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Abstract

Taking the example of the La Clapière landslide, the influence of water infiltration on large moving rock mass stability is

investigated. Based on the analysis of geological, hydrogeological, hydrogeochemistry and landslide velocity measurements, a

hydromechanical conceptual model is proposed. Then, a two-dimensional numerical modeling with the Universal Distinct

Element Code (UDEC) was carried out to determine the influence of the location and the amount of water infiltration on the

hydromechanical behaviour of La Clapière slope.

Geological and hydrogeological analyses indicate a perched water-saturated zone connected by large conducting-flow

fractures to a basal aquifer. The comparisons of spring water chemistry data and meteorological data from the slope area show a

large variability of groundwater transits in the slope through time (transit durations of 1–21 days) and space. Water infiltration

transient signals correspond to accelerations of the slope downward motion. Infiltration rates are comprised between 0.4 and

0.8 l s21. The most pronounced hydromechanical response of the slope instability is due to snowmelting in the stable area

located between elevations 1800 and 2500 m above the unstable slope.

The hydromechanical modeling performed with the UDEC code concerns firstly a model of a slope without any unstable

zone, and, secondly, a model including a failure surface in order to simulate the current instability. Numerical computations are

done in order to localize the area through which water infiltration is the most destabilizing. The most destabilizing area is the

one that has the largest influence on the spatial distribution of strain fields. It corresponds to water infiltration located in the

middle part of the slope and characterized by weak flow rates of 0.75 l s21.

This approach can easily be applied to the monitoring of other unstable rocky slopes. As it gives relevant information about

the spatial and temporal effects of meteoric infiltration, it can be applied to improve remedial protocols.
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1. Introduction

In the case of large unstable mountainous slopes, it

has been clearly shown that the main driving force of

instability is gravity and that the major triggering

factor is groundwater located in interstices and

fractures of rocks (Noverraz et al., 1998). More

particularly, groundwater generates a hydromechani-

cal deformation along fractures that can lead to a

generalized destabilization of large rock masses

(Guglielmi, 1999). However, the understanding of

groundwater mechanical effects on landslides and

their environment is rendered more complex because

of the large heterogeneity of the rock masses and

because of the difficulty to apply classic hydrogeolo-

gical investigation methods in a moving medium. For

these reasons, we developed an indirect approach

based on chemical groundwater measurements

coupled with a two-dimensional hydromechanical

modeling with the Universal Distinct Element Code

(UDEC) numerical program. This approach has been

applied to the case of the La Clapière landslide

(Southern Alps, France).

2. Fluid measurements and landslide

hydromechanical modeling—case studies and

methodology

Pore pressure variations constitute one of the main

factors that affect the instability of large moving rock

masses (LMRM). LMRM correspond to rock volume

mobilization exceeding 1 million m3 (Noverraz et al.,

1998). Unfortunately, there is a lack in LMRM

hydrological knowledge probably because it is very

difficult to measure and to simulate infiltration

(DIPCN/IDNDR, 1999).

Direct field measurements of water pressure are

difficult because of:

† the heterogeneity of the rock masses. Indeed,

drainage is concentrated in a small number of

fractures (1% in the case of the Stripa site, Black

et al., 1991; Olsson et al., 1998),

† the huge LMRM volumes; in France, the La

Clapière landslide is estimated at about 60

million m3 (INTERREG1, 1996),

† the movements whose velocities can reach several

centimeters per day (about 30–100 mm/day at

La Clapière, Follacci, 1987) can damage the

measuring devices and can destroy boreholes.

For these reasons, water infiltration monitoring

devices is classically deduced from measurements of

rain and snow falls on the studied sites. The effects of

water pressures are thus indirectly obtained from a

correlation between rainfall events and landslide

velocity variations (Follacci, 1999).

Indirect methods based on the study of natural

hydrogeochemistry of water–rock interactions (Com-

pagnon et al., 1997; Guglielmi et al., 2000) and on

artificial tracing experiments (Bonnard et al., 1987)

were developed in order to locate water flow paths

through the rock mass and to estimate pore pressures

at the scale of the LMRM. Tested on French and

Swiss landslides, these methods confirm that it is

possible to define water infiltration areas, to determine

groundwater flow paths, and to estimate water transit

and renewal times (Guglielmi et al., 2002).

Introducing pore pressures in the numerical

hydromechanical modeling of LMRM allows to

check the various hypotheses made on kinematics

and on different factors driving the failure of the slope

(Barla and Chiriotti, 1995). This implies calculations

with codes that take into account hydromechanical

laws for discontinuities and where iterations of the

model never converge because of the generated

instability (Vengeon, 1998). The first problem is to

model drainage in a stable fractured medium where it

is necessary to simplify the fracture network and the

hydraulic laws (Bour, 1996). Such models can run

valid three-dimensional calculations in the case of a

few numbers of fractures that concentrate all the flow

(Vinkler, 1999). Then, if hydromechanical laws are

added to mechanical models, additional simplifica-

tions are required. For example, in order to run a

calculation with a set of fractures, it is necessary to

simplify the geometry of a single fracture to a single

parameter that is the mean aperture (Fénart, 2002). As

a consequence, even in the case of two-dimensional

calculations of stable masses, the results are different

from field measurements (Kadiri, 1999). For these

reasons, LMRM modeling can only provide a

parametric analysis and not a predictive analysis

(Vengeon et al., 1996). Nevertheless, based on

hydromechanical modeling of the Campo Vallemagia

LMRM (estimated volume to about 800 million m3)
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in Switzerland, Bonzanigo et al. (2001) could

determine the mechanisms of deformation and the

possible effects of drainage on the stability of the

LMRM. Their numerical model shows that under dry

conditions, the slope is relatively stable, whereas after

introducing of pore pressures, downslope displace-

ments and velocities increase. Downward displace-

ments are subsequently cancelled once a drainage adit

is simulated under the disturbed rock mass.

We develop a hydromechanical model by integrat-

ing geological, precipitation, velocity and spring

chemistry data from La Clapière landslide. Then, we

show that using the chemical monitoring of spring

waters is a reliable routine monitoring method of a

LMRM. We present a detailed analysis of the

infiltration transient signals and their effects on

landslide stability that are inferred from comparison

between a long term monitoring of groundwater

hydrogeochemistry and the landslide accelerations.

Lastly, we run a numerical two-dimensional hydro-

mechanical calculation taking into account infiltration

yield variations at different locations on the slope

profile. We use the UDEC code (Cundall, 1980) to

study the coupled hydromechanical effects of chan-

ging the infiltration yields and locations on the strain

field of the slope.

3. Towards a conceptual hydrogeological model of

landslides in crystalline basement areas located in

Alpine valleys: example of the La Clapière case

study

We first summarize results from previous studies

on the La Clapière site which allowed us to build a

conceptual hydrogeological model. We then discuss

how this model can be representative of groundwater

flow in unstable slopes of Alpine valleys located in

crystalline basement areas. Previous studies consist of

geological and hydrogeological mapping of the area

(at the landslide scale and at the valley scale) and in

determining groundwater flow paths through the slope

by natural chemical and isotopic tracing.

3.1. Hydrogeological and geomorphological

investigations

The La Clapière landslide is located on the left

bank of the NW–SE oriented Tinée valley, near

the Saint-Etienne-de-Tinée village (southern Alps,

France; Figs. 1 and 2). It is bordered to its north-

western side by the Tenibres river and to its south-

eastern side by the Rabuons river, flowing from lakes

situated at 2500 m elevations and flowing into the

Tinée river. The three valleys define a N0108E

trending prismatic geometry that allows a tri-dimen-

sionnal view of the unstable area. The Tinée valley

elevation is 1100 m and the two tributaries create a

300 m high notch of the slope. The prism culminates

at elevation 2200 m. Elevations of surrounding crests

and peaks reach 3000 m. The base of the La Clapière

landslide is located at the Tinée valley elevation and is

1 km wide. The landslide currently overlaps the

Quaternary alluvial deposits of the Tinée river (Fig.

1(1)). The top of the landslide is a 120 m high scarp

that extends over a width of 800 m at elevation

1600 m. The geometry of the basal slip surface is

poorly known. Based on cross-sectional geometry, the

depth of the failure surface may not exceed 100–

200 m (Figs. 1(1) and 2). It follows that the estimated

moving volume is about 60 million m3. The landslide

itself is divided into three main compartments limited

by pre-existing faults (Figs. 1(1) and 2):

† Compartment 1: the main landslide which corre-

sponds to the central volume bounded by the main

failure surface. The downward motions of this

rocky mass range between 45 and 90 mm yr21

depending on the measuring points. Displacement

vectors show slight changes in orientations that

mainly follow N0108E and N1158E orientations

which correspond to the two main penetrative

fracture directions of the slope (Section 3.2).

† Compartment 2: the upper northeastern compart-

ment corresponds to a 5 million m3 volume which

has completely lost its cohesion and which behaves

like a block landslide sliding along its own failure

surface which is less deeper than that of the main

landslide. It overlaps the main landslide. The

downward motions of this compartment range

between 100 and 380 mm yr21.

† Compartment 3: the upper northwestern compart-

ment is bounded to the south by a 150 m high scarp

that corresponds to the upper part of the main

landslide failure surface and to the north by a 50 m

high scarp that marks the current boundary of the

La Clapière landslide. This compartment behaves
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Fig. 1. (1) Geomorphological context of La Clapière landslide; (2) geological context of La Clapière slope.
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like a fractured rock mass with active tension

cracks. Measured motions range between 20 and

70 mm yr21. It is not certain that this compartment

should be included in a failure surface at the

present time.

The present-day La Clapière landslide is nested in

a larger unstable slope which has been active

(Fig. 1(1)). This unstable slope is characterized by

extensional deformation structures like large tension

cracks and several meters high downhill scarps of

Fig. 2. Geological cross-sections of La Clapière landslide.
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the upper part of the slope between 1700 and 2100 m.

These landforms involve displacements along pen-

etrative preexisting tectonic joints consistent with

gravitational movements. These movements were

dated. The Cosmic Ray Exposure (CRE) dating

show that these movements occurred during three

main pulses: 11,000, 7000 and 3000 years ago

(Bigot-Cormier et al., 2003). Tension cracks corre-

spond to a meter-scale horizontal opening of the

superficial part of the tectonic joints that induce a 10–

20 m deep trench. Many trenches are filled with

superficial deposits. Scarps correspond to shear

displacements with a vertical throw ranging from 1

and 50 m.

The La Clapière unstable slope is situated at the

northwestern edge of the Argentera-Mercantour

External Crystalline Massif. This basement unit

consists of metamorphic rocks having recorded a

polyphased tectonic and metamorphic evolution

during the Variscan and Alpine orogeneses (Faure--

Muret, 1947; Bogdanoff and Ploquin, 1980; Fig. 1(2)).

The slope is composed of two-mica gneisses charac-

terized by alternating or anastomosing thin micaceous

layers and quartz-feldspar layers. A meta-granodiorite

layer is exposed half-way between the bottom and the

top of the landslide (Fig. 2). Whereas the regional

metamorphic foliation in the western part of the

Argentera-Mercantour strikes N1308E and dips 608

or steeper towards the NE, the foliation in and around

the La Clapière slope is horizontal or dips gently (less

than 208) either to the NE or to the SW (Fig. 2; Fabbri

and Cappa, 2001; Gunzburger and Laumonier, 2002).

The metamorphic foliation in the La Clapière zone

appears undulated and microfolded. At the top of the

slope, between elevations 1700 and 2200 m elevation,

metamorphic rocks are weathered on a thickness

ranging from 50 to 200 m. In the middle and at the

foot of the slope, the gneisses are fractured. Three sets

of faults can be distinguished, trending N0108E–

N0308E, N0808E–N0908E and N1108E–N1408E with

a dip angles close to 908 (Fig. 1(2)). These sub-vertical

faults recorded early-stage strike-slip motions and late-

stage reverse or normal motions (Ivaldi et al., 1991). A

comparison of the gravitational instability map (Fig. 1)

with the geological map (Fig. 2) shows that the brittle

fault system has driven the development of the current

gravitational instability to a large extent. To the

southeast of the Rabuons river, some 0.5 km upstream

of its confluence with the Tinée river, gneisses

overthrust Triassic deposits, which here occur as a

tight overturned syncline with an inner core of gypsum

and dolomitic breccia (cargneules) enclosed by

sandstone layers. (Faure-Muret, 1947; Ivaldi et al.,

1991). In the vicinity of the La Clapière unstable slope,

the thrust plane between the gneisses and the

underlying Triassic strata strikes N1408E and dips

northeastwards of about 308. This overthrust possibly

extends northwestwards under the foot of the landslide

and under the Tinée alluvial deposits. Quaternary scree

and fluvial and glacial deposits, predominantly com-

posed of blocks derived from the metamorphic base-

ment with minor sedimentary rock derived fragments

embedded in an argillaceous matrix, locally cover the

gneisses, especially upstream of the Rabuons river.

From the hydrogeology point of view, the landslide

can be regarded like a discontinuous fractured

reservoir. Water flows into fractures whose openings

depend on the depth and on the structure of the slope.

Rock matrix (gneisses) can be considered as imper-

vious. Fluvio-glacial deposits correspond to super-

ficial continuous reservoirs. The 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 (Fig. 3). The landslide is drained at its foot by a

group of perennial springs (springs 14, 15, 16, 20 on

Fig. 3) with a total discharge comprised between 0.25

and 0.35 l s21. The springs rise at the bottom of a

major N0108E trending major fault zone that cuts the

middle part of the main landslide. A perennial spring

(spring 1, Fig. 3) rises at the foot of the northeastern

compartment at elevation 1550 m, and has a discharge

comprised between 0.1 and 0.3 l s21. After long

precipitation periods, some temporary springs rise at

the same elevation (springs 2, 9, 10, 13 on Fig. 3). All

these temporary springs (springs 9, 10 and 13) rise

along faults or at the bottom of major tension cracks

filled with colluvial deposits (spring 2 is located at the

bottom of a long N0108E tension crack). All the

streams that originate from the perched springs

(springs located in the upper part of the landslide)

are interrupted a few hundred meters 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
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Fig. 3. (1) Hydrogeological context of La Clapière landslide; (2) schematic hydrogeologic cross-section of the slope.
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uncompressed zone in depth. The decompression

toppled zone extends between 1600 and 2000 m. It is

a highly fractured area where tension cracks create

highly permeable linear drains. 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 Clapière main scarp (for

location see black rectangle near the spring 10 on

Fig. 3(1)). Typically, the filling has a 4–20 m wide

triangular geometry (Fig. 4). It consists in blocks of

various sizes and which arrangement defines rough

bedding. The bedding is warped, showing that

sedimentation occurred while gravitational move-

ment 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.

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

and 4 on Fig. 3(1)). 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 rising

in the upper part of the slope between 1650 and

1550 m. The low uncompressed part of the slope is

outcropping on the Rabuons, the Tenibres and the

Tinée river banks below the elevation 1400 m (Fig.

3(1)). This zone is fractured by major tectonic joints

and can be considered as a relatively low-per-

meability fissured reservoir. There is continuity

between the joints and the tensile cracks mapped in

the uncompressed toppled zone. Many springs rise at

the bottom of the joints in the Tinée valley slope

(springs 11 and 12 with a discharge ranging between

0.1 and 0.4 l s21) and in the Rabuons valley (springs

4, 5, and 6 with a discharge ranging between 0.1 and

0.6 l s21). Some groundwater outlets possibly rise

directly in depth into the alluvial deposits but cannot

be observed.

Fig. 4. Lateral view of a tensile crack; (1) colluvial deposits; (2) fractures; (3) gneissic facies with a 108 E dipping foliation.
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3.2. Conceptual hydrogeological model: description

and discussion

All these hydrogeological and geomorphological

observations allowed us to propose the following

model. There are at least two main water-saturated

zones in the slope: firstly, a perched saturated zone

which is contained in the crack filling colluvial

deposits and adjacent weathered gneisses of the

uncompressed toppled zone, and secondly, a basal

saturated zone which is present in the low uncom-

pressed zone deep in the slope. Groundwater drainage

can follow three main types of flowpaths (Fig. 3(2)):

† direct outlets, springs located between 1550 and

1650 m (springs 1, 2, 3, 4, 5, 6, 9, 10, 13, on

Fig. 3(1)) drain the perched aquifer; springs 11 and

12 drain the basal aquifer; springs 14, 15, 16 and 20

drain the landslide.

† infiltration into the landslide of groundwater

coming from the perched or the basal aquifer.

† infiltration from the perched aquifer down to the

basal aquifer by the penetrative joints which are in

continuity with the superficial cracks.

Such a model highlights the main hydrogeological

characteristics of an unstable slope developed in

crystalline basement rocks. The hydrogeology of the

slope is better described by several disconnected

saturated zones rather than by a single one. This is the

general case of mountainous slopes in crystalline

basement areas where hydraulic conductivity

decreases with depth because of the decompression

phenomena. The conductivity of the decompression

zone that can be 600 m thick varies between 1024 and

1028 m s21. The conductivity of the non-decom-

pressed zone is comprised between 1029 and

10211 m s21 (Maréchal, 1998). The conductivity

contrast between the two zones induces two types of

groundwater flows, a major one parallel to the

boundary and a minor one perpendicular to the

boundary. These were observed into several alpine

galleries where the more important discharges occur

in the first hundreds of meters in the decompression

zone (Leca et al., 1993). When the decompression

includes toppling or landsliding, the hydraulic

connection between fractures of the two zones

(decompression and non-decompression zones) is

weathered. In that case, some aquifers can remain

perched in the decompression zone (François and

Massonnat, 1981). In the La Clapière case, we show

that such a disconnection can be explained by the

clogging of the upper part of fractures when this part is

reactivated as tensile cracks and filled with collu-

viums. A part of the infiltration waters can transit into

the landslide mass from the perched aquifer and from

the basal aquifers. The d18O content of the springs

waters indicates that, depending on the season, the

mean elevation of the recharge area of the springs is

the same and is comprised between 1570 ^ 150 and

1780 ^ 150 m (Compagnon et al., 1997; Guglielmi

et al., 2000). This value includes an area larger than

the landslide itself (because the maximum elevation

of the upper part of the landslide is 1600 m) and which

corresponds to all the outcropping part of the

uncompressed zone. We conclude that waters infil-

trated in that zone flow parallel to the slope down to

the landslide and perpendicular to the slope down to

the basal aquifer. The same results were obtained by

Maréchal (1998) who used the d18O method to show

that major water discharges in Alpine gallery came

from infiltration in a toppled zone quite far from the

gallery. Finally, in the Mercantour massif, the average

hydraulic conductivity of decompressed rock was

estimated to 2.7 £ 1026 m s21 from the interpretation

of discharge variations with time in the gallery of

Valabres, located about 10 km southeast of the La

Clapière area (Bordet, 1961). In the same gallery, it

was observed that discharge increased significantly

with precipitation events like snowmelting on the

nearby mountains and that discharge was around zero

during dry periods. Heterogeneity of the drainage was

also evidenced with a few productive fractures

draining a mean annual yield of 200 l s21.

4. Measurements of groundwater infiltration

effects on the La Clapière slope movement

Firstly, we characterize precipitation on the whole

slope. Secondly, we compare the precipitation signal

with groundwater chemistry at the springs. Thirdly,

we compare chemistry variations with landslide

velocity measurements at the two selected topometric

points. Velocity variations of point A are compared

to chemical variations of spring 5 which are
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representative of water drainage in the upper part of

the slope (indirectly pore pressure variations in the

perched aquifer). We intend to show how useful

groundwater chemistry can be to estimate the

influence of precipitation inflows on the landslide

movement.

4.1. Measurement device

In order to characterize the infiltration and its

effects on the La Clapière slope movement we set a

monitoring device that relies upon the measurement

of three data types:

† Precipitation measurements are done with rain

and snow gauges at the foot of the slope (1100 m

elevation), at the middle of the slope (1800 m

elevation) and at the top of the slope

(2500 m elevation). This discrete monitoring

enables a quantification of the daily amount of

water (snowmelt or rain) precipitated at the three

measurement points. In order to better characterize

precipitation events between these points, and

because of the huge dimensions of the slope, we

added a qualitative spatial monitoring of the snow

cover by taking photography of the slope from a

point located on the opposite side of the valley.

This monitoring allows to follow the retreat of the

snow cover boundary with elevation during

snowmelting.

† Spring water chemistry has been monitored since

December 1995 at three springs located at 1650 m

elevations (Fig. 3, spring 5), 1200 m (Fig. 3, spring

11) and 1100 m (Fig. 3, spring 15). Spring 5

collects waters from the perched superficial zone at

1650 m. Springs 11 and 15 collect waters from the

deep basal saturated zone, respectively, in the

stable zone (1185 m elevation) and at the landslide

foot (1100 m elevation). With such monitoring, we

intend to characterize groundwater outlets from the

slope, relying on the hypothesis that groundwater

chemistry depends on transfer duration inside the

media, on slope petrography and on subsurface soil

characteristics. The spring waters are sampled once

a month to once every 2 days, depending on the

flow period. We analyzed major ions of the waters.

In this paper, we will examine the variation in

SO4
22 and NO3

2 contents.

† Landslide velocities are permanently monitored by

the French Ministry of Equipment. Two points

among the 45 topometric permanent measured

points were selected as representative of the mass

movement: one at the top of the landslide, and the

other one at the foot of the moving zone. The first

point (Fig. 3, point A with the mean annual

velocity of 3.8 m y21) shows velocity variations

representative of the displacement of the upper

south-eastern part of the moving zone (between

elevations 1500 and 1720 m). The second point

(Fig. 3, point B located above spring 15 with the

mean annual velocity of 0.5 m y21) shows velocity

variations representative of the displacement of the

basal and median parts of the moving zone

(between elevations 1100 and 1500 m).

4.2. Results

Since the device is regularly destroyed by the

landslide movement and because of the high-moun-

tain climatic conditions, the chemical sampling rate is

irregular. For this reason, we concentrated on the

sampling period that extends from 12/9/98 to

31/12/00 (Fig. 5), during which sample recovery

was excellent.

4.2.1. Characterization of precipitation events on the

slope

Due to the measuring protocol, we can differentiate

three types of precipitation: rainfall everywhere in the

slope, snowmelt between 1100 and 2200 m, and

snowmelt between 1800 and 2500 m The overlap is

due to the fact that the snow gauge located at elevation

1800 m is used to evaluate the amounts of two

snowmelting zones (Fig. 5). Infiltrations on the La

Clapière slope mainly consist of rainfall from October

to December and of snowmelting from March to July.

Average autumn rainfall rates range around 500 mm

per year (annual average value calculated for the

period 1982–2000), and extend on short durations

from 30 to 60 days (INTERREG1, 1996; Follacci,

1999). The average spring snowmelt amount is

810 mm. Nevertheless, snowmelting can be very

different, depending on the elevation range. Between

the valley (1100 m high) and 2200 m, the snow

storage is low and it can be neglected at the slope

scale. From 1800 m to the top of the slope (2500 m),
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there is no snowmelting in winter. Snow is accumu-

lated until the beginning of the spring period. A quick

and major snowmelting follows, for example 985 mm

in 29 days in 1986. We can conclude that precipitation

on the slope can be schematically characterized by a

predominant rainfall between 1100 and 1800 m and a

predominant snowmelt between 1800 and 2600 m.

The 1998–1999 precipitation amounts range around

the average annual value. The 1999–2000 period was

very dry; precipitation amounts are 50% lower than

the average value. In 2000, precipitation was

characterized by a very small amount of snowmelting

(less than 130 mm of equivalent water).

4.2.2. Correlation of spring water chemical variations

with precipitation events

The chemical signal shows transient events

characterized by SO4
22 concentration decreases that

occurred after precipitation events (Fig. 5). When

there is no precipitation (for example August 1999),

the content in SO4
22 remains high and the variation

range is low. SO4
22 transient variations are the

opposite of NO3
2 transient variations. After a

precipitation event, there is an increase of NO3
2

contents of 1–30 mg l21 depending on the event and

on the spring. At the same time, there is a decrease in

SO4
22 content from 40 to 100 mg l21 (Fig. 5). It is

commonly admitted that water is enriched in NO3
2

when it infiltrates through the superficial soil area

(Mudry et al., 1994). As a matter of fact, this means

that a NO3
2 peak in spring waters corresponds to the

transit of the infiltrated meteoric waters to the

reservoir outlet. Previous studies (Guglielmi et al.,

2000; Charmoille, 2001) showed that there is no SO4
22

in the precipitation and that the water–rock inter-

actions all along the transit inside the reservoir

explain SO4
22 groundwater enrichment. We found

that an enrichment of SO4
22 up to 160 mg l21 can be

explained by the dissolution of pyrite within the slope

gneisses. Over 160 mg l21 (this is the case of spring

15 sulfate content) and up to 800 mg l21 in sulfate

content result from the dissolution of pyrite within the

slope gneisses and from the dissolution of Triassic

gypsum likely to be trapped under the thrust fault

located at the foot of the slope. Thermodynamic

calculations show that the more sulfate-rich the waters

are, the longer they stayed inside the slope. The fact

that there is a significant decrease in SO4
22 means that,

Fig. 5. Comparison of precipitation events on la Clapière slope with

SO4
22 and NO3

2 contents variations at the springs 5, 11 and 15 that

drain different slope aquifers (location of springs 5, 11 and 15 on

Figs. 1(1) and (2)) for the 1999–2000 hydrologic period.
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during precipitation periods, there are rapid infiltra-

tion fluxes through the reservoir corresponding to

shallow waters, chemically far from equilibrium with

the reservoir rock chemistry. Transient signals are

then interpreted as dilution inflows, linked to low

concentration precipitation water inflow, which mix

with pre-event groundwaters from the saturated zone

that is chemically near equilibrum with the rock

matrix primary minerals (Fig. 6A). Taking this result

into consideration, we can model infiltration fluxes,

based on a double permeability fractured reservoir,

where there is a complex connection of a few very

conductive fractures with a large number of poorly

conductive fractures (Drogue, 1992; Bonzanigo et al.,

2001; Guglielmi et al., 2000; Maréchal and Etch-

everry, 2002). During dry periods, the water contained

in the poorly conductive fractures is drained through

very conductive fractures to the spring (Fig. 6B).

The hydraulic gradient is from poorly conductive

zones towards very conductive fractures. The chemi-

cal signal is mainly controlled by an average

residence time corresponding to the one in the low

conductive fractures. During infiltration periods, there

is a quick transit of surface water through the very

conductive fractures (between 1 and 21 days in the

case of La Clapière slope) and a very delayed transit

of surface waters through the poorly conductive

zones. Rapid transit waters that do not reach chemical

equilibrium with the reservoir rock are waters

characterized by low ion concentrations (their con-

centration is close to that of the precipitation water

one). They mix with concentrated water originating

from the poorly conductive zones of the reservoir.

Such a model is in agreement with other similar

models developed in crystalline basement rock

environments in the Alps (Maréchal, 1998; Bonza-

nigo, 1999).

4.2.3. Quantitative estimation of infiltration yield in

the slope

With the model described above, we can infer the

amounts of infiltration yields based on the equations

of conservation of fluxes neglecting the volume

variations inside the reservoir This method is

commonly used for hydrograph separation of river

runoff and karstic spring flood events (Mudry, 1990;

Hjalmar and Olav, 1997). It is assumed that solute

concentration variations depend on the composition of

the different discharge sources. In our case, we can

apply a two component mixing model (Pinder and

Jones, 1969) as follows:

QS ¼ QR þ QI ð1Þ

QSCS ¼ QRCR þ QICI ð2Þ

where QS is the total discharge at the spring, C is

concentration of sulfate (which is the element taken as

the applicable tracer) and the subscripts R and I refer

to the main aquifer water component that supplies the

spring to the point of complete drying-up, and the

infiltration water component, respectively. From Eqs.

(1) and (2), we can express the spring sulfate

concentration CS as follows:

CS ¼
ðQRCR þ QICIÞ

ðQR þ QIÞ
ð3Þ

Fig. 6. Model of infiltration inside La Clapière slope; (A) scheme of

chemical transient; (B) functioning of double permeability fractured

rock mass.
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When there is no infiltration on the slope, Eq. (3)

becomes:

C0
S ¼

QRCR

QR

ð4Þ

Taking into consideration Eqs. (3) and (4), DC (which

corresponds to the tracer content variation during the

flood event) can be expressed:

DC ¼ CS 2 C0
S ¼

ðQRCR þ QICIÞ

ðQR þ QIÞ
2

QRCR

QR

¼
QI

ðQR þ QIÞ
ðCR 2 CIÞ ð5Þ

When DC ¼ 0; it means that QI ¼ 0 after Eq. (5). If

QI increases, DC also increases. This means that there

is an increase of the dilution peak value on the curves

CS versus time. Eq. (5) can be simplified if CI is

approximately taken equal to 0. With such an

assumption, a simple relationship between spring

sulfate water content variations and infiltration yields

(6) can be obtained:

DC ¼
QI

ðQR þ QIÞ
CR ð6Þ

QI was calculated for various DC measured at springs

5 and 15. In the calculation, QR and CR values were

fixed at 0.5 ^ 0.01 and 50 ^ 10 mg l21 for spring 5;

0.25 ^ 0.01 and 710 ^ 30 mg l21 for spring 15, and

0.25 ^ 0.01 and 105 ^ 10 mg l21 for spring 11.

Comparison between DC and calculated QI to

cumulated precipitation amounts (Fig. 7A) shows

Fig. 7. (A) Correlation between Dt and QI and precipitation amounts; (B) array of Dt values for various infiltration types and for the three

monitored springs.

F. Cappa et al. / Journal of Hydrology 291 (2004) 67–90 79



that there is an important scattering of measurements

even with the adopted bi-logarithmic representation

that enables to plot on the same graph DC of springs

11 and 15. Firstly, the precipitation amount is not the

best parameter to describe the infiltration input

because it does not take into account evapotranspira-

tion that varies significantly according to the season.

Secondly, DC determination depends on the CR value

that was considered as constant for the studied period.

This is not obvious when we look at the curves and

there is no indication that the CR linearly varies with

time. Nevertheless, the diagram shows a tendency to

the increase of DC with precipitation amounts (this

means that sulfate content decreases when infiltration

increases). It is interesting to note that the deduced QI

values range between 0.01 and 1 l s21, which can be

regarded as relatively low values. The highest QI

values ranging from 0.08 to 0.8 l s21 correspond to

infiltration periods induced by snowmelting between

1800 and 2500 m.

4.2.4. Quantitative estimation of the delay of

infiltration peak in the slope

In the model we make the hypothesis that the SO4
22

minimum value (point C on Fig. 6A) marks the end of

increasing infiltration influx and the beginning of

infiltration decline. Then we can measure the time

delay Dt between the beginning of the precipitation

event (t0 on Fig. 6A) and the infiltration peak effect in

the aquifers (t1 on Fig. 6A).

We compare Dt measured at the three monitored

springs for the three previously defined precipitation

types (snowmelt at 1100–2200 and at 1800–2500 m

and rainfall, Fig. 7B). There is a strong variability of

Dt independently of the infiltration type of the spring.

Nevertheless, the short Dt values correspond to

rainfall infiltration and snowmelt between 1100 and

2200 m elevations with values comprised between 1

and 16 days and the long Dt values correspond to

snowmelt infiltration between 1800 and 2500 m with

values ranging between 5 and 21 days. The values Dt

measured at spring 5 are twice as small as the values

Dt measured at springs 15 and 11 especially for

snowmelting between 1800 and 2500 m. This dis-

crepancy can be explained by the fact that spring 5 is

located higher up in the slope (elevation 1645 m) than

springs 11 and 15 (respectively, 1185 and 1100 m).

Spring 5 drains the perched saturated zone where

infiltration water transits in 1–8 days. Springs 11 and

15 drain the basal saturated zone where infiltration

transit in 2–8 days when precipitation occurs below

2200 m. When infiltration comes from the top of the

slope, the values Dt are comprised between 10 and 21

days.

4.2.5. Correlation of infiltration with landslide

velocities

We compare velocity variations of the upper and

basal part of the landslide (respectively, A and B) with

chemical variations of springs 5 and 15 that,

respectively, characterize infiltration in the upper

perched aquifer and in the basal aquifer (Fig. 8).

Landslide velocities are characterized by very slow

periods (velocities ranging from 1 to 5 mm day21)

and acceleration periods. Acceleration amplitudes are

higher in the upper part than in the basal one; for

example the acceleration peak value on the 99/11/25

is 44.3 mm day21 at point A and only 14.9 mm day21

at point B. Acceleration periods are synchronous at

the two points. It is obvious that acceleration periods

correlate with infiltration periods marked by chemical

dilutions at the springs. Accelerations happened for

the most important infiltration yields ðQIÞ ranging

between 0.4 and 0.8 l s21 and the longer the

infiltration period, the greater the acceleration ampli-

tude. This means that the highest accelerations

correspond to precipitation periods occurring between

1800 and 2500 m. The infiltration peak at spring 5

occurred just before the beginning of an acceleration

period while the infiltration peak at spring 15 occurred

when the acceleration peak value happened. This

shows that the coupled hydro-mechanical effect

comes from the transit of infiltration waters from the

top to the basal part of the slope. More precisely, we

can reasonably guess that interstitial pressure

elevations in the perched aquifer mainly induce an

acceleration of the whole landslide. Then, the

phenomenon is controlled by a groundwater vertical

transit from the perched aquifer to the basal aquifer.

4.2.6. Conclusion: conceptual model

Given in situ investigations based on a hydro-

geochemical analysis of groundwaters linked with

landslide velocity measurements, a conceptual hydro-

mechanical model of the slope can be established

(Fig. 8).
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The hydromechanical model boundaries corre-

spond to a large slope with elevations ranging

between 1100 and 2500 m in order to take into

account the whole recharge area of the landslide.

Inside the slope, there is a perched saturated zone

between elevations 1600 and 1800 m and a basal

saturated zone between 1100 and 1200 m. The whole

slope is considered as a doubly permeable aquifer

with a small number of highly conductive fractures

and a large number of poorly conductive fractures.

The main hydromechanical effect originates from

snowmelting in the upper part of the slope between

1800 and 2500 m. From this upper recharge area,

water infiltrates at the top of the landslide with a

transit time through the perched saturated zone that

can reach 5–8 days. An infiltration yield ranging from

0.4 to 0.8 l s21 causes a generalized landslide

acceleration. Groundwater then transits to the basal

saturated zone within a period comprised between 8

and 12 days. Hydraulic transit between the two

saturated zones can happen through the landslide or

through existing vertical and very conductive frac-

tures. When the infiltration yield peak occurs at the

basal spring, it means that the major part of infiltration

has outflowed the slope and the landslide velocity

begins to decrease.

5. Numerical hydromechanical modeling

5.1. Objectives of numerical tests performed with

UDEC code

The aim of the numerical modeling is to make

parametric tests of the conceptual model that was

deduced from our hydrogeochemical observations and

measurements. Calculations were performed in order

to test three types of parameters and their effects on

Fig. 8. (A) and (B) Hydromechanical conceptual scheme of La Clapière slope; on the right, comparison between chemical variations of springs

5 and 15 (QI and SO4
22 contents) and landslide accelerations at points (A) and (B) for 1999–2000 hydrologic period.
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the hydromechanical behaviour of the slope:

† Climatic parameters. Meteorological infiltration

scenarios corresponding to various locations and

seepage intensities were applied to a two dimen-

sional slope profile.

† Geometrical parameters. We tested the impact of

local interstitial pressure elevations inside fractures

on the overall stability of the slope. We tested

fracture internal geometry and fracture network

geometry with the numerical code UDEC. Three

different geometries were analysed, a slope with

two perpendicular fracture families with different

spacing, in order to simulate two different

permeability tensors, and a slope with a failure

surface located at its base as observed in the field.

† Hydrogeological parameters. We tested the effect

of a perched saturated zone inside the slope.

5.2. Universal distinct element code modeling

The UDEC code uses the distinct element method

(Cundall, 1980) to model the bi-dimensional effects of

stress on fluid flow and to investigate the anisotropy of

permeability (Pine and Cundall, 1985; Zhang and

Sanderson, 1996). One of the advantages of UDEC

arises from its explicit solution of equations of motion

based on small time steps. This allows large finite

displacements and deformations to be modelled, with

the program recognizing new contact geometries that

may arise during deformation. In UDEC, the defor-

mation of fractured rock consists in the elastic and/or

plastic deformation of blocks of intact rock, and of

displacements along and across fractures (Cundall,

1990). A fully coupled mechanical-hydraulic analysis

is performed, in which fracture conductivity is

dependent on the mechanical displacement of joint

walls and on matrix deformation; conversely, fluid

pressures affect the mechanical behaviour. The

fractured rock mass is modelled as a closely packed

system of blocks with elastic properties. The blocks

are impervious and bound by fluid-filled fractures.

They communicate with their neighbours through the

contacts. At these contacts, the fluid flow is calculated

using the cubic law (Witherspoon et al., 1980):

q ¼
a3g

12n

DP

L

� �
ð7Þ

where q is the flow rate, n the dynamic viscosity of

the fluid (for T ¼ 20 8C, n is equal to 1023 Pa s, g is

the gravity acceleration, a is the hydraulic aperture of

the joint (m), DP is the pressure differential into the

joint domains, L is the contact length (m).

For simplicity, fracture aperture is assigned to a

constant value between two nodes of the mesh of the

blocks and so a fracture is approximated by two parallel

planes. A minimum aperture value (residual aperture) is

given. Below it, mechanical closure does not affect the

contact permeability. The more numerous the contacts

are, the more accurate the calculations will be. The

model does not incorporate fracture growth.

5.3. Initial conditions

A two-dimensional hydromechanical analysis is

developed considering a vertical cross-section oriented

NE–SW that is perpendicular to the topographic surface

and to one of the main fracture families (Fig. 9). This

cross-section extends from the slope crest (elevation:

2600 m) to the Tinee valley slope base (elevation:

1100 m). In order to minimize boundary effects in the

calculation zone, the cross-section profile extends down

to sea-level (Fig. 9). The cross-section is constrained by

displacement-type boundary conditions: no bottom

vertical displacements and no lateral horizontal dis-

placements were allowed. The grid point is composed of

triangular mesh elements whose sides are 100 m long in

the fractured part of the model situated between

elevations 900 and 2600 m, whereas the sides of mesh

elements in the bottom part below elevation 900 m are

200 m long.

The mechanical behaviour of the rock matrix is taken

as linearly elastic and isotropic. Rock discontinuities are

assumed to behave according to an elasto-plastic law

with the Mohr–Coulomb failure criterion. The fractures

included on the extended crosssection correspond to the

main N90 fractures mapped in the site. These fractures

are connected to each other by horizontal joints that

were added with a 200 m spacing between elevations

900 and 2750 m. In the context of the study area, these

joints approximate foliation planes.

Mechanical characteristics of matrix and fractures

were determined from literature data (Barla and

Chiriotti, 1995; Gunzburger, 2001). The bulk modulus

for gneissic formation is K ¼ 5:3 £ 1010 Pa, the shear

modulus is G ¼ 2:5 £ 1010 Pa and the mass density ðdÞ is
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2200 kg m23. For alluvial deposits, we assigned

K ¼ 2:9 £ 109 Pa, G ¼ 1:3 £ 109 Pa and d ¼

1500 kg m23. Values of normal stiffness Jkn ¼ 1:8 £

1010 Pa m21; shear stiffness Jks ¼ 1:8 £ 109 Pa m21

and friction angle f ¼ 308 are similar for the vertical

and horizontal discontinuities. Alluvium-gneiss con-

tact is assumed to be without shear stiffness, purely

frictional with Jkn ¼ 1:0 £ 109 Pa m21; Jks ¼ 1:0 £

10213 Pa m21 and f ¼ 308: No rock mass cohesion

ðc ¼ 0Þ is applied to all fractures.

The hydraulic properties assigned to the disconti-

nuity network are the factor permeability of the joint

aperture for zero normal stress azero ¼ 1:0 £ 1023 m

and the residual aperture ðaresÞ was fixed

at 1.0 £ 1024 m. In order to simulate a perched

saturated water level, a zero permeability was

assigned to the fracture domains corresponding to an

impervious hydrogeological zone boundary in the slope.

Initial groundwater conditions (that correspond to

the basal saturated aquifer) were simulated by imposing

boundary conditions with an hydraulic gradient from the

right side (elevation 1300 m) to the left side at the

natural saturation level of the Tinee river (elevation

1100 m). The flow in the joints was set to be

compressible.

Gravity acceleration was applied. In situ stress was

not considered in our model because of the lack of

knowledge on the present-day stress state. We

performed a static hydro-mechanical calculation

with steady-state flow.

5.4. Modeling protocol

This slope is first consolidated by gravity until

stress and displacements are numerically stabilized.

After this initial calculation without any water,

groundwater conditions were simulated by imposing

boundary conditions with a hydraulic gradient from

Fig. 9. UDEC numerical modeling initial conditions.
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the right side to the left side (Dp ¼ 2 MPa). Thirdly,

we started the ‘numerical tests’ simulating water

injections at various locations and for different

injection flow rates. Water injections were achieved

by assigning an injection flow rate at a fracture

domain. Then, hydromechanical effects are followed

by controlling pressure and displacement fields at

several points in the cross-section.

Two series of numerical tests are performed:

without (TEST 1 series) and with (TEST 2 series) a

failure surface inside the slope (Fig. 10). In both cases,

the influence of the location and the intensity of

precipitation on the internal and surface displace-

ments of the slope are examined:

TEST 1: slope without failure surface

Three different tests are run with various infiltra-

tion conditions. A first test series is considered

simulating three water injections at a constant flow

rate (q ¼ 1:0 l s21) at three different elevations in the

slope: slope foot (1500 m; Test 1.1), middle part of the

slope (1900 m; Test 1.2) and slope top (2300 m; Test

1.3). All the injections were performed one by one for

each elevation.

The second test series consisted in simulating an

infiltration gradient with elevation (q ¼ 0:5 l s21 at

1500 m (Test 1.4), q ¼ 0:75 l s21 at 1900 m (Test

1.5), q ¼ 1:0 l s21 at 2300 m (identical to Test 1.3).

After these three numerical calculation tests, the

most unfavourable case from the point of view of the

slope displacements is determined considering

Fig. 10. Numerical test procedure.
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the following comparison criterion: the importance of

the area in which the displacement values are

maximum.

This unfavourable case is compared with two new

numerical tests considering the same water injection

conditions:

Test 1.6: a model without perched saturated water

level assigning the same permeability factor for each

fracture domain ðkf ¼ 83:3 Pa21 s21Þ:

Test 1.7: a model with an increasing average

permeability of media. For this, we increased fracture

density (horizontal joints spacing of 50 m from 900 m

elevation).

TEST 2: slope with a failure surface between

elevations 1100 and 1500 m.

The same tests as in Test 1 series are performed. We

only present the test with an infiltration gradient

(q ¼ 0:5 l s21 at 1500 m (Test 2.1), q ¼ 0:75 l s21 at

1900 m (Test 2.2), q ¼ 1:0 l s21 at 2300 m (Test 2.3))

on a slope geometric model integrating a possible

failure plane so as to introduce an unstable zone similar

to the present-day La Clapière slope. These three

injections were performed one by one for each

elevation. Mechanical and hydraulic characteristics of

the failure plane are similar to those of other

discontinuities (Jkn ¼ 1:8 £ 1010 Pa m21;Jks ¼ 1:8 £

109 Pa m21; f ¼ 308; c ¼ 0 Pa; kf ¼ 83:3 Pa21 s21;

azero ¼ 1:0 £ 1023 m and ares ¼ 1:0 e24 m).

5.5. Results of numerical tests

5.5.1. Results of TEST 1 series

Following the first series of numerical tests (Tests

1.1–1.5), it clearly appears that the unfavourable case

from the point of view of spatial distribution of

displacement intensities in the cross-section corre-

sponds to a water injection at 1900 m elevation for a

flow rate of 0.75 l s21 (Test 1.5, Fig. 11). 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 and 1.3 m in that zone. Water

pressures are situated in two distinct zones which

hydraulically communicate with each other: a basal

500 m thick saturated zone with interstitial pressures

ranging between 0 and 5 MPa, and a perched 200 m

thick saturated zone with interstitial pressure ranging

between 0 and 2 MPa. In the other tests, infiltration takes

place too low (Test 1.1) or too high in elevation

(Test 1.3), or infiltration yield is too small (Test 1.4) to

create a large deformation zone. Test 1.2 results are

similar to those of Test 1.5 (infiltration at 1900 m

elevation, and infiltration yield of 1.0 l s21). In this test,

the highest yield induces more important displacements

in the infiltration area than for Test 1.5. Such

displacements close fractures around this area, and

this explains why the infiltration-induced deformations

remain located in the middle of the slope.

Without any perched saturated zone (Test 1.6,

Fig. 11), pore pressures raise significantly in a

720 m thick saturated zone from 0 to 7.2 MPa.

The strain zone is located between 1350 and

1900 m, it extends 600 m deep with more important

displacement values than in previous tests (upper

to 1.3 m).

Test 1.7 (Fig. 11) also shows that an increase of the

slope permeability induces a pore pressure decrease

(pressure variation ranging 0–5.5 MPa) and a 200 m

thick strain zone located at the foot of the slope

between 1100 and 1350 m elevation (Fig.11). Dis-

placement values range from 0.4 to 1.3 m.

5.5.2. Results of Test 2 series

It appears that the most important strain zone is

due to a water injection at 1900 m elevation with a

flow rate of 0.75 l s21 (Test 2.2, Fig. 12). A basal

saturated zone and perched saturated zone appear in

our model with a strain zone from 400 to 550 m

thick located between 1100 and 1650 m elevation.

Displacement value variations range from 0.1

to 0.6 m.

Injection test at 1500 m elevation (Test 2.1, Fig. 12)

shows a strain zone developing at the slope foot

between elevations 1100 and 1500 m. The strain zone

extends 200–300 m deep and displacement values

range between 0.1 and 0.5 m.

A water injection at high elevation (Test 2.3,

Fig. 12) on the slope has no significant hydromechani-

cal effects.

5.6. Conclusion of numerical simulations

The same results are obtained with or without a

failure surface materialized at the foot of the slope.
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Fig. 11. Results of TEST 1 series.
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When there is a failure plane at the base of the

slope, displacements are concentrated along this

failure surface. In both cases, numerical tests

highlight that the most extended strain zone is due

to a water injection at 1900 m with a low flow rate

of 0.75 l s21. We show that perched saturated zone

occurrence or increase in permeability of rocky

media causes a significant pore pressure decrease

and a strain reduction. This means that to have any

effect on slope stability, an infiltration flow rate

ranging between 0.4 and 0.8 l s21 must be concen-

trated in a few fractures. In such hydraulic

conditions, interstitial pressures can reach high

values and localized hydromechanical effects can

be important.

6. Conclusion

Applied to the La Clapière unstable slope, field

and numerical investigations enable us to improve

the understanding of the deformation of the whole

slope showing that location and intensity of the

water infiltration on the cross-section profile played

an important role in the slope hydromechanical

behaviour. The approach is based on chemical and

yield measurements of spring waters on the slope.

Such measurements outline transient signals that

integrate infiltration transit into the slope. It appears

that the transits are quite simple and easy to

correlate with landslide velocities and precipitation

events. Acquisition of transits can be done with

periodic samplings at the springs. Numerical tests

that have been added to field measurements

interpretation aim at inferring internal hydro-

mechanical couplings, which is difficult to do in

the field where the hazards linked to active

landsliding is high. One should be aware that such

tests remain parametric and only aim at helping to

interpret hydromechanical mechanisms at the slope

scale.

Nevertheless, the method points out some results

that can be extrapolated to other similar LMRMs:

Fig. 12. Results of TEST 2 series.
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† It is possible to classify precipitation events

taking into account their impact on landslide

displacements. For example, in the La Clapière

case, the most dangerous event corresponds to a

quick snowmelting in a well localized range of

elevations (1800–2500 m). This result points out

the need to follow, with a high accuracy, the

spacial variability of precipitation in the case of

unstable mountainous slopes.

† Due to the internal complexity of the slope

hydrogeology, especially the existing perched

aquifer in the decompression toppled zone

directly connected to the landslide, the most

dangerous infiltration inflow is not necessarily

that on the landslide area. In our case, the area

between 1800–2500 m is located in the upper

stable part of the slope, above the landslide.

† Groundwater flow through the slope can be very

fast (1–20 days) even in low permeability rocks

such as gneisses. This is due to the double

permeability of the fractured media that charac-

terize the slope drainage. It follows that a

coupled hydromechanical stability model can be

established from a simplified fractured media

where only a few major fractures will be

analysed and where all the other fractures will

be grouped in homogeneous volumes bounded by

these major fractures.

† Relatively low infiltration yields between 0.4 and

0.8 l s21 can induce significant accelerations of

the unstable rock mass. This result fits with

experiments on other similar LMRMs (Bonza-

nigo et al., 2001). As a matter of fact, water

flows in a small number of conductive fractures

inside which even a small inflow causes import-

ant interstitial pressure elevations. In such a

context, the existence of different saturated zones

perched at different elevations in the slope is a

prominent factor that controls pressure variations.

We can guess that the more numerous the

saturated zones are, the lower the pressures

variations will be.

Finally, thanks to the preliminary investigations

developed in this paper, a list of a series of realistic

scenarios of the hydromechanical behavior of a

LMRM could be established. We insist on the fact

that the accuracy of such a method relies on long-term

data collections of at least 1 year long. The scenarios

can lead to curative solutions. For example, in the La

Clapière case, it appears important to drain the

perched saturated zone which is quite feasible: it

would involve two or three relatively short (around

100 m deep) pumping boreholes located in the stable

part of the slope.
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fissurés. HDR, University of Franche-Comté, 187 p.
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