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Landslide analysis is increasingly based on the combination of multiple information sources at different spatial
and temporal resolutions, spatial coverage, accuracy and acquired using various airborne and terrestrial plat-
forms and geomorphological, geophysical, and geotechnical methods. Morphological mapping and morpho-
structure characterization are preliminary steps to analyze the observed and future landslide distributions. The
objective of this work is to propose a morpho-structural model of an active landslide complex on the Normandy
coast (north-west France) by combining different data sources. The methodology associates field investigation
with interpretation of high-resolution topographic and geophysical images. The proposed morpho-structural
model highlights the division of the landslide into several morphological features. This division may explain
the spatial variability and temporal variability of the slope dynamics.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Assessment of landslide morpho-structures requires information on
the morphology, geometry and internal structure of the stable and un-
stable slopes (Malet et al., 2002; Quantin et al., 2004; van Westen,
2004; Bonnard, 2006; Travelletti et al., 2009, 2013; Crozier, 2010;
Travelletti and Malet, 2012). A morpho-structural model allows delin-
eation of the spatial extent of a landslide and is key information used
by local risk managers in France to prepare hazard maps (MATE/
METL, 1999). Field surveys and analyses of very-high resolution digital
elevation models (VHR DEMs; Jaboyedoff et al., 2010; Razak et al.,
2011) can be combined with historical information on landslide dis-
placement (e.g. results of benchmark surveys and aerial photographs
interpretation; McKean and Roering, 2004; Glenn et al., 2006; van den
Eeckhaut et al., 2007) and information on slope geometry and structure
from geotechnical and geophysical investigations (Grandjean et al.,
2006; Jongmans and Garambois, 2007). For landslides developed in
C. Lissak).
soft clayish sediments, seismic and geoelectrical surveys have been
widely used to image material layering and detect shear surfaces and
structural heterogeneities (Bichler et al., 2004; Grandjean and Sage,
2004; Grandjean et al., 2006; Naudet et al., 2008; Travelletti and Malet,
2012), although it remains difficult to investigate a very large landslide
(Chambers et al., 2011). Therefore, combining different data sources is
useful for characterizing a large landslide complex (Travelletti and
Malet, 2012).

The southern coast of England and the northern coast of France
along the English Channel (North Sea) are prone to landslides with
soft sedimentary rocks (Jurassic marls to Cretaceous chalks) andmarine
erosion at the foot of coastal cliffs (Hutchinson, 1991; Bromhead and
Ibsen, 2004; Jenkins et al., 2011). In Normandy, along the Pays-d'Auge
coast, the Cirque des Graves landslide has been reactivated in 1982.
Previous studies have demonstrated the complex dynamics of this
landslide, related to highly variable slope conditions and the pres-
ence of several chalk blocks and low resistance layers (Flageollet
and Helluin, 1987; Maquaire, 1990). The landslide also presents a
complex hummocky surface morphologywith scarps and horst–graben
structures.

The objective of this work is to integrate multi-source data to
formulate a morpho-structural model of the Cirque des Graves
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Fig. 1. Geomorphological setting of the Cirque des Graves landslide. (A) Topographic context with location of active landslides along the coast. (B) 3D view of the Cirque des
Graves landslide in 2006. (C) Geological cross-section after Flageollet (1989).
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landslide. The methodology, combining near-surface geophysical
methods, geotechnical drilling and morphologic observations, pro-
vides information on: (1) the present state of activity; (2) the main
petro-physical and geotechnical characteristics of the landslide ma-
terial; (3) the volume and geometry of each compartment of the
landslide.

2. Study area

Along the edge of the Pays d'Auge coast (north west of France;
Fig. 1), several landslides occur below 140 m a.s.l. (Lissak et al.,
2013a). These landslides are located on convex–concave slopes in
highly-urbanized areas. This work focuses on the Cirque des Graves
landslide (municipality of Villerville) which is the most active and
largest landslide in this region (47 ha in 2012) and is characterized
by the presence of composite rotational slides of N20 m thick
(Maquaire, 1990). Four main failure events (Lissak et al., 2014) ob-
served since 1982 have induced damages to buildings and traffic in-
frastructures (Fig. 2) and have affected the local economy (Lissak
et al., 2013a).
The landslide occurs in Jurassic sedimentary rocks with a strati-
graphic sequence, from the bottom to the top of: 10 m thick Oxfordian
sandstone plunging gently to the south-east (10–20%); 25 m thick
Kimmeridgian marl; 3 m thick Albian sand; and 50 m thick (at least)
Cenomanian chalk (Maquaire, 1990). The slope surface is partly covered
by weathered flint clay and periglacial slope deposits.

The slope was already unstable before the first recent major failure
of January 1982 (Flageollet andHelluin, 1987; Lissak et al., 2013b) as in-
dicated by the presence of high scarps (10–15 m high) (Fig. 2A). Three
other significant failure events occurred in February 1988, March 1995
and March 2001 (Fig. 2B). In addition to these major failures, average
surface displacement rates of 5–10 cm year−1 are observed in the land-
slide accumulation zone (Lissak et al., 2013b, 2014). As a consequence,
the resulting topography consists of multiple rotational slides with typ-
ical features such as open cracks, fresh scarps, small depressions,
counter-slopes and lobes at the toe.

The landslide is monitored since 1985 (Lissak et al., 2010). Prior to
this, field investigations focusing on the eastern part of the landslide
(Flageollet and Helluin, 1987; Maquaire, 1990) highlighted the role
of the displaced chalk blocks on landslide dynamics, and Maquaire



Fig. 2. Example of large scarps created by the 1982 and the 2001 failure events. (A) Example of a destroyed building in 1982. (B) Example of damages to the main road in 2001. (C) New
scarp created downhill of a building in 2001.
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(1990) proposed a geometrical model of the landslide along a cross-
section (Fig. 1C).

3. Methods and data sources

3.1. Methods

The methodology used to define the morpho-structure consists of
three steps (Fig. 3). First, we investigated the morphology of the slope
surface through aerial orthophotographs and airborne laser data
(Haneberg et al., 2009). Then we performed geotechnical drillings and
geophysical investigations (seismic and geoelectric acquisitions) along
selected cross-sections to characterize the landslide material layering
and identify discontinuities (Lissak, 2012). Finally, a morpho-structural
model of the slope is proposed by combining the geomorphological,
geotechnical, and geophysical models.

3.2. Data

3.2.1. Surface data from airborne and field surveys
To define and characterize the main morphological features

(e.g. major, secondary, minor scarps, active cracks, and counter-slopes),
Fig. 3.Methodology used for combining different sources of information and geomorpholog
we conducted 1) series of field surveys; 2) interpretation of aerial
orthophotographs (spatial resolution of 0.30 m) acquired in 2000, 2006,
and 2009; and 3) analysis of an airborne LiDAR-derived digital elevation
model (DEM) acquired in April 2010. The rootmean square error (RMSE)
was calculated for all geospatial data using 22 control pointsmeasured by
differential GNSS with a horizontal accuracy of 0.05 m (Kasser and Egels,
2001; Casson, 2002). The control points are easily identified on various
geospatial data (Hughes et al., 2005) and located on stable sectors
of the slope such as building and street corners, and intersections of
roads and pathways. The accuracy of the geometrical correction of
the geospatial data in terms of RMSE varies between 0.40 m (aerial
orthophotograph from 2006) and 0.98 m (aerial orthophotograph from
2000). In the field, morphological features were precisely located by dif-
ferential GNSS with an accuracy of 0.05 m. Many areas of the landslide,
however, could not be directly mapped because of a dense vegetation
cover.

An airborne LiDAR point cloud was acquired by the Helimap©
company in April 2010 when vegetation coverage was relatively
low, using a helicopter flying around 300 m above the ground. To ob-
tain a dense point cloud, seven flight lines approximately parallel to the
shore direction were acquired. The average density of the point cloud is
40 ± 15 pts m−2 before filtering vegetation, and 4 ± 2 pts m−2 after
ical, geotechnical and geophysical models to propose a morpho-structural slope model.
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Fig. 4. Hillshade of the slope morphology from a 0.5 m DEM from 2010 airborne LiDAR survey interpolation with locations of the studied cross-sections and boreholes.

Fig. 5. Examples of core-sampled and individual profile obtained for the SD4 borehole
using the Somerton Index. (A)Material layering and structure determined from sampling.
(B) Vertical profile of the Somerton index and interpretation of material layering. The
location of borehole is shown in Fig. 4.
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filtering. The filtered point cloudwas interpolated at a spatial resolution
of 0.5 m using the inverse distance weighted (IDW) method. The verti-
cal accuracy of the DEMwas determined as RMSE of elevation (Z) com-
pared with that measured by differential GNSS. In terrains without
forest, the average difference in Z is 0.04 m with an RMSE value of
0.01 m, according to the measurements at three ground control points.
In forested terrains, the comparisonwas carried out using a series of ten
ground controls points; the average difference in Z was 0.40 with an
RMSE value of 0.12 m after data filtering. Fig. 4 presents a hillshade
view of the airborne LiDAR DEM with the location of the investigated
cross-sections and boreholes.

3.2.2. Subsurface data from boreholes
Since 1978, 56 drillings (depths between 2 and 57 m) were carried

out. Their locations are presented in Fig. 4. Between 1978 and 2006,
36 drillings were performed and 11 were sampled. Between 2009 and
2011, 20 rotation and percussion drillings were performed and 11
were sampled. For all these new drillings, standard penetration tests
have been realized and for five drillings, drilling parameters were re-
corded such as the downthrust pressure (Po), the vertical progress
rate (Va), the rotation rate (Vr), and the retaining pressure (Pv). These
parameters are used to calculate the Somerton index (Somerton,
1959) to identify the nature and layering of the rock (da Fonseca and
Coelho, 2007) and to indirectly infer some mechanical properties
(Laudanski et al., 2012). An example of drilling records is shown in
Fig. 5.

3.2.3. Subsurface data from electrical resistivity and seismic tomographies
Cross-section P-6 (see Fig. 4 for the location) was investigated using

both electrical resistivity tomography (ERT) and seismic refraction to-
mography, while the other cross-sections were investigated only with
ERT. The locations of the slope-parallel and slope-perpendicular cross-
sections were selected to interrogate the boundaries of the landslide,
to cross several chalk blocks and are close to the wettest surface areas.
For ERT, a Wenner–Schlumberger configuration was used to measure
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Fig. 6. Slope morphology and geotechnical model along the cross-section P-6 in the eastern part of the Cirque des Graves landslide. (A) Geological cross-section interpreted from the
geotechnical drillings and the slope morphology. (B) Electrical resistivity model. (C) Seismic P-wave velocity model.
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the apparent resistivity and increase the depth resolution (Schrott and
Sass, 2008). The effectiveness of this configuration has already been
demonstrated in landslide research especially for highly heterogeneous
structures (Naudet et al., 2008; Jongmans et al., 2009). The acquisition
profiles have a length of 240 m, and are composed of 48 electrodes
each spaced 5 m apart. An IRIS-Syscal Junior resistivimeter (48 chan-
nels; accuracy of the electrical current measurement of 0.5%) was
used. The 2D sections of apparent resistivity (Fig. 6) were processed
using the least mean square method (Loke, 1999) with the RES2DINV
software, and RMSE values for the inverted resistivity were between
0.6% and 6.7% after three iterations.

The seismic tomography profile was over 280 m long and compris-
ing 134 (10-Hz) geophones at 2 m spacing. Detonating cord (100 g)
was used to perform 27 shots, 6 m away from the cross-sections. Seis-
mic tomography allows imaging of 2D structures of P-wave seismic
velocity. The quasi-Newton P-wave tomography inversion algorithm
developed by Gance et al. (2012) was used to invert the velocity fields.
The algorithm is based on the finite frequency assumption for highly
heterogeneous media, and considers an objective inversion regular-
ization based on the wave propagation principle. It uses the entire
source frequency spectrum to improve the tomography resolution.
The Fresnel wave paths calculated for different source frequencies
are used to retro-propagate the travel time residuals, assuming that
in highly heterogeneous media, the first arrivals are only affected
by the velocity anomalies present in the first Fresnel zone.
4. Results and discussion

4.1. Surface investigation: geomorphological model

The slope geometry was defined by combining the geomorphologi-
cal, geotechnical and geophysical models to characterize the morpho-
structural units in terms of presence, size and thickness of chalk blocks.

As shown in Fig. 7, the main morphological features characterizing
landslide activity were identified in the field and in the LiDAR DEM.
These features were classified into two categories according to the
type and depth of the processes. The first category includes features in
landslide source areas (types A to F) with major scarps related to
major failure events, secondary and minor scarps and also recent fis-
sures linked to seasonal displacements. The second category corre-
sponds to morphological features of the landslide deposition areas
(types G and H). These features are related to shallow mudflows at
the surface.

image of Fig.�6


Fig. 7.Morphological features characterizing the landslide activity, and associated field photographs and signatures in the LiDAR DEM. (A)Major scarps N5 m high, related to the intense
activity of the landslide. (B) Secondary scarps, 2–5m high, related to the last 30 year activity. (C) Minor scarps covered by vegetation and related to earlier activity. (D) Fissureswhich can
be easily hidden by the vegetation and slope deposits. (E) Counter-slopes. (F) Small depressions at the base of the major scarps, indicating a rotational component of the displacement.
(G) Mudflows deposits. (H) Shallow landslides occurring in the slope deposits at the toe of the landslide. Legend: (1) major scarp more than 5 m high, (2) secondary scarp between 2
and 5 m high, (3) minor scarp between 0.5 and 2 m high, (4) succession of major and moderate scarps, (5) open fracture, (6) counter-slope, (7) steep slope, (8) slope break, (9) shallow
slide, (10) mudflow, and (11) hummocky ground.

145C. Lissak et al. / Geomorphology 217 (2014) 140–151
The landslide geomorphological map is presented in Fig. 8. The spa-
tial distribution of the morphological features suggests that the land-
slide body can be divided into four distinct units. 1) The uphill and
western parts of the landslide are characterized by scarps of several
hundred meters in length and 5–10 m high, more or less parallel and
perpendicular to the slope direction. Most of these had already been
identified in historical documents before the main failure event of
1982 (Lissak et al., 2013b). 2) The eastern part of the landslide is charac-
terized by a very chaotic topography consisting of scarps, more abun-
dant than in the rest of the landslide but smaller in terms of height
and length. This part of the landslide was the area most affected by
the failure event in January 1982. 3) Another unit on the western side
is considered as the less active part of the landslide, and consists of a
hummocky terrain with no major scarps. 4) The fourth unit concerns
the landslide toe affected by slope dynamics different from those affect-
ing the upper units, with shallow slides and mudflows close to the
shoreline.
4.2. Subsurface investigation

4.2.1. Slope geometry and lithofacies
Drilling data from the last 30 years were reinterpreted according to

the description of the recent drillings. Five lithofacies were defined
based on the analysis of borehole sediments, measurement of the
Somerton index, and in-situ pressiometer tests. From the top to the bot-
tom, the lithofacies are:

(1) Superficial deposits composed of a mixture of weathered frag-
ments of the chalk formation. Weathered chalk and clay with
flint are present in a silty matrix of head units (sandy with
chalk pebbles; Journaux, 1971; Flageollet and Helluin, 1984,
1987). The thickness of these deposits varies from a few decime-
ters to several tens of meters.

(2) The Cenomanian chalk, widely weathered and fractured into dif-
ferent blocks of varying sizes. These elements, whose thickness
varies between 2.5 and 18.0 m, constitute the principal aquifer
with the underlying sandy formations. Small chalk blocks are
incorporated into a head formation, and the largest blocks are
covered by head and loess.

(3) The glauconitic sands at the base of the chalk, characterized by
high porosity and low cohesion. The thickness of the sands varies
on each side of the slope, between 1.0 and 20.0 m.

(4) The Kimmeridgianmarls, outcropping at the toe, and affected by
shallow mudflows. The marls are characterized by the presence
of thin clay layers (Hutchinson and Bromhead, 2002; McInnes,
2005).

The forth unit is underlain by Oxfordian sandy limestone and sand-
stone that constitute the flat rocky reef.

image of Fig.�7


Fig. 8. Geomorphological map of the landslide representing the slope features observed in 2010.
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The shear surfaces are identified inmost of the boreholes, and are lo-
cated in the Kimmeridgian marls at depths of ca. 5 m at the downhill
sectors and 18 to 23 m at the uphill sectors. The area is also affected
by superficial deformation as indicated by additional shear surfaces in
some boreholes such as in I5 (Fig. 4) where two shear surfaces have
been detected at 7 and 12 m depths in the silty–clay material.

4.2.2. Geophysical structure
Interpretation of the electrical and seismic tomography is based on:

(1) abrupt vertical and horizontal changes of apparent resistivity and
P-wave velocity; (2) identification of discontinuities in the borehole
logs; and (3) record of drilling parameters. Within the landslide, the
Fig. 9. Proposed resistivity model of the Cirque des Grave
apparent resistivity values are between 10 and 500 Ωm. In a vertical
plane, significant changes can be observed in relation to the petro-
physical properties categorized using the Somerton index (Fig. 6).
Fig. 9 illustrates the spatial distribution of the resistivity, with signif-
icant contrast between the eastern and western sectors. The eastern
sector, especially its uphill part, is characterized by low resistivity
values, while the western part is characterized by higher resistivity
values associated with the presence of chalk blocks.

A resistivity model in three units is proposed (Table 1). The first unit
(C) corresponds to the highest resistivity values between 100 and
500 Ωm. These values are associated with the chalk formation which
has different degrees of porosity and water content. This unit consists
s landslide (A), and focus on profiles P-1 and P-2 (B).
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Table 1
Interpretation of apparent resistivity and seismic P-wave velocity at the location of the
SD4 borehole.

Depth (m) Resistivity (Ωm) Lithofacies

0–5 100–500 Weathered chalk/surficial formation/
unsaturated material

60–100 Silty material surrounding the chalk blocks
5–10 b60 Saturated material, sand

Depth (m) P-wave velocity (ms) Lithofacies

0–5 200–600 Weathered chalk/surficial formation/
unsaturated material

5–10 600–1200 Saturated material, sand
10–20 1200–1800 Saturated clay material,
N20 1800–2000 Marl

N2000 Sandstone
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of a combination of competent chalk or weathered chalk (WC). As
can be observed on Profile P-6 (Fig. 6), the main chalk blocks are eas-
ily differentiated from the surrounding materials. Fig. 9B highlights
the boundaries between the chalk blocks surrounding high conduc-
tivity materials and/or saturated layers. The second unit (SD), with
resistivity values between 60 and 100 Ωm, corresponds to the silty
material surrounding the chalk blocks, and consists of a combination
of weathered chalk and the glauconitic sands. The third unit (S), with
resistivity values less than 60Ωm, corresponds to the saturated glau-
conitic sand and marls.

The seismic tomography highlights a heterogeneous slope structure,
characterized by vertical organization of the P-wave velocity, increasing
with depth from 150 to 2500 m s−1. Longitudinal organization of the
P-wave velocity (Fig. 10) coincides with the series of scarps observed at
the slope surface. A seismic model in four units is proposed, and can be
associated with the lithofacies (Fig. 10). The first unit, with P-wave
velocity values between 200 and 400 m s−1, corresponds to surficial
deposits a few meters thick. The second unit, with P-wave velocity
values between 600 and 1600 m s−1, gradually increasing with depth,
corresponds to the chalk block and to the glauconitic sands. The third
Fig. 10. Proposed seismic P-wave velocity model of the northern
unit, with P-wave velocity values between 1600 and 2200m s−1, corre-
sponds to the marls. The fourth unit, with P-wave velocity greater than
2200 m s−1, corresponds to the sandstone bedrock. The observed
values of P-wave velocity are similar to those identified in the literature
for similar landslidematerials (Mauritsch et al., 2000; Glade et al., 2005;
Grandjean et al., 2006).

4.3. Morpho-structural model of the slope geometry

The integration of all available information allows proposing a
morpho-structural model of the unstable slope. A morpho-structural
map is presented in Fig. 11 and further interpretative cross-sections
are detailed in Fig. 12.

The geomorphological map (Fig. 8) allows division of the landslides
into 136morpho-structural units according to morphological and topo-
graphical criteria (Fig. 11). The surface limits are defined according to
the observed morphological features (Fig. 7). The limits in depth are
determined from borehole information, the resistivity model, and incli-
nometer data. We further consider that the size and distribution of the
morpho-structural units along the slope control the observed spatial
variability in the surface displacement. A certainty index (varying
from 1 to 3) is used to estimate the presence of a chalk block for each
morpho-structural unit. The criteria used to define the index are
presented in Table 2.

The high (3) andmoderate (2) certainty values are attributed to 113
units, while a low (1) certainty value is attributed to 23 units. The size of
chalk blocks (e.g. expressed in terms of surface) varies between 100 and
32,000 m2 with a median of 1496 m2; the majority of the blocks have
sizes less than 3000 m2.

A spatial pattern of the units can be observed in terms of thickness
from east to west and from uphill to downhill (Fig. 11). A decrease in
thickness is observed fromuphill to downhill because of the progressive
fragmentation of the material toward the toe. In the upper region,
blocks aremore than 10m thick according to the geotechnical, geophys-
ical, and geomorphological observations along the scarps. Further
downhill, the chalk blocks are thinner (b5 m thick). In the western
area, large and deep blocks more or less parallel to the coastline are
part of the Cirque des Graves landslide (cross-section P-6).
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Fig. 11. Morpho-structural model of the Cirques des Graves landslide, and proposed delineation of sub-units corresponding to the chalk blocks.
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observed, and underlined by a steep topographywith high scarps (5–15
m height) delimiting slightly tilted large components (10,000–23,000
m2). Themost active part in the east is characterized by a chaotic topog-
raphy with numerous fragmented units (200–5000 m2) delineated by
scarps of moderate heights (3–10m). The toe of the landslide is a single
morpho-structural unit affected by shallow slides andmudflows. In this
unit, the slope material consists of small blocks of highly weathered
chalk materials embedded in a silty–clay matrix (Fig. 11).

Interpretation of the cross-sections (Fig. 12) clearly demonstrates the
complexity of the landslide geometry. The principal shear surface is lim-
ited in depth by the sandstone bedrock. Succession of scarps along all
the cross-sections suggests the presence of several nested chalk blocks,
which are progressivelymore fragmented downhill (Fig. 12).Most blocks
are tilted and overlay the glauconitic sands. From one unit to another, or
within a same unit, the sand layer thickness varies between 0 and 10 m.
4.4. Volume estimates for the morpho-structural units

The theoretical maximum volume of each morpho-structural unit is
estimated using the sloping local base level (SLBL)method. Thismethod
delineates the potential erodible volume by assuming that all undercut
slopes are unstable (Jaboyedoff et al., 2004, 2009; Travelletti et al.,
2010). The surface above which the slope material can be eroded by
landsliding is determined by following a routine using the elevation of
several points of a DEM,which are replaced by themean value of the al-
titude of its neighbors (Jaboyedoff et al., 2004). In soft-sediment slopes,
this baseline, which corresponds to a potential shear surface, can be
curved. The baseline surfaces have been calculated along eight cross-
sections by defining a number of invariant points at the slope surface
(e.g. position of the shoreline at the toe, main scarp uphill) and in
depth (e.g. position of the shear surfaces measured in the inclinome-
ters). The results are shown in Fig. 13. The topography observed in
2010 is used as the initial surface geometry, and a new topography is
constructed iteratively by removing the consecutive units from the
base to the top of the slope for an average of seven distinct units per
cross-section; a baseline surface has been calculated for each unit re-
moved. As the landslide is affected by a retrogressive evolution pattern,
the successive removal of units allows the estimation of the potential
slope profile in the case of failure. To define a curved shear surface in
agreement with the inclinometer data (between 5.5 and 22.5 m
deep), three or four tests were required for the eight cross-sections
according to the interpolation parameters (curvature tolerance and
maximum thickness of the slip surface). Along one cross-section, no
multiple baselines can be calculated; if seven units are defined, seven
baselines are progressively calculated, and each is dependent on the
previous baseline. At least 12 baseline surfaces can be calculated for
each cross-section. Using this procedure, the total volume of the land-
slide is estimated to be 3.0 × 107 m3, while the volume of each unit
varies between 4000 and400,000m3 (Fig. 13), with smaller units occur-
ring at the toe and the eastern part of the landslide.
5. Conclusion

The objective of this work was to propose a morpho-structural
model and estimate the volume of the Cirque des Graves landslide
from the integration of multi-source surface and sub-surface data. The
data available for this site are numerous and of variable quality which
should be checked before integration into a geometrical model. While
preliminary investigations focused only on the eastern part of the land-
slide, recent investigations allow us to extend the knowledge to the en-
tire slope structure. The integration of seismic and electrical tomography
information with geotechnical investigations allows interpolation of a
four-layer geological model of the landslide. In addition, by combining
surface and sub-surface data, the landslide body can be sub-divided
into several units. Each compartment is delineated according to both
surface morphological features and geophysical depth information.
The presence of chalk blocks is demonstrated, and their properties
(size, thickness, and volume) can be associated with different dynamics
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Fig. 12. Cross-sections of the morpho-structural model for the Cirque des Graves landslide (location shown in Fig. 11). (A) Cross-section of the eastern part of the landslide where chalk
block thickness decreases because of proximity to the valley. (B and C) Sections though the areamost affectedduring the last 30 years,where chalk blocks havebeen significantlymodified.
The smaller width and thickness of the blocks reflect the significant landslide activity in this part. (D) Cross-section of the central part of the landslide, where landslide displacement was
relatively small. Themorphology of this area is characterized by high and wide scarps with thick and nested chalk blocks. The bottom of the section is affected bymudflows, where small
and highly weathered chalk blocks are mixed with silty–clay material.
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of the slope and spatio-temporal variability of the displacement rates. A
decrease in thickness of the chalkmaterial is observed uphill to downhill
to the progressive sliding and fragmentation of the material. While the
less active western area is characterized by large, deep, and tilted
units, the eastern part is characterized by a chaotic topographywith nu-
merous fragmented units. To specify the landslide geometry, the theo-
retical maximum volume of each morpho-structural unit has been
estimated using the SLBLmethod. The total volume of landslidematerial
is estimated to be 3.0 × 107 m3. To improve the results of this investiga-
tion, 3D geographic data could be implemented to construct an accurate
3D geometrical model, which would complement a geotechnical model
Table 2
Certainty index assigned to justify the presence of a chalk block.

Index value Number of criteria

1 — low certainty b2

2 — moderate certainty ≥2

3 — high certainty N3
to enable analysis of the slope failure initiation and models for post-
failure landslide analysis.
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Fig. 13. 2D and 3D representations of potential failure surface depthwith the use of the SLBLmethod. (A)DEMwith location of the selected profiles for SLBL calibration and the delineation
of one of the compartments (step 0 of the SLBL). (B) DEMwith two compartments removed (step 3). (C) DEMwith all compartments removed (final step). (D) Profile D with location of
multiple baselines calculated using inclinometer data. (E) Profile E with location ofmultiple baselines calculated using inclinometer data. (F) Profile E with the finale topography. The final
topography corresponds to the shear surface that is visible after the removal of all compartments.
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