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Géosciences Azur, UMR 6526, Université de Nice Sophia-Antipolis, Valbonne, France

Received 9 November 2004; revised 13 July 2005; accepted 19 August 2005; published 18 October 2005.

[1] A new technique for physical (experimental) modeling of landsliding and the first
results are presented. The technique is based on the use of new elasto-brittle-plastic
analogue materials and an original vertical accelerator device enabling an increase in the
‘‘gravity acceleration.’’ This technique allows slope stability to be addressed in a full
three-dimensional, large strain formulation involving brittle and ductile rupture of the
material. Three sets of experiments on the scale of a mountain �1 km high are presented.
The first one was designed to define the conditions and the mode of instability
(deformation) in a homogeneous unfractured model. Instability occurs when the effective
compressive strength sc of the mountain is as small as 107 Pa, i.e., about 1 order of
magnitude lower than the typical strength of small rock samples. The deformation and
rupture involve the whole mountain and correspond to well-known, deep-seated
gravitational slope deformation. In the second set of experiments we introduced inherited
‘‘tectonic’’ faults, which considerably reduce mountain stability, with deformation again
developing at the mountain scale. The introduction of the local small-scale fractures
and weak zones in the last set of experiments resulted in smaller-scale shallow
landslides.

Citation: Chemenda, A., S. Bouissou, and D. Bachmann (2005), Three-dimensional physical modeling of deep-seated landslides:

New technique and first results, J. Geophys. Res., 110, F04004, doi:10.1029/2004JF000264.

1. Introduction

[2] Deep-seated landslides are phenomena usually ob-
served in anisotropic fractured rock massifs [e.g., Kato
and Hada, 1980; Chigira, 1985; Agliardi et al., 2001].
Slope movements develop largely through the propagation
and interaction of preexisting fractures [Scavia, 1995;
Kaneko et al., 1997] and the development of shear locali-
zation zones [Allison, 1992; Petley, 1996]. New surface
zones are subjected to physical and chemical weathering
and alteration caused by temperature changes and fluid
circulations within the fractures and pores [Broch, 1974;
Hoek and Brown, 1997; Hall and André, 2001]. These
factors, as well as the discontinuities and heterogeneities
of various scales in the rock masses, strongly complicate a
definition of the effective mechanical properties of moun-
tain masses. This in turn makes the mechanical modeling of
gravitational instability a difficult exercise [Barla and
Chiriotti, 1995; Voight, 2000; Brückl and Parotidis, 2001;
Agliardi et al., 2001; Eberhardt et al., 2004].
[3] On the other hand, it is still a challenge for continuum

numerical modeling approaches to take into account brittle
rupture processes [Scavia, 1990, 1995; Hajiabdolmajid and
Kaiser, 2002] or large plastic strain [Brückl and Parotidis,
2001; Eberhardt et al., 2004]. Models with explicit repre-
sentation of heterogeneities can treat only a few fracture-

like heterogeneities [Benko, 1997; Stead and Eberhardt,
1997], which are not allowed to propagate [Hencher et al.,
1996; Stead and Eberhardt, 1997] although propagation is
an inherent part of the landslide initiation and evolution.
[4] The essentially three-dimensional (3-D) geometry

(hence nature) of landslides makes modeling still more
difficult. This difficulty can be overcome using a physical
(experimental) modeling approach. Physical models are
inherently 3-D, and there is normally no problem with the
introduction of different kinds of heterogeneities such as
fractures/faults and weak and strong zones. This technique
has been applied to the problem in question mainly using
granular materials, particularly sand [Donnadieu and Merle,
1998; Vidal and Merle, 2000; Davies and Mc Saveney,
1999], with angles of internal friction varying between 30�
and 41�. Models of mountains with realistic geometry made
of such materials remain stable. To cause sliding, slopes
have to be increased unrealistically or lubricating internal
layers must be added [Donnadieu and Merle, 1998; Vidal
and Merle, 2000]. In addition, such granular materials with
low cohesion and toughness do not reproduce the brittle
fracturing responsible for initiating instabilities in many
cases [Forcella, 1984].
[5] Experimental models should be physically scaled

properly so that their properties satisfy the necessary sim-
ilarity criteria. Because materials with such properties do
not exist, they were created for this study. The material used
in the present work represents a compositional system based
on liquid and solid hydrocarbons. It possesses elasto-brittle-
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plastic properties sensitive to temperature. Variation of the
temperature allows us to obtain the required strength and
elasticity modulus.
[6] One more freedom degree in variation of material

rupture properties is provided by the original vertical
accelerator device designed for this modeling. It allows us
to increase the ‘‘gravity acceleration’’ in the model (hence to
use stronger and more brittle materials) up to a factor of 50.
We are thus able to study slope stability in three dimensions
and at large strains that involve both brittle and ductile
rupture of the material.

2. Similarity Criteria, Modeling Concept, and
Analogue Material

[7] To perform the dimensional analysis, we have first to
establish a list of the parameters that control the phenom-
enon under study. Generally, it should include the following
parameters: the specific weight rg (r is the density and g is
the acceleration due to gravity), uniaxial compressive sc and
tensile st strengths, Young modulus E, Poisson’s ratio n,
internal friction angle j, parameters characterizing strain
softening, pore pressure p, the spatial scale of the phenom-
enon (the mountain height H, for example), and angles that
define the geometry of the object (the model must be
geometrically similar to the prototype). The similarity
criteria can then be derived using the pi theorem. Having
these criteria and the parameter values for the natural
prototype, one can easily obtain the values of these param-
eters for the model.
[8] The problem is that the properties are not well known

for the natural case, and we have to introduce necessary
simplifications. For example, the friction angle j for a wide
variety of rock mass types (or rock mass qualities according
to Hoek and Brown [1997]) varies between 20� and 40�
[Hoek and Brown, 1997; Cruden, 2003] and in weathered
rock masses (where landsliding is usually initiated) can fall
below 10� [Bjerrum, 1967; Matsukura, 1996]. The j value
representative of slope destabilization at the scale of a
mountain is not clear from these data. On the other hand,
it is known that the effective resistance parameter values
(including frictional resistance) reduce as both the spatial
and temporal scales increase [e.g., Hoek and Brown, 1997]
for three principal reasons: (1) for larger rock masses the
number of different kinds of discontinuities (e.g., fractures)
that can interact to provoke early failure is larger; (2) for
larger sizes (hence depth and pressure) the inclination of the
strength envelope (or friction angle) is smaller and can reach
zero or even negative values in the case when nonelastic
volumetric deformation is accompanied by pressure-
induced compaction (grain/block crashing) of the material
[e.g., Issen and Rudnicki, 2000]; and (3) long loading
activates various creep mechanisms (see below) which
reduce the strength and make the material more ductile
(hence less frictional) [e.g., Ranalli, 1996].
[9] Pore pressure also strongly affects the effective resis-

tance and the frictional stresses between grains [Terzaghi,
1950; Jaeger, 1972; Biot, 1973]. The distribution and
temporal variation of this pressure at large spatial and
temporal scales are not very clear. Therefore we neglect in
this approximate analysis both the internal friction and the
pore pressure. On the contrary, we pay much attention to the

material’s cohesive strength and its capacity to generate
brittle fractures. This capacity depends on the constitutive
law characterizing the material and can be defined approx-
imately by the strain softening and sc/st ratio. The higher
the ratio and the softening, the higher the fracturing capacity
(the material is more brittle). We do not have, however,
quantitative constraints on the parameters defining brittle-
ness in nature at the scale of interest. Therefore we simply
ensure that the model material should be ‘‘brittle enough.’’
[10] Real rock masses show time-dependent behavior at

different (including mountain) scales. The causes of this
creep phenomenon are more or less known: pressure solu-
tion, stress corrosion, subcritical crack growth affected by
physical and chemical interaction of rocks with fluids,
progressive damage [e.g., Brückl and Parotidis, 2005],
and alteration. On the other hand, the corresponding con-
stitutive laws defining in particular the effective viscosity of
a rock mass have not yet been obtained. Therefore we do
not know how to incorporate this viscosity into our analysis.
For this reason we will consider that the natural material is
strain-rate-independent and exclude the viscosity from the
list of the defining parameters. The remaining parameters
yield the following similarity criteria for modeling quasi-
static processes [Shemenda, 1994]:

Ho

Voto
¼ Hm

Vmtm
;

soc
rogoHo

¼ smc
rmgmHm

;
Eo

soc
¼ Em

smc
; ð1Þ

where superscripts o and m mean original and model,
respectively, and V is the displacement rate (the Poisson’s
ratio is neglected here).
[11] To satisfy these criteria, a new low frictional elasto-

brittle-plastic analogue material Slope1 with strain softening
(Figure 1) has been created (the material is custom-made
and available from MIR International, Inc. (Newton, Mas-
sachusetts)). The material represents a compositional system
based on liquid and solid hydrocarbons. Its strength, soft-
ening, and sc/st ratio strongly depend on the temperature;
all reduce with temperature increase (Figures 1b and 1c).
[12] Slope1 is slightly rate-dependent within the strain

rate _e range of interest (see section 3); it is seen from
Figure 1d that increase in _e by a factor of �30 causes
increase in the applied stress (strength) of <20% (highly
nonlinear viscosity). Yet this material possesses, typical of
colloidal systems, dependency of the effective viscosity on
the strain; the viscosity is much higher at small strains
(before failure) and rapidly decreases with strain increase.
Figure 1d shows that after failure (at e > 0.02) the material
residual strength is almost the same for different strain rates.
Thus, at this stage of deformation the viscosity falls almost
to zero. Strain rate dependency of Slope1 becomes still
lower with strain rate reduction. At strain rates of the order
of 10�2 s�1, typical for the experiments presented in this
paper (see section 5), one can consider the strength of
Slope1 to be strain-rate-independent.

3. Experimental Setup and Procedure

[13] To create the mountain model, a melt of the analogue
material is poured into a rigid PVC box at a temperature of
50�C. After cooling to a temperature of 20�C, at which the
crystallized material is strong enough and can be easily
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handled without being damaged, it is cut to obtain the
desired shape, including a prismatic mountain (ridge) with
a parallelepiped basement (Figure 2). The model basement
is ‘‘welded’’ to the box; therefore the coupling between
them is strong. In all experiments both the model geometry
and composition are the same. We varied the strength of the
model (by temperature change) and its internal structure to
study their influence on the gravitational destabilization. To
perform the experiments, the model (with the box, Figure 2)
is put onto the mobile platform of the vertical acceleration
device (accelerator) shown in Figure 3. The platform is
uplifted to h = 2 m or less and then is released. During free
fall it reaches a maximum velocity of 6 m s�1 just before
coming into contact with a shock absorber. The model is
then rapidly but smoothly decelerated to zero velocity on a
shock absorber of 5 cm stroke. During this phase, the model
undergoes a strong acceleration (deceleration) gm acting in
the same direction as gravity. The magnitude and the
duration of the deceleration/acceleration phase are measured
with a high-frequency accelerometer fixed to the platform.

Figure 1. Properties of the model material Slope1, including (a) setup of the uniaxial compression,
constant velocity u test; (b) uniaxial stress/strain diagrams at different temperatures and constant strain
rate _e = 10�2 s�1; (c) compressive sc and tensile st strengths versus temperature; and (d) stress/strain
diagrams for various velocities u at T = 23�C. Strain rate is calculated as _e = n/l, where l is the initial
height of the sample. See color version of this figure in the HTML.

Figure 2. Scheme of the model (dimensions are in
millimeters). The model includes a prismatic mountain
with all four faces dipping at an angle of 30� and a
parallelepiped basement within a rigid box (coupling
between the model and the box internal surfaces is strong).
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The acceleration gm reaches a maximum value of about
500 m s�2 if the model is dropped from the maximum initial
elevation level h = 2 m. The deceleration phase lasts about
Dtc � 10�2 s (Figure 4) which yields the frequency of the
loading input fg = 1/2Dtc = 0.5 � 102 Hz.
[14] The experimental procedure includes three stages.

The first one consists of heating the model at a given
boundary (ambient) temperature until a uniform temperature
within the model is reached. The ambient temperature is
automatically controlled (maintained) using a heating/cool-
ing system. The time Te of the model thermal equilibrium
can be estimated as

Te ¼
H2

k
; ð2Þ

where H is the model spatial scale (H � 40 mm) and k is the
thermal diffusivity coefficient of Slope1 (k = 2 � 10�7 m2

s�1). It follows that Te � 2 hours. The model is maintained
at constant boundary temperature 2 times longer to insure a
uniform temperature within the model. Measurements of the
temperature evolution within the model have been con-
ducted by inserting microthermocouples into the model at
different depths. The measurements confirmed that 4 hours
is an optimal time for the model to reach thermal
equilibrium. After the heating, the model is subjected to a
sequence of acceleration steps during which its surface
deformation is observed and registered using a high-
resolution digital camera. After the experiment the model
is cooled to 5�C and then is cut in order to study the internal
deformation.

[15] The loading of the model (acceleration cycling) is
usually started at the maximum acceleration gm and a
relatively low temperature, at which gravity-induced
stresses are lower than those needed to initiate the model
failure. Then the temperature is progressively increased
until model rupture is initiated. The initiation of rupture
means that gravity-induced stress has reached the model
strength (the failure surface in the stress space). Keeping
this temperature constant, we repeat the acceleration cycles
to observe the rupture propagation during ‘‘landslide’’
initiation and further evolution. Normally, about n = 100
acceleration steps are needed to obtain a clearly visible
macrofracture at the model surface. According to the curves
in Figures 1b and 1d the model strain at this stage reaches
values of �0.01 (at this strain the strength is attained and

Figure 3. (a) Scheme and (b) photo of the vertical accelerator device with 1, model; 2, mobile platform
(aluminum base) supporting the model; 3, Enidine1 5 cm stroke shock absorber; 4 aluminum rails
guiding the falling platform; and 5, ball bearings.

Figure 4. Accelerogram recorded by the high-frequency
accelerometer fixed to the falling mobile platform of the
accelerator device shown in Figure 3.
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the material undergoes failure). The strain rate during this
stage can be estimated as _e = e/(nDtc) = 0.01/100 � 10�2 =
10�2 s�1, which is within the _e range shown in Figure 1d.
The experiment can include several hundred steps if very
large total strains are desired.
[16] The presented ‘‘gravity’’ loading technique serves

the same objective as traditional methods based on the use
of a centrifuge. Our technique, however, possesses a num-
ber of advantages, as listed below:
[17] 1. Large models can be studied without large and

‘‘heavy’’ experimental equipment such as centrifuges where
long arms (up to �10 m) have to be used to reach a uniform
acceleration of the model.
[18] 2. Unlike centrifuges, with our technique the model

evolution can be observed directly in very small increments
and in great detail. Modifications of the model structure and
morphology can be made at each step to simulate processes
such as erosion, alteration, strength degradation, etc.
[19] 3. Model deformation can be abruptly stopped at any

stage. This is especially important when studying unstable
processes, which once initiated evolve very rapidly. With
centrifuges such stops are impossible.

4. Validity of the Loading Procedure

[20] The question naturally arises whether the presented
cyclic loading technique is equivalent to the static loading
corresponding to a constant gravity field. In other words,
can our technique be considered as quasi-static, or is it
dynamic? For the model to be loaded under quasi-static
conditions the frequency fg of the acceleration (loading)
input should be much smaller than the frequency fd of the
stress/strain state ‘‘update’’ within the model during load-
ing. The update occurs with the elastic wave speed C and
depends on the spatial scale H such that

fd � C=H : ð3Þ

[21] Vertical deceleration of the model generates P waves
in the same direction. Hence C = Cp . Cp was measured for
our model material to be between 100 and 200 m s�1.
Assuming H = 6 � 10�2 m and Cp = 1.5 � 102 m s�1, we
obtain fd = 0.25 � 104 s�1. As stated in section 3, the
frequency of the loading input is fg = 0.5 � 102 s�1. Thus,
as is required, fg/fd = 2 � 10�2 � 1, and hence our loading
technique can be considered quasi-static.
[22] The above ratio corresponds to the Strouhal number

St

St ¼ fg

fd
¼ H

Vt
ð4Þ

(t = 2Dtc; V = C), widely used in hydrodynamics where it is
usually a function of the Reynolds number. In our case the
condition St = const is not a similarity criterion in the above
dynamic sense. On the other hand, the condition H/(Vt) =
const is still a similarity criterion (see the first condition in
equations (1)). However, V in this criterion is no longer the
velocity of the elastic waves. It corresponds to the mean
velocity value of nonelastic displacement of the model
material. This criterion has a purely kinematic sense and
simply means that the ratio of the characteristic scale H to

the displacement Dl (along the forming fault, for example)
should be the same in nature and in the model. This criterion
therefore relates the time in nature and in the model at
various stages of landsliding (of displacement Dl = Vt).
[23] Thus our loading technique can be considered as

quasi-static. Now we have to insure that the model defor-
mation on a loading cycle timescale (or frequency) is not
dynamic either. For this we have to take care that the inertial
force Fi, arising within the model during its deformation at
this scale, be negligible compared with the force driving the
process, i.e., the artificial gravity force Fg = rgm. The
inertial force is Fi = ra, where a is the acceleration of the
model material relative to the platform of the accelerator.
This acceleration is a = d2uc/dt

2, where uc is the displace-
ment of the model material relative to the platform during
one loading cycle. This acceleration can be estimated as

a ¼ Uc=DT
2; ð5Þ

where Uc is the total displacement during one cycle (it is the
scale of uc) and DT is the duration of the displacement. The
displacement occurs when the artificial gravity acceleration
reaches its near maximum value (gm � 500; m s�2) and
lasts, approximately, 0.1 times the loading cycle (Dtc �
10�2 s; DT � 10�3 s). During a loading cycle before the
complete failure of the material the strain rate was estimated
above (see section 3) to be _e = 10�2 s�1. The corresponding
displacement during one cycle is Uc = _eDTH = 10�2 s�1 �
10�3 s � 6 � 10�2 m � 10�6 m. Therefore a/gm � 10�3 �
1 (see equation (5)). After the failure, direct measurements
of the residual displacement along the resultant faults yield
Uc values of the order of 0.1 mm (10�4 m), for which
a/gm � 10�1, which is still acceptable (in any event, the
postfailure sliding is largely predefined by the fault network
created during the failure).

5. Results

[24] A total of about 50 experiments have been con-
ducted under various conditions. We report here the
results of the three most representative trials. All experi-
ments were carried out at the maximum acceleration gm =
500 m s�2.

5.1. Experiment 1: Homogeneous Model

[25] As mentioned in section 3, to conduct the experi-
ments, we first determine a maximum (threshold) model
material strength (or temperature Tm) at which failure starts.
At this temperature the nonelastic displacement within the
model at each acceleration step is minimal, and the viscous
stresses are negligible. To determine Tm, the model is
thermally equilibrated at a progressively higher temperature
T during 4 hours (as indicated in section 3) and is then
subjected to acceleration cycling.
[26] The first signs of fracturing are observed at Tm �

23�C, which corresponds to sc = 3100 Pa (Figures 1b
and 1d). Four fractures appear almost simultaneously at
the model surface, all located on the long sides of the
mountain (ridge) (Figure 5a). Both the lengths of the
fractures and the displacement along them increase with
further cycling, resulting in subsidence of the mountain
top and overall horizontal extension of the mountain,
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especially in the direction perpendicular to the crest
(Figure 5b). Two fractures also appear at the toe of the
large slopes (Figure 5b). The fractures observed at the
surface correspond to the master normal and thrust faults
within the model body shown in Figure 5c. It should be
noted that although the blocks between the master faults
look rigid, they undergo nonelastic strain and are com-
monly microfractured.

5.2. Experiment 2: Prefaulted Model

[27] Before acceleration cycling, the whole model
(from the surface to the bottom) is cut to simulate a
preexisting inclined plane fault. Fracturing in this exper-
iment starts at lower temperature (higher strength). With a
preexisting fault dipping 60� (Figure 6a) the threshold
strength is sc = 4500 Pa (T = 21.5�C). For a dip of 30�
(Figure 6b) it is sc = 5300 Pa (T = 21�C). In both cases
the deformation starts with normal fault movement along
the preexistent faults. This displacement causes large
strain and complex multiple fracturing of the sliding
units, with a principal (master) fault forming close to
the base of the model.

5.3. Experiment 3: Model With a Local Shallow
Weak Zone

[28] A circular fault/weak zone parallel to the slope
surface (Figure 7) is introduced at a shallow depth of
8 mm (for comparison, the mountain height is 40 mm).
Fracturing starts at sc = 5300 Pa in the weak zone and then
propagates first parallel to this zone (to the slope surface)
and then along curved trajectories toward the model surface
(Figure 7a). The first fracture appears at the surface above
the weak zone and then below it, outlining an elongated
sliding unit. With further cycling, this unit undergoes large
deformation and fracturing (Figure 7b).

6. Discussion

[29] A large amount of literature on the effective proper-
ties of geological-scale discontinuous rock masses [e.g.,
Singh, 1973; Bieniawski, 1978; Goodman, 1980; Brady and
Brown, 1985; Hoek and Brown, 1997; Amitrano, 2004]
shows that the magnitudes of the effective elastic and
strength parameters are generally reduced as spatial and
temporal scales increase. Different approaches exist for
addressing the scale problem. Our approach is to study
the response (deformation) of a mountain to a progressively
increasing gravitational load or, equivalently, to the strength
reduction at a constant acceleration due to gravity. We first
consider an unfractured, homogeneous mountain and assess
the maximum strength sc required for the onset of defor-
mation under the force of gravity. The obtained value sc =
3100 Pa can be adjusted to the scale of natural mountains

Figure 5. Experiment 1, homogeneous model, sc =
3100 Pa (T = 23�C), showing (a) model after 80 acceleration
steps, (b) the same after 100 acceleration steps, and
(c) scheme of the master faults formed within the model.

Figure 6. Experiment 2, photos show two similar
experiments with preexisting faults (dashed lines) cutting
the whole model from the surface to the bottom and dipping
at an angle a. Model is shown (a) after 100 acceleration
steps, a = 60� and sc = 4500 Pa, and (b) after 100
acceleration steps, a = 30� and sc = 5300 Pa.
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using the second similarity criterion in (1). Assuming that
the mountain height in nature is Ho = 2 km and ro = 2.5 �
103 kg m�3 and considering that in the model Hm = 4 �
10�2 m and rm = 0. 86 � 103 kg m�3, we obtain sc

o �
107 Pa. This is almost 1 order of magnitude lower than
values measured in the laboratory on small samples but
corresponds well to the value proposed by Hoek and Brown
[1997] for average quality rock masses.
[30] The sagging-type deformation of a homogeneous

experimental model (Figure 5) is often observed in nature
and is known as deep-seated gravitational slope deformation
[Iovine and Tansi, 1998; Crosta and Zanchi, 2000; Agliardi
et al., 2001; Kellogg, 2001]. It affects mountains that can be
considered mechanically homogeneous [Kellogg, 2001], but
this kind of deformation is also observed in massifs cut by a
fault [Iovine and Tansi, 1998; Rizzo, 2002], as in experi-
ments 2 and 3 (Figures 6 and 7). The introduction of faults
and fractures into the model results in earlier (easier)

destabilization of the mountain, that is, sliding occurs at
higher sc values. The difference with the homogeneous case
is not, however, drastic and does not exceed, on average, a
factor of 2. In the presence of large-scale (tectonic) faults
the mountain deformation is asymmetric (Figure 6) but still
involves nearly the whole mountain.
[31] Experiments show that suitably orientated fractures,

faults, or other discontinuities (e.g., schistosity, bedding,
strongly altered zones) can cause much shallower deep-
seated landslides, such as that in Figure 7. Considering that
in the experiments both types of gravity-induced deforma-
tion, the deep-seated gravitational slope deformation and the
deep-seated landslides, occur at similar sc values, they
should coexist in the same mountain.
[32] In this paper we discuss the influence on themountain/

slope destabilization of only one parameter, the effective
strength sc. Other mechanical parameters should also affect
the phenomenon under study. The static elasticity modulus of
the model Em depends on the temperature (Figure 1b) and is
between 106 Pa and 2� 106 Pa in the range of temperature we
apply. The corresponding value in nature according to the last
similarity criterion in (1) is approximately Eo = 6 � 109 Pa,
which is several times lower than the elasticity modulus
measured in the laboratory on intact rock samples [Turcotte
and Schubert, 1982] and only 2 times lower than the
deformation modulus of average quality rock masses [Hoek
and Brown, 1997]. The real effective Eo value representative
of the mountain scale is unknown.
[33] The ratio sc/st along with the strain softening con-

trols the material brittleness (hence details of fracturing).
These parameters were not investigated, but we have the
possibility of varying them for the same material composi-
tion by varying the temperature (see Figure 1). Both
parameters increase with temperature reduction, but the sc
value increases as well, changing the ratio sc/(rgH) (see
equation (1)). To keep this ratio constant, we simply have to
increase the model size H, which is not a problem with our
technique. It should be noted that, considering strong
temperature sensitivity of the model material strength, it is
possible to introduce different strength variations within the
model by its heterogeneous heating to mimic a particular
field setting.
[34] The obtained effective strength of the mountain

(�107 Pa) is entirely cohesive, whereas in reality it has
both cohesive and frictional components. Their respective
contributions remain to be investigated. In order to do this, a
new frictional material is being developed.

7. Conclusions

[35] The most usable technique in modeling landsliding is
numerical simulation. This powerful tool is hampered,
however, by difficulties in analyzing brittle failure, espe-
cially in three dimensions and when large nonelastic strains
are involved. Therefore the use of another modeling tech-
nique, physical modeling, is indispensable. To correctly
apply this technique to gravity-induced deformation, an
artificial increase in gravity is usually needed. The new
technique presented here is an alternative to the traditional
centrifuge method. It has a number of advantages such as
the possibility of studying large models, directly observing
and making necessary measurements at any stage during the

Figure 7. Experiment 3, sc = 4000 Pa. A local planar,
circular, shallow (8 mm deep) weak zone is parallel to the
slope surface (white dashed line in Figure 7a represents
projection of the cut contours on the surface). Model is
shown (a) after 80 acceleration steps and (b) after 100
acceleration steps.
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deformation of the model, progressing the experiment by
small time/deformation increments, and low cost. The first
results reported for simple models and a new analogue
material demonstrate the potential of the proposed method
for studying landslides and rock mass failure processes in
general. These results are consistent with the available
geological information and provide insights into mecha-
nisms of initiation and evolution of landslides. This process
can involve the whole mountain or only part of it (superficial
part in particular) depending on the presence and distribution
of the preexisting faults and fractures. Further experiments
will be focused on the detailed study of the interplay between
different scale processes. Preliminary trials with models
containing two and three mountains have shown that their
gravity-induced deformation is interaffected. Therefore
investigation of the behavior of a single mountain (ridge)
is not sufficient. It is also clear that in active mountain
regions the crust is subjected to strong tectonic stresses that
certainly affect states of stress and strain [Miller and Dunne,
1996; Molnar, 2004] and hence mountain destabilization.
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