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Abstract

Rainfall and its consequences are usually considered as the major factor trig-
gering slope instabilities within clay deposits. The link between rainfall, water
infiltration and landslide activity may be complex and comprehensive sets of data
are still necessary to understand how water infiltrates in cohesive material. On
unstable slopes made of fine-grained sediments, gravitational deformation generates
superficial shear ruptures and tension fissures whose continuous opening could be
amplified by shrinkage during dry periods. This fissure network at the surface can
be very dense and strongly controls the water infiltration process. However, it re-
mains difficult to assess the fissure evolution at depth and its eventual relationship
with shallow slip surfaces. This work presents the results of a geophysical study
which aimed to characterize the fissures that are observed along the unstable clay
slopes of the Trieves area (French Alps). The site was first investigated combining
geomorphological analysis, drilling, borehole logging, geotechnical tests and geo-
physical experiments. This investigation evidenced the presence of at least three
rupture surfaces (at 5m, 10 to 15 m and 42m) with a water flow at the second one.
In a second step, permanent instruments were installed (piezometers and soil water
content (SWC) probes). Results indicate high water infiltration velocities, down to
the water table located at 2.5 m depth, that are likely to be linked with sub-vertical
preferential paths, such as fissures. Geophysical parameters (electrical resistivity,
S-wave velocities, Rayleigh waves attenuation) were monitored. Geophysical results
suggest that fissures are permanently open, that they serve as preferential infiltra-
tion paths, and that they can reach, at least, a depth of 2m. The methods employed
in this research put forward that the system of imbricated fissures drains water from
the surface down to the shallow slip surfaces at 5m and 10-5 m. This work highlights
the role of fissures network in water infiltration in the numerous clay landslides of
the Trieves area.
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1 Introduction

Many regions of the world are exposed to landslides in clay deposits, which pose major
problems for land management and population safety (Giraud et al., 1991; Panizza et al.,
1996; Guzetti, 2000; Picarelli et al., 2005). Rainfall and its consequences are usually con-
sidered as the major factor triggering slope instabilities (Iverson, 2000; Picarelli et al.,
2004; Meisina, 2006; Tofani et al., 2006). Numerous observations and measurements show
such a correlation between rainfalls and landslide activity (Moser and Hohensinn, 1983;
Wilson and Wieczorek, 1995; Terlien, 1998; Aleotti, 2004; Chen et al., 2005), leading au-
thors to propose global rainfall intensity-duration thresholds for the occurrence of shallow
landslides and debris flows (Guzetti, 2000; Aleotti, 2004). Indeed, short duration and
intense rainfalls often trigger superficial landslides (Corominas, 2001). On the contrary,
slow moving deep-seated landslides in clay seem to be more sensitive to long duration
and moderate intensity precipitation, and show more complex mechanical and fluid inter-
actions (Comegna et al., 2007; Van Asch et al., 2007, 2009). In exceptional conditions,
they can evolve into sudden catastrophic failures and flows, resulting from generation of
excess pore pressure along slip surfaces (Picarelli et al., 2004; Van Asch et al., 2006). The
link between rainfall, water infiltration and landslide activity may be complex (Van Asch
et al., 2007) and comprehensive sets of data are still necessary to understand how water
infiltrates in cohesive materials (Malet et al., 2003; Lindenmaier et al., 2005; Van Asch
et al., 2009). Observations and theoretical works on shrinkage fissures in drying soils
(Morris et al., 1992) indicated that they could extend to a depth of a few meters and
greatly affect infiltration in the soil. A study of weathered clayey soils responsible of shal-
low landslides (Meisina, 2006) showed that desiccation fissures in drought periods could
reach a depth of 1.4-1.9m, providing a preferential path for water.

On unstable slopes, gravitational deformation generates superficial shear ruptures and
tension fissures, which are often near parallel to contour lines and whose continuous open-
ing could be amplified by shrinkage during dry periods. For active landslides, the fissure
network at the surface can be very dense (several fissures per m) and strongly controls the
water infiltration process (Malet et al., 2003; Krzeminska et al., 2009). Because of the dif-
ficulty to assess the fissure evolution at depth, in-situ precipitation simulations associated
to hydrogeological and/or hydrogeophysical monitoring were performed to analyse the
water infiltration in fine-grained soils (Gvirtzman et al., 2008; Krzeminska et al., 2009; Tu
et al., 2009). In particular, Krzeminska et al. (2009) conducted a two-day small-scale in-
filtration on an active marly mudslide characterized by the presence of a wide-open fissure
system (5cm) at the surface. This experiment was monitored with electrical resistivity
tomography measurements carried out every two hours. During all the artificial rainfall
experiment, a front of low resistivity propagated laterally in the superficial (30 cm) soil
layer, resulting from the increase of water content. During the second day, the devel-
opment of a narrow near-vertical low resistivity zone (down to 0.5-0.6m) was observed,
that was interpreted as a downward water infiltration. These results highlighted the
hydrological processes of a preferential low inside the mass.

The aim of this paper is to apply different geophysical techniques in an attempt to assess
the role of fissures, that are observed along the unstable clay slopes of the Trieves area,
as preferential paths for water infiltration. The chosen site is a small-size (100 m by 50 m)
active landslide nested in the large deep-seated landslide of Avignonet which was geo-



physically studied by Jongmans et al. (2009). First, the site was thoroughly investigated
combining geomorphological analysis, drilling, borehole logging, geotechnical tests and
geophysical experiments (seismic and electrical methods). This new investigation cam-
paign evidenced the presence of at least three rupture surfaces at about 5m, 10 to 15m
and 42m. In a second step, permanent instruments were installed, including piezometers
and soil water content (SWC) probes. GPS stations were installed to measure ground
displacements. Geophysical parameters (electrical resistivity, S-wave velocity, Rayleigh
waves attenuation) were monitored and results allowed an hydrogeological scheme to be
proposed for the site.

2 Geological and hydrogeological contexts

The Trieves depression is located in the western Alps, 40 km south of the City of Greno-
ble (Figure 1). This flat area is bounded by the carbonate Vercors range to the West,
the carbonate Dévoluy massif to the South and the southern end of the crystalline Belle-
donne range to the East. During the last Quaternary glaciation (Wiirm), the Isere glacier
moving in a southward direction dammed the rivers flowing from the South, creating
a lake during several thousands of years (Monjuvent, 1973). Laminated clays resulting
from the erosion of the surrounding ranges progressively filled the lake. They are usually
made of a succession of thin laminae (mm to cm size) of light silt and dark clay, although
some unlaminated clay layers with blocks can also be found (Monjuvent, 1973). These
laminated clays, which are locally interbedded with coarser alluvial sediments deposited
during the interglacial Riss-Wiirm period, overly the folded carbonate bedrock. Total
clay thickness varies between 0 to a maximum of 250 m (Antoine et al., 1981). In the
studied area (Figure 1), laminated clays were partly covered by a fewm to 10m thick
morainic deposits. After the glacier melting (14,000 years BP, after Brocard et al., 2003),
the rivers cut deeply into the geological formations, generating numerous landslides in the
clay deposits (Giraud et al., 1991).

The activity of these landslides is usually seasonal with an increase in displacement
rate after snowmelt and heavy rain falls (Giraud et al., 1991; Van Asch et al.; 1996). In
most cases, landsliding process in the clay is slow and complex, with several slip surfaces
between a fewm to a maximum of 40m depth (Giraud et al., 1991; Van Asch et al.,
2009). Laminated clays on the slopes are usually overlaid with a more permeable colluvial
cover varying in thickness from 1 to 4m (Van Asch et al., 1996). A hydrogeological
conceptual model was developed for explaining the triggering effect of the snowmelt and
precipitation on the clay slopes of the Tieves area (Figure 2, modified from Nieuwenhuis,
1991; Vuillermet et al., 1994; Van Asch et al., 1996). Water first infiltrates in the permeable
colluvial cover and generates a perched ground water table in this layer, which directly
responds to rainfalls. This water mass feeds the open fissures that can be caused by
desiccation during dry periods and/or by gravitational deformation (Figure 2). The major
landslide-generated fissures are connected to the slip surfaces existing at different depths
and this fissure system drains in a downslope direction through the silt laminae and the
locally interbedded sand layers. Because of the pressure head maintained by the perched
water in the fissures, one may expect that slip surfaces are following silt and/or sand
interfaces (Figure 2). This model is supported by geomorphological observations and
geotechnical drillings on several landslides indicating a translational movement in most
part with a rotational movement in the upper part (Blanchet, 1988; Jongmans et al., 2009;
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Van Asch et al., 2009). Vertical flows in the laminated clays can be neglected because
of the very low permeability perpendicular to the bedding planes (1x107'%m/s; Giraud
et al., 1991; Vuillermet et al., 1994). Permeability parallel to these planes (on the order of
1078 to 4x 1072 m/s; Giraud et al., 1991; Vuillermet et al., 1994) is a little lower than the
permeability in silt (4x107® m/s; Van Asch et al., 1996). The role of the imbricated fissure
system then appears predominant for vertical water infiltration and landslide triggering.

The study area is located on the western shore of the artificially-dammed Monteynard
lake, which is affected by several large deep-seated gravitational movements, including the
Avignonet and Harmaliere landslides (Figure 3b). The Digital Elevation Model (DEM)
of the Avignonet landslide (Figure 3b), obtained with a Light Detection And Ranging
(LiDAR) helicopter acquisition in November 2006, shows the headscarp (at an elevation
of about 800 m) and the numerous major and minor internal scarps (Figure 3c) affecting
the Avignonet landslide that approximately encompasses an area of 1.5x10°m?2. Geo-
morphologic and geodetic data show an increase of the landslide activity downstream,
with average displacement rates varying from a few cm/year below the crest to more than
14 cm/year at the toe (Jongmans et al., 2009). The study site (about 100m by 50 m in
size) is located in the northern part of a small landslide nested at the southern end of the
Avignonet landslide (Figure 3b). This eastward moving landslide is bounded to the North
by a continuous 1 m high lateral scarp and to the South by a 1m high headscarp which
progressively vanishes to the South. The southern limit of the study site is a E-W oriented
talweg (Figure 4a). Previous investigation on the Avignonet landslide (Blanchet, 1988),
100 m north of the study site, has revealed the existence of at least three slip surfaces at
about 5m, 10 to 15m, and 40 to 48 m depth.

3 Investigation methods

The site was investigated using numerous in-situ and laboratory techniques, to deter-
mine the geological, geotechnical and hydrogeological properties of the ground and to
characterize fissures. Experiments conducted for this work were spread along two years
(see Table 1). Experiments started with 4 drillings, which were conducted between Oc-
tober 2007 and April 2008, and ended with electrical measurements in December 2009.
One electrical profile (EP2) and one seismic profile (SP) were monitored. The location
of the drillings, of the geophysical profiles and of the GPS points can be seen in figure 4.
Most laboratory tests, logging tools and hydrogeological measurements are classical and
only the specific geophysical techniques are described in this section.

Three geophysical methods were applied to physically characterize the studied zone:
electrical resistivity tomography (ERT), S-wave seismic refraction tomography and seismic
down-hole tests.

ERT is a technique providing 2D or 3D images of the ground electrical resistivity.
Resistivity values are mainly controlled by the mineralogy of the particles, the ground
water content and the nature of the electrolyte (Reynolds, 1997). Open fissures create
a high electrical contrast in the ground and ERT was successfully applied in favourable
cases, both in the laboratory (Samouélian et al., 2003) and in the field (Amidu and
Dunbar, 2007). However, as discussed by Tabbagh et al. (2007), the fissure position and
geometry remain difficult to assess owing to their thin planar feature. Two E-W oriented



ERT profiles (labelled EP1 and EP2 in Figure 4a) were conducted using the Wenner
configuration with 64 electrodes 1 m apart. Apparent resistivity data were inverted with
the algorithm developed by Loke and Barker (1996) using a robust smoothness constrain
which minimises absolute changes in resisivity (Loke, 1999).

On the other hand, time-lapse resistivity measurements were found to be successful
to detect water content variations less than a few percents within unsaturated media
(see for instance Binley et al., 2002; Michot et al., 2003; Schwartz et al., 2008; Clément
et al., 2009), provided that the influence of temperature is considered (French and Binley,
2004; Samouélian et al., 2005; Amidu and Dunbar, 2007). Time-lapse electrical mea-
surements were then performed along profile EP2 with a higher resolution and a similar
protocol (64 electrodes 0.5m apart in a Wenner configuration) to detect resistivity varia-
tions due to water content variations. The resistivities measured in December 2009 were
temperature-corrected relative to August in order to assess the SWC changes only. The
soil temperatures measured in August (the reference resistivity image) and in December
2009 are 20" C and 6 ° C at 0.25m depth, respectively, while they are in equilibrium at
3 m depth. For this temperature range, we chose a linear law to correct restivity values
(2% increase of resistivity per 1° C decrease of the temperature; Michot et al., 2003).

A seismic refraction profile was performed to determine S-wave velocities (profile SP;
Figure 4a). Previous geophysical profiles conducted to gain information on P-waves have
shown to be of little interest because of the presence of the perched water table (Jongmans
et al., 2009). On the contrary, S-wave velocity has turned out to be closely linked to the
deformation state of the clayey material. S-wave velocity was measured using down-hole
tests and SH-wave refraction tomography. The S-wave refraction profile was conducted
with 24 horizontal 4.5 Hz geophones 2.5 m apart. Horizontal shear (SH) waves were gen-
erated by hitting a plank oriented perpendicular to the profile. SH-wave first arrival times
recorded for 13 source positions were picked and inverted using the Simultaneous Iterative
Reconstruction Technique (SIRT; Dines and Lyttle, 1979).

Surface waves are likely to be affected by the presence of open fissures. As shown by
Hévin et al. (1998) in concrete, Rayleigh waves are low-pass filtered by surface fissures, at a
cut-off frequency Fc that depends on the ratio between the Rayleigh wave velocity Vr and
the fissure depth Dc. They determined Fc by computing the spectral ratios between the
transmitted and incident waves, which exhibit a significant decay over Fc. They found the
relation Fc=Vr/3Dc, which was numerically and experimentally validated. This method
was used for detecting fissures in the clay. Rayleigh waves were recorded with 24 vertical
4.5 Hz geophones 2.5m apart along the same profile SP, using a hammer hitting a plate
as a source.

4 Site characterization

4.1 Morphological and geotechnical investigation

A detailed mapping of the fissures and scarps affecting the site was established using
the aerial LIDAR DEM (2m grid cell size) acquired in November 2006 and a Global
Positioning System (GPS) ground survey. Most of these fissures are N-S orientated,
perpendicular to the slide movement, with lengths varying between a few dm to 10m
(Figure 4a). An E-W cross-section through the study site (Figure 4b) shows a progressive
decrease in the slope angle from 16° at the top to almost 0° at the toe. Most of the



scarps and fissures are located in the upper and middle parts of the slope, where the slope
angle is higher. Two half-meter-high internal scarps (S5, S12; Figure 4) are visible and
associated with counterslopes and small sag ponds. In the eastern flat part of the section,
fissures are less numerous and the surface is marked by small bulges and hummocks. In
January 2009, several cm-wide and m-long tension fissures developed in the upper part
of the slide, mainly along a curved line (Figure 4), partly parallel to the headscarp. Two
of them exhibit a vertical displacement with a maximum value of 10 cm.

A 49m deep borehole (labelled D1 in Figure 4) was cored, allowing the lithological and
geotechnical site characteristics to be studied. The geological log (Figure 5) shows the
presence of a shallow 2.5 m thick morainic colluvium layer overlying 16 m of non-laminated
blocky clays made of a matrix of yellowish to grey-black clays containing centimetric to
decimetric blocks of limestone and endogenous rocks. Interbedded in these blocky clays
are three pluridecimetric to metric layers of laminated clays (depths from top to bottom:
25m to 3m, 4m to 5m, and 10.8m to 11.5m; Figure 5). Below 18.5m was found a
thick layer of laminated clays. The mean core recovery was 88% with two missing levels
(from 8m to 10m and from 14m to 15m) probably corresponding to disrupted soils.
Two sheared zones (a few cm thick) were identified in laminated clays at depths of 5
and 42m. Core examination suggests that bedding-parallel shearing occurred within silt
layers. These depth values are consistent with the two slip surfaces found at 5m and
40m in boreholes located 100 m north of the site (Blanchet, 1988). The intermediate slip
surface evinced at about 10m to 14m depth was not identified in the log but could fit
with one or the two unrecovered levels. This point will be discussed further.

Gamma-Ray (GR) logging was performed in borehole D1 and magnetic susceptibility
(MS) measurements were made every 2cm on the core samples using a Bartington MS2
meter. Results are shown in Figure 5. In the geological context of the Trieves area, the
natural gamma radiation is mainly an indicator of the clay content (the higher the clay
content, the higher the gamma radiation), while MS measurements denote the presence
of magnetic minerals (Verosub, 2000). MS signal in sediments is influenced by numerous
factors such as the magnetic mineral content, the grain size and geochemical processes
(Rolph et al., 2004). The two curves exhibit a major change (decrease in MS, increase
in natural radiation) at the 18.5m interface between blocky and laminated clays. In the
lower laminated clay layer, MS signal keeps a low constant value (20x 107 ST) while the
GR signal slightly increases with depth, indicating an augmentation of the clay content
to the hole bottom. The blocky clay layer exhibits fluctuating MS values (between 20 and
60x 1077 SI), probably resulting from the presence of endogenous rock pebbles. Within
this layer, the laminated clay levels are clearly detected by a low MS value and a high GR
signal. The GR peak at 8-10 m indicates that this unrecovered level is probably made of
laminated clays. The constant decrease in GR values observed between 11.5m and 18.5m
is related with high MS values, indicating the increase of grain size with depth. Finally,
the relative strong GR radiation in the morainic colluvium indicates a high clay content
in this cover layer.

Acoustic borehole imaging (ABI) and temperature logging were conducted in August
2009 within boreholes D2 and D3 (location in Figure 4) whose casings were sealed to the
ground in March 2008 (Table 1). ABI results are presented as horizontal cross-sections at
some representative depth values in Figure 6. Undeformed casing is shown as a centred



circle. ABI logging indicates a strong casing deformation at 10.3m depth, which could
be related to the unrecovered level at the same depth in D1. A smaller deformation is
also visible at 5m depth (small shift towards the East; Figure 6). Logging in borehole D3
was impossible below 5m, owing to a casing breakage at that depth (1.5 year after the
borehole was drilled and cased; Table 1). Temperature logging in D1 (Figure 6) shows a
thermal gradient from 8 to 16 m depth. A positive temperature anomaly of about 0.1~ C
is observed at 10.3m depth, where the casing is strongly deformed. The temperature
anomaly probably results from a water flow and these observations suggest the presence
of an active slip surface serving as water path at this depth. The slip surface at 5m was
observed in the three boreholes D1, D2 and D3.

Unconfined and Undrained Shear Strength (USS) tests 0.1 m apart were carried out in
clay cores of borehole D1 using a pocket vane tester. Measured values (Figure 5) allow the
material strength to be grossly estimated and compared along the hole. Highly variable
shear strengths, ranging from 35 to 200 kPa with a mean value of 115 kPa and a standard
deviation (SD) of 40kPa, were observed, denoting the geotechnical heterogeneity along
the clay sequence. The lowest values (around 35kPa) were found at the two recovered
levels (5 and 42m) where shear zones were identified (Figure 5).

Classical laboratory geotechnical tests (bulk density, SWC) were performed on samples
from drilling D1 with a spacing of 0.5 m. Porosity and void ratio values were computed and
results are gathered by geological layer in table 2. The layers of blocky and laminated
clays exhibit similar values with a bulk density around 1.96 and a porosity of about
40%. The comparison between the water content and the porosity values below 2.5m
(Figure 2) indicates that the clay is saturated or nearly saturated. Of particular interest
are the measurements in the two sheared zones. In the deep one (42m), the bulk density
is close to the one of the surrounding material, with a slightly higher porosity. On the
contrary, the superficial shear zone at a depth of 5m is characterized by significant lower
density (1.74) and higher porosity (48%). Higher porosity values are also observed in the
unsaturated morainic colluvium layer. Atterberg limits were measured on 5 clay samples
from the 5 shallowest meters and average plastic (PL) and liquid limits (WL) of 24% and
46% were determined, respectively, yielding a plastic index of 22%. Antoine et al. (1981)
already found such a relative low plastic index, which explains how the liquid limit could
be rapidly reached in this material.

To summarize, geological and geotechnical observations at the study site consistently
showed the presence of three slip surfaces within the laminated clays, at depths of 5m,
10m to 15m and 42m. The deepest slip surface is probably linked to the motion of
the large Avignonet landslide, in agreement with previous inclinometer data (Jongmans
et al., 2009). The two superficial slip surfaces (at 5m and 10-15m) seem to be active,
as shown by the casing breakage in D3 and the casing deformations in D2. Results also
suggest that water infiltrates in the ground through these two slip surfaces, as shown by
the temperature anomaly at 10.3m in D2 and the high porosity and saturation values
found at 5m in D1.



4.2 Hydrogeological data

The permanent meteorological station close to the site (point G in Figure 4a) recorded
an annual water precipitation of 700 mm between July 2008 and July 2009, with main
events occurring in summer 2008 (Figure 7c). Five SWC probes using the Time Domain
Reflectometry (TDR) technique were set vertically in January 2009, within 5 distinct
boreholes 0.5 m apart, at varying depths (0.25m, 0.5m, 1 m, 2m, and 3m) close to drilling
D4 (black-filled rectangle in Figure 4). In parallel, seven temperature probes were set into
the soil, close to TDR probes, and at different depths (0.25m, 0.5m, 0.75m, 1m, 1.25m,
2m, and 3m) Boreholes were conducted with a manual auger which allowed the soil to
be analyzed. TDR probes were set within a clay-silt matrix (21 % of clays, 71 % of silts
and 8 % coarser than 50 ym) except at 1 m depth, where the matrix is coarser (14 % of
clays, 41 % of silts and 45 % coarser than 50 um). This level, which is enriched in coarse
sands and gravels, reveals a local vertical heterogeneity within the morainic colluvium.
The objective with the TDR probes was to record the soil water content evolution with
time from the surface down to the saturated soil. SWC values were obtained by applying
the empirical relationship proposed by Topp et al. (1980). Results are presented as SWC
volumetric values in Figure 7b. The curves indicate that rainfalls had a direct and quick
effect on SWC in the first meter of the ground (Figure 7b). SWC values at 1m depth
are lower than the others, probably as a result from the detected coarser grain size which
could induce laterally higher water flow. Below 1 m, TDR probes did not react to rainfall
events and record long-term variations of the SWC (TDR probe at 3 m depth was set into
the water table). However, since April 2009, the three uppermost TDR probes exhibit
little reaction to rainfall, with a decrease in SWC that is particularly significant for the
first meter below surface. Along with less frequent rain events, this behaviour suggests an
increased evapotranspiration in summer, leading to drying and hardening the upper soil
which would be likely to prevent from water infiltration through the soil matrix (Hillel,
1998). Since the beginning of October 2009, the perched water table level is located
below 3m depth, in agreement with the TDR probe set at this depth and which reveals a
SWC below saturation (saturation is reached for a SWC of 44 %; Figure 7b and 7c¢). The
observed fall of the water table level during summer 2009 did not occur during summer
2008. This may be linked to the lower rain quantity in summer 2009 (Figure 7c). From
this and since the water table was higher in summer 2008, it may be inferred that the
SWC above water table was more important in summer 2008 (when TDR probes were
not set) than in summer 2009.

The study of the SWC evolution for specific precipitation events during summer and
winter 2008 indicates a quick increase only a few hours after rain fall for the first meter
below surface (infiltration rates of an order of 7x10™°m/s and 3x107°m/s in summer
and winter, respectively). After the rain fall, the SWC quickly decreases with time,
indicating a relatively fast water transit in the medium (same order of decrease rate as
for the increase). Permeability values previously determined in saturated silts (highest
permeable soil found in situ) are low (4x107®m/s; Van Asch et al., 1996) and infiltration
rates in unsaturated soil should be even slower (Hillel, 1998). Then, the observed rapid
motions can not result from a transit within a clayey matrix and have to be linked to
preferential vertical paths like fissures. These observations are consistent with previous
works by Topp and Davis (1981) who observed discrepancies in wetting motions between
a profile of soil affected by cracks and a profile located at some distance of the cracks.



Two pore pressure probes were installed at the bottom of borehole D1 (47m) and in
borehole D4 at a depth of 5m (Figure 4a). They are both located within saturated
layers and measure the variations of hydrostatic levels with time. During the first three
months, piezometric records (Figure 7c) show the presence of two distinct water tables
at about 25m in D1 and at 2.5m in D4. However, since the end of October 2008, the
pressure probe in D1 seems to have been damaged and does not work properly. The
shallower water table measured in drilling D4 is probably perched in the upper part of
the blocky clays and the morainic cover. Water level fluctuations are well correlated with
rain events (Figure 7c). The water level first increased of about 20 cm with the heavy
rain falls of Summer 2008, and then regularly decreased of 40 cm till February 2009 before
stabilizing at 686.2 m (2.4 m below the ground level). In summer and fall, the water table
continuously deepened by almost 2m from July to December 2009 (Figure 7c), reaching
the elevation of 684.4m (4.2m below the ground level). SWC values indicate that this
decrease started in May 2009 for the TDR probe at 0.25m depth and in October 2009
for the deepest (3m) one. SWC at that depth decreased from 44 to 40 %, suggesting that
the soil is no more saturated (see Figure 7b). This is consistent with the water table level
decrease which was located deeper than 3m (elevation of 685.6 m; Figure 7c) at the same
time.

Water level variations, related to specific rain events, yield an infiltration velocity of
an order of 7x107°m/s and 3x107° m/s in summer and winter, respectively. These values
are at least 2 order of magnitude higher than those measured in silt levels (4x107% m/s;
Van Asch et al., 1996), indicating the existence of vertical preferential paths to the water
table in the ground.

As a synthesis, hydrogeological data show the presence of two water tables (2.5m to
4m deep and 25m deep), with the shallowest one probably perched into the upper part
of the blocky clays and the morainic cover. Infiltration velocity values for the first three
meters below surface, determined through TDR and pressure cell measurements, put
forward the fissure network as a preferential vertical infiltration path. Measured rates are
of similar order of magnitude in winter and summer. This suggests that these fissures
are permanently open. Furthermore, infiltration velocity values are slightly higher in
summer than in winter, which could signify a wider opening at the surface resulting from
shrinkage.

4.3 Displacement measurements

Surface displacements were measured with a GPS at 9 stations installed in July 2008
and labelled G1 to G9 (Figure 7a; location in Figure 4). A permanent GPS station
located out of the small landslide (labelled G in Figure 4a) was used as a reference. It
measures the displacement rate of the Avignonet landslide, which was about 3 cm/year
towards the East in 2008. Two time series were taken at the dates of September 2008
and September 2009. Displacements (Figure 7a), which are all oriented towards the East,
exhibit contrasting values. Station G9, which is located in contact with the western
boundary of the small landslide (Figure 4), shows a displacement around 0.1m, with a
significant downward component. In the upper part of the slope, displacements exhibit an
increase from G8 (0.3m) to G6 (0.5m), with a regular downward motion. Most new open
fissures appeared in this area in January 2009 (Figure 4). The highest motion occurred
at G5 (0.8m) with a prominent vertical component. At G4, the displacement is still



important (0.6 m) with a slight upward motion, suggesting a rotation along S10 or S11
(Figure 7a). This is consistent with the casing breakage observed at 5m in D3. Beyond
this station, displacement values decrease from 0.15m to 0.1 m at the slope bottom.

4.4 Geophysical results

The electrical image along EP1, obtained after 3 iterations with an absolute error of
3.4%, is shown in Figure 8a. It is characterized by a rather homogeneous low resistiv-
ity (between 15 and 25€).m), corresponding to the saturated or nearly saturated blocky
clays (Figure 5). Higher values (up to 100€.m) are observed in the shallow unsaturated
morainic layer. A conductive lens (with a resistivity below 15€2.m) is observed at 2 to 4 m
depth in the centre of the profile, below tension fissure T6. To get a better resolution in
the shallow layers a second ERT profile centred on the first one was performed using 64
electrodes with a spacing of 0.5m (profile EP2; Figure 4a). Data were acquired with the
same configuration as for EP1. The better-resolved image, obtained after 3 iterations (ab-
solute error of 4.8%), shows a continuous resistive superficial layer (unsaturated morainic
colluvium), whose thickness varies from 2m uphill to less than 1 m downslope (Figure 8).
Except for the conductive lens in the central part of the image, the resistivity decreases
with depth, from 120€2.m at the surface to 20€2.m at 2.5m depth in the saturated soil.
The conductive lens is better resolved and is located above the water table. It could cor-
respond to a zone with a higher clay or water content in the unsaturated layer. Fissures
observed at the surface are not detected.

Results of the refraction profile (SP) are shown in Figure 9. Seismograms recorded for
the shot at Om show SH waves and Love surface waves (Figure 9a). The 304 SH-wave
first arrival times recorded for 13 source positions were picked and inverted using the
Simultaneous Iterative Reconstruction Technique (SIRT; Dines and Lyttle, 1979) and a
grid cell size of 2.5x2.5m. The Vs image (Figure 9b), obtained after 8 iterations for a
RMS error of 3.71%, shows a vertical velocity increase from 150 m/s in the first few meters
to more than 500m/s, with a stronger gradient between 11 m and 15m.

Down-hole tests were performed in drillings D1 and D3 (see location in Figure 4a)
with a geophone spacing of 1m and a shear source operated at the surface. The two
Vs vertical profiles (shown in Figure 9b) also evidenced the contrast from 250m/s to
500m/s. This depth interface approximately fits the 10m active slip surface found in
drilling D2 (Figure 6), as well as the unrecovered levels in D1 (10m and 15m; Figure 5).
The conjugate action of the two slip surfaces at 5m and 10-15m has probably damaged
the upper ground and significantly lowered the S-wave velocity.

5 Fissure characterization

Absolute resistivity images did not detect the fissures seen at the surface and we used
time-lapse measurements to map resistivity variations along Profile EP2, which is centered
on the low resistivity anomaly located below tension fissure T6 (Figure 8). As mentioned
before, time-lapse measurements have been found to be very sensitive to water content
variations. Four electrical data sets were selected at the beginning (2008/08/01) and at
the end (2008/08/29) of August 2008, in May 2009, and in December 2009. The month of
August 2008 was relatively rainy (0.116 m; Figure 7c) and the water table level rose 0.1 m
(Figure 7c). Between September 2008 and May 2009, the water level slightly deepens
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(about 0.3 m), before decreasing by nearly 2 m in December 2009. Figure 10a shows
the three resistivity images obtained after 3 iterations with an absolute error lower than
5%. Very slight changes are observed between the first three images. On the contrary,
the temperature-corrected resistivity image of December 2009 shows a sensitive increase
within the 2m thick upper layer, especially in the upper part of the profile. This probably
results from the water table lowering and the subsequent decrease in the soil water content.

The first electrical image (2008/08/01) was taken as a reference starting model for the
time-lapse electrical measurements. Figure 10b shows the resistivity changes at the three
dates (2008/08/29, 2009/05/19, and 2009/12/10) in terms of resistivity ratio with respect
to the reference model (Miller et al., 2008). Between the end and the beginning of August
2008 a significant resistivity drop is observed below the tension fissure T'6, with an anomaly
shape that can be followed to a depth of at least 2m (Figure 10b). A general decrease
in resistivity is also seen in the shallow layer of 1m thick. This decrease in resistivity is
interpreted as an increase of SWC related to the rainfall. On the contrary, the resistivity
ratio image between May 2009 and the beginning of August 2008 (Figure 10b) exhibits
an increase in resistivity below the tension fissure T6, along with an increase in resistivity
in the moste part of the superficial layer. This variation is interpreted as a decrease of
SWC between the two periods, in agreement with the lower water table level in May 2009
(Figure 7¢). The resistivity ratio image between August 2008 and December 2009 exhibits
a strong resistivity increase within the first 2m along the whole profile (Figure 10b, which
is interpreted as a general SWC decrease in the soil layer, in agreement with water levels
and SWC variations (Figure 7b and 7c). This global effect probably masks some fissure-
induced variations, particularly below T6. However, a local resisitivity decrease is clearly
shown in May and December 2009 below the scarp S5, which did not appear at the end
of August 2008. All these results suggest that fissures could evolve with time and exhibit
resistivity variations linked to their water storage capacity.

We then tried to determinate the characteristics of these fissures using surface waves
recorded during refraction tests along profile SP. As shown by Hévin et al. (1998) in
concrete, Rayleigh waves are low-pass filtered by surface fissures, at a cut-off frequency
Fc that depends on the ratio between the Rayleigh wave velocity Vr and the fissure
depth Dc. They determined Fc by computing the spectral ratios between the trans-
mitted and incident waves, which exhibit a significant decay over Fc. They found the
relation Fc=Vr/3Dc, which was numerically and experimentally validated. We applied
this procedure to four shots performed at the western end of the profile SP (end shot
at 0m and offset shot at -20m) for two different dates (January 2009 and July 2009).
Measurements were conducted with 24 vertical 4.5 Hz geophones 2.5 m apart. Figure 11a
shows the normalized seismograms of one of these shots, which exhibit energetic Rayleigh
waves. The dispersion curve of the Rayleigh waves, computed for the signals recorded
between 15m and 35m, is shown in Figure 11b. The profile crosses several scarps and
tension fissures (Figures 4 and 11a), the effect of which on the signals is little visible,
except an attenuation of the high frequency Rayleigh waves beyond the scarp S4 at 20 m.
The graph of the seismic energy as a function of the distance is plotted in Figure 11c
for the four shots. All curves exhibit a significant energy drop (and a further recovery)
at distances of 20m and to a lesser extent of 35m, which correspond to fissures S4 and
T6, respectively. Spectral ratios between Rayleigh waves recorded after and before S4 are
given in Figure 11d. All curves exhibit decay at a frequency of about 20 Hz. Applying
the relation proposed by Hévin et al. (1998), with the Rayleigh wave velocity of 120m/s
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at this frequency (Figure 11b), yields a fissure depth of about 2m. In the same way,
spectral ratios were computed for the tension fissure T6 located at 35m (Figure 1le).
Curves show decay at a cut-off frequency of around 30 Hz, which gives a fissure depth of
about 1.5m. This value is consistent with the one found with time-lapse ERT below T6
(Figure 10). It must be stressed out that these depth values must be considered as an
order of magnitude, as the work of Hévin et al. (1998) was validated for fissures developing
in a homogeneous medium. These fissure depths are consistent with the perched water
table level, indicating that some fissures observed at the surface could be connected to
the water table and then constitute a preferential path for water. No significant difference
in the cut-off frequency Fc is observed between the two dates (January and July 2009),
suggesting that these fissures were permanently open to this depth.

6 Synthesis and conclusions

Geotechnical, geophysical and hydrogeological measurements were conducted to char-
acterize the role of fissures in water infiltration and their link to slip surfaces in a small
active landslide in the Trieves area. Three slip surfaces were detected at about 5m, 10m
to 15m, and at 42m (Figures5 and 6), in agreement with previous studies along a cross-
section 100m apart (Jongmans et al., 2009). Drilling results showed that two of these
slip surfaces are located in laminated clays, and other data suggest that it is probably
the case for the third one (Figure5). These observations highlight the role of silt lami-
nae in water infiltration, which was already underlined by Van Asch et al. (1996) in the
Trieves clay. Figure 12 synthesizes the main results obtained in this study along an E-W
oriented schematic cross-section showing the upper 15m of the slope. As shown by the
GPS measurements, the maximum superficial displacement occurred near to drillings D3
and D4 (Figure 7a), consistently with the casing breakage generated by the slip surface
at bm in D3. The presence and activity of this slip surface was also attested by the
casing deformation in D2 (Figure 6) and the low density, low shear strength, saturated
shear zone observed in D1 (Figure 5; Table 2). A second slip surface was evidenced in
drilling D2 at about 10m depth (Figure 6), where the casing was strongly deformed and
water flow was detected by the temperature logging. These observations suggest that slip
surfaces follow more permeable (silt) laminae or layers and constitute water paths.

The activity of these two shallow slip surfaces contributed to damage the sliding clay, as
shown by the low Vs values (250 m/s and 150 m/s on average; Figure 9) measured above
the 10 m surface and the 5m surface, respectively. Compared to similar experiments in
the same material (Jongmans et al., 2009), these values indicate a strong deformation of
the clay. The Vs image, along with the two down-hole experiments (Figure 9b), indicated
a deepening of the second slip surface to the East, which could be related with the
presence of two unrecovered (low mechanical quality) levels at 10m and 15m in drilling
D1 (Figure 5), suggesting a relay between two slip surfaces (Figure 12).

Hydrogeological results (TDR and pressure cell data; Figure 7), along with previ-
ously obtained permeability measurements (Giraud et al., 1991; Vuillermet et al., 1994;
Van Asch et al., 1996), showed that vertical preferential water paths are necessary to
explain the measured infiltration rates. Among the mapped tension fissures and scarps
(Figure 4), surface wave attenuation study pointed out that two of these structures (S4
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and T6; Figure 12) were open at the time of the experiments to a depth of about 2m
(Figure 11). Time-lapse ERT showed significant variations in resistivity with time below
the tension fissure T6 (Figure 10), resulting from water content changes and suggesting
that this fissure constitutes a preferential path for water.

These results highlight that fissures affecting the surface may reach, at least, the perched
water table at about 2.5m. Below this level, fissures are no more detectable by the
applied geophysical techniques. This probably results from the resolution decrease with
depth exhibited by the two geophysical techniques, along with the fissure thinning and the
weakness of the resistivity contrasts between the clay and water-filled fissures. However,
the whole set of data, including evidence of water flow in D2 at 10m, suggests that
this system of imbricated fissures drains to the slip surfaces at 5m and 10-15m. This
put forward the important role played by the fissure network at surface, as preferential
infiltration path down to shallow slip surfaces in the numerous clay landslides of the
Trieves area.
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Experiment Date Characteristics

Drilling D1 2007/10/02 to 2007/10/10 49 m deep coring

Drilling D4 2007/10/11 5 m deep coring

Drillings D2 and D3 2008/03/04 to 2008/03/10 20 m long drillings, with a casing sealed to the ground
Geomorphological mapping  2008/03/11 to 2008/03/13 GPS location of the main geomorphological markers
Downhole tests 2008/07/02 Measurements within D2 and D3

EP1 2008/07/31 64 electrodes, 1 m apart, in a Wenner configuration
EP2 2008/08/01 64 electrodes, 0.5 m apart, in a Wenner configuration
EP2 2008/08/29 64 electrodes, 0.5 m apart, in a Wenner configuration
GPS 2008/09/24 GPS measurements fo stations G1 to G9

SP 2009/01/14 24 geophones 2.5 m apart

Geomorphological mapping  2009/01/27 GPS location of the new geomorphological markers
EP2 2009/05/18 64 electrodes, 0.5 m apart, in a Wenner configuration
SP 2009/07/31 24 geophones 2.5 m apart

Logging in D2 and D3 2009/08/19 Caliper and temperature logging

GPS 2009/09/10 GPS measurements for stations G1 to G9

EP2 2009/12/12 64 electrodes, 0.5 m apart, in a Wenner configuration

Table 1: Dates and characteristics of the experiments. See text for details.

Depth (m) Unit Number of Bulk density w\;(;tleurngggtlgnt Porosity (%)  Void ratio
samples (%)

0-0.5 Top soil 1 1.57 27.3 36.5 0.57
05-25 Morainic colluvium 6 2.02(0.1) 39.85(7.38) 44.6 (2.4) 0.81(0.08)
25-18.5 Blocky clays 21 1.95(0.17)  39.41(7.5) 39.47 (7.72) 0.68 (0.2)
18.5-41  Slipped laminated clays 43 1.96 (0.17) 41.01 (4.22) 41.28 (4.15) 0.71(0.12)
43-49 In situ laminated clays 13 1.96 0.08) 39.18(2.96) 39.63(2.95) 0.66 (0.08)
5 Slip surface 1 2 1.74 (0.07) 48.19 (0.21) 48.2(0.2) 0.93(0.01)
42 Slip surface 2 2 2(0.01) 41.01 (0.76) 43 (2.06) 0.76 (0.06)

Table 2: Density and water content values (with standard deviation in parentheses) mea-
sured in borehole D1. Only one sample was available for the first 0.5m. See text for
details.
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Figure 1: Location of the study area and extension of the different Quaternary facies
(modified from Monjuvent, 1973). Coordinates are kilometric according to French system
Lambert-93. 1: Alluvial plain of the Drac and Isere rivers. 2: Wiirmian alluvial and
morainic deposits. 3: Morainic arcs (Wiirm II age). 4: Laminated clays (Wiirm II age).
5: Glaciolacustrine deltas. 6: Morainic arcs (Wiirm III age). 7: Present-day topography.
8: Study area. L.T.: Lake Trieves.
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Figure 2: Conceptual framework for water infiltration within slipped and fissured lami-
nated clays (modified from Van Asch et al., 1984; Nieuwenhuis, 1991; Vuillermet et al.,
1994). 1: Morainic colluvium. 2: Laminated clays. 3: Silty beds. 4: Sand beds. 5: Water
run-off. 6: Epidermic run-off. 7: Tension fissures. 8: Scars and scarps. 9: Slip surface.
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Figure 3: Geological and geomorphological context and location of the study site in the
regional geological framework. a) Geological map of the area (adapted from Debelmas,
1967). Morainic colluvium has not been reported. Coordinates are kilometric according to
French system Lambert-93. A: Avignonet landslide. H: Harmaliere landslide. b) LiDAR
DEM morphology. ¢) Geomorphological mapping of the main scarps of the Avignonet
landslide.
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Figure 4: Geomorphological mapping of the study site and location of the geophysical
measurements. a) Topographic map with location of scarps, tension fissures and hum-
mocky areas. G: GPS reference station and meteorological station. SP: seismic profile;
EP1 and EP2: electrical resistivity profile; D1 to D4: boreholes. S1 to S15: scarps (lo-
cation in Figure 4b); T6: tension fissure (location in Figure 4b). Black-filled rectangle
corresponds to SWC probes location. b) E-W cross-section of the site along GPS points
(location in Figure 4a) with position of main scarps (S) and tension fissures (T). G1 to
G9: GPS points.

21



=8 %,\ g Description | Recovery (%) | Gamma-ray (c/s) M.S. (105 S.1.) U.S.S. (kPa)
oE| 8E |3 20 60 100| 60 80 100 50 100 150 200,
- Morainic |
—L L[| colluvium__ |
6826 | 10 —J
672.6 | 20 —]
6626 | 30 —|
: Laminated
_ clays
652.6 | 40 —
. Slip
_ surface

Figure 5: Geotechnical log of borehole D1 (location in Figure 4a). M.S.: Magnetic
susceptibility. U.S.S.: Unconfined and undrained shear strength, where black dots stand
for measurement points.
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Figure 6: Acsoustic Borehole Imaging (ABI) and temperature logging in borehole D2
(location in Figure 4a).
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Figure 7: Ground and meteorological parameters of the study site over a one year and half
period. a) Displacement rates for GPS points G1 to G9 (location in Figure 4) between
september 2008 and september 2009; vertical and horizontal scales are in meter. b) SWC
derived from TDR measurements. Arrow indicates saturation value (44 %) at 3m depth.
c) Water table level for piezometers D1 and D4 (location in Figure 4b) and daily rainfall
time series. Black triangles indicate the dates of ERT measurements (profile EP2).
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Figure 8: Electrical resistivity tomography. Profiles were acquired with 64 electrodes
in a Wenner configuration. S: scarps; T: tension fissures. a) Profile EP1 conducted on
2008/07/31 (location in Figure 4a) with 1m electrode spacing. Absolute error is 3.4 %
after 3 iterations. b) Profile EP2 conducted on 2008/08/01 (location in Figure 4a) with
0.5 m electrode spacing. Absolute error is 4.8 % after 3 iterations. Water table level within
borehole D4 is indicated.
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Figure 9: S-wave velocity imaging along profile SP (location in Figure 4a). a) Seismo-
grams showing S-waves and Love surface waves. b) S-wave refraction tomography for 24
surface geophones and 12 sources regularly spread along the profile; RMS is 3.71 % after
8 iterations. Vs vertical profiles derived from down-hole tests in boreholes D2 and D3 are
superimposed.
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Figure 10: Electrical resistivity monitoring along profile EP2. a) Inverse resistivity sec-
tions at four times (2008/08/01, 2008/08/29, 2009/05/18, and 2009/12/10). Absolute
errors are 4.8 %, 4.7%, 3.9% and 4.2 % after 3 iterations, respectively. Resistivity values
measured in December 2009 were temperature-corrected. b) Resistivity ratios obtained
from the inversion of the data sets of 2008/08/29, 2009/05/18, and 2009/12/10, consid-
ering the initial data set of 2008/08/01 as a reference. Water table level within borehole
D4 is indicated.
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Figure 11: Geophysical characterisation of fractures using Rayleigh surface waves along
profile SP (location in Figure 4a). a) Normalized signals with P-waves and Rayleigh waves
for an offset shot at -20m. S: scarp; T: tension fissure (location of S4 and T6 in 4). b)
Experimental dispersion curve for an offset shot and a group of 13 geophones between 15
and 35m. The white dotted line stands for the trustworthy part of the fundamental mode
of the dispersion curve between 6 and 30 Hz. ¢) Attenuation of Rayleigh waves energy for
2 offset shots and 2 end shots at -20 and 0 m, respectively. S: scarp; T: tension fissure. d)
Spectral ratios of transmitted over incident surface waves frequency for a fissure located
at a distance of 21 m along profile SP (S4; location in Figure4). e) Spectral ratios of
transmitted over incident surface waves frequency for a fissure located at a distance of
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31m along profile SP (T6; location in Figure4).
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Figure 12: Synthetic model depicting the relationships between fissures, slip surfaces and
water infiltration in the Trieves area. 1: Morainic colluvium. 2: Blocky clays. 3: Tension
fissures and scarps (S4 and T6 are indicated). 4: Interpreted pattern of slip surfaces.
5: Water infiltration from the surface. 6: Water infiltration in the ground. 7: Water
table level. 8: S-wave velocity. DC: deformed casing. UL: Unrecovered level. D1 to D4:
Drillings.
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