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[1] Inherited structural discontinuities are known to play a dominant role in rock slope
stability. The influence of their density and persistence on failure kinematics, resulting
mobilized volume and slope morphology remains poorly constrained. The influence of
these parameters is addressed using a 2‐D physical modeling technique. Rather than
undertaking a parametric analysis, we examine geologically stable model configuration
based upon the well‐documented landslide at Randa, Switzerland. The models consisted
of a homogeneous material in which several fracture zones were introduced in order to
study simplified but realistic configurations of discontinuities. Results showed that the
type of gravitational failure (deep‐seated landslide or sequential failure) and resulting
slope morphology are very sensitive to the number and geometry of preexisting fracture
zones. First, an increase in the density of fractures led to formation of the gravitational
failure and increased the final mobilized volume. Second, fracture persistence exerted
a strong control upon the kinematics of slope movements but had little influence on the
final volume of the mobilized mass.

Citation: Bois, T., and S. Bouissou (2010), Influence of tectonic fractures zones on gravitational rock slope failures: New
insights from 2‐D physical modeling, J. Geophys. Res., 115, F03009, doi:10.1029/2009JF001403.

1. Introduction

[2] Rock slope stability is highly controlled by discon-
tinuities such as bedding planes, foliation, faults or joints
[Terzaghi, 1962; Kato and Hada, 1980; Chigira, 1985;
Agliardi et al., 2001]. Among these, faults and/or joints may
develop and propagate under gravitational loading and lead
the slope to a failure threshold [Kaneko et al., 1997; Sartori et
al., 2003]. Rock slope stability is thus highly dependent on
the large‐scale mechanical behavior and strength of the rock
mass, in which the number and persistence of preexisting
fracture zones plays a significant role. In order to study such
complex phenomena, numerical modeling has attempted to
account for the influence of strength degradation on rock
slope failure, primarily focusing upon simulation of brittle
failure initiation [Stead and Eberhardt, 1997; Eberhardt
et al., 2004; Stead et al., 2006]. Furthermore, the importance
of fracture geometry, persistence and clustering has been
demonstrated using probabilistic models [Einstein et al.,
1983], or with the displacement discontinuity boundary
element method [Scavia, 1995]. Those modeling approaches
however do not test the sensitivity of their results to the
preexisting fracture zones’ characteristics, in particular
fracture density and persistence. We propose to address this
question using a recently developed physical modeling
technique [Chemenda et al., 2005]; a method that is well

suited to analyzing brittle failure [Bachmann et al., 2006;
Bois et al., 2008; Bachmann et al., 2009] and is here applied
to study both failure initiation and propagation mechanisms.
We demonstrate that the approach is capable of taking into
account a large number of preexisting fractures zones into a
single model. Our aim is therefore to study the influence of
fracture density and persistence on the dynamics and evolu-
tion of gravitational rock mass failure. To do this, we start
with a simplified but realistic (e.g., natural) configuration,
rather than a parametric study, which allows direct compar-
ison with observations made in the field. We performed 2‐D
scaled models based upon the 1991 Randa rockslide in
Switzerland. The main assumptions made in our approach are
as follows: (1) the rock mass is assumed to be homogeneous
at the massive scale, (2) the large numbers of fractures
observed in nature can be represented in a simplified model
by a smaller number of “fracture zones,” (3) the problem can
be addressed in two dimensions. Even if physical models are
inherently 3‐D, we choose to neglect the complexity of the
third dimension in the present study in order to compare our
results directly with existing numerical models at this site
[Eberhardt et al., 2004; Stead et al., 2006].

2. Geological Setting

[3] The 1991 Randa rockslides sequence was composed
of two large volumes of rock (about 30 million m3), falling
between 18 April and 9 May. These rockslides have volumes
characteristic of deep seated landslides, but the kinematics
were observed to be quite different. Notably, deep seated
failures are generally assumed to be slow with velocities of
<1 Myr−1, with effectively continuous sliding movement
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[Agliardi et al., 2001]. The 1991 Randa failures occurred at
the Grossgufer hillside, dominated by two gneiss formations
(Figure 1). The Randa orthogneiss (locally called Randa
augengneiss), located at the base of the hillside, is Permian
porphyritic granite, affected by the alpine deformation. It is
overlain by the Siviez Mischabel nappe paragneiss [Bearth,
1964; Thélin, 1987]. The Grossgufer cliff exhibits fracture
zones formed during the late alpine orogeny. These fracture
zones have been grouped into seven distinct sets [Ischi et al.,
1991; Noverraz and Bonnard, 1992; Rouiller, 1992; Sartori
et al., 2003]. Of these, two fracture zone sets can be
observed along a WNW‐ESE cross section [Schindler et al.,
1993]. With these two fracture sets, fracture is intense, but it
remains challenging to get a full description of all fractures
and their persistence [Goodman and Shi, 1985; Wagner,
1991; Sartori et al., 2003; Jaboyedoff et al., 2004;
Willenberg, 2004; Spillmann et al., 2007; Willenberg et al.,
2008]. In a simplified view of the hillside used for the
physical modeling reported in this paper, the first set is
represented as a series of nine subvertical fractures, and the
second as three subhorizontal discontinuous fractures
(Figure 1).
[4] In order to determine if this simplified representation

of the fracture network reflects the real state of prefailure
fracturing, we performed four groups of experiments. The
topography was that of a west‐east cross section of the
Grossgufer hillside, derived from topographic maps. In a
first set of experiments, we considered a homogeneous
model which is assumed to be massive but homogeneously
fractured, without any localized weak zones. In the second
set, we imposed nine vertical and three horizontal pre-
existing fractures to represent two of the main fracture zones
at Randa. All of these fractures were of equal length. In the
third set of experiments, the length of fractures coinciding

with the outline of the 1991 rockslide events was extended.
This was done to test the role of fracture persistence within
the slope. In the last set of experiments we removed frac-
tures from the previous configuration that seemed from
observation to play no role in the gravitational failure.

3. Experimental Setup and Procedure

[5] A complete description of the method used to create a
model is given by Bachmann et al. [2004] and Chemenda
et al. [2005]. A model is created by pouring a melt of the
analog material slope 1 into a rigid box at a temperature of
50°C. Slope 1 is a low frictional elastobrittle plastic analog
material with strain softening [Chemenda et al., 2005]. This
material represents a compositional system based on liquid
and solid hydrocarbons. Slope 1 is custom‐made and avail-
able from MIR International, Inc. (Newton, Massachusetts).
In order to create the fractures a series of openings cut in the
two opposite lateral sides of model box are used to position
taut strings. After cooling to a temperature of 20°C, at which
the crystallized material is strong enough to be easily handled
without damage, strings are moved along the slots to cut the
fractures, and then removed. The model surface is then
planed to obtain the desired relief (Figure 2a). The sub ver-
tical fractures have been numbered from V1 near the valley
to V9 near to the summit. The subhorizontal fractures have
been numbered from H1, for the shallowest, to H3 for the
deepest (Figure 2b).
[6] Once the model is prepared it is loaded into a vertical

accelerator table. The latter consists of a mobile platform
that can be lifted up to 2 m and then released. During its free
fall the model reaches a maximum velocity of 6 m s−1. The
platform is then rapidly but smoothly decelerated to zero
velocity when it comes into contact with a progressive shock

Figure 1. Synthetic cross section of the Grossgufer hillside before the two 1991 rockslides Modified
from Schindler et al. [1993].
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absorber of 5 cm stroke. During this phase the model
undergoes a strong vertical deceleration (up to 500 m s−2).
This deceleration acting in the same direction as gravity is
repeated until failure develops, usually ∼100 cycles. Pre-
liminary calibration tests are needed to determine which
acceleration must be imposed to a model for a given con-
figuration (geometry, prefracturing state…) in order to observe
failure for a number of loading cycles ranging from 100 and
150. The main similarity criterion is

�o
c

�ogoHo
¼ �m

c

�mgmHm
ð1Þ

where r g is the specific weight (r is density and g is gravity
acceleration), sc is the strength under uniaxial compression,
H is the spatial scale of the phenomenon (the mountain
height H, for example) and superscripts “o” and “m” mean
original and model, respectively. The scaling factor Ho

Hm has
been chosen to be 1/10,000, so that 1 cm in the model
corresponds to 100 m in reality. Experiments were carried
out at a fixed temperature of 20°C. In this condition slope 1
exhibits high softening with sc

m = 2500 Pa (Figure 3). This
mechanical behavior is comparable to strength degradation
behavior introduced in some numerical models [Eberhardt
et al., 2004; Stead et al., 2006]. At this temperature the

Figure 2. (a) View from above of the rigid box containing the model (0.14 × 0.14 m in section). This
box is located on the mobile platform of the vertical accelerator, and (b) cross section of the model
corresponding to the west‐east cross section of the Grossgufer hillside. Vertical discontinuous fractures
have been numbered from V1 near the valley to V9 near the summit and the subhorizontal fractures from
H3 for the deeper to H1 for the shallower.
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coefficient of friction measured on the preexisting fractures
is m = 0.2.
[7] Using equation (1) for a given sc

m, the only free
parameter that remains to satisfy the criteria is gm, the
acceleration experienced by the model. For a given model
configuration the experiment was performed several times in
order to determine an appropriate gm threshold, by
increasing the acceleration, but altering the table drop
height, between two experiments until unstable state was
reached. The similarity criterion (1) was thus used to
determine the effective compressive strength sc

o of the intact
material at the mountain scale. Cross sections are made at
the end of each experiment. The model is cooled to 5°C in
order to increase its strengths and then cut in order to study
the internal deformation. Some experiments were stopped in
the early stages of model deformation to analyze the
corresponding evolution of internal slope deformation.

4. Results

[8] A total of 50 experiments have been conducted under
various conditions. We report here the results of the four
most representative trials. Each of the experiments presented
has been performed at least 5 times in order to ensure
repeatability of the result. Mobilized volumes have been
calculated in each case considering the mobilized surface
(in m2 given that 1 cm in the model corresponds to 100 m in
nature/original) multiplied by 1 m width. Due to our 2‐D
modeling approach, those volumes are much smaller than
those estimated from the 1991 Randa rockslide. Our purpose
is thus only to compare the mobilized volume between
experiments.

4.1. Experiment 1: Homogenous Model
(Homogeneously Fractured at Scale)

[9] In this homogeneous configuration, rupture occurred
at an acceleration of gm = 200 m s−2, imposed upon the
model. Nonelastic deformation was first localized along two
developing master faults that appear simultaneously and
converge at the toe of the slope (Figure 4b). The thickness of
the mobilized mass delimited by these faults is between 0.01
to 0.015m in the model, corresponding to 100 to 150 m in

nature. No major fracturing is observed within the displaced
sliding mass (Figure 4c). A single secondary fault then
appears at the toe of the slope, and enables the volume to
mobilize. In this homogeneous configuration the destabili-
zation formed a deep seated landslide and not a retrogressing
rockslide sequence. The total mobilized volume was
117,000 +/− 2,000 m3.

4.2. Experiment 2: Highly Prefractured Model
With Discontinuous Joints

[10] In this experiment we considered a model with nine
discontinuous sub vertical fractures and three discontinuous
sub horizontal fracture sets, dipping 30° east. All fractures
(sub horizontal and subvertical) have a comparable initial

Figure 3. Uniaxial stress/strain diagram at temperature
T = 20°C and _" = 10−2s−1 showing the mechanical properties
of the model material slope 1.

Figure 4. Experiment 1. (a) Initial homogeneous model,
(b) cross section realized at an early stage of evolution (after
100 acceleration stages), and (c) cross section realized at an
advanced stage of evolution (after 120 acceleration stages).
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size of about 0.005 m, representing discontinuities with
persistence of approximately 50 m in nature (Figure 5a).
The acceleration needed to destabilize the model was gm =
180 m s−2. In the early stage of failure the location of non-
elastic deformation location lies close to that observed in
experiment 1 (Figure 5b). We observed the formation of two
master faults converging at the slope toe (compare Figures 4b
and 5b). We can estimate the depth of the shallowest fault to
be 100 m and 170 m for the deepest. The location and shape
of the faults is controlled by the two deepest discontinuous
horizontal fractures (H2 and H3). Furthermore, a large
number of secondary fractures formed between the two
master faults. We can observe that the deepest master fault

became wider as shear displacement increased. At an
advanced deformation stage (Figure 5c) all fractures prop-
agated, defining small blocks sliding coherently in a deep
seated landslide manner. The total mobilized volume was
71,000 +/− 2,000 m3.

4.3. Experiment 3: Highly Prefractured Model
With Some Continuous Joints

[11] In order to test the influence of fracture persistence on
rockslide initiation, the length of some fractures was doubled
(Figure 6a). We chose to increase the length of the fractures

Figure 5. Experiment 2. (a) Initial highly prefractured model
with discontinuous same length joints, (b) cross section real-
ized at an early stage of evolution (after 100 acceleration
stages), and (c) cross section realized at an advanced stage of
evolution (after 120 acceleration stages).

Figure 6. Experiment 3. (a) Initial highly prefractured
model with some continuous joints. In this case the fractures
assume to have initiated the two Randa rockslides are longer
than any others. (b) Cross section realized at an early stage
of evolution (after 100 acceleration stages). The first block
is in blue and the second one in yellow. (c) Cross section
realized at an advanced stage of evolution (after 120 accel-
eration stages).
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identified previously as those that delimit the two 1991
rockslides events at Randa. In this model the acceleration
necessary to generate rupture was gm = 150 m s−2. During
early deformation we observed (Figure 6b) that the two
long fractures, V3 and H3 close to the slope toe, connect
to release a single destabilized block, colored blue in
Figure 6b). At this stage, the deformation is defined purely
by these two fractures. The location and geometry of the
resultant mobilized block corresponds well to the first 1991
Randa rockslide. During an advanced deformation stage
(Figure 6c), the sliding surface of the first mobilized block
propagates to the left side of the 215 model. A second block
above the first then becomes unstable, labeled in yellow in

Figure 6c. The location of the second mobilized block
again corresponds well to the second failure in 1991 at
Randa. Inside the first block, the preexistent fractures
propagate and ultimately delimit some smaller blocks that
fall to the valley as rockfalls. In this experiment we
observed that only a few fractures were activated during
the model destabilization. The total mobilized volume in
this model was 68,000 +/− 2,000 m3.

4.4. Experiment 4: Partially Prefractured Model
With Continuous Joints

[12] Due to the previous model result, we consider the
relative importance of fractures and hence which fractures
control and define failure development. To approach this
question we removed the inactive fractures from the previ-
ous model configuration (Figure 7a). In this test the model
failed at acceleration of gm = 190 m s−2. In the early stage of
deformation the two fractures V3 and H3 still propagated
and delimit a block corresponding to the first 1991 Randa
rockslide, labeled in blue in Figure 7b. When the loading
was increased, nonelastic deformation localized along a
master fault connecting the base of this block and the top
surface of the model (Figure 7c). The two fractures V7 and
H2 were not involved in the formation of the master fault,
nor in the evolving model destabilization. The total mobi-
lized volume in this test was 70,000 +/− 2,000 m3.

5. Discussion

[13] Our modeling approach provides a technique to
determine and constrain large‐scale rock mass strength
parameters [Goodman, 1980; Brady and Brown, 1985; Hoek
and Brown, 1997]. This is undertaken by studying the
deformation of a given model configuration subject to a
progressively increased gravitational loading gm. The effec-
tive compressive strength of the rock mass at the moun-
tain scale,sc

o, is determined by the similarity criterion
(equation (1)), considering a scaling factor The scaling
factor Ho

Hm = 1/10,000 and rm = 0.86 × 103 kg m−3 and
assuming that ro = 2500 kg m−3. For a homogeneous model
the effective compressive strength of the rock mass at the
mountain scale was sc

o = 11 MPa. In the case of intensively
prefractured model with discontinuous joints it was sc

o =
13 MPa, and sc

o = 14 MPa with limited continuous joints.
The partially prefractured configuration with continuous
joints derives an effective compressive strength of sc

o =
12 MPa. The results indicate that the introduction of frac-
tures results in easier destabilization of the mountain, that is,
sliding occurs at higher sc

o values and hence for a lower
acceleration gm. The difference between prefractured models
and homogeneous one is however not drastic. Furthermore,
the computed effective compressive strength values corre-
spond well to those obtained from numerical models
[Eberhardt et al., 2004; Stead et al., 2006]. Fractures and
their persistence facilitate gravitational failure and have an
influence on the final mobilized volume. There is a differ-
ence between the volume mobilized in the homogenous case
(about 117,000 m3) and the three prefractured cases, for,
which the total mobilized volume ranged from 68,000 m3 to
71,000 m3. However, the persistence of fractures also had a
significant influence on the dynamics of the movement
(deep seated landslide versus retrogressive rockslide), yet

Figure 7. Experiment 4. (a) Initial slightly prefractured
model, (b) cross section realized at an early stage of evolu-
tion (after 100 acceleration stages), and (c) cross section
realized at an advanced stage of evolution (after 120 accel-
eration stages).
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had no influence on the resulting mobilized volume. The
mobilized volume is more closely dependant on the com-
bined influence of topography and preexisting fractures, as
proposed by Jaboyedoff et al. [2004], rather than on their
persistence. Both physical and numerical models indicate
that the mobilized volume is delimited by the localization of
irreversible plastic deformation at depth. The latter corre-
sponds to the location of the two master faults (Figure 2b),
and to the zones of high shear stress intensity as shown in
numerical models [Eberhardt et al., 2004]. Regarding the
mobilized volume, the discrepancy between the homoge-
neous and other prefractured cases could be explained as
follows: the discontinuous fractures introduced in our
models have been explicitly positioned at a depth, coincid-
ing with the lower limit of the first 1991 rockslide. It is
however plausible that fractures affect the massif more
deeply. Introduction of such deep fractures in our models
should result in an increasing depth of the main failure
plane, and hence in increasing the mobilized volume until a
threshold value defined here by the homogeneous case. In
this last case we obtain a gravitational mobilized volume
dissimilar to the 1991 event field observation. This suggests
that at least one other mechanism not or only partially taken
into account in these models could be involved in control-
ling gravitational slope failure, which could be the state of
prefracturing. The main implication of this study is provided
by the comparison of experiments 3 and 4. This clearly
shows that fractures which seemed not have any role in the
gravitational failure actually hold great influence on the
kinematics of sliding. This indicates that an accurate
knowledge of fracturing is necessary to understand deep
seated gravitational slope failure mechanism. It remains
difficult to identify any fracture and its persistence in the
field, and even more so to introduce each fracture in a
physical or numerical model. The prefracturing state of the
slope is responsible for strength reduction of the superficial
massif [Chigira, 2001; Maréchal et al., 2003] due to frac-
turing itself, but also by weathering [Girod, 1999]. To
confirm this, field observation on fracture density and rock
strength characterization as a function of depth is needed.
This rock strength variation should be then introduced into
physical and numerical models, rather than any partial or
explicit fracture set representation.

6. Conclusion

[14] This study focused on the influence of inherited
structural heterogeneities (joints and fractures) on mountain
slope destabilization. Our 2‐D physical model experimental
results identify some of the first‐order parameters in con-
trollingmountains destabilization and their relative influence.
The first is the density of fractures; it has been demonstrated
that an increase in the density of fractures facilitates gravi-
tational failure and increases the resulting mobilized volume.
The second one is fracture persistence; persistence of frac-
tures had no influence on the volume of the mobilized mass,
but holds a strong control over the kinematics of gravita-
tional movements.
[15] Our results showed that the geometry of the fractures

at depth have a great influence on the gravitational defor-
mation of an actively failing hillside and on the resulting
slope morphology. It is thus of first importance to determine

not only the geometry of fracture networks affecting a
mountain, but also their persistence at depth. It seems thus
particularly important to determine if weathering and/or
damage at shallow depth are needed to explain shallow
rockslides widely observed in nature.

[16] Acknowledgments. Authors are really grateful to Nick Rosser
for his help, useful suggestions, and corrections; to the reviewers for their
constructive reviews that have led to a great improvement of the present
article; and to Damien Bachmann for his suggestions and his help.
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