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Abstract

Meteoric infiltration influence on large mountainous rock slopes stability is investigated by comparing hydrogeologic and
gravitational structures from detailed mapping of the ‘La Clapiére’ slope. The slope infiltrated waters are trapped in a perched
aquifer that is contained in deposits inside tensile cracks of the upper part of the slope. Flow rates of 0.4 to 0.8 | s-1 from the
perched aquifer to the landslide cause landslide accelerations. Numerical modeling shows that a 0.75 | s-1 infiltration yield
increases conditions for toppling with failure through tilting of large rock volumes from the perched aquifer bottom down to
the foot of the slope.
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1. Introduction

In the case of large gravitational mountainous rock slopes, water pressure elevation is one of the major factors
triggering and increasing slope instability [15]. We address the problem of how to link localized
hydromechanical (HM) effects with generalized slope destabilization, and to estimate what kind of infiltration
event can produce sufficient HM non-reversible deformations [11]. First, the hydrogeology of the uncompressed
zone that can extend deep in the slopes is not well known, except the fact that such a structural zone can allow
high-yield groundwater flows parallel to the slope [13]. Second, couplings correspond to complex mechanisms.
‘Direct’ couplings occur through deformation and pore—fluid interactions and ‘indirect’ couplings imply changes
in material properties [16]. It is obvious that such a detailed investigation is hard to conduct in large-scale
dangerously moving media. We present in this paper a first attempt to analyse couplings between hydrogeology
and stability, taking the example of the well-documented La Clapiere landslide (France). Our study relies on a
very detailed field mapping of geometrical relationships between hydraulic and gravitational structures of the
slope and of time relationships between the current landslide velocities and precipitation. Then, a 2D HM
numerical model is used to discuss our field results.

2. The La Clapiére slope gravitational deformation

The La Clapiére slope is situated at the northwestern edge of the Argentera—Mercantour metamorphic unit (Fig.
1). This basement unit underwent polyphased tectonic deformations during Variscan and Alpine orogeneses [9].
The foliation of the La Clapiere slope dips gently (less than 20-) either to the northeast or to the southwest [9].
Between 1700- and 2200-m elevations, metamorphic rocks are weathered in a zone from 50- to 200-m thick.
Three sets of faults can be distinguished, trending NO10-E-N030-E, N080-E— N090-E, and N110-E-N140-E,
with nearly vertical dips (Fig. 1). The landslide rock mass (estimated volume about 60 million cubic metres)
overlaps the Quaternary alluvial deposits of the Tinée River (Fig. 1a). At the top of the landslide is a 120-m-high
scarp that extends over a width of 800 m at an elevation of 1600 m.

The landslide itself is divided into three main compartments, limited by pre-existing faults (Fig. 1b). Based on
cross-sectional geometry, the depth of the failure surface may not exceed 100 to 200 m (Fig. 1c). The main
central volume is bounded by the main failure surface. It moves downward at a velocity of 45 to 90 cm yr-1
towards directions NO10-E and N115-E. The upper northeastern compartment (5-million- cubic-metre volume)
behaves like a block landslide sliding along its own failure surface and overlapping the main landslide, with
downward velocities of 100 and 380 cm yr-1. The upper northwestern compartment is bounded to the south by
the 150-m-high scarp of the main landslide failure surface and to the north by a 50-m-high scarp. This
compartment behaves like a fractured rock mass, with active tension cracks and velocities ranging from 20 to 70
cmyr-1. It is not certain that this compartment should be included in a failure surface at the present time. The
presentday La Clapiére landslide is nested in a larger unstable slope which has been active (Fig. 1). This unstable
slope is characterized by extensional deformation structures like large tension cracks and several meters high
downhill scarps located between 1700- and 2100-m elevations. These landforms involve displacements along
penetrative pre-existing tectonic joints consistent with gravitational movements that could be linked to a general
toppling of the upper part of large rock columns bounded by major penetrative faults. Tension cracks correspond
to a metre-scale horizontal opening of the superficial part of the faults that induce a 10- to 50-m-deep trench.
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Scarps correspond to shear displacements with a vertical throw ranging from 1 to 50 m. These movements
occurred during three main pulses 11 000 years ago, 7000 years ago and 3000 years ago [3].

3. Gravitational deformations and slope hydrogeology

Three nested discontinuous fractured reservoirs characterize the slope hydrogeology. Water flows into fractures
whose openings depend on the depth and on the gravitational structures of the slope. Gneisses can be considered
as impervious [5]. The current landslide can be taken as a highly permeable fractured reservoir, because the
displacements induce the formation of large pores inside opened fractures, breccias and blocks. The landslide is
drained at its foot by a group of perennial springs (springs 14, 15, 16, 20 in Fig. 1a) with a total discharge
comprised between 0.95 and 2.35 | s-1. The springs rise at the bottom of a major N010-E-trending major fault
zone that cuts the middle part of the main landslide. A perennial spring (spring 1) rises at the foot of the
ortheastern compartment at elevation 1550 m, and has a discharge between 0.3 and 0.9 | s-1. After long
precipitation periods, some temporary springs (springs T1 to T3) rise around 1550- to 1650-m elevation along
faults or at the bottom of major tension cracks filled with colluvial deposits (spring T4). All the streams that
originate from the springs located in the upper part of the landslide are interrupted a few hundred metres
downstream. This means that all the waters reinfiltrate in the main landslide. Outside the landslide, the slope can
be divided into a decompression toppled zone and a low uncompressed zone at depth. The decompression
toppled zone is a highly fractured area where tension cracks create linear drains, with estimated permeabilities
ranging between 10-2 and 10-3 ms-1 (permeability estimations are done from analytic interpretations of the yield
variations of springs using Goodman’s formula [8]). Many of the cracks are filled with colluvial deposits, which
constitute small reservoirs with an interstitial porosity. These tiny reservoirs are interconnected via the tension-
crack network. It is possible to look in detail at colluvium filled cracks, because some of them are cut by the
present-day La Clapiere main scarp (for location see black rectangle X near the spring T2 in Fig. 1a). Typically,
the filling has a 4- to 20-m-wide triangular geometry and an average of 500-m length (Fig. 1c and d). It consists
of blocks of various sizes whose arrangement defines rough bedding. The bedding is warped, showing that
sedimentation occurred while gravitational movement was active. The deepest part of the filling often consists

of very thin deposits of a buried soil that collapsed when the tensile crack was formed. Blocks and sands that can
be found in the upper part of the deposits come from the fractured edges of the crack and from glacial deposits
that previously covered the slope. The crack extends inside the slope, because it is the superficial reactivation of
a tectonic fault. Depending on the places, the colluvial fillings can be completely dry or can be drained by a
perennial spring (springs 3, 4 and 5 in Fig. 1a). In the first case, water infiltrating in the colluvial deposits is
drained deeper in the slope through the underlying tectonic fault. In the second case, water is trapped in the
filling because the basal buried soil is locally impervious. The interconnection of the fillings creates a perched
perennial saturated zone that could explain the presence of springs in the upper part of the slope between 1650
and 1400 m in the Tinée Valley slope (springs 11 and 12 with a discharge ranging between 0.1 and 0.4 | s-1) and
in the Rabuons Valley (springs 4, 5, and 6, with a discharge ranging between 0.1 and 0.6 | s-1). The low
uncompressed part of the slope is outcropping on the Rabuons, the Tenibres and the Tinée River banks below the
elevation 1400 m. This zone is fractured by major tectonic joints and can be considered as a relatively low-
permeability fissured reservoir (10-8to 10-9 ms-1, data from neighbouring tunnels inflows interpretation [13]).
There is continuity between the joints and the tensile cracks mapped in the uncompressed toppled zone. No
springs were mapped coming from this zone. In order to characterize long-term coupling between hydrology and
stability of the slope, we compared historic records of Tinée River flooding (French Ministry of Agriculture
database) to landslide annual velocities (French Ministry of Equipment database) since 1920 (Fig. 2a). The
activation of the current La Clapiere movement begins around the years 1950— 1955. From 1951 to 1987, there is
a steady non-linear velocity increase up to a 6-m yr-1 peak. After 1987, there is a small decrease in velocities that
show annual variations ranging between 4 and 2 myr-1. During the 1920-1999 period, there are Tinée major
flood events corresponding to major precipitation events that caused numerous damages to the valley landscape.
Clearly, La Clapiere movement triggering fits with 1951-1957 major floods. However, 1922 and 1926 flood
events did not cause any slope destabilization, and the 1987 velocity peak does not correspond with any major
flood event. For the 1987 to the current period, speed fluctuations roughly fit with annual precipitation
fluctuations [7]. At the year scale and for recent years (since 1998), a reconstitution was performed using
hydrogeochemistry of spring waters [5]. Cappa et al. [5] show that the spring-water chemical signal presents
transient changes occurring directly after precipitation events. From water chemical signal, the amounts of
infiltration yields were inferred. There are two main infiltration peaks that correlate with longduration moderate
precipitation amounts (for example, 426 mm/30 days during the 03/1999 period) or with short duration high
precipitation amounts (for example, 122 mm/2 days during the 18-22/10/1999 period). For a 0.6-kmz2 infiltration
area, such amounts correspond to precipitation yields respectively ranging from 0.7 to 2.8 | s-1. Landslide
velocity curves show accelerations that range from 0.02 to 0.25 mday-1 (Fig. 2b), synchronous with the
infiltration peak periods. Velocity curves have an asymmetric shape with a rapid rise synchronous with the
increasing part of the infiltration yield curve (main groundwater infiltration) and a slow decrease synchronous
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with the decreasing and the drying-up part of the infiltration yield curve (slope drying-up). The duration of
acceleration periods is about the same as for infiltration periods.

4. Modelling couplings

We performed two parametric simulations with the UDEC code [6] in order to estimate water infiltration
influence during the initial 1951-1987 behaviour of the slope and during the current post-1987 seasonal
behaviour of the slope. The UDEC numerical code calculates the bi-dimensional effects of stress on fluid flow,
and allows conversely large finite displacements/ deformations of a fractured rock mass under pressure loading
[6]. We considered a vertical crosssection oriented NE-SW, perpendicular to the topographic surface and
extending from the slope crest (2600 m asl) to the Tinée Valley (1100 m asl). In the first test (Model A), only
pre-existing fractures were taken into account (Fig. 3a). In the second test (Model B), a 28--dipping failure
surface was set at the foot of the slope (Fig. 3b).We considered for both tests nine discrete penetrative vertical
fractures that represent the major faults mapped on the site. So as to hydraulically connect faults between them
and to approximate foliation plane geometry, horizontal joints were included in the model. The grid point is
made up of triangular mesh elements whose sides are 100 m. This cross-section is constrained by no bottom
vertical and no lateral displacements boundary conditions, and, by impervious hydraulic boundary conditions.
Rock matrix mechanical behaviour is taken as linearly elastic and isotropic. Faults are assumed to behave
according to an elasto-plastic law with the Mohr—Coulomb failure criterion (Table 1). Fault and matrix echanical
and hydraulic parameters are deduced from laboratory and field measurements (Table 1) [5,10]. Parameters are
the same for the two tests. The perched saturated zone is simulated, affecting a locally zero permeability at fault
segments corresponding to the basal boundary of this zone (dashed line between 1500- and 2000-m elevation;
Fig. 3). We performed a static hydromechanical calculation with steady-state flow without consideration of the
time (only initial and final calculated equilibrium solutions are compared). The cross-section is first consolidated
to gravity until stress and displacements are numerically stabilized (Stage 1). Second, initial groundwater
conditions were simulated in the basal saturated zone (Stage 2). No interstitial pressure was set in the perched
saturated zone. Then, a 0.75 | s-1 effective infiltration (this value is reported to the average length of a tensile
crack reservoir, which is 500 m) is simulated in the slope at 1900-m elevation (Stage 3) (Fig. 3). On the cross-
section, we plot maximum displacements induced by the hydraulic loading of Stage 3 (Fig. 3). These plotted
displacements correspond to the end of the calculation when the hydromechanical state is stabilized. In the initial
slope case (Model A, Fig. 3a), final calculated pressures are 1 MPa in the perched aquifer. In the basal aquifer, a
0.5-MPa piezometric bump extends from 300 to 1500 m along the xaxis. The maximum calculated values of
displacement vector are located between the foot of the slope at 1100 m and the middle part of the slope at 1900
m. This strain zone extends from 50 to 400 m inside the slope. Displacements values vary between 0.1 m and
1.3 min this zone. High water pressures compared to the hydrostatic pressures are situated in two distinct zones
that hydraulically communicate with each other: a basal 500-m thick zone with interstitial pressures ranging
between 0 and 5 MPa, and a perched 200-m thick zone with interstitial pressure ranging between 0 and 2-MPa.
In the middle part of the slope, there is swelling with vectors dipping towards the top linked with mechanical
opening of fractures under pressure increase in the perched saturated zone. In the upper part of the slope, there is
a lowering generally called ‘sackung’ [1] with vertical vectors dipping.

The same results are observed in the current slope case (Model B, Fig. 3b). Pressure values are less important
and the saturated zones are less extended inside the slope. This means that the slope is better drained after the
failure has occurred, because the failure surface increased the connectivity of the previous fault network. As a
matter of fact, displacement values are less important. Pressures along the failure plane range from 0 MPa at
1500 m to 0.05 MPa at 1150 m. Displacement maximum values of 0.4 to 0.6 m concentrate along the failure
plane where vectors are parallel to the plane. However, a 0.1-m displacement zone extends further in the stable
part of the slope, in relation with the basal piezometric bump hydromechanical effect. All the remaining of the
slope is also affected by displacements values ranging between 0 and 0.05 m. These upper displacements belong
to a deep displacement field generated by the slope foot sliding (mass loss).

The 35% differences between calculated (0.4 to 0.6 m) and measured (0.45 to 0.9 m) annual displacements for
Model B can be explained in different ways: the non-consideration of 3D effects, the large heterogeneity of the
medium that is highly simplified to a few major fracture planes, and the overestimation of infiltration yield. Such
differences imply that caution needs to be exercised when using the results of such numerical models that only
aim at a better understanding of the slope behaviour.

5. Discussion and conclusion

The current La Clapiére landslide is ‘only’ one more reactivation of larger and older slope movements. The
oldest known movement could have been triggered by the last deglaciation. Such initial movements correspond
to large-scale toppling of the upper part of rock columns bounded by major vertical discontinuities of the slope
(Fig. 4a). It has been shown at Séchilienne [18], Rosone [2], or more theoretically [12,14,17] that toppling can
cause tensile crack opening in the upper part of a slope with ‘sackung’ and ‘swelling’, with the creation of
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counter-ridges downslope. Deep inside the slope, failure can be initiated at the column base. We show in this
study that tensile cracks are filled with local material of the slope and that they constitute perched reservoirs at
the boundaries of the toppled columns. Hydrostatic pressures are concentrated in the middle and upper parts of
the slope, where a relatively low infiltration yield (mean inter-annual value for example) can cause sufficient
hydrostatic pressure increase in the cracks to increase rock column destabilization (Fig. 4b). Tilting at the
column surface and failure propagation deep in the slope can be generated roughly from the theoretical bottom of
the perched aquifer down to the slope foot. At La Clapiére, such a failure through tilt could have worked until
1987, when it is thought [7,19] that a general failure surface was created. It could be still going on at Séchilienne
and Rosone. When a major failure surface is generated, a large mass slides downslope (Fig. 4c). The slope
drainage becomes more active through this failure surface, and there is a general lowering of the hydrostatic
pressures in the slope. The perched aquifer is partly drained by the landslide, and, conversely, water coming
from this aquifer imposes pressure increases in the upper segments of the landslide failure surface, which are
closer to failure than the lower parts (where the stress state is high and the segment dip is low or 0). In regions
with moderate seismicity, such typical rock slope gravitational structures [1,4], like ‘sackung’ at the top and
‘swelling or scarp’ at the foot, can then be activated in a few tens of years under precipitation-induced periodic
hydromechanical effects. The main conducting parameters of the instability appear to be the slope angle and
height, the dip and the spacing between the major penetrative discontinuities, previous gravitational history of
the slope and hydrostatic pressures values in the perched aquifer.
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Rock matrix Gneiss Alluvium

K (Pa) 5.3 x 1010 2.9 x 10°

G (Pa) 2.5 x 1010 1.3 x 107

d (kgm™3) 2200 1500

Fractures Vertical faults Horizontal joints
Jky (Pam™1) 1.8 x 1010 1.8 x 1010

Jks = Jkn/10 (Pam™") 1.8 x 10° 1.8 % 10°

I (9 30 30

Gzero/ Ares (1) 1x 1073 /1% 107% 1x1073/1 x 10~

K : Bulk modulus; G: shear modulus; ¢: matnx densaty; Jky: frac-
ture normal stiffness; Jkq: fracture shear stiffness; Jgjc: fracture
friction angle; dpern/dres: range of variation of fracture aperture.

Table 1: Hydromechanical properties of rock matrix and fractures
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Fig. 4. Schematic model of a mountainous rock slope destabilization under hydrogeological loading.



