
1 

Please note that this is an author-produced PDF of an article accepted for publication following peer review. The definitive 
publisher-authenticated version is available on the publisher Web site. 

Landslides  

 November 2024, Volume 21, Pages 2695-2709 
https://doi.org/10.1007/s10346-024-02317-6 https://
archimer.ifremer.fr/doc/00901/101258/ 

Archimer 
https://archimer.ifremer.fr 

3D stability analysis of submarine slopes: a probabilistic 
approach incorporating strain-softening behaviour 

Sultan Nabil 1, *, Garziglia Sebastien 1 

1 Geo-Ocean ALMA, UMR6538 - Ifremer, CNRS, UBO, UBS, 29280, Plouzané, France 

* Corresponding author : Nabil Sultan, email address : nabil.sultan@ifremer.fr
 

Abstract : 

Submarine landslides exhibiting extreme geometrical and run-out characteristics have been identified and 
mapped along most continental margins; raising concerns about potential risks to populations should 
similar events occur. Hazards associated with such events have frequently been assessed using 
approximations, resulting in data unsuitable for mitigation strategies. Three approximations appear 
consequential: (i) addressing the problem in two dimensions, thereby neglecting the effect of complex 
morphology; (ii) employing a deterministic approach that disregards uncertainty related to the 
heterogeneity of sediment properties; and (iii) treating the sediment as a perfectly elastic–plastic material, 
simplifying the mechanical behaviour and overlooking the degradation of sediment mechanical properties 
(strain softening) during different phases of slope movement. Here, we introduced the strain-softening 
behaviour into a 3D slope stability model. Identification of the critical failure surface was conducted in 
terms of the probability of failure, considering the influence of sediment parameter variability and 
uncertainty on the likelihood of failure. The developed model was then used to assess the slope stability 
of a well-studied example from the literature, the Nice slope (SE France). Our findings indicate that 
neglecting lateral morphological changes leads to an overestimation of the probability of failure. 
Additionally, we demonstrated that strain-softening behaviour could significantly affect the factor of safety 
and the probability of failure for the studied slopes. We argue that a risk assessment and definition of a 
mitigation strategy require well-advanced characterisation of the mechanical behaviour of sedimentary 
layers and an analysis incorporating the complex morphology of submarine slopes. 
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Introduction 30 

Submarine landslides have been identified and mapped along most active and passive continental margins 31 
(Harbitz et al. 2014, Urgeles and Camerlenghi 2013, Urlaub et al. 2013) and at different water depths (Masson et 32 
al. 2006, Mountjoy and Micallef 2018). Some of these events are associated with landslide tsunamis, which 33 
constitute a low-probability but high-risk natural hazard (ten Brink et al. 2014). Some recent submarine landslide 34 
events are notable for their devastating impact, such as the 1929 Grand Banks earthquake, which triggered a major 35 
submarine slide generating a 20-m tsunami wave (Locat and Lee 2002, Piper et al. 1988) or the 1998 Papua New 36 
Guinea tsunami (Tappin et al. 2008) that killed over 2100 people (Synolakis et al. 2002). Several other examples 37 
of landslide tsunami have been described in the literature (Harbitz, Løvholt and Bungum 2014, Sassa et al. 2016) 38 
and in the absence of sedimentary deposits, these events have been analysed through numerical modelling. This 39 
highlights the need to assess the dangers and risks associated with submarine landslides to define appropriate 40 
mitigation schemes (Vanneste et al. 2013). 41 

Landslide-tsunami analyses and mainly Probabilistic Tsunami Hazard Assessment (PTHA) applied to 42 
large surface areas (basins, seas, oceans) are often based on significant approximations inherent to the lack of 43 
information on landslide zones and volume (Geist and Lynett 2014), landslide occurrence frequency and field data 44 
(Løvholt et al. 2020). In such an analysis, it is almost impossible to go beyond relying on existing low-resolution 45 
bathymetric data and rare-recorded dated events (if any) to define the most critical landslide scenarios and 46 
determine the probable maximum flooding probability and the related return period. This raises questions about 47 
the efficacy of conducting complex analyses with such considerable uncertainties (Behrens et al. 2021, Geist and 48 
Lynett 2014, Zengaffinen‐Morris et al. 2022). However, the accuracy of a landslide PTHA study significantly 49 
improves when applied to geographically restricted areas with available high-resolution bathymetric and field data 50 
(Zengaffinen‐Morris, Urgeles and Løvholt 2022). 51 

This paper focuses on characterising the source (geometry, volume, and sediment behaviour), a key 52 
element in landslide-tsunami and PTHA analysis (Bullard et al. 2019, Bullard et al. 2023, Satake and Kanamori 53 
1991), by introducing a probabilistic approach that more effectively integrates complex morphologies and the 54 
nonlinear behaviour of natural sediments. Strain softening of natural sediments was implemented in a 3D slope 55 
stability model (SAMU-3D) (Sultan et al. 2007). This was achieved by adding shear-strain field compatibility 56 
consistent with velocity field compatibility (Sultan et al. 2011), to the classical limit analysis method (Chen et al. 57 
2001). Identification of the critical failure surface was conducted in terms of the probability of failure, considering 58 
the influence of sediment parameter variability and uncertainty on the likelihood of failure (Lacasse and Nadim 59 
1998). In this analysis the focus was on the continental shelf and upper slope offshore Nice Airport, SE France, 60 
especially because of the availability of a set of sediment parameters derived from both laboratory and in situ 61 
measurements. This together with the availability of recent, high resolution bathymetry data was instrumental in 62 
identifying the key elements affecting not only the geometry of the landslide (source) but also the sensitivity of 63 
the calculation results in terms of the probability of failure. Specifically, attention was given to the degradation of 64 
the mechanical properties of the sediment (strain softening) during a landslide failure (Lo and Lee 1973, Zhang et 65 
al. 2019), the natural variability of the mechanical properties of the sediment (Juang et al. 2019), and the complex 66 
morphology of the slope. 67 

  68 
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Case study conditions – The Nice Slope (SE France) 69 

Geological context, seafloor morphology 70 
Offshore Nice Airport, in SE France, the continental shelf extends typically less than 1.3 km down to 20-71 

30 m water depth. It is bordered to the south by a steep continental slope dipping up to 30° basinwards (Kelner et 72 
al. 2016). The continental shelf and upper slope are covered by up to 50 m of pro-delta silty clay sediments 73 
containing free and/or dissolved gas (Anthony and Julian 1997, Dan et al. 2007, Garziglia et al. 2021, Kopf et al. 74 
2016, Sultan et al. 2010). Part of this sedimentary unit was removed by a tsunamigenic submarine landslide on 75 
October 16, 1979 (Anthony and Julian 1997, Dan, Sultan and Savoye 2007). This event produced slopes which 76 
locally attain maximum angles of 48° in the sidewalls of the scar (Kelner, Migeon, Tric, Couboulex, Dano, 77 
Lebourg and Taboada 2016). Leynaud and Sultan (2010) carried out a probabilistic 3D slope stability analysis of 78 
one of the steepest areas with the SAMU-3D software by accounting for the variability and uncertainty in sediment 79 
strength as derived from piezocone soundings over the continental shelf. While some strength profiles near the 80 
border of the shelf indicated the presence of local shear zones from about 19 m to 28 m below seafloor, the authors 81 
assumed that the associated strength degradation was widespread over a continuous weak layer in their model 82 
(Leynaud and Sultan 2010). As a result of the analysis, they estimated that the ovoid-shaped area outlined in red 83 
in Fig. 1 has a maximum probability of 50% to fail in undrained conditions. 84 

 85 
Fig. 1 Shaded bathymetry map of the continental shelf and upper slope offshore Nice Airport. As indicated in the inset legend, 86 
white circles and black triangles correspond to coring and piezocone sounding sites, respectively (data in Fig. 2). The red ovoid-87 
shaped feature is the contour of the most critical failure surface according to Leynaud and Sultan (2010). The black rectangle 88 
indicates the area shown in Fig. 3 89 

Geotechnical properties and shear zone development 90 
This study relies on submerged unit weight, γ’, and undrained shear strength, Su, data from three piston 91 

cores and six piezocone soundings obtained within or in the immediate vicinity of the area where Leynaud and 92 
Sultan (2010) estimated a probability of failure of 50% (Fig. 1). 93 

Piston core data 94 
Data obtained on piston cores MD01-2470, MD01-2471 and ES-CS05 were previously presented in 95 

Sultan et al. (2004) and Garziglia et al. (2021). To estimate representative profiles of γ’ and Su along with the 96 
associated natural variability of these parameters, attention was given to avoid data that might have been affected 97 
by gas exsolution upon core recovery. Hence, the depth of the seismically imaged gas front reported in Sultan et 98 
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al. (2010) and Garziglia et al., (2021) was used to discard data below 4.65 m in core ES-CS05 and below 6.25 m 99 
in cores MD01-2470 and MD01-2471. 100 

Gamma density profiles obtained by logging cores with a spacing of 1 cm were converted into the 101 
submerged unit weight profiles shown in Fig. 2a by considering a seawater unit weight of 10.1 kN/m3. Analysis 102 
of the upper part of the three cores reveals that the curve that best fits the data is of the following form: 𝛾𝛾′ =103 
6.95 + 𝑧𝑧0.38 with a standard deviation SDγ’ of 0.75 kN/m3. The data obtained with this equation down to 50 m 104 
below seafloor were used as mean gamma density values in the subsequent slope stability analyses. 105 

Undrained shear strength was measured with a motorised vane shear at a spacing of 15 cm on the three 106 
cores (Fig. 2c). Using standard linear regression, the line to best fit the data is 𝑆𝑆𝑆𝑆 = 0.88𝑧𝑧 + 3.7 and the standard 107 
deviation is SDSu=3.1 kPa. 108 

Piezocone sounding data 109 
In addition to the data from sounding PFM12-S2 previously reported by Sultan et al. (2010) and Leynaud 110 

and Sultan (2010), those from five new piezocone soundings carried out during the Marolis PENFELD and Marolis 111 
2021 cruises are considered in the present study. The new soundings were performed with the Penfeld seabed rig 112 
which pushed a 10 cm², pressure compensated piezocone at a standard rate of 2 cm/s down to 50 m below seafloor. 113 
A differential pressure sensor at the cone shoulder position measured penetration pore pressures relative to 114 
hydrostatic (Δu2) which were then used to derive corrected tip resistance (qt) according to ISO 22476-1. A study 115 
area specific gradient Δu2=14.7z was derived from the best linear fit to the data obtained during undrained 116 
penetration, that is within the mostly clayey sediments encountered down to 50 m below seafloor. This gradient 117 
was used to refine the qt profile from sounding PFM12-S2 reported by Leynaud & Sultan (2010) as it suffered a 118 
lack of precise penetration pore-pressure measurements. Undrained shear strength values were then derived from 119 
filtered qt profiles using the following formula (Lunne et al. 2002): 120 

𝑆𝑆𝑆𝑆 =  𝑞𝑞𝑡𝑡−𝜎𝜎𝑣𝑣0
𝑁𝑁𝑘𝑘𝑘𝑘

      (1) 121 

where the total in-situ vertical stress, σv0, was determined from the curve which best fits the unit weight data 122 
derived from gamma-density logging of the upper 4.65 m in core ES-CS05 and upper 6.25 m in cores MD01-2470 123 
and MD01-2471; that is 𝛾𝛾 = 17.03 + 𝑧𝑧0.38. Based on correlations with Su values obtained from motorised vane 124 
shear tests on cores, the cone factor Nkt was taken to be equal to 25.  125 

Fig. 2b illustrates that below approximately 20 m depth the trend of PFM12-S2 and MAR2-CPTu02-01 126 
qt profiles departs from that of the four other soundings as evidence of strength weakening associated with shear 127 
zones previously reported by Sultan et al. (2010). Accordingly, PFM12-S2 and MAR2-CPTu02-01 data were 128 
discarded from the linear regression analysis aiming at estimating a representative undrained shear strength (Su) 129 
gradient with depth along with the associated natural variability. This analysis revealed that the line to best fit the 130 
data from the four soundings shown in yellow in Fig. 2 is 𝑆𝑆𝑆𝑆 = 0.89𝑧𝑧 + 8.6 and the standard deviation is 131 
SDSu=3.1 kPa (Fig. 2c). The data obtained with this equation down to 50 m below seafloor were used as mean Su 132 
values in the subsequent slope stability analyses. As previously suspected from qt profiles, below approximately 133 
20 m depth, Su data derived from PFM12-S02 and MAR2-CPTu02-01 soundings plot below this trend (Fig. 2). In 134 
line with Sultan et al. (2010) who ascribed this to the occurrence of shear zones, here, it is taken to provide a 135 
measure of post-peak strength degradation in the field. Accordingly, as shown in Fig. 2c, sediment strength 136 
sensitivity, St, is estimated to range from 1.45 to 1.71 with a mean value of 1.55. This sensitivity value was 137 
considered as constant over the upper 50 m of sediment in the subsequent slope stability analyses. 138 
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 139 
Fig. 2 a Depth profiles of submerged unit weight (γ’) from three piston cores located in Fig. 1. The equation of the curve of 140 
best fit (solid blue) to data is indicated together with the standard deviation, SD (dashed blue curves). b Depth profiles of 141 
corrected cone resistance, qt, from six piezocone soundings (see Fig. 1 for location). c Undrained shear strength, Su, measured 142 
on three piston cores and derived from six piezocone soundings. The solid blue line is the linear regression fitted to the data 143 
shown in yellow while the dashed blue lines correspond to ± 1 standard deviation (SD). Strength sensitivity (St) is estimated to 144 
be the ratio between Su from the best-fit line to that derived from soundings PFM12-S2 and MAR2—CPTu02-S01 145 

3D Site stratigraphy 146 
3D site stratigraphy is a crucial input for accurate analysis of the 3D slope stability of the study zone. The 147 

data presented in Fig. 2 reveal a predominantly uniform lithology, with the exception of some fine layers of coarse 148 
sediments (mainly silty sand). The intact sediment on the plateau exhibits an almost linear variation with depth in 149 
Su and a continuous change in γ'. However, substantial erosion and slope instabilities have significantly shaped 150 
the study area, resulting in the presence of over-consolidated sediments (maximum past effective vertical stress 151 
exceeds the present effective overburden stress) that outcrop at the seabed. The only region unaffected by 152 
gravitational events and erosion is located in the southeast of the study area (surrounding profile 2 in Fig. 3).  153 

We reconstructed a hypothetical bathymetry prior to the occurrence of landslides and erosion using an 154 
average slope matching that of the unaffected zone to the southeast (contour lines in Fig. 3a). We considered the 155 
presence of eight sedimentary layers parallel to the pre-landslide morphology within the first 50 metres beneath 156 
the seabed which provided accurate discretisation of the Su and γ' profiles (Table 1). The present 3D stratigraphy 157 
was derived by eroding the restored bathymetry to fit with that of the present-day. The cross sections shown in 158 
Fig. 3b illustrate the complex impact of landslides and erosion on the 3D geometry of the sedimentary layers, 159 
notably in some areas where sediment from deep layers outcrops at the seabed, stressing the need to account for 160 
the over-consolidation state of the sediment in calculations. However, it is crucial to note that landslides, erosion, 161 
and sediment depositions frequently occur simultaneously, so the approach used to define the present 3D 162 
stratigraphy may oversimplify the sedimentary architecture of a natural environment. 163 

 164 
 165 
 166 
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(a) (b) 
 
 

 
 

 

 

 
Fig. 3 a Shaded bathymetry of the study zone with contour lines representing the reconstructed bathymetry obtained through a 167 
homogeneous extension of the intact sedimentary body located to the southeast of the map. Positions of the 7 cross sections are 168 
also projected on the map. b Cross sections 2, 3, 4, and 7 illustrate the geometry of 8 sedimentary layers affected by previous 169 
erosion and submarine landslides shaping the area. 170 

 171 

Layer Thickness Depth below 
seafloor 

Su γ’ 

   µSu SDSu COVSu µγ’ SDγ’ COVγ’ 

 (m) (m) (kPa)  (kN/m3)  
1 5 5 11 3.1 0.28 8.79 0.75 0.09 
2 5 10 15 3.1 0.21 9.35 0.75 0.08 
3 5 15 20 3.1 0.16 9.75 0.75 0.08 
4 5 20 24 3.1 0.13 10.07 0.75 0.07 
5 5 25 29 3.1 0.11 10.35 0.75 0.07 
6 5 30 33 3.1 0.09 10.59 0.75 0.07 
7 5 35 38 3.1 0.08 11.81 0.75 0.06 
8 15 50 46 3.1 0.07 11.37 0.75 0.07 

Table 1 Geotechnical properties including the undrained shear strength Su and the submerged unit weight γ’ for the considered 172 
8 layers. For Su and γ’, a mean value µ, a standard deviation SD and a coefficient of variation COV are given  173 
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Slope stability analysis – methods 174 

2D slope stability analysis (OPTUM G2) 175 
A 2D Finite Element Analysis (FEM) was conducted using the Optum G2 software (Krabbenhoft et al. 176 

2015) wherein the sediment was assumed to obey Tresca’s failure criterion for clay. Optum G2 is a finite element 177 
program for strength and deformation analysis under plane strain conditions. 178 

3D slope stability analysis 179 
Limit equilibrium method: Scoops3D 180 

Scoops3D, developed by the U.S. Geological Survey, allows to evaluate three-dimensional slope stability 181 
of complex digital elevation models (DEM) (Reid et al. 2015). The programme uses a three-dimensional (3D) 182 
method of column limit-equilibrium analysis to evaluate the stability of millions of potential landslides. Scoops3D 183 
assesses the stability of a spherical slip surface involving numerous Digital Elevation Model (DEM) cells. The 184 
software identifies the least stable potential landslide for each DEM cell by calculating its Factor of Safety (FoS) 185 
and determining the associated failure volumes. The software uses the ordinary (Fellenius 1936) or Bishop’s 186 
simplified method (Bishop 1955), which both neglect side forces between the columns in a potential failure mass. 187 
The sediment is considered to behave as a simple linear Coulomb-Terzaghi material (cohesion and the internal 188 
friction angle characterise the sediment). It is possible to incorporate into the calculation the effect of excess pore 189 
pressure generated by external factors such as rainfall (Tran et al. 2018), or to perform a simple analysis under 190 
undrained conditions, exclusively requiring the introduction of undrained cohesion (shear strength) and density 191 
values.  192 

Limit analysis method: SAMU-3D 193 
SAMU-3D (Sultan, Gaudin, Berne, Canals, Urgeles and Lafuerza 2007) is a 3D slope stability analysis 194 

model based on the limit analysis method and the upper bound theorem of plasticity (Chen, Wang, Haberfield, Yin 195 
and Wang 2001, Michalowski 1995). SAMU-3D requires postulating a valid failure surface that satisfies the 196 
mechanical boundary conditions and a velocity field that satisfies the boundary conditions in the sediment 197 
delimited by the failure surface. In SAMU-3D, the postulated failure surface is not spherical and depends on eight 198 
shape parameters in order to identify as accurately as possible the most critical failure surface. Two shape 199 
parameters define the ellipticity of the failure surface in both the horizontal and vertical planes. Within the 200 
horizontal plane, four parameters govern both the size and shape of the failure surface, while an additional two 201 
shape parameters specify its curvature within the same plane. The graphical representation of these shape 202 
parameters is shown in (Sultan et al., 2007). The 3D approach proposed in SAMU-3D approximates the failure 203 
surface by discretising the sediment mass bounded by the postulated rupture surface into a number of prisms. For 204 
the velocity field, the sediment is considered as a Mohr–Coulomb material with an associative flow rule (Chen, 205 
Wang, Haberfield, Yin and Wang 2001, Michalowski 1995). The sediment will collapse if the work generated by 206 
the external loads through any mechanism of collapse exceeds the internal plastic dissipation. Under these 207 
conditions, the upper bound theorem states that all possible external loads applied to a kinematically admissible 208 
plastic zone, minimising the work-energy balance equation (Rate of internal energy dissipation = Rate of external 209 
work) can approach the external load that results in failure. With the proposed method, the traditional definition 210 
of FoS is conserved so that the results from the proposed model can be directly compared with other slope stability 211 
analysis methods. For a given load generated by external mechanisms, the 3D critical failure surface corresponding 212 
to the minimum FoS, is identified by means of optimisation with respect to the different shape parameters. Indeed, 213 
evaluation of the stability of a slope becomes a numerical problem of finding a set of variables that provides the 214 
minimum FoS. Validation of SAMU-3D is detailed in Sultan and co-authors' work (Sultan, Gaudin, Berne, Canals, 215 
Urgeles and Lafuerza 2007), which used literature data comparisons. The study primarily relied on examples 216 
considered by Hungr and co-authors (Hungr et al. 1989). 217 

Probabilistic analysis 218 
A Fortran script was developed to generate two independent uniform random numbers using Fortran's 219 

RANDOM_SEED and RANDOM_NUMBER functions. The Box-Muller transform (Box and Muller 1958) was 220 
then applied, converting these uniform variables into pairs of independent standard normal variables. 221 
Subsequently, the generated standard normal variables were scaled and shifted to produce random numbers 222 
conforming to a normal distribution with user-defined mean and standard deviation. Following (Hicks and Samy 223 
2002) a normal distribution was considered convenient given the low to intermediate values of coefficient of 224 
variation (e.g. 0.1-0.3) reported in Table 1. The script was used to write a large number (~ 1000) of input files for 225 
each run using Scoops3D and SAMU-3D. Fig. 4 illustrates the normal distribution of the undrained shear strength 226 
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and submerged unit weight values for layers one and two as used in a set of 1000 input files. All the following 227 
analyses were conducted under undrained conditions since the paper focuses on studying the approximations used 228 
in the case of a sudden, catastrophic landslide affecting the water column and potentially the generation of a 229 
tsunami (landslide-tsunami). 230 
 231 

  232 
Fig. 4 Normal distribution of used Su and γ' values for a layer 1 and b layer 2 in Scoops3D and SAMU-3D runs 233 

In this particular approach, addressing the dependence of random variables becomes crucial. To achieve 234 
this, we examined the distribution of both Su and γ' variables across all layers and calculations under consideration. 235 
As illustrated in Fig. 5, the distribution exhibited a distinct randomness, attesting that the values of Su and γ' are 236 
intrinsically independent. 237 

 238 
Fig. 5 Distribution of Su and γ’ in layers 1 and 2 for a set of 1000 input files 239 

The probabilistic parallel calculations were conducted using DATARMOR 240 
(https://www.ifremer.fr/fr/infrastructures-de-recherche/le-supercalculateur-datarmor), a high-performance 241 
computing (HPC) resource, and data-storage infrastructure. The resulting output files were analysed in terms of 242 
minimum, maximum, and mean values of FoS and the associated failure volumes. The probability of failure was 243 
subsequently determined for each set of calculations. 244 
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Introduction of strain-softening behaviour to SAMU-3D 245 
To accurately account for the strain-softening behaviour of a natural sediment in SAMU-3D, it was crucial 246 

to use a versatile curve capable of describing the three main phases of a stress/strain curve. This curve incorporates 247 
the elastic behaviour, mobilization of the peak shear value (τp) and the softening behaviour as the shear strain 248 
increases (Fig. 6). In the present work, we used the expression proposed by Sultan and co-authors (Sultan, Garziglia 249 
and Colliat 2011) giving the shear strength τ normalised with respect to the peak shear strength τp as a function of 250 
shear strain δ (Eq. 2). 251 

𝜏𝜏
𝜏𝜏𝑝𝑝

= �1 − 𝑒𝑒−𝛽𝛽𝛽𝛽� + �𝑒𝑒−𝜔𝜔𝜔𝜔𝛼𝛼 − 1� �1 − 1
𝑆𝑆𝑡𝑡
�    (2) 252 

In equation 2, β corresponds to the elastic stiffness of the material and is proportional to Young’s modulus; St is 253 
the sensitivity and α and ω  are two shape parameters used to describe the decrease in shear strength from the peak 254 
to residual value (Fig. 6). 255 

 256 
Fig. 6 Normalised shear stress - strain curve used to implement strain-softening behaviour in SAMU-3D 257 

To include the strain-softening behaviour in SAMU-3D software, a shear strain field compatibility 258 
equivalent to the velocity field compatibility (Chen, Wang, Haberfield, Yin and Wang 2001) used in the limit 259 
analysis method was considered. Zhang and co-author (Zhang and Zhang 2007) have already used a similar 260 
development combining a compatible shear strain field to a 2D limit equilibrium method. The calculation is done 261 
by introducing an additional numerical loop, where at each step, the shear strain field was determined for the whole 262 
postulated failure volume by increasing incrementally the applied shear strain δ applied at the bottom of the first 263 
slice. Using the stress/strain curve equivalent to that presented in Fig. 6, it is possible to calculate the mobilised 264 
shear strengths at the bottom of prisms and between adjacent prisms. For each shear strain δ applied at the bottom 265 
of the first slice a FoS value was calculated (Fig. 7). Zhang and Zhang (2007), considered that the true shear strain 266 
δ  should be the one that leads to the maximum FoS among all the possible values (Fig. 7a). However, by using 267 
this criterion, the minimum shear strength mobilised between different adjacent prisms and at the bottom of the 268 
failure surface rarely reaches the remolded shear strength. On the other hand, recent publications (Dey et al. 2015, 269 
Dey et al. 2016, Islam et al. 2019) examining the impact of strain softening on slope stability and employing 270 
advanced finite element calculations demonstrate that slope failures are initiated when the mobilised shear strength 271 
is reduced by 95% from peak at certain locations along the failure surface. In this work, we propose to consider 272 
the true shear strain δ corresponding to the critical FoS as the one leading to the reduction of the undrained shear 273 
strength by 95% of (τp - τp/St) at least at one location along the failure surface (Fig. 7a, b). Fig. 7c illustrates how 274 
the normalised shear strength can reach critical values at the lower edge of the basal failure surface (dashed red 275 
area), while the majority of interslice normalised shear strengths remain in the elastic domain (blue dots in Fig. 276 
7b). 277 
 278 
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 281 
(a) 

 
(c) 

 
 

(b) 

 

Fig. 7 a Criteria used to define the critical FoS for strain softening materials. b Normalised shear strengths mobilised for the 282 
critical FoS at the bottom of the failure surface (red dots) and between adjacent prisms (blue dots). c 2D cross section along the 283 
central axis named in the following the neutral line (NL) of the failure surface, showing the sedimentary layers impacted by 284 
the landslide. Most critical zones at the base of the surface in terms of sediment degradation are highlighted by red dashed area. 285 
The τ/τp along the base of the failure surface is also shown in the figure. The distance in c is expressed within a local reference 286 
frame aligned with the NL 287 

To the authors' knowledge, no published studies have previously evaluated the 3D slope stability of strain 288 
softening, purely cohesive materials. Therefore, the strain-softening module was validated by analysing the 289 
mechanism of progressive failure of a 300-m-long 2D slope dipping at 4.2° and consisting of a 20-m-thick layer 290 
of marine sensitive clays (St=1.53) deposited on top of firmer non-sensitive clay (Andresen and Jostad 2007). The 291 
authors used the Plaxis software with the advanced model NGI-ANISOFT in order to evaluate the effect of 292 
sensitivity on the shape of the failure surface and to evaluate the load-bearing capacity of an inclined slope. The 293 
shape and size of the two failure surfaces predicted by SAMU-3D were comparable to those predicted by Andresen 294 
and Jostad (2007) (Sultan, Garziglia and Colliat 2011). The normalised failure load predicted by SAMU-3D was 295 
17% higher than the value reported by Andresen and Jostad (2007) using the NGI-ANISOFT advanced soil model. 296 
This result is consistent with findings already demonstrated in the literature, namely that a 2D approach, such as 297 
the one used by Andresen and Jostad (2007), underestimates the stability of a slope compared to a 3D approach 298 
(Duncan 1996). Additional validation examples are presented in Sultan et al. (2011). 299 
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Numerical results, analysis and limitations 300 

2D analysis 301 
A 2D FEM study was conducted using the Optum G2 software (Krabbenhoft, Lyamin and Krabbenhoft 302 

2015) wherein the sediment was assumed to obey Tresca’s failure criterion for clay. The considered profile (N° 3) 303 
was characterised by the highest mean slope angle of the seven profiles shown in Fig. 3. Each of the eight different 304 
layers shown in Fig. 8 is characterised by an undrained shear strength (Su) and a submerged unit weight (γ’) as 305 
reported in Table 1. The FoS calculated using the strength reduction method (SRM) is near zero thus revealing 306 
that a 2D calculation is not suited to a complex morphology equivalent to the upper slope offshore Nice. Indeed, 307 
along profile three, the slope angle reaches locally a value of 49° which is not representative of the 3D slope. The 308 
displacement field shown in Fig. 8 indicates that a displacement discontinuity occurs at the interface between 309 
layers seven and eight corresponding to a maximum depth of 35 mbsf. 310 

 311 
Fig. 8 2D modelled sediment layers and the displacement field projected on the deformed slope using Optum G2. In the strength 312 
reduction method, displacement is represented on a relative scale. Colours become warmer as displacement increases (red for 313 
high displacement, dark blue for zero displacement). 314 

Probabilistic approach 315 
Scoops3D 316 

The Scoop3D software was used by following the probabilistic approach described in the “Method”. We 317 
performed 1000 calculations using the DATARMOR supercomputer. The average values of FoS and failure depth 318 
are presented in Fig. 9a and b. It is noteworthy that the majority of the analysed area exhibits a FoS below one, 319 
indicating the likelihood of deformation and instability processes in this zone. The maximum failure depth was 320 
found equal to 32 m mainly at the edge of the plateau (Fig. 9b). Determination of the probability of failure (at each 321 
node the number of FoS  ≤ 1 divided by 1000) was defined based on the results of the 1000 runs (Fig. 9c). The 322 
majority of the analysed area is characterised by a failure probability exceeding 90%.  323 

           (a) (b) (c) 

   
Fig. 9 Mean values of a FoS and b failure depth obtained from 1000 Scoops3D runs. c Probability of failure obtained from 324 
1000 calculations 325 

This result is consistent with the different gravitational events shaping the slope but also with the presence of 326 
a shear zone detected through CPTu measurements (Fig. 2). However, a FoS ≤ 1 does not necessarily imply an 327 
immediate catastrophic landslide; it can simply indicate ongoing local deformations and the formation of shear 328 
zones (Demers et al. 1999, Mahmoud et al. 2000). The limit equilibrium method used in Scoops3D relies on 329 
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approximations which means that these results and numbers should be treated with caution. Among these 330 
approximations, the following points were listed by Reid and co-authors (Reid, Christian, Brien and Henderson 331 
2015): 332 

- Potential failure surfaces are limited to a spherical representation undergoing rotational slip. 333 
- Ordinary (Fellenius) or Bishop's simplified methods neglect side forces between the columns in a 334 

potential failure mass. 335 
- No option for incorporation of sediments with complex, non-linear mechanical behaviour. 336 

In addition to limitations inherent to the limit equilibrium method, in Scoops3D, each spherical surface is 337 
analysed independently of the overall morphology as well as of potential adjacent failures, and the final result is a 338 
superposition of individual results (Fig. 9). However, this kind of method is relatively easy to implement 339 
numerically, and the calculations are sufficiently fast, providing rapid identification of the most critical areas in 340 
terms of instability. Consequently, a preliminary assessment thereby contributes to target critical areas for more 341 
precise calculations using more suitable methods. 342 

SAMU-3D 343 
Through this approach, an initial deterministic calculation defined the orientation and principal axis 344 

(hereafter referred to as the neutral line - NL) characterising the most critical failure surfaces. This choice was 345 
made to optimise computation time. Alternatively, with a probabilistic approach involving uncertainty regarding 346 
the NL, uncertainty regarding the shape of the failure surface with its eight shape parameters, and uncertainties 347 
regarding mechanical properties, we would need to perform a prodigious number of calculations (approximately 348 
2.1011), which even with the DATARMOR supercomputer would not be achievable in reasonable time (> 500 349 
hours). The workflow we adopted is summarised in Fig. 10. 350 

 351 
Fig. 10 Workflow calculation 352 

We conducted an initial series of 100,000 deterministic calculations using the mean values of Su and γ' 353 
(Table 1) associated with the 3D stratigraphy shown in Fig. 3. The minimum FoS was found equal to 1.02 and was 354 
reached after 56,091 iterations. The main goal of these preliminary calculations was to identify the most critical 355 
Neutral Line (NL) associated with the failure surface with the lowest FoS (NL is shown in Fig. 11).  356 
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Fig. 11 Iteration 1: a Failure surface predicted during iteration 1 with SAMU-3D projected on the mean FoS map obtained by 357 
Scoops3D, and b Frequency distribution of FoS values for 1000 runs, revealing a probability of failure of 18.3%, significantly 358 
below the 90% probability obtained with Scoops3D (see also Fig. 9c) 359 

The first iteration using the probabilistic approach involved the NL obtained with the deterministic 360 
approach and allowed the eight shape parameters to vary in order to determine the most critical failure surface 361 
obtained from 1000 runs with a probabilistically chosen set of Su and γ' data (Table 1). The failure surface shape 362 
was optimised by conducting 2000 calculations per run. The total number of calculations for iteration one was 363 
2,000,000, yielding to 1,000 final failure surfaces and their associated FoS. Fig. 11a shows the failure surface with 364 
the minimum FoS projected on the FoS-mean values obtained with Scoops3D. The thousand output results enabled 365 
us to draw the FoS distribution for this first iteration and determine a failure probability of 18.3% (Fig. 11b). The 366 
probability of failure is calculated as the ratio of cases where FoS is < 1 to the total of 1,000 runs. The 3D geometry 367 
corresponding to the minimum and maximum FoS, as well as the 2D cross sections along the NL, are shown in 368 
Fig. 12 and Fig. 13. Note that the failure surface corresponding to the maximum FoS is deeper than that with the 369 
minimum FoS. The maximum failure depth is coherent with the results obtained using Scoops3D (Fig. 9b) and the 370 
observed shear zone detected thanks to in-situ CPTu data (Fig. 2). 371 

(a) (b) 

 

 

 

Fig. 12 Iteration 1 - minimum FoS: a 3D failure surface, and b 2D cross section along the NL revealing the shape of the failure 372 
surface and sedimentary layers affected by the slide. 373 

(a) (b) 

 

 

 
Fig. 13 Iteration 1 - maximum FoS: a 3D failure surface, and b 2D cross section along the NL revealing the shape of the failure 374 
surface and sedimentary layers affected by the slide 375 

Shaded bathymetric maps illustrating predicted post-failure morphologies for both the minimum and maximum 376 
FoS values are shown in Fig. 14. The failure volume corresponding to the minimum FoS is 164,937 m3, whereas 377 
the mobilised volume for the maximum FoS is 205,762 m3. 378 
 379 
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Fig. 14 3D bathymetry of the area analysed using SAMU-3D and the new bathymetry obtained by removing the failure volume 388 
for b the minimum and c the maximum FoS 389 

In iteration two, we fixed the shape parameters corresponding to the most critical failure surface obtained 390 
during iteration one (geometry of Fig. 12) and we used a probabilistic distribution of the geotechnical parameters 391 
characterising the sedimentary layers in Fig. 3. A total of 1,000 runs were performed, allowing us to slightly 392 
improve the calculation results in terms of probability of failure. We obtained a slightly higher probability of 393 
failure compared to the previous case, namely 19.9% (Fig. 15). 394 

 395 
 396 
Fig. 15 Distribution of FoS values for 1000 runs, revealing a probability of failure of 19.9 %, slightly higher than iteration 1 397 
but still significantly below the 90% Scoops3D values (see also Fig. 9c) 398 

Strain softening 399 
The geotechnical data obtained on piston cores and derived from piezocone soundings served as input 400 

parameters for a conventional slope stability analysis under undrained conditions. Additionally, the detection of 401 
shear zones in the field served to estimate sediment sensitivity (Fig. 2c) as a key parameter to account for strain 402 
softening through an empirical formulation (Eq. 2). However, site-specific stress-strain curves are insufficient to 403 
accurately capture the strain levels at which both peak and residual strengths are reached. Therefore, in the 404 
following calculation we consider that residual strength is reached from a shear strain of 10% as suggested by 405 
(Skempton 1964) This is long after the shear strain at peak strength which was arbitrarily set to 0.5% based on the 406 
triaxial results reported by Lunne and Long (2006) (Lunne and Long 2006) on high quality marine clayey sediment 407 
samples. As a consequence, the three parameters of equation two are set equal to the following: β = 11, α = 1.8, 408 
ω = 0.1. The sensitivity, St, is assumed to be constant and set to 1.55 (Fig. 2c). While these two approximations of 409 
shear-strain levels at peak and residual strengths may influence the final calculation results, it is important to note 410 
that the primary focus of the paper is on developing approaches rather than conducting an in-depth analysis of a 411 
specific case study. Therefore, we consider this approximation acceptable and believe it has no substantial impact 412 
on the final conclusion of the paper.  413 
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 414 
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 418 
 419 
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Fig. 16 Calculation with strain-softening behaviour: a Failure surface predicted with SAMU-3D projected on the mean FoS 420 
map obtained by Scoops3D, and b distribution of FoS values for 1000 runs, revealing a 99.9% probability of failure, 421 
significantly higher than calculations neglecting the strain-softening behaviour 422 

For the present calculation considering the effect of strain softening, we once again considered the critical 423 
NL from Fig. 11a and conducted 1000 runs while optimising shape parameters in each run through 2000 steps. In 424 
the case of the strain-softening model, a shear-strain field compatibility is introduced. The stress-strain curve was 425 
discretised into 50 increments. At each value of the strain increment, the FoS was calculated, and the final FoS 426 
was determined according to the criteria described in Fig. 7a. Therefore, a total of 108 ( = 1000*2000*50) 427 
calculations were performed to obtain 1000 failure surfaces with corresponding failure volumes. The most critical 428 
rupture surface (FoS=0.81) was projected on the mean FoS map from Scoops3D in Fig. 14a. The distribution of 429 
FoS values for the 1000 runs reveals an 99.9% probability of failure, significantly higher than calculations 430 
neglecting strain-softening behaviour (Fig. 16b). 431 

Fig. 17 shows the 3D failure volumes with the minimum FoS together with cross sections along the NL. 432 
The mobilised Su at the interslice levels (blue dots) and at the basal failure surface (red dots), shown in Fig. 17, 433 
demonstrate that sediment strength degradation occurs primarily at the base of the failure surface. 434 

(a) (b) (c) 

 

 

 

 

 
Fig. 17 For minimum FoS: a 3D failure surface and associated volume of 154,802 m3, b 2D cross section along the NL of the 435 
slide, and c the mobilised Su at the interslice levels (blue dots) and at the base of the slide (red dots) demonstrating that sediment 436 
degradation occurs primarily at the base of the failure surface 437 
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Discussion 438 

Complex morphology: 2D versus 3D analysis 439 
Widely adopted for their simplicity, 2D slope-stability methods which simplify 3D morphology to 2D 440 

geometry, often affect the accuracy of the analysis. In general, the 2D approach tends to underestimate slope 441 
stability, and studies have consistently shown that 3D analysis produces higher factors of safety compared to its 442 
2D equivalent (Albataineh 2006, Duncan 1996). 3D slope stability analysis is to a greater extent more efficient in 443 
the case of complex geometry, where the analysis results depend on the selection of a representative section for 444 
2D analysis (Chakraborty and Goswami 2016). This is clearly demonstrated in the present analysis, where the FoS 445 
for a 2D cross section was nearly zero. It is obvious that for complex morphologies, such as that of the Nice slope, 446 
the 2D approach fails to provide values representative of slope stability, highlighting the need to solve the problem 447 
by including its 3D complex morphology and stratigraphy. Furthermore, it is clear that essential information and 448 
data, predominantly concerning volume and geometry crucial for landslide-tsunami analysis, can only be derived 449 
through comprehensive 3D analysis.  450 

Limit equilibrium versus limit analysis 451 
Results from the literature on 2D slope stability analysis have already shown that the limit equilibrium 452 

method tends to underestimate slope stability (Yu et al. 1998). Conversely, using the limit analysis method with 453 
an admissible kinematic velocity field provides an upper bound solution by minimising the work-energy balance 454 
equation. This approach helps to determine the external load (or FoS) leading to failure (Donald and Chen 1997). 455 
The disparity between these two methods is well demonstrated in Fig. 11, where the area characterised by a FoS 456 
of 0.6 with the limit equilibrium method corresponds to an average FoS value of 1.02 with the limit analysis 457 
method. However, it is crucial to acknowledge several differences between the two methods, including the shape 458 
of the failure surface (spherical for limit equilibrium and arbitrary for limit analysis), the neglected interaction 459 
between prisms in the limit equilibrium method, and differences in the theoretical approaches and the numerical 460 
optimisation methods. These factors may contribute to the observed differences in terms of FoS. Nevertheless, in 461 
this 3D analysis, despite the simplifications adopted in the limit equilibrium method, the results obtained are 462 
conservative and offer a clear indication of the most critical areas for further analysis using more advanced 463 
methods. 464 

Deterministic versus probabilistic analysis 465 
In the natural environment, the variability and heterogeneity of sediments are often inconsistent with the 466 

use of a deterministic approach (Christian et al. 1994), where each layer is characterised by a unique set of 467 
geotechnical properties. Analysis in undrained conditions, where the two essential parameters are Su and γ', our 468 
data clearly demonstrated the natural variability of the sediment, including a standard deviation of 3.1 kPa for Su 469 
and 0.75 kN/m³ for γ' (Table 1). Despite this relatively low variability, the results clearly show the importance of 470 
incorporating this uncertainty into the analysis. A deterministic analysis using mean geotechnical values would 471 
lead to a FoS of 1.02 (Fig. 11) concluding the absence of a landslide by using a criterion that considers failure for 472 
FoS equal to or less than one. Conversely, the probabilistic analysis indicates a relatively high probability of failure 473 
(i.e. FoS ≤1) ranging between 18.3% and 19.9% (Fig. 14 and Fig. 15). These results highlight the advantage of 474 
analysing such a problem with a probabilistic approach, easily integrated in the framework of a PTHA analysis 475 
associated with the Tsunami-Landslide. 476 

Perfectly plastic versus strain-softening material 477 
The introduction in slope-stability calculation of the complex behaviour of natural sediment through strain 478 

softening appears crucial for sediments that may undergo degradation in mechanical properties, particularly shear 479 
strength during shearing (Conte et al. 2010, Troncone 2005). In the present study, we have demonstrated that a 480 
sensitivity of 1.55 significantly increases the probability of failure, shifting it from 19.9% (Fig. 15) to almost 100% 481 
(Fig. 16). It is worth noting that this concerns sediment characterised by a relatively low sensitivity of 1.55. These 482 
results emphasise the substantial error that a calculation considering a perfectly plastic sediment may involve. Our 483 
analyses also facilitate the precise determination of the location and geometry of the degraded zone (Fig. 7c) 484 
corresponding to the failure initiation zone. These output data can be considered as an input for models simulating 485 
the different phases of the development of a landslide event, ranging from initiation and growth to global failure 486 
and run-out (Zhang and Puzrin 2022). The introduction of strain softening, which represents the degradation of 487 
sediment during failure development, can also be associated with the concept of the destructuration index and the 488 
remaining energy available for runout, as suggested by Turmel and co-authors (Turmel et al. 2020). In conclusion, 489 
the introduction of strain softening, which often characterises the behaviour of natural clayey sediments, enables 490 
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a more accurate determination of the probability of failure which appears significantly higher than in the case of 491 
an elastic plastic sediment. Furthermore, it provides essential elements for the analysis of post-failure processes, 492 
which are crucial aspects in the study of landslide tsunamis PTHA (Grezio et al. 2017). 493 

Tsunamigenic efficiency calculation 494 
Landslide-tsunami potential depends on multiple factors, including the efficiency of the landslide. In 495 

addition to landslide volume and mass discharge (Harbitz et al. 2006), this efficiency is directly linked to factors 496 
such as landslide geometry, coherence during the post-failure phase (mass fails as a single piece versus separated 497 
blocks), and water depth (Geist and Lynett 2014, Lynett and Liu 2002). A PTHA requires integrating the efficiency 498 
of the landslide, which is considered through a probability of occurrence and a probability of energy transfer to 499 
water with time. Generally, the probability is obtained through an analysis of the return period of an occurrence 500 
triggered by external phenomena such as earthquakes, sediment overloading, fluid activity, climate change, gas-501 
hydrate decomposition, etc. Conversely, the probability associated with natural heterogeneity and sediment 502 
behaviour, including the degradation of mechanical properties, is frequently underestimated or neglected (Lacasse 503 
and Nadim 1998). Therefore, developing a deterministic approach to calculating FoS, wherein only a value ≤ 1 504 
triggers a landslide appears simplistic in establishing a reliable and practical Landslide PTHA. For instance, Fig. 505 
11 shows that the mean FoS value is 1.02, which is the value potentially obtained in a deterministic analysis, while 506 
the probability of failure exceeds 18%. We also demonstrated, for a simple case of gravitational instability, how 507 
the introduction of low sediment sensitivity (1.55) could strongly increase the probability of failure from 19.9% to 508 
almost 100% (Fig. 15 and Fig. 16). These notable uncertainties are mainly related to simplifying morphologies, 509 
disregarding the natural sediment heterogeneity, and neglecting the non-linear and softening behaviour of the 510 
sediment. 511 

Conclusion 512 

We investigated the impact of certain important approximations traditionally used in the analysis of submarine 513 
slopes and emphasized the consequences of such approximations on calculation results. Our conclusions can be 514 
summarised in the following four points: 515 

- The presence of complex morphology is incompatible with 2D analyses. Selecting a typical 2D profile 516 
for slope analysis is highly challenging, making the obtained 2D results fundamentally invalid. 517 

- Uncertainties related to the mechanical properties of sediment need to rely on a probabilistic approach, 518 
accounting for the natural variability of the sediment. Our specific analysis of the Nice slope highlights 519 
that relying solely on the average FoS fails to provide a comprehensive understanding of slope stability. 520 
Incorporating probabilistic analyses is therefore essential for an analysis involving landslide tsunami. 521 

- Despite underestimating the FoS, the 3D approach using limit equilibrium (Scoops3D) provides a rapid 522 
insight into critical zones, facilitating the selection of areas for further analysis with advanced methods. 523 

- Considering that the strain-softening behaviour of natural sediment has a major impact on calculation 524 
results, we have shown that neglecting this aspect in landslide analysis can lead to a significant 525 
underestimation of slope stability. Additionally, it is crucial to note that such analyses enable to identify 526 
the landslide nucleation zone and can therefore be coupled to models able to consider the different phases 527 
of a landslide ranging from growth and global failure to run-out. These aspects are essential in landslide-528 
tsunami PTHA studies. 529 
  530 
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