper Jurassic and
Cretaceous. Typically, valley walls consist of a succession of steep calcareous cliffs and
marly slopes. The calcareous cliffs belong to Tithonian, VValanginian, Barremian (Urgonian
facies), and Campanian-Maastrichtian stages. The highest cliffs are up to 450m high. The
back-analyzed rock falls occurred in Urgonian limestone cliffs.

3. Survey methodology
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The rock falls have been easily identified thanks to the bright scar they left (in contrast with
the patina of the cliff), and the damage they produced in the forest. The scars have been
surveyed, roping down in the cliff, in order to collect geometrical and structural
information: dimensions of the scar, of the intact rock fractures, discontinuities making up
the failure surface (orientation, extension, roughness, cover). This information is given in a
previous paper [1]. Intact rock fracturing is indicated by the colour of fresh intact rock,
which is light beige to light rosy for Urgonian limestone. Fresh fracture surfaces usually
contrast with the rest of the scar, which is often coated with a calcite crust, whose colour
may vary from white to orange, according to the quantity of iron oxide in the calcite. These
surfaces usually represent a very small part of the scar area (usually less than 1%). They
may result from fracturing of rock bridges, or bumps in the case of sliding planes. Bumps
fracturing may be caused by either the initial failure or the subsequent friction of the
moving mass. Slip evidences are rarely observed on very steep sliding planes (A
configuration in Fig.1), probably because the normal forces are to low in these cases. In the
absence of slip evidences, the observation of fracture surfaces doesn't allow distinguishing
a shear from a tensile failure. So the failure mechanism is usually derived from the
reconstruction of the original cliff surface.

4. Mechanical characterisation

Porosity and density measurements, uniaxial and triaxial compression tests, and Brasilian
tests were carried out in the laboratory, on Urgonian limestone in order to evaluate the
intact rock's physical and mechanical parameters [11] (Table 1). The friction angle and
cohesion values for the intact rock were derived from triaxial compression tests, using the
Coulomb failure criterion. However, this criterion would give an overestimated strength in
the field of normal tensile stresses [12]. Instead, a bilinear criterion is assumed, which
defines a "tensile friction angle" as the slope of the failure criterion for tensile normal
stresses (Fig. 3). Our test results give a ratio of cohesion to tensile strength equal to 3.3.
Hoek [13] has shown that a rock is characterized by the shape of the intact rock failure
criterion, which is not affected by the scattering of the rock strength from one sample to
another. It means that the cohesion and the tensile strength are not independent and the
uncertainty affecting the tensile friction angle is much smaller than those affecting these
parameters.

Mechanical characteristics of Urgonian limestone joints have been determined from
direct shear tests on 0.40 m x 0.25 m specimens [14] (Table 1). These tests produced peak
friction angles between 30 and 43°. However the roughness observed at the scale of the
scar (> 10 m2) is higher than that of the samples due to large scale steep ondulations. It
ensues that the scale effect could be either positive or negative (according to [15]), although
an identical roughness at both scales would lead to a lower friction angle at the larger scale
[16]. A negative scale effect was observed by Locher et al. [17], who obtained an in situ
peak friction angle 5° higher than that measured in the laboratory on smooth limestone joint
samples.

5. Back analyses

Back analyses of toppling and sliding were carried out in two dimensions using the limit
equilibrium method. As the analysed rock falls were not linked to any noticeable seismic or
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hydrological event, the only acting force which was considered was the weight of the
falling mass. All forces acting on the rock mass were assumed to be in a vertical plane
containing its centre of gravity, parallel to the displacement vectors. This implies that the
centres of the rock bridges belong to this plane. So the only moments which were
considered are perpendicular to this plane. Otherwise, moments belonging to this plane
should be considered and a mode 111 fracture (referring to fracture mechanics theory, [18])
could occur.

Zero tensile strength and cohesion values were assumed for discontinuities and the
bridges were assumed to have the properties of intact rock. We considered that their friction
angle was less affected by the scale effect than their cohesion, and then we took the value
of 54° given by the laboratory tests (Table 1). Based on our in situ observations of the joint
roughness, the most relevant value for the friction angle of the discontinuities is 43°.

5.1. Sliding

5.1.1 Isostatic model

Figure 4 shows the method of analysis applied for the isostatic condition modelling.
The resisting force required for equilibrium, is determined by the equilibrium equations.
Different values for the mechanical parameters of the rock bridges and the joints can give
this resisting force. We considered that the friction angles were given by the laboratory
tests and we determined the rock bridge cohesion which gave the required resisting force.
By using the limit equilibrium method in the X and Y directions, equations 1 and 2 are
obtained:

On the X axis : N =Wcosa 1)
Onthe Y axis : T =Wsino (@)

Where W is the weight of the unstable rock mass, N and T are normal and tangential
components of the resisting force and « is the dip of the sliding plane.Assuming that the
normal stress is uniformly distributed on the sliding plane and that this plane has no
cohesion outside the rock bridges, the tangential resisting force is:

T=N Il' arp Jtandy +arptandy :+ CrbArb 3)

Where ¢y is the friction angle of the sliding plane, a, is the surface proportion of intact

rock bridges on the sliding plane, ¢, and ¢, are the cohesion and friction angle of the

rock bridges and Ay, is the total area of the rock bridges.

The in situ cohesion of the rock bridge, which explains the failures observed, is
obtained using Eq. (1) to (3):

W fino - cosa @& - ay, Tandy +agptand,p
Cl’b = A b (4)
.

Case history
The Pas du Fouillet rock fall occurred on July 1998 in the South-West part of the
Vercors massif (Fig. 2), involving a volume of 24 m®. The failure is located in the middle
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part of a 200 m high urgonian limestone cliff striking N10° and dipping 85° to the West.
Two major joint sets N10°/81°W (J1) and N114°/81°SW (J2) cut sub-horizontal limestone
beds. The sliding plane is about 10 m high and 4 m wide and it is made up of a joint NO-
5°/80°W belonging to the J1 set (Fig. 5). It is bounded to the North by a joint N110°/90°
belonging to the J2 set, which opened when sliding occurred. A fresh fracture surface with
an area of 0.08 m? is due to a rock bridge fracture (Fig. 5B). The cohesion of the rock
bridge as determined by back analysis is 6.6 MPa.

5.1.2 Hyperstatic model
Hyperstatic sliding occurs when resisting forces act not only on the sliding plane, but
also on the rear opening plane. This case occurs when rock bridges exist in the rear opening

plane.
Figure 6 shows the method of analysis applied for the hyperstatic conditions modelling. By using
the limit equilibrium method in the X and Y directions, equations 5 and 6 are obtained:

On the X axis : Ny =Wcosa + Rycos(d+p-a) (5)
Onthe Y axis : Ty =Wsina - Rysin(d+p-a) (6)

Where N;, T, are the normal and tangential components of the resisting force on the sliding
plane, R; is the resisting force on the opening plane (with N, and T, its normal and
tangential components), « and /3 are the dips of the sliding plane and the opening plane, and
o'is the angle between R, and No.

The normal and tangential components N, and T, are:

No =-R, C0sd (7)
To =Ry Sind (8)

The sliding plane undergoes a compression (N; is positive) and the failure criterion is:
Ty =Ng Il' arp Jtandg +arptandyy, :+ CrbArb1 9)

Where A is the total area of the rock bridges on the sliding plane.
The opening plane undergoes a tension (N is negative) and the failure criterion is:

Ty =Notany +Crp Arpo (10)

Where Ay is the total area of the rock bridges on the plane 2 and tany is the ratio between
the cohesion and the tensile strength of the rock bridge (Fig. 3).
Introducing Eqg. (7) and (8) in Eq. (10), the failure criterion becomes:

R2 =— Crb Arb2 (11)
sind + cosd - tamy
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Contrary to the isostatic case, the resisting forces required to ensure equilibrium are not
determined by the equations of equilibrium and the rock bridge cohesion cannot be
determined without an additional assumption. Indeed, the equilibrium Eq. (5) and (6), and
the failure criteria Eq. (9) and (11), give 4 equations and the number of unknowns is 5 (N1,
T1, Ry, &, ). Following Panet and Rotheval [19], we make the additional assumption that
the resisting force R; is parallel to the direction of sliding. Then, the angle &is known and
the problem can be solved. The in situ cohesion of the rock bridge, which explains the
observed failure, is given by the expression:

W fino - coso @ - ap, Tandy +apptand, - €ino + cosatany 12)
Arpz Bin(8+B-a)+cos(8+PB-a)®-ayp Tandy +arptand p + Arpg €ino+ cosotany

Crp =

Case history

The Dent du Loup rock fall, with a volume of 6000 m®, occurred during the night of 4th
January 2001, in the Vercors massif, 8 km North-West of the town of Grenoble (Fig. 2).
The major part of the fragmented rock mass stopped near the toe of the cliff, destroying 0.5
hm? of wood. One block stopped 150 m from houses located in the valley. The rock fall
broke away from the top of a 180 m high limestone cliff striking N50° and dipping 85-90°
to the north-west. The scar is roughly 60 m high and 15 m wide. From analysis of aerial
photographs, four main subvertical joint sets were detected: NO° (J1), N50-70° (J2), N80-
100° (J3) and N140-160° (J4). In the scar, bedding planes (NO°/30°E) form several
overhangs (Fig. 7A). The failure surface is made up of bedding planes, a main irregular
sliding surface N60/70-85°NW which belongs to joint set (J2) and two lateral planes in the
upper part of the scar: N145°/75°SW (on the North-East side) and N145/90° (on the South-
West side), belonging to the joint set (J4) (Fig. 7B). The main sliding surface can be
approximated by two planes: a lower plane (1) dipping 70° and an upper plane (2) dipping
75° (Fig. 7). According to the block theory [20], the failure mechanism was a wedge slide
on the two planes N60/70°NW and N145°/75°SW. However, the normal stress was mainly
applied on the plane N60/70°NW and there was no cohesion on the lateral plane
N145°/75°SW (no fresh fracture). Thus the resisting force on the lateral plane was
neglected and a planar slide was assumed on the plane N60/70NW. Fresh fracture surfaces
cover 4.7m? on the plane 1 and 4.3 m? on the plane 2. The total scar area was 1000m?.
The cohesion of the rock bridges determined by back analysis was 12.4 MPa.

5.2 Toppling

5.2.1 Isostatic model

In the observed cases of isostatic toppling, the rock bridges were concentrated in the
lower part of the scar. In the model the zone where the rock bridges are concentrated, was
considered as a unique equivalent rock bridge, with equivalent strength properties (Fig.
8B).
Figure 8A shows the equilibrium conditions of forces and moments described by equations (13 -
15):

On the X axis : N =Wsina (13)
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OntheY axis: T =Wcosa (14)
Onthe Zaxis: M =Wd (15)

Where N and T are the normal and tangential components of the resisting force on the
rock bridge, My, is the resisting moment on the Z axis, due to the rock bridge, « is the angle
between the rock bridge plane (Y axis) and a vertical line, and d is the moment arm of the
weight W of the unstable rock mass.In limit equilibrium sliding analysis, stresses are
usually considered to be constant along the sliding planes [3]. In toppling analysis, it can be
seen in Figure 8A that the force equilibrium needs the total normal resisting force to be
compressive, but the moment equilibrium implies that tension exists in the upper part of the
rock bridge. It ensues a non-constant normal stress distribution in the rock bridge. As in
structural engineering, a linear distribution of the normal stress along the rock bridge is
assumed (Fig. 9A). The difference between the minimal (tensile) normal stress ( 6y ) and

the mean (compressive) normal stress (o ) is:

- 6M 1,

0= Omin =——% —
Hep -l

(16)

Where Hyy is the height of the equivalent rock bridge (Fig. 8) and I is the width of the
failure surface (Fig. 8).

The mean normal and shear stresses o and z are given by:

U\ (17)
Hyp -1t

T= T (18)
Hyp -1t

The shear stress is assumed to be constant along the fracture plane. From Eq. (13), (15),
(16) and (17), the minimal normal stress in the rock bridge, which explains the observed
failure, is given by:

W @ p,sina —6d _

5 (19)
Hrp -l

Omin =

Note that for design purposes, the hypothesis of a linear distribution of the normal stress
(Fig. 9A) is more conservative (or more pessimistic) than the hypothesis of a rectangular
distribution (Fig. 9B), which is adopted, for example, in the UDEC code [21]. For the
second hypothesis the calculation would lead to the following Eq. (20):
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W @ psina—2d
2
Hip -1t

(20)

Omin =

The above calculated stresses correspond to equivalent (or apparent) stresses acting on
an equivalent rock bridge. Assuming that the total width of the rock bridge is constant on
the height of the equivalent rock bridge, the actual stresses ¢ are proportional to the
equivalent stresses ¢' and they are given by:

0Arp =0'A'rp (21)

Where Ay, is the total area of the actual rock bridges (Fig. 8B) and Ay’ is the area of the
equivalent rock bridge (Fig. 8B).

At failure, the normal and shear stresses meet the failure criterion of the rock. From the
values of the critical normal and shear stresses (Eqg. (18) and (19)), which occur at the upper
tip of the rock bridge, the in situ tensile strength and cohesion can be estimated.

Case history

The Ranc rock fall occurred on 30th January, 2004, 50 Km SW of Grenoble (Fig. 2).
2200 m* of rock collapsed onto the road, killing two people in a car. The cliff is 150 m in
height, strikes N80 and dips 85-90° to the South. The fall occurred where the cliff formed
an overhang due to the construction of the road 150 years ago (Fig. 10B). The limestone
beds strike NO°, dip 15° to the East, and they are cut perpendicularly by 2 joint sets
N100°/90° (J1) and N33°/75°SE (J2). The scar is 50 m wide, about 20 m high and the mean
thickness of the fallen mass was approximately 2.5 m. The failure surface is made up of a
bedding plane NO°/15°E and two planes, N90/80-85°S and N40°/85°NW belonging
respectively to the joint sets (J1) and (J2) (Fig. 10A). In the major part of the scar, the rock
is coated by a calcite crust (yellowish-orange colour). Intact rock fracture surfaces have
been observed in the lower part of the plane N90°/80-85°S (Fig. 10). These fresh fracture
surfaces, which cover an estimated area of 52 m? (5% of the whole scar area), are due to the
failure of rock bridges. The equivalent rock bridge considered in the analysis has a height
of 3.5 m and a width of 35 m. We obtained tensile strength and cohesion values equal to 3.2
MPa and 10.5 MPa respectively.

5.2.2. Hyperstatic model
Figure 11 shows the equilibrium conditions of forces and moments described by
equations (22 - 24):

On the X axis : Ty -Rycos(6+n/2-p)=0 (22)
OntheY axis: Nj-Rysin(d+m/2-B)-W =0 (23)
On the Z axis : R2d2 -Wdl =0 (24)

Where N; and T; are the normal and tangential components of the resisting force R; on the
point 0, Ry is the resisting force on the rock bridge (N, and T, : normal and tangential
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components), d; is the moment arm of the weight W, d, is the moment arm of R, &is the
angle between R, and the normal to the rock bridge surface and £ is the angle between the
rock bridge surface and a horizontal plane.

The failure criterion for the rock bridge is given by equation (9) and shown in Figure 3.
This hyperstatic problem has 5 unknowns (N, Ty, R,, 8, Cp) and 4 equations (Eg. 22 to 25). The
angle ¢ was determined using the maximum work principle in order to calculate the resisting force
in a rock bolt [22]. This principle is illustrated in Fig. 12. In a normal versus shear force diagram,
the end of the resisting force R, on rock bridge, must be located on the failure criterion, in such a
way that the scalar product of the displacement vector U and the opposite of force R, is maximum
(the opposite of R; is the force exerted by the moving mass, on the stable rock mass). Introducing
Eq. (26) and (27) into Eq. (25), the cohesion of the rock bridge is:

R, €ind+cosdtany
Arb

Note that the verification of the shear failure criterion on point 0 (Eq. (29)) is needed
for the validation of the cohesion obtained.

Crb (25)

T]_ < Nltand)l (26)
If this criterion is not fulfilled, then T;= Nj tan ¢ is imposed.

Case history

The Goule Blanche rock fall, with a volume of about 30 m?, occurred in the upper part
of a 200 m high cliff, striking N30°, at an unknown date around the year 2000. Beds are
horizontal and cut by two steeply dipping joint sets which strike N64° (J1) and N152° (J2).
The failure surface is about 7 m high. It is made up first by a wedge defined by two
surfaces N65°/80-90°SE and N150°/85-90°SW belonging respectively to sets J1 and J2
(Fig. 13A). These two surfaces are coated with a calcite crust. In the lower part of this
wedge, there is a singular plane N30°/75°NW, which includes a fresh intact rock fracture
surface (Fig. 13B). This fracture surface has an area of 0.2 m? (0.8 % of the scar area). The
base of the block is made up of a horizontal bedding plane. The lower part of the fallen
mass was overhanging, allowing for a toppling mechanism (Fig. 13C). According to the
maximum work principle, the stress in the rock bridge was a pure shear stress (Fig. 12).
With a friction angle of 30° for the base of the block, the failure criterion (Eq. 9) is
fulfilled. The estimated in situ cohesion and tensile strength values are respectively 14 MPa
and 4.2 MPa.

5.3. Other analyses

Five other cases have been back-analysed using the methods described above [11]. The
mechanical parameters obtained for all cases are given in Table 6.

6. Discussion

6.1. Importance of rock bridges
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The back-analyses of nine rock falls have shown that the compartments had been stable for
a long time thanks to rock bridges and that the proportion of rock bridges in the failure
surfaces was very small. It means that compartments with the same geometrical
configuration but with a significantly higher proportion of rock bridges are very stable. It
ensues that classical stability analyses, which does not usually take rock bridges into
account, often lead to pessimistic results and to unnecessary mitigation measures. It is
therefore very important to develop geophysical methods to investigate rock bridges, and
convincing results have been obtained with ground penetrating radar [23,24,25].

6.2. Back analysis and laboratory mechanical parameters

It can be seen in Table 2 that the rock bridge cohesion obtained from back analysis is
always lower (2 to 9 times lower) than the average cohesion obtained from laboratory tests.
This discrepancy could be due to the natural dispersion of the rock strength, but in that
case, it would not be always in the same way. It may be due to scale effects or to an
oversimplified modelling (these two points are developed hereafter), but also to
uncertainties affecting the data used for modelling. These uncertainties mainly concern the
pre-failure cliff morphology and the rock bridge fracture area. The pre-failure cliff
morphology is well known when a pre-failure, digital elevation model (DEM) or
photographs were available. In these cases (Dent du Loup and Ranc rock falls), a post-
failure DEM was achieved and the exact shape of the fallen compartment could be
determined. In the other cases, the pre-failure cliff morphology was reconstructed by
extrapolating the adjacent cliff surfaces. In these cases, prominent overhangs could have
been omitted, leading to an underestimation of the rock bridge strength. In sliding cases,
some fresh fracture areas could be due to bump fracturing, occurring after the initial failure,
and due to sliding of the rock mass. Taking into account such fracture areas leads also to
underestimate the rock bridge strength. Note that the three lowest values in Table 6 could
be affected by both types of error. Moreover, the lowest value corresponds to the case
where the uncertainty affecting the pre-failure morphology appears to be the most
important. On the other hand, the cohesion values obtained using the exact shape of the
rock compartments (Dent du Loup and Ranc rock falls) are greater than 10 MPa. From
these considerations, it appears that the rock bridge cohesion obtained from back analysis is
2-3 times lower than the average cohesion obtained from laboratory tests. The authors
propose that the cohesion obtained from classical laboratory tests must be divided by this
"scale and method" factor, when evaluating the stability of a cliff.

6.3. Spatial and temporal scale effects

The size of the rock bridge fracture surfaces is one to two orders of magnitude greater than
that of the tested specimen. The spatial scale effect has been analysed for limestone by
Bieniawski and Van Heerden [26]. For specimens sized between 10 cm and 1 metre, the
cohesion is divided by 3. The temporal scale effect is due to the fact that a more or less
constant stress had been applied for a long time (at least several tens of years) in rock
bridges, whereas in the laboratory, the stress increases in some minutes from zero to the
instantaneous strength. Creep tests on limestone have shown that the long term strength can
be 0.61 to 0.78 times the instantaneous strength for tests lasting only several days [12,27].
Lower values can be expected for loading lasting several decades. These results can not be
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directly applied to the analyzed cases because they have been obtained from different
limestones and from uniaxial compression tests, in which the stress state is quite different
from that acting in the analyzed rock bridges (uniaxial tension or quasi-pure shear).
However they yield a semi-quantitative explanation of our results.

6.4. Oversimplified modelling

The limit equilibrium method assumes that the strengths of the different parts of the failure
surface are mobilised simultaneously. The method does not take into consideration that the
rock bridges probably have a higher stiffness than that of the joints and thus undergo higher
stresses than those assumed in the model. In the case of sliding, this leads to an
underestimation of the rock bridge cohesion. Stress-strain modelling should be used to
overcome this drawback. It would also give more realistic results for hyperstatic
mechanisms. Moreover, shear or tensile stress concentrations at the joint tips have not been
considered. This also leads to an underestimation of the rock bridge cohesion or tensile
strength. Fracture mechanics methods should be used to take this phenomenon into account
[8,28,29]. Also, the use of a two-dimensional model does not make it possible to simulate
the possible torsion of rock bridges, which can lead to a mode 111 rupture. This also
underestimates the rock bridge cohesion.In engineering practice, the authors suggest that
the proposed method could be used as a preliminary tool to determine what cases need a
more sophisticated modelling. For example, when the stability is ensured while applying a
large reduction factor, more precise modelling is not necessary. In the context of natural
hazard assessment, the proposed modelling appears to be sufficient to assess the present
state of stability of potentially unstable rock compartments, accounting for the uncertainty
affecting the prediction of their future behaviour.

7. Conclusion

The observation of 12 rock fall scars has shown that the fallen masses had been stable due
to relatively small rock bridges. It ensues that taking into account rock bridges is necessary
for realistic stability evaluation. However, 9 back analyses with limit equilibrium methods
have shown that the rock cohesion obtained from classical laboratory tests must be divided
by 2 or 3 to explain the observed failures. This discrepancy is due largely to two factors: a
spatial and temporal scale effect and the oversimplified modelling (two-dimensional limit
equilibrium).However, the authors propose using the limit equilibrium method as a
preliminary tool in engineering practice and suggest dividing the cohesion by a "scale and
method" factor of 2 or 3. Where a mode 11 rupture [18] is possible, a three-dimensional
analysis appears to be necessary.

The authors consider that using fracture mechanics methods could improve modelling of
rock bridge fracture. Finally, the development of geophysical methods to investigate the
continuity (and the rock bridges) of potential failure surfaces is encouraged.
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FIGURE CAPTIONS.

Fig. 1. Typical failure configurations in steep limestone cliffs, with beds dipping less than
30° (A and B) or more than 30° (C)

Fig. 2. Geological map of the Dauphinoise zone of the Alps: Upper Jurassic and Cretaceous
sedimentary massifs (shaded), External Crystalline massifs (cross pattern).Location of the
rock falls analysed: Pas du Fouillet (1), Dent du Loup (2), Ranc (3) and Goule Blanche (4)

Fig. 3. Failure criterion for a normal tensile force. N, and T,: normal and tangential forces.
Cw and oyp: cohesion and tensile strength. Ay rock bridge surface. y: tensile friction angle.
®@: friction angle.

Fig. 4. Description of the forces for the isostatic sliding model. W: weight ; N and T:
normal and tangential resisting forces

Fig. 5. (A) Scar of the Pas du Fouillet rock slide, (B) sketch of the scar with the rock bridge
(white) and (C) cross-section A-A before failure

Fig. 6. Description of the forces for the hyperstatic sliding model. W: weight ; N1 and T;:
normal and tangential resisting forces on the sliding plane ; N, and T,: normal and
tangential resisting forces on the opening plane ; Ry: resisting force on the opening plane.

Fig. 7. (A) schematic cross-section of the Dent du Loup rock slide and (B) sketch of the
scar with the rock bridges (white)

Fig. 8. (A) description of the forces for the isostatic toppling model and (B) schematic
model with a rectangular equivalent rock bridge (hatched, area A’yy) and the actual rock
bridges (white, total area An)

Fig. 9. (A) Assumed distribution of the normal stress on a rock bridge (B) distribution of
the normal stress assumed in the distinct element code UDEC; F; and F, are the forces
calculated at the ends of the rock bridge

Fig. 10. (A) view of the scar of the Ranc rock fall, with the rock bridges in white and (B)
cross-section A-A of the cliff before failure with the position of the equivalent rock bridge.
W: weight of the unstable block ; Hyy: height of the equivalent rock bridge.

Fig. 11. Description of the forces for the hyperstatic toppling model. W: weight ; N; and T;:
normal and tangential resisting forces on the basal plane ; N, and T,: normal and tangential
resisting forces on the rock bridge ; Ry: resultant of N, and T,

Fig. 12. Determination of the resisting force R, using the maximum work principle. u is the
displacement vector.

Fig. 13. (A) Sketch of the scar of the Goule Blanche rock fall, (B) focus on the zone of the
intact rock fracture and (C) cross-section of the cliff before failure
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Table 1

Table 1. Intact rock and discontinuity physical and mechanical parameters obtained from
laboratory tests, number of tests (N), average value (X ) and standard deviation (AX )

N X +AX
Porosity n (%) 57 0.6 +0.1
Density y 57 2.69 £ 0.01
Modulus of elasticity Esq (GPa) 6 68+7
Poisson's ratio v 6 0.31+0.06
Indirect tensile strength oy, (MPa) 19 7.0+3
Uniaxial compression strength . (MPa) 8 141 £21
Cohesion of the intact rock ¢ (MPa) 11 23+3
Friction angle of the intact rock ¢;ocx (°) 11 54+3

Friction angle of the discontinuities (°) 12 30 - 43°




Table 2

Table 2. Failure configuration, failure mechanism, volume, rock bridge proportion, cohesion
and tensile strength for the back-analysed rock falls (Iso.=isostatique, Hyp.=hyperstatique)

Name Failure Failure Volume Rock Cohesion Tensile
configuration mechanism (m’) bridge (MPa) strength (MPa)
proportion
Vierge Vercors A Iso. sliding 117 0.003 c=4.3 o=1.3
Chalimont A Iso. sliding 48 0.002 c=10.7 c=3.2
Pas du Fouillet A Iso. sliding 24 0.002 c=6.6 6=2.0
Dent du Loup C Hyp. sliding 3500 0.008 c=124 6=3.8
Pas de la Balme A Hyp. sliding 230 0.002 ¢=9.0 c=2.7
Les Olivets B Hyp. sliding 90 0.006 c=2.7 6=0.8
Ranc B Iso. toppling 2000 0.05 c=10.4 6=3.2
Roche du Midi B Iso. toppling 282 0.014 c=7.5 6=2.2
Goule Blanche B Hyp. toppling 30 0.008 c=14.0 c=4.2

Laboratory tests c=2343 o=7+3
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