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Abstract

The Pays d'Auge (Normandy, France) is impacted by large deep-seated landslides along its coastline. The largest
of these landslides, the “Cirque des Graves”, has been studied since the 1980s because of significant stakes in the
active zone. To characterize the hydromechanical functioning of the central part of the cirque, which is the most
active part and includes the majority of the issues at stake, we performed new investigations that complement
prior studies. Through the joint use of high-resolution geophysics (seismic refraction and ERT) coupled with
geotechnical knowledge, a geometric model was highlighted on a large profile. Then, the mechanical behavior
and slope stability were assessed by finite-difference numerical modeling (FDM) with FLAC2D®. To calibrate
the model, a back-analysis was first realized on an eastern profile, for which the geometry and slip surfaces were
identified by field surveys. The agreement of the model results on the eastern profile constrained by inclinometry
enables a transposition of the geomechanical parameters on the central profile to assess its functioning and to
locate the areas subject to mechanical weaknesses. A translational movement was revealed at the upstream end
of the landslide, as well as nested roto-translational envelopes in the downstream two-thirds of the landslide.
These results allowed robust assumptions with regard to the location of the slip surfaces and the zones undergo-
ing stress-strain. The influence of groundwater was also assessed and discussed with respect to the overall slope

stability. This study demonstrates the pros and cons of conventional finite difference modeling, as well as of
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back-analysis by parametric transposition. The benefits of the joint use of geophysical methods and numerical

modeling were also highlighted and discussed.

Keywords: landslide, geophysics, numerical modeling, Mohr-Coulomb, hydromechanics

1. Introduction

Deep landslides usually occur in complex lithological structures, with long-term kinematic and multiple trigger-
ing factors (Hungr et al., 2014; Malamud et al., 2004; Shi et al., 2020). Understanding their internal structure and
hydromechanical behavior is essential to understand their dynamics (velocity, rate of evolution, subsurface

flows, etc.) and to better manage hazards.

For this purpose, geophysical methods are powerful in revealing the stratigraphic complexity and saturation of
formations (Caris and Van Asch, 1991). Among classical geophysical methods, electrical resistivity tomography
(ERT) and seismic refraction are among the most widespread for the study of gravitational hazards (Grandjean et
al., 2006; Jongmans and Garambois, 2007; Meric et al., 2005; Whiteley et al., 2019). They are frequently used

together due to the limitations of each approach (Chen et al., 2019; Coulouma et al., 2012; Pazzi et al., 2019).

These methods are easy to implement but require in situ data and sufficiently good knowledge of the geological
context to interpret the results (Gilli et al., 2008). In particular, empirical data (borehole logs, piezometry, incli-
nometry, etc.) provide reliable information on the structure and hydrology of the slope (Perrone et al., 2014).
Relationships can then be found between geophysical data and geotechnical slope parameters (resistivity and

seismic velocity) to help with interpretation (Denchik et al., 2019).

When the knowledge is sufficiently good to propose a complete functioning model of a landslide, stability as-
sessment can be undertaken by calculating the limit equilibrium of the slope. In geoengineering, stability is
commonly expressed by a factor of safety (FoS) calculation for different potential failure mechanisms (Duncan,
1996; Malet et al., 2005). This coefficient is defined as the ratio of the shear strength of the terrain to the stress it
undergoes (Maquaire, 1990; Michalowski, 2002; Zhang et al., 2013). Stability calculations and stress-strain state
can be performed using two- or three-dimensional numerical models (Berthaud et al., 2018; Plumelle et al.,

2013).
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Among others, limit equilibrium (LEM), finite element (FEM), finite difference (FDM) and discrete element
(DEM) methods are widely used for the understanding and management of landslides (Brideau et al., 2006; Chen
and Yuan, 2012; Dawson et al., 1999; Duncan, 1996; Li and Wang, 2020; Liu et al., 2020; Lu et al., 2014; Shen
et al., 2012; Tang et al., 2009; van Asch et al., 2007). These models are classical models in operational engineer-
ing and in the framework of geotechnical, civil engineering or even mining engineering expertise. An elasto-
plastic approach is generally used, considering a plastic limit condition (Mohr-Coulomb criterion) and a plastic
strain localization condition (Lignon et al., 2009; Rice, 1976). Mohr-Coulomb criterion allows us to assess shear
failure mechanisms considering the parameters of the internal friction angle ¢’ and associated effective cohesion
C' (Arthur et al., 1977). In addition, it is considered suitable for studying the porous and plastic behavior of clays

(Krabbenhgft et al., 2008).

However, deep landslides with complicated structures sometimes remain difficult to grasp using classical model-
ing methods due to their complex kinematics and hydrological features (Cambou et al., 2019; Lignon et al.,
2009; Mergili et al., 2014). This type of landslide is frequently studied internationally (Deiana et al., 2020; Van
Den Eeckhaut et al., 2009; Zézere et al., 2005; Zhang et al., 2017), which raises the question of the relevance of
using such models in engineering for this type of gravitational phenomenon. This is a central issue because the
characterization of their hydromechanical behavior is crucial for better management of areas prone to hazards

(Lollino et al., 2014).

Based on these considerations, this article focuses on the identification of the hydromechanical behavior of a
large landslide, the Cirque des Graves (Normandy, France). A multimethod approach based on geophysics and
geotechnical modeling is implemented on this landslide, which has been instrumented for several decades. Finite
difference modeling (FDM) is used to understand the main physical processes, and its pros and cons are dis-
cussed. The modeling software FLAC®O is chosen because of its capability to assess stress-strain fields and to

determine the slip surface without prior knowledge.

By using interdisciplinary and complementary methods, this work aims to provide answers to the following
questions: How far can we go in the assessment of a complex slope with the classical FDM method? Can shear
surfaces be reproduced in a complex environment? Can the sensitivity of the slope to water be reliably deter-
mined? Finally, can good empirical knowledge compensate for the possible shortcomings of the model in the

determination of hydromechanical behavior?
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A back-analysis was first performed on a well-constrained profile located east of the landslide (calibration pro-
file, figure 1B), for which the slip surface was numerically reproduced. Once the geomechanical parameters are
calibrated, transposition is carried out on the median part of the landslide. This area is known to be hydrological-
ly and kinematically very sensitive (Thirard et al., 2020). In contrast, the transposition profile is not structurally
constrained. To gain better insight into its structure and geometry, new geophysical acquisitions were carried
out. The results of geophysical interpretations complete the available field data and are compared with the results
of the numerical models, allowing strong assumptions regarding the hydromechanical functioning of this specific

part of the landslide.

2. Description of the study site

The Cirque des Graves is a coastal landslide located along the English Channel at the northern limit of Pays
d'Auge in Normandy (Figure 1). The Pays d'Auge is at the junction of an ancient crystalline massif to the west
(Armorican Massif) and a more recent sedimentary basin to the east (Parisian Basin) (Elhai, 1963). This location
induced carbonate and terrigenous sedimentary alternations, which explain the complex stratigraphy. The re-

gional dip is 1°E.

N

@ Villerville

Channel

English
Channel

o Active landslide limit
s Active CIiff

/l r ‘ # % Sea defense facility
¢5) i [ Pays d'’Auge Plateau ™ Border of the Plateau v 30 Spotheight
Il 2 Plateau slope 7 Active Cliff @D Eastern profile
) \ (calibration)
e’ o [ Landslide /" Road
==es ke I . ) N ... Central profile
Trouvill i Building 30 Spot height (transposition)

Figure 1- Location of the study site. (A) Location of the unstable zones on the northern edge of the Plateau d'Auge and the
Cirque des Graves, (B) area of the Cirque des Graves landslide and location of the geophysical investigation transect in the

median part of the unstable zone.

The Jurassic formations are characterized by marl and limestone deposits (Dugué, 1991; Elhai, 1963). At the

bottom, the Hennequeville limestone (early Oxfordian) is the lower limit of the landslide (Flageollet and Helluin,

Page 4/46



103

104

105
106

107
108
109

110
111
112
113
114

115
116
117
118
119
120
121

122
123
124
125
126
127

128

1987; Maquaire, 1990). The Hennequeville Formation is overlain by marl and clay formations from the late

Oxfordian and Kimmeridgian.

Above, the Cretaceous formations are discordant and mainly composed of ferruginous and glauconitic Albian

sands. Then, Cenomanian chalk is found, with a heterogeneous state of weathering (Figure 2).

At the edge of the plateau, the chalk splits into slabs of varying size through dissolution and fracturing. Between
these slabs are located surficial formations or "heads" (Maquaire, 1990). They consist of a mixture of colluvium,

loess and chalk decalcification products (i.e., clay-with-flints) (Lissak, 2012; Maquaire, 1990).

The alternation between loose and coherent layers with various degrees of weathering has favored the triggering
of landslides. At the edge of the Plateau d'Auge, there are four large landslides that were initiated at the end of
the Weichselian period (Elhai, 1963; Journaux, 1971). The Cirque des Graves is the most extensive of these
landslides, with an area of 47 ha. Because of permanent marine erosion at the foot of the slope, stability cannot

be reached (Flageollet, 1992).

This landslide is deep with multiple slip surfaces and is subject to retrogressive dynamics (Journaux, 1971; Lis-
sak, 2012; Maquaire, 1990). In the last 30 years, scientific research has proven hydrological control and a direct
link between water table levels and extreme or seasonal movements (Bogaard et al., 2013; Lissak et al., 2014a;
Magquaire, 1990). Topographic readjustments have occurred as a result of piezometric variations in the chalk
aquifer, with more sudden accelerations, such as in 1982, 1988, 1995 and 2001 (Lissak, 2012). Previous studies
have shown that these violent movements were related to the development of deep slip surfaces in the Kim-

meridgian and Oxfordian layers (Maquaire, 1990).

The functioning of the eastern part of the Cirque was also better constrained, as it had major infrastructure until
the 1990s (Flageollet and Helluin, 1987; Lissak, 2012; Maquaire, 2000, 1990; Pareyn et al., 1982). The former
developments in this eastern part, consisting mainly of individual dwellings and a campsite, were gradually re-
moved due to land instability. Currently, this area is a park for recreational use only, and no infrastructure is
currently inhabited. Geotechnical and geophysical surveys have also been conducted on other areas of the land-

slide, but they were more widespread (Lissak et al., 2014b).
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130 Figure 2- Lithostratigraphic section and associated aquifer potential on the plateau in the vicinity of Villerville (modified
131 from Sinelle, 1989). Deep-seated landslide surfaces are typically developed in formations with low aquifer potential in Juras-

132 sic deposits (Kimmeridgian/Oxfordian).

133 More recent research showed that the central part of the landslide, which now concentrates the most economic
134 and human issues, is also the most active zone from a kinematic and hydrodynamic perspective (Thirard et al.,
135 2020). This research has revealed a major interest on this central part for several reasons : 1- this area is the fur-
136 thest back from the unstable zone; 2- this area is the most active of the landslide; 3- it is subject to a preferential
137 discharge of the continental water table upstream; 4- there is resurgences at the mid-slope and at the bottom of
138 the slope; 5- this area is affected by marl flows downstream (Figure 3c); and 6- this area has strategic, economic

139 and human issues (housing, tourist road, and networks).
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Figure 3- Morphology of the investigated profile. The brown dashed line symbolizes the profile alignment.

(a) Multiple collapses of RD513 upstream of the landslide; (b) slope/counterslope morphology (arrows) below a dwelling

with the presence of a drainage network in the thalweg; and (c) marl-clay chaotic bedding at the foot of the slope.

In this part of the Cirque, the impact of landslide activity is noticeable on facilities, particularly on the tourist
road located upstream of the active part of the slide (RD513), which requires frequent restoration (Figure 3a).
Several residential buildings are also located there, some of which show damages (cracks, tilting of the building,

etc.), which induces human issues beyond the material aspect.

3. Material, methods and model calibration

After presenting the main features of the landslide and associated issues, this section aims to present the multi-

disciplinary methodology implemented.

Several preliminary steps are necessary before being able to evaluate hydromechanical functioning (Figure 4).
First, a geotechnical synthesis allows the establishment of realistic values for each formation. These values then
enable parameterization of the back-analysis profile (eastern cross-section), for which the geometry of the for-
mations and slip surfaces are known. Once these two preliminary steps are completed, the geomechanical values

retained are transposed to the central cross-section investigated.

ERT and seismic refraction surveys are then carried out on this second profile. After inversion and interpretation,
this aims to provide information for establishing a new geometric model. Finally, this new model and the geo-
mechanical parameters retained on the eastern profile enable the achievement of the numerical model by FDM
on the transposition profile in the central part. The methodological choices and the techniques used are described

below.
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Figure 4- Methodology of the study.
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The definition of the possible ranges of the different geomechanical parameters is the first step for the setting of

numerical models. A series of geotechnical studies are carried out in the context of development work, opera-

tional geotechnical studies and scientific research.

The geomechanical and hydraulic values from laboratory tests identified in geotechnical reports are summarized

in table 1, which aims to highlight the ranges of characteristic values for each geological layer.

Table 1- Summary of the main characteristics of the materials found in the Cirque des Graves.

|
Parameter Sym- Uni Surficial Chalk Glauconitic Undisturbed Disturbed
bol Iy formation (1) +/- weathered (2) Sand (3) Clay-marl (4) 1 Clay-marl (5)
1
No. of sampl. 5 = 25 41 13 28 17
- - - Min Max Min Max Min Max Min Max | Min Max
ST Ksat | m/s-1 | 1.5B-8 | 2.0B-7 2.0E-7 1.2B-4 1.5E-7 1884 | 5789 | 7588 1 1487 2.7E-6
conductivity 1
Natural Water o % 236 52,0 16.5 373 213 389 18 30 4 18 40
content
Angle of friction [y © 15 25 19 36 295 35 15 26 1 7 19
Cohesion C KkPa 0 7 10 60 0 6.5 10 22 , 0 30
L]
et viliz: psat | kg/m? 1530 1980 1500 2400 1271 2000 1800 2040 1800 1880
metric weight I
fv’gg;":’“’"“’ 1 pd | ke/md 1210 1590 940 1750 955 1650 1485 1672 1 1380 1500
Liquid limit LL % 41 68 73% 5 5 50 o2 | 89*
Plastic limit LP % 23 46.5 43% - - 31 55 | 38%
Plasticity index P - 15 27 30* - - 17 37, 51*
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| Methytene biue [ vb [ - 1] - | - | 4.4% | - [ - | 1 [ 78 T

174 * Unique laboratory test

175 (1) (Bergin, 1972a, 1972b; Hydrogeotechnique, 2006a; IMSRN, 2005; Prunet, 2001)

176 (2) (Bergin, 1972a, 1972b; Evrard and Sinelle, 1980; Hydrogeotechnique, 2007, 2006a, 2006b; Lissak, 2012; Unisol, 2009)
177 (3) (Bergin, 1972b; Fressard, 2013; Lissak, 2012; Unisol, 2009)

178 (4) (Fressard, 2013; Hydrogeotechnique, 2006b, 2006a; IMSRN, 2005; Maquaire, 1990)

179 (5) (Bergin, 1972a; CETE, 1978; Lissak, 2012; Maquaire, 1990)

180 The number of tests carried out is uneven but remains sufficient to define representative ranges of values. A total
181 of 124 laboratory tests are identified (all methods combined), including 45 for marl-clay materials. The Henne-
182 queville limestone cannot be characterized, which is not an issue because this layer is very cohesive and not

183 affected by the landslide (Maquaire, 1990).

184 The results of the shear tests carried out show classical plastic behavior for most formations, particularly for
185 clays and marls. Most materials in the Cirque des Graves have a friction angle range from 20 to 25° for peak
186 values under drained conditions. Only the Albian sands show more frictional behavior (29.5-35°) and nearly nil
187 cohesion (0-6.5 kPa). In general, the cohesion shows low values (< 10 kPa), except for the chalk (10-60 kPa)

188 and sound marl-clay (10-122 kPa).

189 The properties of clay marls are progressively reduced by reactivations along the slip surface (Maquaire, 1990).
190 This behavior is crucial because it favors reactivations along existing envelopes. Alternating and long-term shear
191 tests clearly show a decrease in the residual effective cohesion and friction angle (C'ress 'res) after prolonged load-
192 ing (Figure 5). The median cohesion decreases sharply from 66 to 6 kPa. At the same time, the mean friction
193 angle is lowered by approximately 10° from 20.4 to 11.6°. This behavior is common for this type of material
194 (Alonso and Pinyol, 2015; Hutchinson et al., 1973; Maquaire, 1990), but this downgrade in mechanical proper-

195  ties should be considered in the model settings.
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Figure 5 - Evolution of the cohesion and friction angle of clayey marly formations for direct simple shear tests (green box-

plot) and for long-term alternating tests for residual values (blue boxplot).

The parameters resulting from this synthesis are relevant to the determination of the material's plasticity criteria,
in particular those involved in Mohr-Coulomb theory. Beyond the plastic behavior, the elasticity is generally
considered by FDM through the joint use of bulk and shear modulus. An alternative input is also possible by
using the elastic modulus (or Young modulus) and Poisson ratio. In our case, the elastic properties are not char-
acterized by laboratory tests. The values are therefore approximated using those proposed for similar materials in
the software database. This allows us to approximate the behavior of the materials while using realistic plastic

characteristics for each lithology. The chosen values are presented in table 4.

3.2. Back-analysis on the eastern profile

3.2.1. Prior knowledge and lithological modeling

Once the parameter ranges are assessed, then it is possible to numerically attempt to reproduce the eastern profile

to calibrate the model parameters for the central profile.

The slip surfaces were already characterized in the eastern part of the cirque along a profile using three incli-
nometers (Maquaire, 1990). These devices reach down to the Hennequeville limestone bedrock and are located

upstream, center and downstream of the slope (Figure 6). This enables us to constrain the deep surface of the
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landslide along the entire length of the slope at depths varying from -23 m upstream to -14.5 m downstream
(Figure 6). The shape of the envelope, although constrained at these three inclinometers, is not known with cer-
tainty. It may have a more or less curvilinear or flat tendency depending on the hypotheses considered or even a

complex geometry with successive interlocking (Flageollet and Helluin, 1987; Maquaire, 1990).

The boreholes drilled to install the inclinometers allow us to determine the lithology of the profile. A geometric
model was initially proposed by Maquaire (1990) based on these implementations. This initial geometry was

then refined by means of electrical tomography surveys and by additional boreholes installed between 1990 and

2012 (Lissak, 2012).

Elevation (m)

English Channel

75 100 125 150 175 200 225 250 375 300 325 350 375 400 425 450 475 500

Distance (m)
3 DEPE- TN  DESANiE

Figure 6- Geometric model interpreted from the work of Maquaire (1990) and Lissak (2012) for the Parc des Graves profile.

Legend: (1) limestone; (2) marl/clay; (3) glauconitic sand; (4) chalk; (5) weathered/decalcified chalk; (6) surficial and infill

formations; (7) inclinometer and characterized rupture; and (8) piezometer.

Thanks to the geometric model and a constrained deep slip surface at several points, a back-analysis can be per-
formed on the geomechanical parameters. This method is proven and frequently used for the calibration of nu-
merical models (Deschamps and Yankey, 2006; Zhang et al., 2013). It needs some empirical knowledge to be

reliable (Hiirlimann, 2000; Malet, 2003; Tang et al., 1999), which is the case here.

3.2.2. Numerical modeling with FLAC®

Modeling is realized with FLAC® (Fast Lagrangian Analysis of Continua) (Cundall et al., 1993; Itasca, 2019)

version 8.1, which uses the explicit finite difference method and enables the derivation of equations in the com-
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pletion of variables (Itasca, 2019) and allows the stress-strain fields and the associated displacements to be calcu-
lated for each node of the mesh. It has the advantage of estimating the areas subjected to compression, tension or
shear at each iteration and at each node of the model. This software is proven for the assessment of landslide
phenomena (Chen and Yuan, 2012; Dawson et al., 1999; Floris and Bozzano, 2008; Shen et al., 2012; Xu et al.,
2014; Zhou et al., 2013). FLAC® uses the strength reduction method (SRM) based on the iterative reduction of

cohesion and friction angle until the state of limit equilibrium is obtained (Dawson et al., 1999; Itasca, 2019).

A five-layer model is realized to numerically reproduce the slip surface characterized by inclinometry. This
model incorporates a discretization of the different chalk slabs (Figure 7) and allows us to characterize the zones
prone to stress that may affect the formations surrounding the blocks, in particular the surficial formations and
sands, which are responsible for readjustments and tilting of chalk slabs. It also allows the identification of pos-

sible secondary mechanical weaknesses.

Surficial formations
Chalk

Sand

Clay/marls
Sandstone

60

40

20

100 200 500

Figure 7- Geometry of the mesh in five classes for the eastern profile of the Cirque des Graves (calibration profile) produced

with FLAC®.

The two-dimensional primary elements of FLAC® are quadrilaterals with four nodes. The size of the mesh
formed by these nodes is strategic because it attempts to find the optimum between the calculation time and
targeted result (Touitou, 2002). After several tests, a regular cell size of 1 m is applied to the entire model, which
allows us to consider the thinness of some layers (sands and surficial formations) while maintaining a reasonable

calculation time for each run.

Since the mode of failure by shearing is attested in the landslide, Mohr-Coulomb criterion is suitable. The values
retained for clays and marls are those of residual tests (@ 'vs/ C'rs) to take into account the erosion of the materi-
als by successive reactivation of the slip surface (Flageollet and Helluin, 1984; Maquaire, 1990; Maquaire and
Gigot, 1988). As the landslide is continuously active throughout the year, the residual values are considered

relevant.
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Due to the heterogeneity of the chalk in regard to the weathering and the fissural network, the geomechanical
characteristics are reinforced to consider a homogeneous and cohesive material. The density is, however, in
accordance with laboratory tests to apply a realistic normal stress. Although no laboratory tests were conducted

on the limestone, it is set as cohesive and frictional to be considered stable bedrock.

Boundary conditions are applied at the limits of the model (sides and bottom) to allow the calculation of stress in
the entirety of the mesh. No numerical interfaces are applied. The aim is to let the model calculate the plasticity
and shear stress, without any operator influence. To ensure that the boundary conditions do not influence the

numerical calculations in the active area, the model is extended upstream and downstream.

3.2.3. Piezometric parameterization

The piezometric level integrated in FLAC® was previously defined using SEEP/W® extension of the Geostu-
dio® software (Krahn, 2004). Various piezometric levels were defined considering a succession of steady states

under different water pressure conditions.

The chosen piezometric scenario is selected thanks to reference levels measured during two major crises during
which the limit equilibrium was raised. Piezometer PZ1 (Figure 6) reached an extreme reference level of -0.39 m
in January 2018. At the same time, cracks appeared along RD513, located upstream of the landslide. Piezometer
PZ2 (Figure 6) was monitored during a major acceleration in February 1988 (Lissak, 2012), when the water table
increased to a level of -2.87 m. The piezometric scenario closest to these two measurements is selected as a ref-

erence for the back-analysis.

3.3. Geophysical acquisitions and geometry of the central profile

Once the calibration profile is modeled and the appropriate parameters are determined, transposition to the cen-
tral profile can be undertaken, which requires the establishment of a geometric model. For this purpose, two
geophysical surveys (ERT and seismic refraction) were carried out. These surveys were conducted at the end of

the summer under dry conditions (low piezometric levels).
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3.3.1. Electrical resistivity tomography

Monitoring was performed using the "Syscal Pro" multielectrode system, and the measurements were duplicated
in a dipole-dipole configuration with an interelectrode spacing of 2.5 m and then in a Wenner-Schlumberger
configuration with a spacing of 5 m. These configurations are commonly used in the study of landslides (Pasierb
et al., 2019; Van Den Eeckhaut et al., 2007). The dipole-dipole provides information on vertical structures at
high resolution, but its depth of investigation is limited due to a weaker signal (Travelletti, 2011). The Wenner-
Schlumberger device is less sensitive to vertical and horizontal variations in resistivity and allows a greater depth

of investigation (Lissak, 2012; Travelletti, 2011).

The measurement was carried out using five electrode streamers progressively offset to cover a total distance of

445 m from upstream to downstream. The location of the electrodes was surveyed with a Trimble Geo7X GPS.

Once the acquisition was completed, the inversions were conducted with RES2DINV (Loke, 1999; Loke and
Barker, 1996). To obtain a fine resolution in the near surface while imaging deeper formations, the 2.5 and 5 m
acquisitions were merged. Dipole-Dipole data were kept at the surface, and Wenner-Schlumberger data were
kept at depth. An inversion based on the 1 regularization norm (“robust” and “blocky”) was then applied using
the least squares method and a data constraint factor of 0.05 (Loke et al., 2003). The robust inversion is suitable
due to the sharp lithological changes encountered between chalk, sand and clayey-marl materials, as it better

reflects the horizontal boundaries between the formations (Cebulski et al., 2020).

All acquisition and inversion parameters are summarized in table 2.

Table 2- Acquisition and inversion parameters for the high-resolution seismic survey of the Cirque des Graves. WS: Wenner-

Schlumberger; and DD: dipole-dipole.

Parameter Value
Profile length (m) 445
Electrode number (WS config) 89
Electrode number (DD config) 168
Electrode spacing (WS config) 5
Electrode spacing (DD config) 25
Inverting iterations 4
Data constraint factor 0.05
Minimum damping factor 0.02
Topographic elevation (in m) [0-78]

The output model enables imaging resistivities over 80 m thick in the middle of the profile. The interpretation

was set from three borehole logs carried out on and near the profile.
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3.3.2. Seismic refraction

Seismic surveys were used to characterize slip surfaces and image the boundaries between the formations. Seis-
mic surveys are also sensitive to the presence of water and help to differentiate saturated areas, in which the
velocity increases strongly. The depth of investigation and sharpness of the recordings relate to the seismic
source type (Bitri et al., 1996). The survey was carried out at low tide with a ‘double-sledgehammer’ type source
because of the complexity of access in some parts of the transect (scarps and dense vegetation cover). The geo-
phones have a resonance frequency of 10 Hz and were spaced 2 m apart. Shots were fired every 4 m along the

transect. The parameters of the acquisition device are summarized in table 3.

Table 3- Acquisition parameters for the high-resolution seismic survey in the central part of the landslide.

Parameter Value
Profile length (m) 344
Data number 536
Source number 87
Seismic receivers 168
Source spacing (in m) 4
Receiver spacing (in m) 2
Receiver frequency (in Hz) 10
Topographic elevation (in m) [0-68]
Iterations 13
Damping factor 5
RMS of the final model (in s) 0.05556

The inversions were conducted with MATLAB Tomography Software (Gance, 2014; Gance et al., 2012) using
the quasi-Newton algorithm (Gance et al., 2012). This algorithm aims to iteratively minimize the cost function to
reduce the residuals between the observed and computed data vectors (Gance, 2014). It uses Fresnel volumes as
an approximation to the gradient (Carlier et al., 2018; Gance et al., 2012). It thus enables an increase in the depth
resolution without causing divergence during the inversion, allowing us to better resolve the deep layers than a
classical algorithm. This recent method has the advantage of being able to image complex structures with several

layers with high seismic velocities, which are hidden with classical inversion methods.

Between the initial and final models, thirteen iterations were carried out. The final RMS error of the survey is
0.05 s. The seismic profile is approximately 100 m shorter than the ERT profile upstream. This is due to the
presence of a pond upstream of RD513 at the bottom of the rearmost scarp of the slide, which does not allow
shooting near the geophones. The final result of the inversion image is the seismic velocity in the landslide over

a thickness of approximately 50 m over a major part of the unstable zone, from the foot of the slope to RD513.
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3.4. Modeling of the central profile

The creation of the numerical model from geophysical data was set up with FLAC® by applying the geomechan-
ical parameters resulting from the back-analysis carried out on the eastern profile. The same discretization in five

lithological classes was applied to this second profile.

The piezometric level was also set with SEEP/W®. The levels were simulated in steady state for several
groundwater scenarios because no triggering threshold is known in this part of the landslide. Calculations were
carried out for upstream water levels between 90 and 116 m NGF, corresponding to extremely low water levels
(emptying of the chalk groundwater and high water levels (almost complete saturation of the slope). Iterative
calculations were carried out, successively increasing the upstream level by two meters, to characterize the influ-

ence of the groundwater level on the factor of safety of the entire slope.

A delay varying from one to four days was highlighted between rainfall and the response of groundwater fluctua-
tions by Lissak (2014a). It expresses a delay in recharge and then emptying of the aquifers. The deep character of
this slide and prior knowledge allow us to approximate its operation by considering a triggering mainly condi-

tioned by the water table levels and upstream inputs.

4. Results

This section presents the results from the geomechanical calibration with FLAC® based on the back-analysis

profile located east of the landslide.

Once the calibration is achieved, the results of the geophysical investigations are described on the central profile.
Then, the geometric model realized from these geophysical datasets and borehole logs is presented. Finally, the

results of the stability assessment with FLAC® are detailed on this central profile.

4.1. Back-analysis and geomechanical parameterization

The limit equilibrium of the slope fits with a piezometric level of a 6 m depth upstream of the model. For this
scenario, the differences are 8 cm at PZ1 (-0.39 m measured and -0.31 m modeled) and 4 cm at PZ2 (-2.87 m
measured and -2.83 m modeled; Figure 8). This groundwater scenario is therefore defined as a reference for the

back-analysis to determine the parameters allowing us to reach FoS = 1.

Page 16/46



358
359
360

361
362
363
364
365

366

367

368

369
370
371
372

373

374
375
376

A series of numerical calculations was undertaken to test the value ranges from the geotechnical synthesis (table

1) until the stability threshold was reached. The geomechanical values retained at the end of this phase are listed

in table 4.

Figure 8 shows the results obtained on the eastern profile for the retained parameters. The areas subjected to
stresses are expressed by the maximum shear strain rate (Max SSR). The shear strain rate tensor is a relative
value derived from the nodal velocities for a sum of averaged subzones. A correspondence is shown between the

simulated slip surfaces and the failure zones of the three inclinometers, SC1, SC2 and SC3, without applying any

interface on the mesh. The failures are confirmed between -14 and -23 m.

Table 4- Final geotechnical values retained for materials in FLAC® modeling.

Geotechnical Symbol Unity Surficial Chalk Sands Clay/marls Limestone
parameter Jormations

Specific weight % kg/m3 1700 2100 1900 2000 2300
Angle of friction ¢’ Degrees 17.5 27.8 33 13.5 27.8
Cohesion c’ Pa 7000 6.72e06 3000 5.00e03 6.72e06
Bulk modulus K Pa 2.67¢07 2.26e10 1.33e07 4.00e08 2.26el0
Shear modulus G Pa 1.60e07 1.10e10 8.00e06 2.40e08 1.10e10
Young’s modulus E Pa 4.00e07 2.80e10 2.00e07 9.5e07 2.80e10
Poisson’s ratio v - 0.30 0.30 0.30 0.30 0.30

At SC3, failure occurs at the contact between the sands and clays. The slip surface then propagates into the clay-
ey marly formation and splits SC2 and SC1 closer to the limestone bedrock. The envelope presents a slight cam-

ber downstream of the main scarp (X=200-325 m) and then becomes more linear downstream of SC2 due to the

proximity of the limestone. This layer limits its extension at depth.

Active landslide

PZ

Elevation (m)

50 75 100
Max. shear strain rate

2.0E-10  9.0E-10 1.6E-9 2.3E9 3.0E-9 3.4E9

- )1 Ngl2 []ms

Figure 8- Results of the FLAC® model at equilibrium for the calibration profile, eastern Cirque des Graves. Legend: (1)

assumed slip surface; (2) piezometric level simulated with SEEP/W®; (3) shear/compression plasticity criterion exceeded;

(4) tensile plasticity criterion exceeded; (5) inclinometer and measured shears; and (6) piezometers.
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At the surface, the plastic limit is exceeded in the surficial formations and sands, with increasing shear rates
upstream. The main scarp slab, which was set into motion during the event of 2001 (Figure 6), shows a high
internal and surrounding shear rate (mainly in sands and surficial formations). Finally, the plasticity threshold is

also reached around the slab located upstream of the current active zone (X = 50—-125 m).

The clay-marl layer is clearly prone to plastic behavior (Figure 8). The zones subject to traction are located in the
surficial formations between the upstream chalk slabs. The active zone is subjected to shear and compression

stresses.

4.2 Geophysical interpretations of the central profile

4.2.1. Electrical Resistivity Tomography (ERT)

Borehole

Elevation (m)

0 25 50 75 100 125 150 175 200 226 250 375 300 325 350 375 400 425 450 475 500 525

o Distance (m)
fi{r:3 ersltlnv.lrt\il) ..... .... ....... L ERT electrode Assumed chalk slab
@0 %7 /}‘} 7 97 o’q 5

& <
O R T

Figure 9- Results of the ERT profile inversion carried out in the central area of the Cirque des Graves.

The inversion was conducted with RES2DINYV and indicates an absolute error of 3.66% after four iterations. The
tomograms express low resistivities with values ranging between 3 and 100 Q.m (Figure 9). Each class of value
could be determined thanks to the three boreholes, SC2, 12 and SC3, located on or near the investigated profile,
with identical altitude and morphological conditions. SC2 is located on the geophysical profile, and the other two
boreholes, located at 60 and 80 m distances, are reprojected on the profile. From these empirical data, the ex-
treme values (>100 Q.m) are considered artifacts to be neglected in the interpretation. Chalk slabs are highlight-
ed with the highest values, between 30 and 100 Q.m, over thicknesses increasing upstream, from 4-5 m to a

dozen meters at the top of the slope. Sand and clay are more complex to dissociate because they are in the same
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value ranges, between 10 and 30 Q.m. However, sands are slightly less conductive than clay and are instead in

the range of 20-30 Q.m.

A very weak resistivity anomaly (3—10 Q.m) is visible downstream (in the interval X = 230-440 m), toward the
foreshore, and attenuates upstream. This anomaly mainly occurs in the clays and marls at an altitude between 0

and 20 m NGF and extends into the calcareous sandstone bedrock downstream.

Finally, a few areas are barely more resistive at the surface (8—15 Q.m), at the location of water accumulation

areas (pond in the upstream and clay mudflows in the downstream) or at springs.

4.2.2. Seismic refraction
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Figure 10- Results of the inversion of the seismic profile carried out in the central zone of the Cirque des Graves.

The seismic velocity is interpreted from the borehole logs of 12 (inclinometer) and SC3 (piezometer) (Figure 10).

The surficial formations and chalk slabs show the lowest velocities near the surface, between 300 and 1200 m.s

1

Underneath the borehole logs, the velocities associated with the sands express a wide range of values, between
1200 and 2500 m.s"!. Areas of extreme values (2200-2500 m.s™!) appear in this formation two-thirds upstream of

the profile. The strongest anomalies are localized at the top, at X=160-210 m.

A second layer of high-velocity anomalies is located at depth in the clayey-marl horizon, with similar values of
approximately 22002500 m.s™. A significant but systematic decrease in velocity appears between these anoma-
lies (1700-2000 m.s!). These lower velocities are continuous along the profile. Further down, the clayey marly

materials are characterized by homogeneous velocities within the range of 1800-2200 m.s™.
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In the downstream region (X=340-380 m), an anomaly of low speed is highlighted (1100-1600 m.s"). These
velocities are theoretically related to sands and unsaturated surficial materials, which is not in accordance with
field knowledge. This anomaly is explained by a lower coverage in seismic rays, the data containing noise from

the sea (backwash) and dense vegetation (root suction).

Finally, the limit of the limestone is known because it crops out as bedrock, and the regional dip is known. It is
affected by high velocities (2200-2500 m.s!) and is visible at the end of the profile. The concentric gradient

generated by the low-velocity anomaly mentioned above partially hides it.

4.3. Interpretative cross-section of the central profile

The cross-analysis of geophysical surveys and in situ knowledge (geomorphology, geology, inclinometry, etc.)
allows us to realize a geometric model in the center of the landslide. The boundary between the different layers
and the variations in saturation are highlighted, as well as some velocity anomalies. The model proposed from
these data is composed of nine chalk slabs of decreasing thickness downstream, including seven slabs in the
unstable zone. The thickness of these slabs is heterogeneous and ranges from 5 m to 20 m, with a decreasing

gradient from upstream to downstream.

The interpretative section in figure 11 summarizes all observations made from available data. This profile is then

meshed into FLAC® to assess the stability and highlight the most likely slip surfaces.
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Figure 11- Interpretative cross-section in the center of the Cirque des Graves. Legend: 1. Hennequeville limestone, 2. Kim-
meridgian and Oxfordian marls and clays, 3. Albian glauconitic sands, 4. Cenomanian chalk, 5. alteration products of the

chalk, 6. Quaternary fill formations, and 7. different hypotheses of landslide surfaces.
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4.4 Hydromechanical modeling

The mesh is shown in figure 12. The geomechanical parameters applied are those obtained from the back-

analysis in table 4.

100
Surficial formations
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Sandstone
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100 200 300
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Figure 12- Mesh created with FLAC® for the central profile of the Cirque des Graves.

figure 13 shows the results for extremely high and low water. The numerical model extent was adjusted to the

length of the geometric model from geophysics for readability. Indeed, the modeled profile has a total length of

850 m, from the plateau to the sea.
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Figure 13- FLAC® results for the central profile and associated stress-strain (A) at low water for a level of 90 m NGF on the
plateau and (B) at high water for a level of 116 m NGF on the plateau. Legend: (1) assumed slip surface from FLAC®; (2)
piezometric level modeled under SEEP/W®; (3) nodes of the mesh exceeding the plasticity threshold in shear and compres-

sion; and (4) nodes of the mesh exceeding the plasticity threshold in tension.

The two scenarios at high and low water express similar results with regard to the calculated stresses, with some
nuances. At high water, the assumed slip surface rises slightly higher in the marl (2 to 3 m) in the upstream part
(X =200 m). However, contact between the slip surface and sandstone substrate is at the same place (X = 350

m).

Several shear zones reach the surface at the main slope breaks and constitute secondary slip surfaces. At the
surface, tensile stresses are calculated at high water and located near the three main sheared zones (X = 130, 175

and 210 m).

There is a concentration and a strong increase in the shear stress at high water, which occurs mainly along the
deep slip surface and in the glauconitic sands located under the chalk. In the sands, the strongest deformation

rates due to shear are located upstream at low water (Figure 13A) and downstream at high water (Figure 13B).

Uphill of RD513, there is no extension of the maximum shear strain rate under the chalk slab due to a defor-
mation rate lower than the scale represented at high water. The deformation of this upstream zone is therefore
not proportional to that experienced along the main slip surface. However, a number of nodes in the mesh exceed

the plasticity criterion in the underlying sands, which is not the case at low water.

The low-water configuration shows that the model is already at the limit of stability, with a factor of safety of
1.06. The high-water model is widely above the instability threshold, with an estimated FoS of 0.85. The factor
of safety quickly decreases below the unit as soon as the upstream water level on the plateau exceeds 93 m NGF

(approximately -30 m). The bottom of the chalk aquifer is located regionally at approximately 78 m NGF.

5. Discussion

5.1. Toward a new structural model in the central zone

One of the challenges was to propose a geometric model of the center of the landslide. To do so, the prior empir-

ical data (piezometry, inclinometry, and borehole logs) were crossed with geophysical data. Geophysics high-
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lights the structure of the landslide and the presence of water and helps to confirm previous hypotheses regarding

the functioning of the slope.

The ERT survey showed low resistivity values due to the nature of the materials (loose and weathered) and
sometimes a high degree of saturation (Lissak et al., 2014a; Maquaire, 2000; Thirard et al., 2020). Very low
resistivities due to saturation could be found at the pond located at the bottom of the main scarp at the upstream
limit of the active zone (Figure 9). This observation is related to the discharge of plateau chalk groundwater
(Thirard et al., 2020). The very low resistivity anomalies at the bottom of the slope can be linked to the increase

in water content downstream and a growing salinity gradient due to marine intrusion and sea spray.

The coastal configuration of the landslide may induce the presence of a salted bevel at the foot of the slope. Sea
water has a very low resistivity, on the order of 0.2 to 1 Q.m (Jodry et al., 2014; Palacky, 1988). The drawdown
observed in the limestone at approximately 100 m from the shoreline and characterized by values below 5 Q.m
seems to support this hypothesis. Clay is characterized by very low resistivities, which does not favor the ap-
pearance of strong contrasts in the lower layers (Skianis, 2012). However, it should be noted that a tidal influ-
ence was already observed in an old piezometer located approximately 80 m from the foot of the slope at the
Fosses des Macres landslide, located in the neighboring municipality of Cricquebceuf. This site has a lithology
and morphology similar to the Cirque des Graves. However, only additional investigations (piezometric, physi-

cochemical and/or geochemical surveys) can confirm this assumption.

The seismic survey is consistent with ERT in terms of lithological interpretation. The ranges of values for each
material category are broadly in agreement with the values obtained by previous studies (Lissak et al., 2014b) in

the eastern part (Table 5).

Table 5- Comparison of seismic refraction results with values from Lissak et al. (2014b) in the eastern part of the Cirque des

Graves.

, Velocity (m.s) Velocity (m.s)
Lithology Lissak et al. (2014b) Current study (*saturated)
Surficial formations (slope depos-
its, chalk-with-flints, etc.) 200-600 Sl
Chalk (more or less weathered) 600-1100 500-1200
Glauconitic sands 1200-1750
(and surficial materials) 1100-1600 (2300-2500%)
Clay/Marl 1600-2200 1800-2200

(2200-2500%)
Sandstone 2200-2400 2200-2500
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Low-velocity anomalies between chalk slabs fit unsaturated surficial materials. These anomalies are located at
RD513 (assumed upstream limit of the main slip surface) but also at the bottom of secondary scarps. Between
surficial materials and under the chalk slabs, Albian sands are defined by higher velocities, especially at the
contact with clayey-marly materials. This can be attributed to the presence of a semicaptive water table but also
to the settlement of these sands by sinking and readjustment of the Cenomanian chalk slabs. The increase in
cohesion and induced saturation could explain these high velocities, between 2300 and 2500 m/s. Finally, the
clayey marly facies has a high range of velocities, with an increase near 15 m below the sands (2200-2500 m/s),

possibly explained by saturation within this layer.

This model based on seven chalk slabs is broadly in agreement with the morphostructural splitting of the site
proposed by previous studies (Lissak, 2012; Lissak et al., 2014b). However, some discrepancies exist regarding

slab width, initially estimated from discontinuous data on this portion of the landslide.

5.2. Slip surfaces and slope dynamics

The other aim of this work was to define assumed slip surfaces in the central profile that were not constrained by
inclinometry, contrary to the calibration eastern profile. In the eastern profile, the back-analysis enabled us to
simulate with precision the slip surface determined in situ (Figure 8) and to numerically reproduce the tilting-
sinking of the chalk slabs in the underlying sands. These strong correlations with field knowledge allowed the
transposition of geomechanical settings on the central profile. However, the shear zones modeled at the center of
the landslide (Figure 13) must be compared with the geophysical data to validate the results of the numerical

models.

The seismic refraction values show correlations with the slip surface simulated numerically with FLAC®. By
juxtaposing the seismic anomalies (Figure 10) with the results of the numerical models (Figure 13), a correlation
is highlighted between the deep shear and the high seismic velocity anomalies within the marl/clays (Figure 14).
The continuity between the low-velocity anomaly near RD513 and the higher-velocity anomalies at depth sug-

gest saturation of the clays along the slip surface, resulting in an increase in the measured velocities.
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Figure 14- Correlations between seismic anomalies (Figure 10) and shear zones calculated with FLAC® at high water (Fig-
ure 13B). Legend: (1) limestone; (2) clay/marl; (3) sand; (4) chalk; (5) chalk alteration; (6) surficial and infill formations;
(7) mesh nodes that exceeded the shear and compressional plasticity threshold; (8) mesh nodes that exceeded the tensile

plasticity threshold; (9) low seismic velocity anomaly; and (10) high seismic velocity anomaly.

A decrease in the physical properties of the materials along a slip surface or into the surficial formations induces
variations in P-wave velocity (Samyn et al., 2012). The increase or decrease in velocities directly relates to the
water content, which depends on the seasonality and the inflow from the groundwater and impluvium
(Grandjean et al., 2012; Malet, 2003). As the slip surface is located under the piezometric level, inflows possibly
come from the upper horizons, including during low water periods, inducing permanent saturation. This assump-
tion fits with previous results at the site, showing negative self-potential anomalies at the main scarp of this part
of the landslide, indicating a downward movement of water, even at low water (Thirard et al., 2020). Based on
this finding, it is likely that the low-velocity anomalies between chalk slabs and sands fit secondary slip surfaces

along which water infiltrates to progressively moisten the clays and marls at depth.
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Figure 15- Synthetic diagram of the hydromechanical behavior of the central profile of the Cirque des Graves. (1) Lime-
stone; (2) clay/marl; (3) sand; (4) chalk; (5) chalk alteration; (6) surficial formations; (7) highlighted slip surfaces; (8)
shear; (9) compression/compaction of sands; (10) main traction zones calculated with FLAC®; (11) aquifer or saturated
zone; (12) hygrophilic vegetation; (13) spring; (14) chalk water flow; (15) sand water flow; (16) clay wetting/infiltration

along slip surfaces; (17) freshwater/saltwater boundary; and (18) salt water pressure.

In accordance with prior knowledge, the slope has the characteristics of a complex landslide with multiple nested
slip surfaces. The dynamics of the slope were broadly described as multiple rotational by Buma and Van Asch
(1996). Nevertheless, the translational component affecting the entire unstable zone and the flattening of the slip
surface at depth also suggest retrogressive multiple lateral spread (Hungr et al., 2014; Varnes, 1978). Finally,
chalk slabs are affected by the surficial dynamics of tilting and sinking into Albian sands. This dynamic coexists
with a deeper dynamic in clay marls, which is common in complex landslides (Guzzetti et al., 2004; Mergili et
al., 2014; Zg&zere et al., 2005). In detail, the behavior can be divided into three subareas from upstream to down-

stream (Figure 15):

(1) The upstream part of RD513 has a translational dynamic related to the capability of the underlying
glauconitic sands to creep (Doré et al., 1987). This creeping coexists with a sinking of the slabs into the
sands. A DGPS benchmark located near SC2 and monitored several times a year (Figure 18) shows an
average subsidence rate of 2.7 cm.yr’! over the 2009-2020 period for a translational displacement of
7.1 cm.yr™! over the same period (Figure 18). However, the depth of the clay in borehole logs shows that
it is not impacted by the instability in this part of the slide. Therefore, it is probably not affected by a

deep slip surface but rather by a movement in contact with sands.
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(2) Downstream of RD513 and up to the last downstream chalk slab, the dynamic is nested rotational-
translational. The chalk slabs sink into the sands but are also subject to tilting by the reactivation of
deep slip surfaces. It is noticeable in typical slope/counterslope morphology. Seismic data and numeri-
cal models suggest that the main slip surface extends to a 35 m depth in the middle of the cross-section.
Inclinometer 12 and piezometer SC3, both 21 m deep and installed in 2005, have not yet been destroyed
by the landslide in the past 15 years (Figure 11). Their integrity suggests deeper slip surfaces.

(3) Finally, from the last chalk slab onwards, translational dynamics predominate. It coexists with solifluc-
tion and mudflows due to the seepage of numerous springs at the outcrop of the sand groundwater
(Thirard et al., 2020). Moreover, this area collects all upstream water inputs and seems globally saturat-

ed, although its clayey character provides, in theory, bad hydraulic conductivity.

5.3 Interest and limits of the back-analysis for the assessment of the hydromechanical behavior

5.3.1 Influence of water table levels on slope stability

The piezometric sensitivity analysis shows that the slope is already at the limit of stability at very low water
levels (upstream water table at 90 m NGF), with a factor of safety of 1.06. For the exact setting transposition
(Table 4), the limit equilibrium is computed for an upstream level barely higher than 93 m NGF (Figure 16),

which remains low.

Above 93 m NGF, the model is unable to converge. FLAC® works by iterative calculations until an equilibrium
state is reached. Thus, the calculation of FoS becomes impossible on an unstable slope. Under unstable condi-
tions, the factor of safety was therefore approximated. The calculations were carried out on the basis of 50,000
iterations for the determination of the initial stress state in elastoplastic mode for all models presenting a numeri-
cal state of imbalance. The FoS was then estimated for the state corresponding to the last iteration calculated. By
allowing sufficient time for the model to converge with the same number of iterations, the FoS can be approxi-

mated, and the results can be compared.
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Figure 16- Impact of the evolution of the upstream water table on the overall factor of safety of the slope.

As the groundwater level rises, the FoS decreases in two different phases (Figure 16). In the first phase, a regular
decrease in FoS is observed from 90 to 100 m NGF. At 100 m, the FoS is already very low and reaches 0.88.
This level matches the saturation of the downstream part of the slope. Above 100 m, only the piezometric level
upstream of the model continues to grow significantly, which explains the lower impact on the overall calculated
FoS. Between 90 and 100 m NGF, the FoS decreases by approximately 2% per meter of groundwater rise, com-

pared with only 0.2% above 100 m NGF.

The overall impact of groundwater remains low with regard to the evolution of the factor of safety. However, as
the slope is always near the limit of stability, a small water overload can involve motion of the landslide. This
low stability raises questions and must be discussed in terms of kinematic functioning on the one hand and

methodological choices on the other.

5.3.2. Sensitivity analysis and limitations of the model

The geomechanical setting and the transposition from the back-analysis parameters must be discussed with re-
spect to the results obtained. Theoretically, the lithological alternations are similar, and the materials have the
same properties between the center and eastern part of the landslide. However, it is possible that local structural

heterogeneities not integrated into the model result in a lower factor of safety in the central area. The low stabil-
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ity may also be indicative of a very high geotechnical complexity, which is difficult to approximate by using

conventional modeling tools (Cambou et al., 2019).

The influence of cohesion and friction angle was theoretically assessed to determine the influence of the Mohr-
Coulomb parameters. This analysis was carried out for the clayey-marly layer, which is known to be responsible
for major displacements. Figure 17 shows the dependence of the factor of safety on C' and ¢'. The tested value
ranges are in accordance with the geotechnical synthesis for weathered and sound clayey-marly materials (Table
1), i.e., from O to 100 kPa for C' and from 1 to 30° for ¢'. The two parameters had independent sensitivity tests
for an upstream groundwater level at 100 m NGF (FoS = 0.88), corresponding to a near-saturated level of the

downstream part of the slope.
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Figure 17- Evolution of the global factor of safety of the central profile as a function of the variation of the cohesion and the
angle of friction of the clayey-marly materials. The values surrounded by a red circle relate to the transposition parameters
(C'=5 kPa; ¢'=13.5°) for which FoS = 0.88. The lower abscissa is relative to the effective cohesion variation curve, and the

upper abscissa refers to the friction angle variation curve.

Stability is very sensitive to these two parameters. Under downstream saturation conditions, the limit of stability

is reached for a friction angle of 15.5° with a cohesion of 5 kPa and for a cohesion of 12 kPa with a friction angle
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of 13.5°. The lowering of cohesion leads to a linear decrease in the FoS, followed by a collapse for values lower

than 20 kPa.

A small variation of the chosen parameters (i.e., C'=5 kPa; ¢'=13.5°) is sufficient to make the slope totally stable
or unstable. These tests also show the necessity to consider residual values, as cohesion and friction angle for
sound materials induce a very high factor of safety. The only reinforcement of the clay-marl layer is sufficient to

increase the FoS up to 1.5, which is in the unconditional stability domain.

As FLAC® uses a global method, these high stability values are questionable, whereas the cohesions considered
in the sands and surficial formations are also very low (3 and 7 kPa, respectively). Although FLAC® manages to
model the deformations around the chalk slabs, it has some difficulties in considering a realistic factor of safety
for these layers. Indeed, it is well adapted to the analysis of continuous media but was not designed to model the
complex dynamics shown at the near surface. Although the model enables the identification of strain zones with-

in these layers, the numerical simulation of its stability is a limiting factor of this model.

5.4. A possible link between kinematics and pore water pressure

One possible explanation for the general low stability values is the kinematics of the slope. This landslide is in
permanent motion and alternates between seasonal activity and exceptional outbursts (i.e., major reactivation).
Continuous basic movement was measured, including during low water periods. This movement was attested by
differential GPS surveys (Trimble 5700 GPS receiver and a Trimble R6 GNSS system) carried out on fixed
concrete benchmarks distributed in the unstable zone (Lissak, 2012). Within this monitoring network, two

benchmarks are located along the central profile and provide evidence of this continuous activity.

figure 18 shows higher speeds downstream of RD513 (B2) than upstream (B1). Between 2009 and 2020, B1
underwent a displacement of 81 cm (7 cm. yr'!), compared with 190 cm at benchmark B2 (15 cm. yr'!). Although
the evenness of the surveys was not optimal over the survey period, it confirmed an activity even during the
hydrological summer (i.e., low water period). For example, from May 25 to October 7, 2009, B1 underwent a
translation of 2.7 cm and B2 underwent 3.0 cm. More recently, from March 27 to October 23, 2019, B1 shifted
2.1 cm and B2 shifted 2.6 cm. The average velocities were halved during the low water period, but the motion

continued, showing that equilibrium was never reached.
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Figure 18- Displacements characterized by DGPS point tracking at benchmarks Bl and B2 along the central profile of the

Cirque des Graves between 2008 and 2020.

Conversely, the eastern part of the landslide (Parc des Graves), which was modeled by back-analysis, experienc-
es less pronounced seasonal shifts. In the summer period (i.e., low water), the displacements are barely percepti-
ble and frequently within the GNSS error ellipse, which is on the order of a centimeter (Lissak, 2012). This area
is also less affected by the water discharge from the plateau and experiences less vertical water inflows (Thirard
et al., 2020). However, this eastern zone experienced greater movements during the major past events in 1982,
1988 and 2001 with significant infrastructure damage (Flageollet and Helluin, 1987; Lissak, 2012; Maquaire,

1990).

The determining role of pore pressures on the kinematics of landslides has been highlighted by many authors, as
they strongly affect the balance of forces, especially in clay slides (Baum and Johnson, 1993; Bogaard et al.,
2013; Bogaard and Greco, 2016; Malet et al., 2005; Van Asch et al., 1999). In particular, the major impact of
saturation is known for cohesion (Matsushi and Matsukura, 2006). However, the collected data highlight a great
heterogeneity of the slope saturation (Figure 15) related to erratic water circulation, as well as concentrated wa-

terflow along discontinuities, especially along shear planes.
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This refers to what Baum and Johnson (1993) called the forced circulation of pore water. The roughness along
the slip surface affecting clayey slopes generates interstitial overpressures around the obstacles encountered. It
tends to generate plasticity in materials located in the vicinity of the asperities of the slip surface.

Based on this, a more intense and deeper water circulation in the center of the landslide could induce a more
frequent release of kinetic energy. This could lead to more regular readjustments due to this "forced circulation".
The eastern part could experience more spaced loading/unloading stress cycles and thus a greater accumulation
of stress, which results in more brutal movements.

Furthermore, prior studies have shown that landslides with continuous activity frequently return to stability val-
ues below unity (Malet et al., 2005; Maquaire et al., 2003). This could explain the lower factor of safety on the
central profile than on the eastern calibration profile. However, it raises questions about the ability of conven-
tional models to properly assess the stability of landslides with a "long-term/short-term" kinematic duality, char-

acterized by continuous shifts and more sudden accelerations.

6. Conclusion

The aim of this study was to assess the hydromechanical functioning of a profile with stakes across a deep com-
plex landslide. To do so, high-resolution 2D geophysics and finite difference modeling (FDM) were jointly used

and showed consistent results.

FLAC® models were used to corroborate the assumptions based on geophysics and to validate these numerical-
ly. The challenge was to validate the results of numerical models on a profile where no slip surfaces or extreme
water levels were known. To achieve relevant model settings, a back-analysis was performed on geomechanical
parameters. The calibration was carried out in the eastern part of the landslide on a profile for which inclinomet-

ric and piezometric data were available.

On the central profile, geophysical data were cross-analyzed with empirical knowledge (boreholes, geomorpho-
logical knowledge, etc.) to propose a geometric model with five lithologies. Seismic and ERT surveys highlight-
ed an uneven saturation of the slope and the possible presence of a saline wedge intrusion. This saturation is
controlled not only by the intrinsic characteristics of the materials (hydraulic conductivity, porosity, etc. but also

by discontinuities within the landslide (decompressed zones between chalk slabs and slip surfaces). These dis-
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continuities allow saturating materials that are not very permeable in theory but behave like an aquitard by slow-

ly filling up with water.

A breakdown of the landslide behavior was highlighted from upstream to downstream. Upstream of road RD513,
the models and the survey results show a translational component with a shear surface in the sands at the contact
with the clays. Slight subsidence is also highlighted due to the creep of the underlying sands. The major slip
surface is located downstream of RD513 and propagates to the bottom of the slope until 35 m deep. This rupture
is located within the clayey marly materials, as assumed from the seismic survey, and as evoked by prior studies.
The presence of nested secondary slip surfaces with a roto-translational component is confirmed by the presence
of shear strains and low seismic velocity anomalies between the chalk slabs. Finally, the bottom of the slope
shows translational dynamics with surficial clay mudflows due to a major saturation from all upstream water

inputs.

The combined contribution of geophysics and numerical modeling allowed us to converge on a robust function-
ing assumption. The implementation of inclinometric devices down to the bedrock would help to validate the
simulated slip surfaces. Such devices at the bottom of the slope would also allow us to check the extent of the

assumed salt bevel.

FLAC® appears to be a tool of interest for the assessment of slip surfaces and related stress-strain. However, it
has some difficulties simulating the tilting and creep movements in the upper formations (sand, chalk, and surfi-
cial formations). Indeed, the software is not designed to analyze discontinuous media, which is a limitation of its
use. The use of finite difference modeling associated with the classical Mohr-Coulomb criterion is not optimal
for the stability analysis of a large slide with high lithological and kinematic complexity. To circumvent these
problems, recent numerical developments show interest of second-order work in classical models incorporating
discontinuity analysis, allowing us to better approximate the stability state of the slope (Cambou et al., 2019; Hu
et al., 2020; Lignon et al., 2009). However, this method remains more expensive in terms of time and computing

power, which complicates their implementation in an operational context.

The smoothed particle finite element method (SPFEM) could also be of interest to validate these results and is
also the subject of recent advances. It handles the interfaces between particles and thus the interfaces between
disjointed materials. It allows us to understand the spatial and temporal decoupling of the dynamics of complex

retrogressive landslides undergoing large deformations (Jin et al., 2020; Yuan et al., 2020; Zhang et al., 2021).
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