Earth and Planetary Science Letters 272 (2008) 709-719

Contents lists available at ScienceDirect

Earth and Planetary Science Letters

journal homepage: www.elsevier.com/locate/epsl

Influence of major inherited faults zones on gravitational slope deformation:
A two-dimensional physical modelling of the La Clapiére area

(Southern French Alps)

T. Bois *, S. Bouissou, Y. Guglielmi

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

ARTICLE INFO

ABSTRACT

Article history:

Received 12 February 2008

Received in revised form 23 May 2008
Accepted 4 June 2008

Available online 18 June 2008

Editor: L. Stixrude

Keywords:

Deep-Seated Gravitational Deformation
sackungen

sackung

deep-seated failure

landslide

La Clapiére

structural heterogeneities

Inherited faults are known to influence rock slope stability and gravitational deformation. In spite of that, in
many studies few faults are identified in field and properly used in models of gravitational slope deformation.
The aim of this work is to study the influence of inherited faults zone density and geometry on gravitational
failure processes at the massif scale using a physical modelling technique which satisfies the similarity
criteria. Models are scaled to the well-documented natural example of La Clapiére in the Southern French
Alps. Experiments were conducted using mechanically homogeneous material with variable fault geometry.
In each of tested configurations, the mobilized volume was almost the same. Results confirmed the
hypothesis that the La Clapiére landslide is a shallow section of a deep-seated gravitational slope
deformation. Furthermore, among the various configurations tested, only one is enable to reproduce the
observed superficial deformation on the La Clapiére hillside. This result demonstrated that the geometry of
the faults at depth plays a major role on the style of gravitational deformation patterns. Regarding the
particular case of La Clapiére, our results give new insights on the shape of the faults affecting the massif at
depth. In particular, normal listric faults seem to have shallow inflexions compared to a deep-seated thrust
fault that was either gravitationally formed or pre-existing but inactive (i.e. sealed) before slope

listric faults destabilization and then gravitationally reactivated.

thrust fault
physical modelling

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Gravitational Slope Deformations are common in all mountain
ranges (Crosta, 1996; Agliardia et al., 2001, Tibaldi et al., 2004). They
can be very slow deformations, also called “Sagging” or “Sackung”,
characterized by morpho-structural features such as double ridges,
ridge top depressions, scarps and counterscarps, trenches, etc.
(Agliardia et al., 2001; Kinakin and Stead, 2005). Inherited tectonic
faults are assumed to have a strong control on gravitational
deformation of massifs (Scavia, 1995; Kaneko et al.,, 1997).
Progressive failure within a rock slope can initiate and propagate
in zones preferentially weakened by faults (Sartori et al.,, 2003;
Bachmann et al., 2004; Willenberg, 2004). This seems to be the case
in a well-documented area in the Argentera-Mercantour massif
(Southern French Alps) where recent research revealed evidence
linking pre-existing major tectonic fault zones and gravitational
slope deformation (Guglielmi et al., 2005; Jomard et al., 2007a,b).
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This work however obtained few data on fault geometry at depth.
The work focused on the characterisation of families of fault
affecting hillsides subjected to gravitational failure (Follacci, 1987;
Follacci, 1999; Guglielmi et al., 2002; Guglielmi et al., 2005; Jomard
et al,, 2007a, b). There is still a poor knowledge regarding the
influence of fault geometry at depth on both in terms of the
mobilized volume, and the kinematics of sliding associated with the
gravitational failure.

We study the influence of complex fault zones and fault set
geometry on massif-scale gravitational failure. This is undertaken by
using a scaled physical modelling approach (Chemenda et al., 2005).
This approach allowed examination of large-scale deformation, so that
the initiation and propagation can be studied in the same experiment.
Furthermore, this approach has no limitation on the introduction of
different kinds of heterogeneities, such as fractures/faults (Sartori
et al.,, 2003; Bachmann et al., 2004).

In order to analyse how the major fault network geometry at
depth can influence both the failure propagation and global massif
deformation, five sets of experiments were carried out. In the first,
we considered a homogeneous model without faults. Second, we
added six sub-vertical normal listric faults with an inflexion at
shallow depth. Third, we increased the depth of the inflexion of the
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Fig. 2. Projection of the physical model boundaries at the field geological cross section.

normal listric faults. The fourth and fifth sets of experiments cor-
responded to the second and third, but with a thrust fault added at
the slope toe.

2. Field data

The Tinée valley is situated along the North-Western edge of the
Argentera-Mercantour metamorphic unit (Southern French Alps)
(Follacci, 1999). The East side of the valley is mainly made of
weathered metamorphic units that composed the metamorphic
basement. This metamorphic basement has a N150-60°E foliation
(average trend) (Bogdanoff, 1986).

Three distinct sets of faults affecting the valley can be distin-
guished, trending NO10°E-NO30°E, NO80°E-NO090°E and N110°E-
N140°E (Ivaldi et al., 1991; Gunzburger and Laumonier, 2002; Delteil
et al,, 2003). Those pre-existing fault zones were mapped at the valley
scale (Jomard et al., 2007a,b). Those faults display a pluri-kilometric
lateral extension and a local thickness of several meters to tens of
meters. Two groups of those faults can be distinguished. A set of
normal faults that cut the entire slope from the foot to the crest with a
dip towards the valley of 90° to 70°, and a single over-thrusting fault
located at the foot of the slope in the Tinée valley floor with a dip of 20
to 30° towards the massif (Gunzburger et Laumonier, 2002; Jomard et
al.,, 2006; Jomard et al., 2007a,b).

Several different gravitational features affect the valley slopes.
They can roughly be grouped into two main types. The first type
corresponds to a tilted zone, which is located near the foot of the slope
between the elevation of the valley floor and the middle of the slope.
The second is a sagging zone that is located between the mid-slope
elevation and the mountain crest (Guglielmi et al., 2005; Lebourg
et al,, 2005) (Fig. 1).

In the tilted zone, metamorphic rocks are toppled by landslides.
Volumes range between 5 and 50-10° m>. Most of the currently active
large landslides are located in this zone, and among them is the La
Clapiére (Fig. 1) which is less than 1 km downstream from the village
of Saint-Etienne-de-Tinée. The behaviour of this landslide is typical of
rock mass movements in the area. This landslide extends over a width

of 800 m from foot of the hillside to a 120 m high scarp (at elevation
1600 m). The depth of the failure surface ranges from 100 m to 200 m.
The landslide moves downward at a rate varying from 50 to 500 cm/yr,
(with an average about 1 cm/day) (Casson et al., 2005; Jomard et al.,
2006; Jomard et al., 2007a,b).

The sagging zone is characterized by extensional deformation
structures (e.g. large pluri-kilometric length tension cracks and downhill
scarps that are several meters high) (Lebourg et al, 2005). These
landforms involve displacements along the pre-existing tectonic fault
zones. Tension cracks correspond to a meter-wide horizontal opening of
the superficial part of the faults that has created a 10 to 50 m deep
normal trench (Guglielmi et al., 2005). Scarps correspond to shear
displacements with vertical throws ranging from 1 to 50 m.

3. Experimental setup and procedure

A full description of the analogue material called Slopel and of the
loading device developed to perform scaled physical modelling of
gravitational deformation is provided in (Chemenda et al., 2005). To
create a model, the melted analogue material Slope1 is moulded into a
rigid box. Faults are created by using strings stretched through
openings (6 sub-vertical and 1 sub-horizontal) on the two opposing
sides of the box. After cooling at a temperature of 20 °C, the material is
strong enough to be easily cut with the strings without being damaged
in areas other than the cuts. Strings are moved inside the openings to
generate the faults and then removed. The main similarity criterion is:

_o2 ___0og 1)
pPPgeHo — pmgmHm

where p g is the specific weight (p is the density and g is the gravity
acceleration), 0. the 7 strength under uniaxial compression, H the
spatial scale of the phenomenon (the mountain 8 height H, for
example) and superscripts “0” and “m” mean original and model,
respectively. The scaling factor £ was chosen to be 1/50,000, so that
1 ¢cm in the model corresponds to 10 500 m in nature (Fig. 2).
Experiments were carried out at a fixed temperature of 20 °C. In this

Fig. 1. The Argentera-Mercantour massif and its deformation. (a) Plan view showing geology, fault and gravitational structures in the Argentera-Mercantour massif; (b) La Clapiére
landslide; (c) cross section AB on Figure 1a; (d) fracture orientations in the La Clapiére landslide after Gunzburger and Laumonier (2002), modified.
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condition Slope1l exhibits a high softening with o¢'=2500 (Chemenda
et al., 2005). This mechanical behaviour is 13 comparable to strength
degradation behaviour introduced in some numerical models 14
(Hajiabdolmajid and Kaiser, 2002; Lebourg et al., 2003). At this
temperature the coefficient of friction measured on the pre-existing
fractures is u=0.2.

The vertical faults have been numbered from F; near the valley toe,
to Fg near the crest. Then the model surface was shaped to the desired
topography. The length of the model is thus equal to 14 centimeter and
the width (third dimension) is equal to 30 cm. The third dimension has
been chosen large enough to prevent any edge effects.

The model is then loaded in a vertical accelerator device. The latter
consists in a mobile platform that can be uplifted up to 2 m and then
released. During free fall the platform reaches a maximum velocity of
6 ms™ L It is then decelerated to zero velocity on a shock absorber. The
model undergoes strong acceleration (up to 500 m s~ 2, during this

— 2000 m

phase) acting in the same direction as the gravity. Such an acceleration
cycle is repeated several tens of time (usually 100 cycles). Model
deformation can be observed accurately after each acceleration cycle.
This discrete loading technique has proved to be equivalent to a
continuous quasi-static loading (Chemenda et al., 2005). Cross-
sections were made at the end of each experiment by cutting the
model at various locations after cooling it to 10 °C.

The mobilized volume has been determined in each case by
calculating the unstable surface multiplied by 1. Then the result was
converted in cubic meters using the scaling factor.

4. Results
Each experiment was performed at least 5 times in order to ensure

the validity of the result. Only the most representative results are
presented below.

Fig. 3. Case 1, the homogeneous model. (a) The initial non-deformed model; (b) the first deformation stage; (c) the last deformation stage.
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4.1. Progressive failure analysis

4.1.1. Case 1: Homogeneous model

A model without any faults is first considered (Fig. 3a). On the
initial deformation stage (Fig. 3b), a master fault formed in the model
at a maximum depth of about 1500 m and bound a large unstable
volume. A 100 m high scarp formed behind the topographic crest. In
the final stage of deformation, the master fault delimitating the
sliding unit developed a complex fracture network (fault zone) that
became wider when the displacement of the sliding unit increased
(Fig. 3c). Failure reached a maximum depth of 2200 m. Two faults
perpendicular to the master fault zone were observed. The
previously formed escarpment kept growing and reached 400 m in
height.

— 2000 m

4.1.2. Case 2: A slope cut by 6 normal listric faults with an inflexion at
“shallow” depth

In this case, 6 normal listric faults with an inflexion at the same
elevation than the 4 valley floor (about 1000 m) are added to the
homogeneous model (Fig. 4a). In the initial 5 deformation stage
(Fig. 4b), superficial non-elastic deformation occurred on three
inherited 6 normal faults and on a newly formed gravitational fault.
On the inherited fault close to the 7 topographic crest (Fs) an
escarpment of 100 m in height formed. On the inherited faults close
8 to the toe (F, and F3) two normal trenches can be observed. Finally,
a new formed 9 gravitational fault formed at the toe of the slope and
propagated inside the massif as a sub-horizontal thrust fault.
Internal irreversible deformation took place along this thrust fault
but also along an antithetic normal fault initiating from the inflexion

Fig. 4. Case 2, slope cut by 6 normal listric faults with an inflexion at “shallow” depth. (a) The initial non-deformed model, (b) the first deformation stage; (c) the last deformation

stage.
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point of fault Fg and propagating towards the topographic surface
(Fig. 4c). This gravitational normal fault and inherited fault Fg
delineate a large block of about 20-10%+/-2-10° m? that is moved
downslope. In the final stage of deformation the newly formed
thrust fault had propagated through the connection of inflex-
ion points of the faults F4 to Fg, delineating a deep-seated gravi-
tational moving zone. A relatively small superficial landslide of
about 10-10°+/-2-10° m? occurred between the first normal fault
and the slope toe.

4.1.3. Case 3: A slope cut by 6 normal listric faults with an inflexion at
depth

In this configuration the inflexion of the faults is about 1000 m
deeper than in the case (Fig. 5a). In the initial deformation stage,
superficial non-elastic deformation was mainly localized on the
normal fault Fg, near the topographic crest (Fig. 5b). Internal

2000 m

3000 m

2000 m

3000 m

2000 m

deformation produced on a fault initiating from fault Fg at a depth
of 1700 m below the surface. The dip of this newly formed fault was
oriented toward the valley. At the final deformation stage (Fig. 5c¢),
this had fault propagated to the toe of the slope to form a deep
fault zone delineating a mobilized volume. A persistent antithetic
fault also formed and propagated from the lower part of fault Fg
towards the topographic surface producing a toppling on faults F,
and F,.

4.14. Case 4: A slope cut by 6 normal listric faults with an inflexion at
shallow depth and with a thrust fault

In this case, a pre-existing thrust fault is added to the con-
figuration tested in case 2 (Fig. 6a). In the initial deformation stage,
all the pre-existing faults were activated and accommodated most of
the non-elastic deformation (Fig. 6b). Four scarps appeared on faults
F,, F3, F4 and Fg, respectively with scarp heights of 100, 100, 160 and

Fig. 5. Case 3, slope cut by 6 normal listric faults with an inflexion at depth. (a) The initial non-deformed model; (b) the first deformation stage; (c) the last deformation stage.
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3000 m

7000 m

Fig. 6. Case 4, slope cut by 6 normal listric faults with an inflexion at shallow depth and a thrust fault. (a) The initial non-deformed model; (b) the first deformation stage; (c) the last

deformation stage.

270 m. The mobilized volume, bounded by the thrust fault at depth
and the normal fault Fs, moves along the thrust fault producing
sliding on blocks bounded by the normal faults and the thrust fault.
At the final deformation stage, antithetic normal faults had
propagated through the blocks. The block bounded by the first
normal fault, the thrust fault, and the valley was activated as a large
landslide with an estimated volume of about 25-10°+/-2-10° m?
(Fig. 6¢).

4.1.5. Case 5: A slope cut by 6 normal listric faults with an inflexion at
depth and a thrust fault

In this case, a pre-existing thrust fault is added to the con-
figuration tested in case 3 (Fig. 7a). In the initial deformation stage,
the deformation was mainly localized on fault FgF6 producing a
100 m in height escarpment, and on the thrust fault (Fig. 7b).The
mobilized volume moved along the thrust fault producing the

toppling of the sub-vertical faults near the valley. At the final
deformation stage, a normal fault had appeared behind the
topographic crest and had propagated toward the basal thrust fault
(Fig. 7¢). This normal fault was sub-vertical close to the topographic
surface and it dip 45° at depth. Secondary superficial antithetic
normal faults propagated and formed counterscarps near the
topographic surface all along the moving mass. A V-shaped structure
appeared below the thrust fault.

4.2. Displacement analysis

Both vertical and horizontal displacements were measured on
the surface and at depth by comparing cross-sections between
initial configuration and the final stage of deformation. This was
undertaken by comparing the position of selected points, which
were easily identifiable (e.g. the topographic crest, the trace of
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2000 m

3000 m

Fig. 7. Case 5, slope cut by 6 normal listric faults with deep inflexion and thrust fault. (a) The initial non-deformed model; (b) the first deformation stage; (c) the last deformation stage.

faults on the topographic surface, the inflexion point of faults at
depth). The horizontal component (Ux) of the displacement vector
was considered positive for displacement from the right to the left
of the model, whereas the vertical component (Uz) of displace-
ment was considered positive for displacement from the bottom to
the top of the model. The magnitude of the displacements (Di)
was normalized using Eq. (2), to compare the different cases
studied.

Ui

Di =T an
Ulmax_Ulmin

(2)

Where i can be equal to x or z.

These displacements are plotted against their position rela-
tive to the valley (L/Lmax =0 form the point located on the valley and
L/Lmax=1 form the point located on the crest). D, and D, are only
reported in cases 2 and 4 (Fig. 8). The three cases without a pre-

existing thrust fault (e.g. cases 1, 2 and 3), and the two cases
with a pre-existing thrust fault (e.g. cases 4 and 5) were directly
comparable.

For cases without a pre-existing thrust fault (cases 1, 2 and 3) at
the surface (Fig. 8a and b), the displacements are localized on the
topographic crest and at the valley wall. On the crest, both D, and
D, are localized on fault Fs or on a newly formed fault behind the
crest. D, is positive (Fig. 8a) while D, is negative (Fig. 8b). Near the
valley, D is still positive but a strong change is observed between F,
and F; and between F;F1 and the valley wall (Fig. 8a). D, becomes
positive between F, and F; (Fig. 8b). This is compatible with a rising
of the valley bottom. At depth, below the topographic crest, D, is
positive (Fig. 8c) while D, is negative (Fig. 8d). In the middle part of
the model, faults F5 to F; are much more activate than at the
topographic surface. Both Dy and D, have positive values on faults
Fs to Fi. Below the valley, both D, and Dz are positive, but
their value decreases from F; to the bottom of the valley. This
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displacement pattern at the surface and at depth (depression of the
topographic crest and rising of the valley), seems to indicate that, in
cases 1, 2 and 3 the mobilized mass had a strong global rotational
component.

For cases 4 and 5 (with a pre-existing thrust fault), displace-
ment pattern different from cases 1-3 was observed. At the
topographic surface from the topographic crest to the valley, faults
F; to Fg have a positive horizontal (Dy) and a negative vertical

displacement (Dz). At depth, from below the crest to the bottom of
the valley, both D, and Dz are once again distributed across faults.
The displacement pattern indicated that the mobilized mass
corresponded to translational movement along the pre-existing
thrust fault followed by activation of the six pre-existing normal
faults.

Globally, regardless of the initial configuration of the model, the
displacement is much more intense at depth than at the surface.
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Fig. 9. Main failures obtained for all tested configurations.
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Indeed the displacement at surface (D) is always lower than the
displacement at depth (Dq) (Fig. 8a to d).

5. Discussion

Our models provide new insight on the influence of inherited
faults on gravitational induced deformation, linking surface deforma-
tion to deep-seated failures.

5.1. Comparison between models and the Argentera-Mercantour massif

There are many similarities between the models and the example
of the La Clapiére landslide. The case 2 configuration (Fig. 4), however,
displays the best fit to the field deformation observed at the landslide.
Similarities between case 2 model and observed field deformation
include the following:

i Normal fault scarps, comparable to those observable on the natural
slope, were formed on faults Fs and Fg
Trenches on normal faults, comparable to those observable on the
natural slope, were formed on faults F,F2 and Fs.
Counterscarps connecting the topographic surface and faults F4 to
Fg formed.
iv A Deep-Seated Landslide, comparable with the La Clapiére land-
slide, formed at the toe of the slope.
v Athrust fault comparable with the one observed at the toe of the La
Clapiére slope formed. This point allows us to propose that this
thrust fault has been tectonically formed during alpine orogenesis
and then sealed (Ivaldi et al., 1991; Lebourg et al., 2005). Due to
gravitational deformation, a part of this thrust fault has probably
been reactivated to accommodate the currently active large
landslide.
The displacement pattern resulting from the model cases without
pre-existing thrust fault was in good agreement with results
obtained from multi-temporal remote sensing images analyses of
La Clapiere hillside (Casson et al., 2005). In this study it has been
shown that the overall movement of the La Clapiére hillside tends
to be rotational rather than translational.

=

i

=

ii

Vi

Moreover, for each tested configuration, the deformation at the
mountain scale can be characterized by the formation at depth of a
major fault zone, more or less curved and complex, on which the
entire unstable mass slides. Average unstable mass volume ranges
between 78-10° and 49-10° m>® m3+/-3-10° depending on the case. In
the La Clapiére area, this kind of structure is not clearly identified, but
the mountain scale collapse is suggested by recent studies (Jomard
et al., 2006; Jomard et al., 2007a,b; Bachmann et al., 2006).

5.2. Sensitivity of rock slope gravitational deformation to large pre-
existing fault

Results showed that the pre-existing faults and their geometries
have a strong control on the massif gravitational deformation pattern.

First, the addition of a sub-horizontal thrust fault leads to a
complete modification of the displacement pattern of the unstable
mass (from rotational to translational). The latter affects also the
location of the main failure surface, but has little influence on the
mobilized volume (Fig. 9).

Second, the depth of the inflexion of the pre-existing normal faults
has a strong control on surface deformation (Fig. 10). Deep inflexion of
the normal listric faults produces very little superficial deformation.
Conversely shallow inflexion produces normal trenches on the surface.

Each of the 5 cases tested has shown that, regardless the initial
configuration of pre-existing faults, a Deep-Seated Gravitational
Deformation and a more superficial slope deformation (e.g. toppling
of the hillside or small-scale landslide) occurs. This is in good
agreement with other natural examples for which pre-existing faults
are favorably oriented with strikes along the slope (e.g. the Deep-
Seated Gravitational Slope deformation of Rosone, Piemont, Italy
(Barla and Chiriotti, 1995), or the Séchilienne landslide near the city of
Grenoble, France (Guglielmi et al., 2002)). Our results indicate that the
complexity of gravitational deformation on the surface can give
insight regarding the presence and orientation of pre-existing
fractures within a hillside. Deformations can often be difficult to
observe on natural examples because of a lack of good exposures.

To our knowledge, many field studies neither carefully analyze
surface deformation nor faults geometries at depth. However, these
steps are of critical importance in determining hazard and possible
mitigation options. Indeed, depending on the geometry of pre-
existing faults, gravitational deformation can result in a simple
Deep-Seated Gravitational Slope Deformation or in a slow deep-
seated gravitational movement with superficial or potentially cata-
strophic landslides.

6. Conclusion

Our work indicates that the presence, orientation, and continuity
of pre-existing fractures in a hillside likely control the style of
gravitational deformation. The geometry of the normal listric faults at
depth has a strong control on the deformation of the topographic
surface but no real influence on the depth of the main sliding plane or
on the total mobilized volume. Indeed the addition of a thrust fault
completely modified the displacement pattern of the unstable mass
for a modelled hillside in the Southern French Alps.
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The different deformations of the topographic surface obtained in
each of the 5 cases that we tested were a function of the geometry of
the listric faults—in particular the depth of the inflexion point. An
inflexion point located at shallow depth results in a sliding dynamic of
the hillside, whereas deeper inflexion points leads to the toppling of
the hillside. These relatively small-scale movements (sliding or
toppling of the hillside) are consequences of a deeper movement
involving not only the hillside but the entire massif (Bachmann et al.,
2006; Agliardi et al., 2001; Bachmann et al., 2008). The depth and the
mobilized volume of the deformation of the massif were function of
the geometry of the fault network, so we conclude that pre-existing
fault geometry is of critical importance determining not only the fault
networks affecting a massif, but also the geometries of new faults
formed by gravitational deformation. Moreover any study of slope
destabilization must take into account not only the hillside affected by
the movement, but also the entire massif.

To confirm these results and test the influence of the topography
on the slope stability, 3-D physical models will be developed.
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