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Abstract: This paper presents a methodology developed to evaluate the instability of submarine
slopes that extends over a large area. Special attention was paid to 1) the complex geometry
(bathymetry) and the expanse of the slope, 2) the heterogeneity of the sediment and 3) the distribution
of the pore pressure. The safety factor was considered as a spatially varying quantity. The General
Formulation (GLE - Fredlund and Krahn 1977), which fully satisfies equilibrium conditions, was used
for evaluating the stability of the marine slope. The submarine slope failure, which occurred on
October 16th 1979 during the construction of new Nice airport, was studied in order to test the
developed model. Geotechnical parameters were taken from experimental tests carried out by
IFREMER on 19 cores extracted at different depths (from 27 m to 1300 m) (Cochonat et al. 1993 and
Mulder et al. 1994). Many scenarios were proposed in order to explain the cause of the Nice slope
failure (Habib 1994). In this paper, two of those scenarios were tested. Simulation results are
presented and discussed.
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1 INTRODUCTION:

Increased attention has been paid to submarine slope instability in the last 3
decades. Industrial and scientific concern have instigated numerous studies regarding
design of marine constructions, offshore structures and pipelines, and comprehension of
the continental slope failure and depositional processes (see for instance Mulder and
Cochonat 1996). Data are now available on instability of submarine slopes in different
environments ranging from shallow-water and near-shore areas to continental slopes
and Deep Ocean. Most often, slumps involve a large volume of material (Magdalena
River delta 3 10 m3; Suva, Fiji 1.5 108 m3; Valdez, Alaska 7.5 107 m3; Orkdals Fjord
10" m’; Sagami Wan 7 10'° m’ from Morgenstern (1967) - Storrega 5.6 10'* m® from
Bugge et al. (1987)); as opposed to on-shore landslides, submarine slides can take place
on very gentle slopes, even less than one degree. For example, the slump of the
Mississippi River delta occurred on a slope with an angle of only 0.5°. Unfortunately,
while special attention has been focused on the description of new sites of submarine
slides (Coleman and Garrison 1977, Embley and Jacobi 1977, Hampton and Bouma
1977, McGregor 1977, Embley 1980, Orren and Hamilton 1998, Berné et al. 1998),
little attention has been paid to the comprehension of the processes at the origin of the

slope instabilities.

This paper describes a new methodology developed for evaluating the risk of
marine slope instability. The instability of submarine slopes may vary significantly with
the extent of the slope and the complexity of the bathymetry. In addition, the
heterogeneity of the hydro-mechanical characteristics of the sediment can greatly
modify slope flow fields, effective-stress fields, and slope stability. Consequently, it

was appropriate to evaluate the stability as a spatially varying quantity. Moreover,



marine slope instability can be an important mechanism for sediment transport and
deposition. Therefore, it was fundamental to identify the right geometry of the failure

surface in order to simulate correctly the sediment transport and the turbidity currents.

2 NICE SLOPE: GEOLOGICAL SETTING AND GEOTECHNICAL

CHARACTERISATION.

The continental slope off the coast of Nice is characterised by a very narrow shelf
generally less than 2 kilometres wide. The 1000 m isobath lies only 5 km from the
coastline (Savoye et al. 1989) and the steep slope is strongly eroded and dissected by
several canyons and gullies, of which the Var and the Paillon canyons (Figure 1) are the
most important features (>10° gradient slope and > 2000 m deep) (Bourillet 1991). Both
canyons are directly connected to the Var and Paillon rivers and coalesce downslope to

form the Var sedimentary system.

The Var sedimentary system covers a surface area of 16200 km” extending from
the coast of the French Riviera between Nice and Monaco to the base of the northern
continental slope of Corsica. It is the most extensive detrital province of the Ligurian
Sea. The Var sedimentary system was deposited during the Pliocene and Quaternary.
After the Messinian low stage of the late Miocene, when sea level was lowered about
1200 m in the area (Piper and Savoye, 1991), the return of open-marine conditions in
the Pliocene and the Quaternary resulted in deposition of a 600-1000 m thick sequence
of marls and conglomerates on the continental slope. Quaternary uplift and sediment
supply from the glaciated Alps resulted in supply of coarse sediments to the fan by the
braided Var River throughout the Quaternary even at sea level highstands such as at

present.



Sediment deposition in the upper continental slope in the Baie des Anges is strongly
linked to fluvial input from the Var river, the Paillon River being only a minor source.
The upper slope is an area experiencing active sediment transport, where at least three
major types of sediment transfer processes are identified (Mulder et al. 1996): 1)
hyperpycnal turbid plumes, 2) surge-like turbidity currents generated by shallow failure
and 3) large earthquake-triggered slides.

The submarine slope failure, which occurred on October 1979 during the construction
of the new Nice airport was attributed to the effect of a mass-wasting process that
generated a turbidity current in the Var canyon (Auffret et al. 1982). It can be
considered as a typical shallow failure as has been recently surveyed by EM 1000
mapping (Bourillet et al, 1992). Several studies of the area had been carried out
following the event, particularly multibeam echosounder, seismic and side-scan sonar
surveys (Genesseaux et al 1980, Pautot et al., 1981, Malinverno et al., 1988). Several
sediment facies were differentiated and classified by laboratory-determined mass
physical and geotechnical properties (including the undrained shear strength Su) of
nineteen gravity core samples of 2 to 7m length (Cochonat et al., 1993). This
classification was used in order to produce a geotechnical map of the surficial sediments
in the area. Based on the Skempton (1954) equation, the overconsolidation ratio OCR

was calculated from the plasticity index Ip and the density of the soil y’

(OCR:Q:{ (Su,Ip)
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). Therefore, it was possible to classify the sediments into four

main types (Mulder et al. 1994):
Type A: underconsolidated sediments: S, = 1.35z;

Type B: normally-consolidated sediments: S, = 1.2z+5;



Type C: Slightly overconsolidated sediments: S, = 2.5z+5;
Type D: overconsolidated sediments: S, = 12z+7.
with S, in kPa and z in meters.

The geographical distribution of these four geotechnical sediment types is
illustrated in Figure 2. More details on this classification are presented in Cochonat et
al. (1993) and Mulder et al. (1994). This study only considers the area where the
geotechnical data are available from Cochonat et al. (1993) (Figure 3). The average

slope gradient is 13° but values ranging up to 20°-30° are common (Figure 3).

3 METHODOLOGY

The complex bathymetry and the large extent of the submarine zone under
investigation make it impossible to carry out a complete 3-D slope stability analysis.
The main objective of this work is to perform a two-dimensional slope stability analysis
in vertical cross-sections and to extend it to the three-dimensional area. The complex
geometry of the slope, the heterogeneity of the sediment and the pore pressure effect on
the slope stability must be taken into account. This is possible by performing the
following phases:

- drawing a series of cross-sections across the area;

- taking into account the heterogeneity of the marine sediment by affecting the relevant
geotechnical properties (Figure 2) to the sediment according to its nature (undrained
shear strength S,, cohesion c¢’, internal friction angle ¢', hydraulic conductivity c,,

permeability £, ...);

- calculating the pore pressure in each node from initial and boundary conditions for

transient state or steady-state regime;



- determining all the possible concave slip surfaces (circle or non-circle);
- calculating the safety factor on all the selected slip surfaces;
- searching for the critical slip surface where the safety factor is minimal;

- generating the safety factor and the slip surface to the three dimensional area.

3.1 CROSS-SECTION AND GRID GENERATION

The first step to carry out in this slope stability analysis is to draw a series of
cross-sections across the bathymetry map. For that purpose, the slope angle given by

equation 1 is calculated at each grid node of the bathymetry (Figure 3).

2 2
a, ;= Atan\/{ ”"”2 ”"1} +{ HL/2Ay ’l’j} (1)

where z is the elevation and Ax and Ay are the grid increments (Figure 4).

An automatic search of the azimuth direction is done for each node with a value of «
greater than a critical angle o.. The value of o, depends on the bathymetry and is
defined in order to scan the whole zone. A vertical cross-section is performed along the
azimuth angle [ (eq.2) through each of these nodes, across the whole area under

investigation (Figure 5).
B, = Atan| —= 2)

Each section is analysed independently of the others. The computational domain of each

vertical cross-section is limited by two surfaces: while the upper surface follows the



bathymetry, the lower surface is determined from the stratigraphy, material properties
and boundary and initial conditions.

The domain is described by an irregular 2D rectangular grid to take into account the
complex geometry and the multiple materials and properties. Each interior node is
connected to its four neighbouring nodes, however these connections are not necessarily
orthogonal (Figure 6).

Special attention is paid to the grid size (defined by Ax and Az), which influences the
accuracy of the simulation results.

In order to take into account the hydro-mechanical heterogeneity of the soil, the
geotechnical parameters (undrained shear strength S, cohesion ¢’, internal friction angle

@', hydraulic conductivity c¢,, permeability £, etc.) are affected to each node (Figure 6).

3.2 DETERMINATION OF THE PORE PRESSURE

Pore pressure is an essential parameter in the marine slope stability analysis.
Impermeable sediment can impede water flow and generate a build up of pore pressure
and consequently an unstable slope. The distribution of the pore pressure in a steady-
state regime is governed by Laplace equation. For the two-dimensional steady-state
flow, Laplace's equation is expressed by:

Ou(x,z) 0%u(x,z)
S ’ oz

VZu(x,z) =0 (3)

The solution of equation 3 is determined by using the finite difference method. Equation

3 then yields:

2 2
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(4)



For a one dimensional steady state flow, and in homogenous sediment, the pore pressure

profile is linear.

For transient flow, the pore water distribution is calculated from the following equation:

2 2
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where cv is the hydraulic conductivity.

For a two dimensional transient flow, the solution of equation 5 is given by the explicit

finite difference approximation, and equation 5 can be expressed by:
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where " and u"™' correspond respectively to the pore water distribution at time ¢ and
time 7+A¢.

Thus, the pore pressure at the time ¢+ A4¢ is given by:
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where the pore pressure at the time ¢ is considered as known.

For a steady state or transient regime and based on the boundary and initial
conditions, equations 4 or 7 are used to calculate the pore pressure in each node. The
heterogeneity in hydraulic conductivity influences the water flow fields. Consequently,
the effective-stress field is modified. Low hydraulic conductivity materials that impede

downslope water flow can create unstable areas with locally elevated pore-water

pressures. For a vertical hydraulic gradient i (eq. 8) greater than the critical hydraulic



gradient (i, = 7 for vertical flow), the sediment may be moved by the escaping fluid

w

and it could generate the formation of a seabed pockmarks.

i= —gmd[i+ z} (8)
]/W

u . .
where — 1is the head pressure and z the elevation.

Vo
Once the pockmarks are created, the safety factors of the near slopes are reduced and

the development of progressive failure slides can be accelerated.

3.3 SEARCH SCHEME OF THE GENERALISED SLIP SURFACE

Different methods (limit equilibrium method, limit analysis method, energetic
method and finite element method) were proposed in the literature to solve the problem
of slope stability analysis. However, the limit equilibrium methods are commonly used
because of the simplicity with which complex geometry, soil heterogeneity and pore
water pressure conditions can be taken into account. These methods require to postulate
a collapse mechanism by which failure can occur. By examining a number of different
mechanisms, the critical one where the safety factor is minimal is found. Since no
restriction on the shape of the slip surface is considered, the solution obtained from the
limit-equilibrium method is not rigorous, because neither static nor kinematic
admissibility conditions are satisfied (Chen and Giger 1971, Chen 1975, Karal 1977,
Michalowski 1995 among others).

The validity of the limit equilibrium method is discussed hereafter in order to justify our

search scheme of the slip surface.
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In the limit equilibrium method the soil obeys the Mohr-Coulomb criterion; the yield

function in the 1 (shear stress) - ' (normal effective stress) plane is given by equation 9:
firt—c'-o'tangp'=0 9)

where ¢’ and ¢’ are respectively the cohesion and the internal friction angle of the soil.
In the Mohr-Coulomb constitutive model, the soil is considered to have an
elastic perfectly plastic behaviour. The flow rule is associated to the Mohr-Coulomb
yield condition and the plastic potential g coincides with the yield function f. Therefore,
and according to equation 10, the total strain increment is normal to the yield curve f

(Figure 7).

de” =z%=z% (10)
g o "0

where A is the plastic multiplier

This associative flow rule requires that the plastic strain increment be inclined to
the failure surface at an angle ¢’ (Figure 7). Consequently, the admissible failure modes
associated with slice analysis are restricted.

For translational collapse mechanisms, the failure surface may be of arbitrary
shape provided that the velocity of a slice is inclined to the slip surface at an angle ¢’

(Figure 7). However, the rigid rotational mechanism is admissible only if the failure

surface is a log-spiral shape (Chen 1971) expressed by the following equation:
R =R, exp((60 - 6,)tan ¢") (11)

where R is the radius of the spiral related to the inclination & of the failure surface, and

Ry and 6, are the initial values (Figure 7).
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Different authors (Taylor 1948 and Chen 1975), Nash (1987) have examined the
accuracy of the limit equilibrium slope stability analysis. For different failure surfaces
(slices, circles and log-spirals), the limit equilibrium method and the limit analysis
method exhibited a difference less than 5 % (Figure 8). One can conclude from these
results that although limit-equilibrium analysis causes significant errors regarding both
kinematic and static admissibility, the limit equilibrium analysis does not involve large
errors in the computed values for the safety factor.

From the above arguments, we opted for the search of an arbitrary shape failure
surface. Thus, all the possible failure surfaces in a vertical cross-section are
automatically generated (Figure 9). However, in order to obtain a concave failure
surface, the different base sections of the slip surface must verify the following

condition (Figure 9):

o <..<a<...<a <90° (12)

3.4 CALCULATION OF THE SAFETY FACTOR IN 2D

The volume above each of the assumed slip surfaces is divided into vertical slices.
The geometry of each slice is characterised by the length of the base /, the inclination
angle of the base « and the length of the interface ¢ (Figure 10).
The forces acting on a typical slice are shown in Figure 10 where:
W is the weight of the slice;
T is the shear force on the base;
P is the normal force on the base;
U is the water pressure force on the base;

X is the vertical side force

12



E is the horizontal side force
All limit equilibrium methods of slope stability analysis use the following definition of

the factor of safety (FOS) (Duncan 1996):

Shear strength of soil (resisting force)

Fos= Shear stress required for equilibrium (driving force)

In this study, we have adopted the General Formulation (GLE - Fredlund and
Krahn 1977), which fully satisfies the equilibrium. Failure is assumed to occur by
sliding of the soil along a non-circular slip surface.
By examining overall moment equilibrium about an assumed centre of rotation and
overall force equilibrium, two different expressions are obtained for the factor of safety,

respectively FOS,, (for moment equilibrium) (eq. 13) and FOS; (for force equilibrium)

(eq. 14).
'1+(P-U '
Fos,- 2P UNang'R (13)
> (wd—Pf)
"1+ P-U '
FOSf:Z(C ( )tango )cosa (14)
ZPsma
where /, R, fand d are given in Figure 10.
The normal force P is given by the following equation
:[W—(X r—X1 )~ 7 O{Sm,f (c'lsina-U tango’sina)} s)
Ma
with
_ tang'
Ma —cosa(]ﬂ‘ana FOSn j (16)
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Since the forces involved in equilibrium methods are statically indeterminate (Table 1.),
all methods make assumptions to balance the number of equilibrium equations (57) and
the number of unknowns (6n-2) in the problem (Espinoza et al. 1992). Various
hypotheses have been proposed to provide the additional n-2 relationships needed to
solve the system of equations. Among the assumptions made about interslice forces,

Bishop (1955) proposed the following relation:
Xe-Xi =0 (17)

Morgenstern and Price (1965) proposed a relation between interslice forces inclination

and the lateral distance x:

) (18)

Spencer (1967) proposed a constant inclination of the interslice forces

X = constant (19)
E

Results from Espinoza et al. (1992) showed that the variation in the value of the
factor of safety due to the assumptions of Spencer or Morgenstern and Price concerning
the internal forces is minimal and there is a marginal increase in accuracy with
increasing sophistication as one goes from Spencer to Morgenstern and Price methods.
Therefore, we have adopted the Spencer assumption of a constant inclination of the
interslice force (eq. 19). Since the safety factor cannot be calculated directly from
equations 13 through 16, the solution is determined by two series of iterative numerical
procedure. The first iterative procedure is used to calculate FOS,, and FOS;, while the
second iterative procedure is used to find the constant of equation 20 in order to obtain

FOS,, equal to FOS; for the same failure surface.

14



In a vertical cross-section, each node often belongs to several slip surfaces for each of
which a safety factor is computed. The minimal of these safety factors (FOS) is affected
to each node and a map of equal values of FOS can be plotted over the whole vertical

cross-section (Figure 11).

3.5 Validation of the used methodology

3.5.1 Validation of the safety factor

Figure 11 shows the equal-values of the factor of safety determined by using the above
methodology for undrained failure condition. Two calculations were carried out: 1) for a
slope of 45° and a uniform soil (Figure 11-a) and 2) for the same slope angle with a

heterogeneous soil including a weak clay layer (Figure 11-b).

In the first case, the security number (ﬁ, where yis the soil density and H is the slope

height) corresponding to the critical FOS (=1) is found equal to 5.88 (Table 2). In the
second case, and for the same security number, the safety factor is found equal to 0.64
(Figure 11-b). The shape of the failure surfaces defined by a FOS less than 1 varies
between the two calculation cases. In the first case (uniform soil), the shape of the
failure surface is quasi-circular while in the second one (weak clay layer) the shape is
arbitrary and it generally reaches the weak clay layer.

In order to validate this new methodology in drained and undrained conditions, two
other calculations were carried out for a slope of 30°. The safety factor was calculated
under drained condition and undrained condition (¢’=0). Calculation results are
presented in Table 2 and Figure 12. Comparison between the safety factor obtained
from this study and the results given by Nash (1987) shows a tiny difference between

limit equilibrium method with log-spiral failure surface and the limit equilibrium

15



method with arbitrary failure surface, which validates the safety factor obtained by the

methodology developed in this work.

3.5.2 Validation of the Shape of the Failure Surface

In addition to the safety factor, the shape of the failure surface is a significant element in
the study of marine slope instability. Indeed, the shape of the failure surface and the
volume of the soil involved must be given for the problems of sediment transport and
turbidity current. For this reason, it was essential to validate the shape of the failure
surface identified by this new methodology. The finite element method enables us to
identify a failure surface, which approaches the theoretical surface. Therefore, the shape
of the failure surfaces in the two case studies of Figure 11 is determined by using the
finite element method. The soil is considered as a Mohr-Coulomb elastic perfectly

plastic material. The yield curve fis defined by the following expression:

cos@ Sin@sing

f Zpsin(PHI[ SO j—CCOS(p (20)

Where p, g et @ are respectively the first, second and third stress invariants

The calculation is carried out under the hypothesis of plane deformation. In this work,
the visco-plastic strain method (Zienkiewic and Cormeau (1974)) where the yield point
can be at the outside of the yield curve for finite periods is used (£>0). In this method,
the plastic strains are replaced by visco-plastic strains proportional to the value of the
yield curve f.

The two cases of Figure 11 were studied by using the finite element method. In Figure
13-a is presented the used mesh (8-node quadrilateral elements). The determination of
the safety factor by using the finite element method consists in calculating the

maximum displacement for various values of the factor of safety FOS with which the

16



values of ¢ and ¢ are divided. In equation 20, ¢ and ¢ are respectively replaced by
c¢/FOS and @/FOS. The value of FOS corresponding to a sudden increase in
displacement is considered as the safety factor. The failure surface is considered as the
area where the yield function is positive (Figure 13-b). Comparison between the failure
surface determined with the limit equilibrium method (Figure 11-a) and the one
determined with the finite element method (Figure 13-b) shows a good agreement
between the two methods. The displacement vectors presented in Figure 13-c confirm
the rotation mechanism of the soil above the failure surface. Comparison between the
shapes of the failure surface obtained with the finite element method (Figure 14-a) and
with the limit equilibrium method (Figure 11-b) for the slope with the weak clay layer
shows once again the good agreement between the two methods. The displacement field
of the soil above the failure surface presented in Figure 14-b shows a combination
between rotation and translation mechanisms.

The use of the finite element method to identify the shape of the failure surface was
useful to validate the shape identified with the limit equilibrium method with arbitrary
shape of failure surface.

In Figure 15 is presented the FOS values calculated with the finite element method and
corresponding to the two cases of Figure 11. The value of FOS of 0.98 for the uniform
soil and 0.7 for the slope with the weak clay layer are comparable with the values found
with the limit equilibrium method (Figure 11). The use of the finite element method for
the submarine slopes being difficult to implement, we can conclude that the use of the
limit equilibrium method with an arbitrary shape surface is satisfactory for the

determination of the safety factor and the form of the failure surface. However, for

17



applications where the determination of the displacement field is necessary, it is

essential to use the finite element method.

4 COMPUTATION OF THE SAFETY FACTORS OF THE NICE SLOPE

In order to test the developed model, we applied it to the Nice slope. Actually,
several works were carried out in order to understand the origin of the submarine slope
failure, which occurred on October 16™ 1979 during the extention of Nice new airport.
Thus, a number of results were available which were useful to our study; in particular
the bathymetry data and the geotechnical test results (Pautot et al. 1981, Bourillet 1991,
Cochonat et al. 1993 and Mulder et al. 1994).

However, it is important to mention that the geotechnical parameters used in the
calculation were taken from the tests carried out on cores extracted from the post-failure
Nice slope. Hence, the geotechnical parameters correspond to the sediments, which
have not failed. In addition, the bathymetry presented in Figure 1 is a compilation of
pre-failure data for depths ranging from 0 to 150 m and post-failure data for the deeper
part.

In the lack of relevant pre-failure bathymetry data and geotechnical characteristics,
it is impossible to identify the origin of the Nice slope failure of 1979. Therefore, the
results obtained from the following safety factors calculations are subject to much
reserve and cannot be considered to explain the origin of the Nice slope failure.
However, a low local safety factor can be very helpful in understanding the various
factors that affect the stability and it can be used as an indicator for the high-risk zones.
The geotechnical parameters identified from experimental tests on 19 cores were

interpolated over the whole Nice slope area (~ 30 km?). Geotechnical parameters are
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affected to the grid nodes according to the classification carried out by Cochonat et al.

(1993) (Figure 2).

4.1 INFINITE SLOPE

Despite the results from literature showing that slope failures can be of both
translational and rotational types (see for instance Booth and O'Leary 1991), the infinite
slope method is usually used in the study of marine slope stability. The safety factor for
infinite slope and under undrained condition is calculated according to the following

equation:

FOS=—— St (21)

Y zesinacosa

where « is the slope angle and z. is a critical depth (Figure 16) at which the factor of
safety is calculated. For an irregular bathymetry, the slope angle « is often taken as the
mean value over the slope profile. However, Mulder et al. (1994) proposed to consider
the slope angle as a local variable and to calculate the safety factor at each node using
equation 21.

The factors of safety of the Nice slope were computed using Mulder's method for
undrained condition. The calculation was carried out for a critical depth z. of 2 m for the
whole area. We considered the geographical distribution of the undrained shear strength
profiles shown in Figure 2.

Figure 17 displays the safety factors in the zone defined in Figure 3. Comparison
between the slope angle (Figure 3) and the safety factor shows clearly that the slope
angle is the dominant parameter in the calculation of the safety factor. The subdivision
of the zone into three sectors corresponding to the under-consolidated sediment,

normally consolidated and over-consolidated has a secondary effect. The safety factor
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presented in Figure 16 corresponds to a critical depth (z.) of 3 m. The failure condition
is reached (FOS < 1) in a local section of the under-consolidated sediment Figure 17.
Despite the simplicity and the rapidity of Mulder's method to determine the safety factor
map for a considered area, attention should be paid to some questionable points:

- for a vertical cross-section, the slip failure occurs along a constant depth z. which in
some cases implies a convex slip surface (Figure 16);

- for a constant critical depth z., the shape of the slip surface is no more a shape of an
usual infinite slope failure surface and the use of equation 21 becomes somewhat
doubtful. Indeed, the infinite slope is assembled by an important number of finite slopes
where the internal forces between successive finite slopes (Figure 16) can not often be
neglected as in the case of infinite slope stability;

- the calculation is carried out on a small local scale, the slope angle is calculated from
the surrounding four nodes (Figure 4). For a corresponding elevation of the four nodes,

the safety factor becomes very large (Figure 16).

4.2 GENERAL SLIP SURFACE

4.2.1 Stability under static gravitational loading

Several observations of the sea bottoms have shown that the slides can be carried out by
rotation of the mass sediment (see for instance Almagor and Wisman 1977, Booth and
O'Leary 1991 and Orren and Hamilton 1998). In order to determine the potential failure
surfaces of the area, the new methodology developed in this work was applied to the
Nice slope. For a critical angle ¢, of 27°, 2209 automatic cross-sections were performed
in order to scan the whole zone (Figure 5). The thickness of the vertical cross-sections

was taken equal to 50 m. About 600 possible failure surfaces were generated by cross-
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section. The calculation was carried out under gravitational loading and for undrained
condition. All the calculation steps previously described were performed and the safety
factor was determined at each node.

The map of the safety factor presented in Figure 18 shows that the failure
condition is reached at several local sections at different depths and the slope angle is no
more the dominant parameter in the calculation of the safety factor. However,
calculation of the safety factors in the zone where the real failure occurred (indicated by
a frame in Figure 18), does not exhibit a critical safety factor (less than 1). Contrary to
the infinite slope stability method, the depth of the potential failure surfaces is not
necessarily the critical depth defined at the beginning of the study. Despite the fixed
depth of 50 m of the vertical cross-section, most critical surfaces occur at a depth less

than 40 m (Figure 19).

4.2.2 Seed’s scenario

After the Nice slope failure, several scenarios were proposed in order to find the
cause of the accident. One of those scenarios was developed by Seed (according to
Habib 1994). He supposed that the disturbance originated far from the coast (around
15 km) and resulted from the collapse of a hundred million cubic meters of sediments.
This offshore landslide would have been the cause of the progressive wave that reached
the coast almost simultaneously, inducing a lowering of about 2.5 m of the sea level.
The embankment of the airport extension was no longer submerged, which created a
sudden load increase on the soil. Seed supposed that the lowering of the water level was
enough to initiate the embankment failure.

Our model was applied to Seed's scenario in order to study the effect of the lowering of

the 2.5 m of the sea level on the stability of the Nice slope. The sea level was considered
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at -2.5 m. For the sediment above -2.5 m, no buoyancy effect was considered in the
safety factor calculation. As in the first scenario, the calculation was carried out under
gravitational loading and for undrained condition along 2209 cross-sections. All the
calculation steps were performed and the safety factor was determined at each node.
The safety factor map of the Nice slope is presented in Figure 20. One can observe a
decrease of the safety factor in the area surrounding the new Nice airport with respect to
the classical gravitational loading calculation. However, the safety factors remained
greater than one in the area indicated by a frame in Figure 20 (Figure 21-b). As in the
case of the infinite slope stability, the failure condition was reached (FOS < 1) in a local

section of the under-consolidated sediment (Figure 20 and Figure 21-a).

4.2.2.1 Pseudo-3D reconstruction of the failure surfaces.

Although the limit equilibrium analyses described in the above paragraphs are
applied to vertical cross-sections, slope instability is of course 3-D bowl shaped. In
order to carry out an approximate three-dimensional reconstruction of the failure
surface, a single safety factor and the corresponding depth of failure need to be assigned
to each grid point of the sea floor. In each vertical cross-section, the minimal safety
factor (F'OS) along each vertical grid line and the corresponding critical depth (z.;) are
affected to the upper node. From the definition of the vertical cross-sections, each grid
point of the sea floor may belong to several cross-sections. Thus, depending on the
considered cross-section, several safety factors may concern the same node. Only the
minimal safety factor (FOS;; = min[FOS;;(A-A), FOS(B-B),....]) is considered and
affected to each grid point with its associated critical depth (Figure 22). Over the whole
area, the grid points corresponding to a given value of the safety factor exhibit several

critical depths. An approximate reconstruction of the three-dimensional potential failure
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surface is possible by plotting the equal values of this critical depth (z.). In Figure 22,
the 3-D failure surfaces corresponding to a safety factor less than 1 were interpolated
from the critical depths (z.;) of several cross-sections, showing bowl shaped failure
surfaces.

This indirect reconstruction of the three-dimensional failure surface as well as
the 3D safety factors is conservative. Indeed, Duncan (1996) by comparing the methods
and results of several authors concludes that the factor of safety calculated using 3D
analyses is always greater than or equal to the factor of safety calculated using 2D
analyses.

Once the shape and the volume of the sediment above the potential failure surfaces are
determined, a post failure study in relation with the dynamic of sediment motion can be
performed. While the slump of cohesive sediment of low sensitivity occurs by a rigid
movement of the volume above the shearing surface without a significant disturbance,
the slip of sensitive clay and sand can be compared to an avalanche and can be easily
transformed into a turbiditiy current. The study of the sediment transport is beyond the
scope of this paper. However, in this work it was fundamental to identify the right
geometry of the failure surface in order to give an adequate initial geometry for the
problem of sediment flow and to simulate correctly the sediment transport and the

turbidity currents.

5 CONCLUSION

The main objective of this work was to develop a new methodology (with respect
to the conventional infinite slope stability method), which permits the calculation of the
approximate three-dimensional safety factor over a large submarine area with complex

bathymetry and heterogeneous sediment. The variation of the geotechnical parameters
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in the 3 directions of space was taken into account. For a given pore pressure boundary
condition, the effect of the water flow on the submarine slope stability can be
considered.

Since results from literature have shown that the safety factor calculated over an
arbitrary slip surface does not involve large errors (less than 5 %), no restriction on the
postulated shape of the failure surface was considered. The safety factor was considered
as a spatially varying quantity and the General Formulation (GLE - Fredlund and Krahn
1977), which fully satisfies equilibrium conditions, was used for evaluating the stability
of the marine slope. A two-dimensional calculation was performed on a large number of
vertical sections crossing the area and was extended to the three-dimensional zone.
Determination of the shape and the volume of the potential failure surface was
necessary to ensure that an appropriate initial condition for the problem of the post
failure mechanism (sediment flows and turbidity currents) is defined.

The developed methodology was tested through the calculation of the Nice slope
instability. Two cases of instability were studied:
1) under a static conditions ;
2) under a lowering of 2.5 m of the sea level (Seed's scenario).

For the static conditions, the safety factors calculated in the zone where the failure
occurred in 1979 (indicated by a frame in Figure 18) did not show an instable zone
(safety factors greater than 1). The scenario of a sea level lowering due to the collapse
of a hundred million cubic meters of sediments far from the coast (Sceed's scenario)
showed a decrease of the safety factor (with respect to the static gravitational loading

calculation - Figure 20) in the area surrounding Nice new airport. However, the safety
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factors were remained greater than 1 in the area where the failure occurred in 1979
(Figure 20). These calculation results are related to:
1) the geotechnical characteristics used in the calculation are those of the sediment
which have resisted to the slope failure of 1979 ;
2) The bathymetry of the Nice slope is a compilation of pre-failure data for depths
ranging from 0 to 150 m and post-failure data for the deeper part.
In the lack of relevant pre-failure bathymetry data and geotechnical characteristics,
it is impossible to identify the origin of the Nice slope failure of 1979. However, a
future site survey in a restricted area of the Nice slope will be carried out by the
IFREMER in order to identify an accurate:
1) morphology of the seabed using the High Resolution multi-beam echo-sounder ;
2) geometry of the slope using a VHR (Very High Resolution) 3-D seismic technique ;
3) geotechnical parameters using the CPT (Cone Penetration Test).
Acquisition of such data will permit an accurate quantitative calculation of the safety
factor of the Nice slope and a prevision of a possible future geo-hazards accident in the

arca.
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1 Safety factor F
n Normal total forces P; on base of slice
n Shear forces T;
Unknowns |n Positions of forces P;
n-1 Interslice vertical forces X
n-1 Interslice horizontal forces E
n-1 Heights of the point of application 4; of the internal horizontal forces
Equations |3n Static equilibrium provides 3 equations fore each slice
n Mohr-Coulomb law gives a relation between normal P; and shear
forces T; at each base
Hypothesis |n Since the slices are considered as thin, one can consider that the normal
force P; acts on the base centre
Total
unknown n-2

Table 1. Forces involved in equilibrium methods.
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Slope ¢’ vYH/c
) ) Limit Equilibrium Limit Limit
Slice Circle Logspiral | Analysis | Equilibrium
(Logspiral) | (Arbitrary)
45 0 5.88 5.88 5.88 5.53 5.88
30 0 6.41 6.41 6.41 5.53 6.2
30 15 20.84 21.74 - 21.69 21.72

Table 2. Safety Number Calculated by Different Methods.
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Figure 10. Potential sliding surface and forces acting on an infinitesimal slice.
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