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Abstract: Access to submarine slopes is usually limited and it is often difficult to rely on deep cores or in situ
measurements to determine the geotechnical characteristics of the sediments involved in a slide when carrying out
back-analyses of submarine mass movements and their consequences. The approach presented here uses geomor-
phology and basic geomechanical concepts to reduce uncertainties in slope stability and mobility analyses. It
shows how geomorphology can be used to select the geomechanical input parameters required in failure and
post-failure analyses. Typical parameters derived from such analyses are related to the strength of the material,
the pore water pressure at the time of failure, and the rheological properties of post-failure debris or mud flows.

Access to submarine slopes for geotechnical investi-
gations is often limited to major projects, such as
gas development along the Storegga Escarpment
(Kvalstad et al. 2005), or to investigations that can
rely on in situ measurements (Sultan et al. 2007a,
b). In most studies the analysis can only be based
on multibeam imagery (Mosher & Piper 2007), seis-
mic (two- or three-dimensional) surveys and shallow
gravity cores, which can be of variable quality and
length depending on the amount of gas present in
the pore water and the type of sampler used. To com-
pensate, investigations have often relied on basic soil
mechanics concepts (Poulos 1988), as shown by the
studies of Lee & Edwards (1986) and Lee et al.
(1991) for the slope off California, which took into
account the relationships between soil strength and
depth. Taking advantage of high-resolution multi-
beam seismic surveys, experiencewas gained linking
the morphology of a slope to geomechanical (i.e. soil
and fluid mechanics) concepts applicable to either
the failure or post-failure analysis of mass move-
ments. It may be difficult to resolve the morphology
of shallow slopes at great depths (>1000 m) using
multibeam bathymetry data obtained from sources
near the surface of the sea. This has been resolved
by using an autonomous underwater vehicle carrying
a multibeam system at great depth and keeping it
<100 m above the seafloor, which resulted in excel-
lent resolution (Locat 2017). This approach is mostly
limited to sediments (or soils in the engineering
sense) because it does not consider the potential
role of the discontinuities seen in most mass move-
ments involving rocks. In addition, and in particular
for the post-failure analysis, a clear identification of

both the source and depositional morphology of a
given mass movement is necessary.

This paper mainly considers slides and debris
flows and, to some extent, debris avalanches (Hungr
et al. 2013; Locat 2017). The approach developed
via various case studies is presented as follows: a
review of geomechanical concepts; the classification
of slopes; the strength of eroded slopes (intact
strength); and the strength of debris and mud flow
deposits (remoulded strength) at the time of
deposition. Examples are provided to illustrate this
approach. This paper will help our understanding
of both the nature of some slide deposits and the
conditions prevailing at failure, as well as helping
to structure the back-analysis of mass movements
(failure and post-failure). For more in-depth geotech-
nical aspects dealing with submarine slope instabili-
ties, readers are referred to Sultan et al. (2004a, b,
2007a, b) and Lee et al. (2007).

Geomechanical concepts

The main geomechanical concepts related to slope
formation involve the basic principles relating the
morphology of a slope (slope height, slope angle,
thickness of the debris deposit and the slope of
the slide debris) to the strength both before (soil
mechanics) and after (fluid mechanics) failure. The
concepts considered in this paper are limited to
sediment formation and strength, the factor of safety
and stability analysis, and the yield strength and
mobility. More details of these concepts are pre-
sented in Lee et al. (2007).
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Sediment formation and strength

A conceptual approach to sediment formation and
strength is shown in Figure 1. It considers four
aspects: (1) the depositional environment; (2) the
formation and evolution of the sediment; (3) the
energy available at the time of a slide event; and
(4) the possible failure mechanisms. The relevant
physical properties related to these four aspects are
also shown in Figure 1.

Depositional environment. The depositional envi-
ronment determines whether sediments are stratified
or homogeneous. Stratified sediments are character-
ized by changes in texture. The nature of the
sediment also affects its behaviour. Most of the soil
mechanics concepts presented here were developed
for inorganic soils (Poulos 1988). Other types of sed-
iments, such as fossiliferous sediments (mostly
foram- and diatom-rich sediments), have also been
studied and their properties show some differences
from those of classical soil mechanics based on

inorganic sediments (Pittenger et al. 1989; Rack
et al. 1993; Tanaka & Locat 1999; Locat & Tanaka
2001; Shiwakoti et al. 2002; Locat et al. 2003; Lee
et al. 2011; Wiemer & Kopf 2017). Other features
of the development of large landslides, including
the effects of pore pressure, have been reported
by Talling et al. (2014), whereas the impact of gas
on landslide development has been illustrated by
Saint-Ange et al. (2014) for the Beaufort Sea area
and Bünz et al. (2005) for the Storegga Slide. The
formation of gas hydrates and their effects on the
stability of submarine slopes have been reviewed
by Mienert et al. (2005) and Grozic (2010).

Because the marine environment favours deposi-
tion over large areas and records many geological
changes from either land or marine sources, stratified
deposits are the most frequent style of deposition.
Clinoforms can develop over large areas, generating
potential marker horizons that may be involved
in generating large mass movements. Example of
these can be found in the North Sea (e.g. the Storegga
Slide, Kvalstad et al. 2005), the shelf and continental

Fig. 1. Processes from sediment deposition to failure; see text for explanation. The physical properties considered
here are: porosity (n), specific unit weight (γ), compression index (Cc), coefficient of volumetric consolidation (cv),
hydraulic conductivity (k), cohesion (c′), friction angle (f′), pore pressure (u), undrained shear strength (Su),
plasticity index (Ip), sensitivity (St), liquidity index (IL), viscosity (μ) and yield strength (τc). The energy here is the
energy related to remoulding (Leroueil et al. 1996): ErA, energy available for remoulding; ErN, energy necessary for
100% remoulding.
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slope of the Gulf of Lion (Baztan et al. 2005), and the
Atlantic continental slope of Canada and the USA
(Brothers et al. 2013). A system favouring the devel-
opment of layers of different grain sizes can also
provide conditions for the development of potential
or active weak layers (Locat et al. 2014).

Sediment formation and shear strength. Following
deposition, sediments experience a number of
different processes as a result of burial, including
consolidation and diagenesis (Poulos 1988). Cemen-
tation may develop and strength may be gained via
seismic strengthening (Lee et al. 2004, 2007; Sawyer
& DeVore 2015; ten Brink et al. 2016).

As the accumulation of sediment increases, the
sediment particles are buried under an increasing

weight of sediments, which can give rise to excess
pore water pressures that must be expelled from
the soil structure so that the sediment can adjust to
the increasing weight through the process of consol-
idation (Gibson et al. 1967, 1981). In most cases the
sedimentation rate is sufficiently low that there is
enough time for the dissipation of excess pore pres-
sure and the sediment becomes normally consoli-
dated, i.e. the consolidation strength (s ′

p) is equal
to the effective stress (s ′

vo). In this case, the ratio
of undrained shear strength (Su) to the vertical effec-
tive stress will vary between 0.2 and 0.4 (Poulos
1988). An excellent example of a normally consoli-
dated sediment is the inorganic clays of the Gulf of
Mexico (Quiros et al. 1983) (Fig. 2). This is a rare
example where in situ measurements are available

Fig. 2. Example of the profile of a normally consolidated sediment taken from the Gulf of Mexico area. This profile
provides both intact and remoulded strength measurements on cores and the in situ strength measured with a field
vane. The theoretical relationship Su/s ′

vo has been added (red dashed line) for comparison (modified after Quiros
et al. 1983 in Poulos 1988).
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down to a depth of 140 m. This geotechnical profile
also shows a decreasing water content, equivalent
to a decrease in the liquidity index IL, where IL =
(w – wP)/(wL – wP) and w, wP and wL are, respec-
tively, the water content and the plastic and liquid
limits of the sediment, all expressed as a percentage
by weight. If there is evidence for a normally consol-
idated or an over-consolidated sediment (i.e. a
sediment for which s ′

p . s ′
vo), this indicates that,

if significant pore pressures (or their equivalent)
exist in the sediment, they were probably generated
after the end of the consolidation process of the
normally consolidated or over-consolidated strati-
graphic sequence. In such a case, the sedimentation
rates associated with the formation of the strati-
graphic sequence cannot explain the presence of the
excess porewater pressures. A recent rapid depositio-
nal event could temporarily generate excess pore
pressures as part of a sedimentation/consolidation
process, but its effects in terms of pore pressure will
also vanish with time.

If erosion takes place in part of a slope that was
formed by a normally consolidated sediment, then
this part of the slope will become over-consolidated,
as seen in the Point-du-Fort submarine slide (Locat
et al. 2018) (Fig. 3). In rare examples, such as the
Mississippi delta, the sedimentation rate is faster
than the rate at which the sediments can fully consol-
idate (Shephard et al. 1978). In this region, Prior &
Suhayada (1979) reported a pore pressure ratio as
high as 0.986, indicative of little consolidation and
characteristic of a very soft, unconsolidated sediment

(s ′
p , s ′

vo). Similar observations were made off-
shore the Gulf of Mexico by Flemings et al.
(2008). The pore pressure ratio for subaqueous con-
ditions r+u is equal to u+/γ′H*,where u+ is the excess
pore water pressure (i.e. in addition to the hydrostatic
pressure; Poulos 1988) and H* is the height of the
slice above the rupture surface considered in the
stability analysis. Because the sediment is below sea-
level, the buoyant unit weight (γ′) is used to calculate
the pore pressure ratio. The buoyant unit weight is
also called the submerged unit weight, so that γ′ =
γsat − γw, where γsat is the saturated unit weight
of the sediment and γw is the unit weight of water.
Two points should be noted. First, the use of ‘uncon-
solidated’ to describe sediments (or soils) rather than
rocks should be avoided and replaced by the term
‘non-indurated’ if sediments (or soils) are compared
with rocks. Second, the consolidation processes
are nearly irreversible, i.e. once the void ratio of a
sediment has decreased with increasing pressure
(stress), any future reduction in effective stress due
to erosion or an increase in pore pressure will not
be able to increase the water content or the porosity,
except for limited swelling in some situations, such
as unloading by erosion.

As the sediment develops its strength, it will also
acquire an intact undrained shear strength (Su),
which will be greater than the remoulded undrained
shear strength (Sur), and the ratio of these two
strengths is called the sensitivity (St = Su/Sur). The
sensitivity of marine sediments varies between 5
and 10 in most instances (Perret et al. 1995), but

Fig. 3. Effect of sea-level change and erosion on the coastal profile in the Baie des Ha! Ha! (Saguenay Fjord) at the
location of the Point-du-Fort Slide. The actual tidal flat, at sea-level, represents erosion (ΔH ) of c. 15 m generating an
over-consolidated deposit, i.e. the consolidation pressure (s ′

p) is greater than the in situ effective stress (s ′
vo). Above

and below the eroded part of the slope, the sediment is normally consolidated. The slide was initiated from the
shoreline and into the fjord (Locat et al. 2007). NC, normally consolidated deposit; OC, over-consolidated deposit.
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can reach values >100 in marine sediments that have
been leached to a low salinity (often <2 g l−1), sub-
stantially affecting their index properties (Longva
et al. 2003).

Energy and failure mechanisms. Depending on the
sediment strength, the energy available at the time
of the slide event and the existing pore pressure, the
development of a spread or a flow slide may depend
on the capacity of the sediment to be partially or
totally remoulded. Rotational or translational slides
can be evaluated using standard slope stability proce-
dures, but these cannot be used for flows or spreads.

In the case of a flow slide, the material must be
remoulded to such a degree that the failed mass
can flow out of the rupture surface. The available
remoulding energy (ErA) is then close to, or greater
than, the energy required (ErN) to reach 100% of
the remoulded undrained shear strength of the sedi-
ment, or must be sufficient to generate a volume
of remoulded material that can transport the remain-
ing mass of debris, such as in ‘flake slides’ or trans-
lational progressive landslides (Hungr et al. 2013).
This is often seen for slides in sensitive clays (Thakur
et al. 2014) or if failure by liquefaction occurs as a
result of an earthquake (Levesque et al. 2006).

Two major characteristics are needed for a spread
failure to take place: a strain-softening material and a
stress change to trigger it, such as a first slide (Hungr
et al. 2013). The rupture surface is developed via a
progressive failure mechanism (Locat et al. 2011;
Leroueil et al. 2012). If the geometric conditions
favour the evacuation of the slide debris after a
spread failure, part of the material may transform
into a flow slide (e.g. the Storegga Slide, Kvalstad
et al. 2005).

Factors of safety and stability analysis

The factor of safety of a slope, from a limit equilib-
rium analysis, is the amount of reduction in the
strength (resisting forces) necessary to bring the
soil to a state of equilibrium with the driving forces,
i.e. when the resisting forces are equal to the gravita-
tional forces. This concept is limited to slides and is
not directly applicable to flow slides or spreads.
In general, the factor of safety is equal or greater
than unity:

Factor of safety =
∑

Resisting forces∑
Driving forces

≥ 1 (1)

Here it is considered that the resisting force of the
sediment follows a Mohr–Coulomb failure criterion
such as:

t = c ′ + s ′ tan(w ′) (2)

where τ is the shearing resistance, c′ is the cohesion,
σ′ is the effective stress if we consider that
hydrostatic conditions exist below sea-level (i.e.
using the buoyant weight γ′) and w′ is the friction
angle. The friction angle is usually determined
using triaxial tests, but a crude relationship has
been established between the friction angle and
the plasticity index, Ip, which is mostly applicable
to non-fossiliferous sediments (Locat & Tanaka
2001). The cohesion is also determined using triaxial
tests, but is very sensitive to remoulding. For illitic
marine clays, such as post-glacial sediments in east-
ern Canada, we can use a cohesion value of c. 8 kPa
in the absence of direct measurements of cohesion
(Lefebvre 1981).

In some cases, we can rewrite equation (2) using
the pore pressure ratio for subaqueous conditions
(r+u ). In this case, equation (2) becomes:

t = c ′ + s ′(1− r+u ) tan (w
′) (3)

Here, (1− r+u ) tan(w ′) can be regarded as an
apparent, or mobilized, friction angle because the
friction angle is considered to be constant. Note
that, compared with subaerial slope conditions, the
same excess pore pressure u+ for underwater condi-
tions will generate a higher pore pressure ratio in the
sediment because it will be applied on the buoyant
unit weight γ′.

For natural slopes, Locat et al. (2000) and Locat
(2001) proposed that over long periods of time
(including geological timescales), the slope angle
reflects the equilibrium between the characteristics
(and strength) of the soil or rock and the processes
leading to its formation, i.e. it can be assumed that
for a natural slope the long-term factor of safety of
a slope is close to unity. This is similar to the
‘angle of ultimate stability’ of Hutchinson (2001),
which he considers to be a basic unit of the land-
scape, with values close to the residual friction
angle (for soils). Here, this concept is applied to
eroded slopes. Figure 4 illustrates this general con-
cept, i.e. that if a slope is being actively eroded, the
factor of safely is probably around unity, whereas
if changes in the morphology take place, the factor
of safety can either decrease or increase depending
on the evolution of the erosion process and other
factors such as earthquakes. Figure 4b uses the mor-
phology of the Hudson Canyon and nearby canyons
to illustrate this. This method shows that the Hudson
Canyon is active with a factor of safety value close to
unity for bordering slopes, whereas two other can-
yons have been (or are) filled, suggesting an increase
in the factor of safety for these latter slopes.

Another method used to illustrate the strength of
an existing slope is to consider the relationship
between the slope height and the slope angle at
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equilibrium (i.e. for FS = 1). A computation using
Slope/W software has been carried out for a slope
in homogeneous sediments consisting of a normally
consolidated clay. The analysis was performed for
both drained and undrained conditions. The drained
example corresponds to a scenario in which the slid-
ing process takes place so slowly that no significant
excess pore water pressure develops as part of the
slide-triggering mechanism. In this case, the strength
parameters used are c′ and w′. For the undrained
example, it is assumed that the destabilizing process
is rapid enough to mobilize the undrained shear
strength of the sediments. In this case, undrained
shear strength Su is used. The results of this paramet-
ric analysis are presented in Figure 5 where, in all
cases, the rupture surface is forced to exit near the
toe of the slope.

For the drained case with no excess pore pressure
and a slope at equilibrium, the height (H ) of the slope
will tend to infinity if the slope angle approaches the
friction angle. Once the slope height reaches >100 m
for sediments (not for rocks), the portion of the
shearing resistance due to cohesion becomes negligi-
ble (Locat et al. 2009) and the equilibrium slope
angle quickly tends towards a value equal to the
friction angle, i.e. 30°. With respect to cohesion,
Ikari & Kopf (2011) concluded that their experi-
ments showed that some gain in cohesion with burial
depth is possible, but they did not explain why their
(smectite-rich) samples did not exhibit swelling
behaviour after unloading, which is contrary to the

expected behaviour of most clayey soils and of
swelling clays in particular (Mesri et al. 1978). Fig-
ure 5 also shows that if there is enough time for an
erosion process to take place, then it can generate
high slopes if the area is fairly quiet seismically.
However, if large earthquakes are frequent, such as
along active margins, it may be difficult to generate
very large landslides by the process of erosion
because the earthquakes will prevent the develop-
ment of very high slopes by erosion only. For a rota-
tional slide to take place on a steep slope (i.e. >40°),
the rupture surface needs to be near to the toe of the
slope (Steward et al. 2011).

As some seepage forces may exist in submarine
slopes (e.g. Flemings et al. 2008), or equivalent
excess pore pressures due to the dissociation of gas
hydrates (e.g. Riboulot et al. 2013; Saint-Ange
et al. 2014), drained analysis with excess pore pres-
sures (i.e. above hydrostatic) can also be considered
by using the r+u parameter in the computation. As
expected, the relationship between the slope height
and the slope angle gives values for the angle that
are always below the value of the friction angle of
the sediment, i.e. 30° in the example shown in Fig-
ure 5. This figure shows that as excess pore pressure
build ups in a sedimentary sequence or along certain
stratigraphic horizons, the equilibrium slope angle
will decrease with increasing r+u .

For the undrained case, the critical slope angle
remains at 15° for any height as long as the strength
to stress ratio remains constant with depth (here

Fig. 4. (a) Evolution of the factor of safety of a slope (F ). (b) Example of active and inactive canyons and the
potential effect of slope stability where canyon filling can be seen as a process increasing the factor of safety of the
slope. Average slope angles are given on the cross-section.
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Su/s ′
vo = 0.25) (Fig. 5). This suggests that if a clay

slope of any height, but with a slope angle >15°, is
exposed after a drained failure, it could be unstable
until the slope angle reaches a value of ≤15° (assum-
ing Su/s ′

vo = 0.25). This may be seen as a simplified
illustration for the initiation of a retrogressive failure
process if the resulting new slopes remain unstable
in an undrained mode until stabilization conditions
are met.

Yield strength and mobility

Because the first failure of a slopemay result in either
a flow slide (debris or mud flow) or a spread, some
transformation of the failed mass is necessary up to
the point at which it behaves as a fluid. We could
consider such a mixture from a soil mechanics
point of view, but then we would have to consider
high excess pore pressures that would not have
enough time to dissipate significantly due to the
short duration of the flow event relative to the time

for required for the dissipation of significant amounts
of excess pore pressure (Locat et al. 1996). This is
why flow slides are generally modelled as a fluid.
Using an example of debris flows on the Mississippi
Fan (Schwab et al. 1996), Locat et al. (1996) esti-
mated that for a 2–3 m thick single flow event,
only c. 1% of the excess pore pressure would have
had time to dissipate after one day. To that effect,
for coarser flow slides, a soil mechanics approach
using a slide consolidation model has been able to
reproduce the observed velocities by calculating
the dissipation of excess pore pressure at the base
of the flow slide (Hutchinson 1986; Qiao & Clayton
2013). The link between soils and fluid mechanics
for flow slides may be seen by the fact that the
remoulded undrained shear strength (soil mechanics)
of a sediment is nearly equivalent to its yield strength
(fluid mechanics; Locat & Demers 1988).

In general, the rheological characteristics of a vis-
cous fluid are described by its yield strength (τc) and
viscosity (μ) (Locat &Demers 1988; Coussot & Piau

Fig. 5. Analysis of a homogeneous slope in clay using the Slope/W software to illustrate the relationship between
slope height (H ) and slope angle (β) for FS = 1, for both drained and undrained examples and for a rupture surface
exiting at the toe of the slope. For the drained example, the properties used for the analysis are: f′ = 30°, c′ = 10 and
2 kPa, and γ′ = 10 kN m−3. In addition, r+u values of 0.2 (24.8°), 0.4 (19.2°), 0.6 (13.1°) and 0.8 (6.6°) are shown
using f′ = 30° and c′ = 10 kPa. Values in parentheses give the equivalent mobilized friction angle. For the undrained
example, a value of Su/s ′

vo = 0.25 is used. Note that this graph is for illustration purposes only and cannot be used
for the evaluation of stability.
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1994; Locat 1997; Malet et al. 2002; Jeong et al.
2010). It is then necessary to use rheological models
to describe the flow behaviour of such a mixture to
provide some input for modelling the mobility of
these flows; these models can also be used to
model tsunami (Grilli et al. 2017). A common
piece of software used for such an analysis is
BING, which can use a number of different rheolog-
ical models, such as the Bingham, Herschel–Bulkley
and bilinear models (Imran et al. 2001).

In many cases, the mobilized (field) yield
strength is often related to the back-calculated
value obtained using the concept of the critical thick-
ness (Hc) (Hampton 1972), which considers that,
everything being equal, there is a maximum thick-
ness below which the flow will stop on a given
slope angle. This relationship is expressed as:

Hc = tc
g ′ sinb

( )
(4)

where τc is the yield strength of the sediment, γ′ is the
buoyant unit weight and β is the angle of the slope
over which the flow comes to rest. This equation is
equivalent to that used for infinite slope stability
analysis for a remoulded sediment.

The yield strength of a sediment can also be
determined in the laboratory. Locat & Demers
(1988) have shown that the yield strength can also
be predicted, as a first approximation, by the
remoulded undrained shear strength, i.e. Sur ≅ τc.
There are also relationships directly linking the
liquidity index (IL) to Sur and then to τc (Locat &
Demers 1988). Locat & Lee (2005) presented these
relationships in a general form:

tc = a

IL

[ ]b
(5)

m = c

IL

[ ]d
(6)

Parameters a and d in these relationships are not
constant values and must be determined by rheolog-
ical and physical tests on sediments. For post-glacial
marine clays in Québec, the values of parameters a,
b, c, and d are 12, 3, 9 and 3, respectively (Locat &
Lee 2005).

These relationships show that for a given slope
generating a debris or mud flow deposit, it is possible
to make a first estimation of the yield strength of the
flow slide responsible for depositing that layer. The
only condition that could prevent the direct use of
this relationship would be if hydroplaning (Mohrig
et al. 1998) or wetting could take place during the
flow (De Blasio et al. 2005).

For debris flows containing clayey clasts, Locat
& Lee (2002), using the approach of Hampton
(1975), have shown that if the water content of the
clasts has not changed since deposition, or if it can
be estimated, then the rheological conditions under
which the flow took place can be estimated. For
this to be applicable, the water content of the matrix
must have remained greater than that of the clast.

In practice, Locat & Demers (1988) have shown
that the contribution of the viscosity to the overall
flow shearing resistance of a mud is c. 1 : 1000, so
that in many instances the role of the viscosity is neg-
ligible for clayey flows. Jeong et al. (2010) observed
that the ratio decreases to 1 : 100 for sandy mixtures.

The mobility of a failed mass will depend
on many factors, including the volume, the rate of
change in the shear strength from the peak to
remoulded conditions, and the slope over which
the flow takes place. The mobility can be analysed
using two-dimensional (e.g. BING; Imran et al.
2001) or three-dimensional (e.g. OpenFOAM; Tur-
mel et al. 2017) flow models, which require input
parameters such as the yield strength and viscosity.
A parametric analysis can be performed using
such models that can relate the volume, yield
strength, run-out distance and shape of the final
deposit (including the thickness). In addition to this
approach, many empirical relationships have been
proposed to relate the volume of the displaced
mass to the run-out distance to determine the mobil-
ity of landslide debris (Edgers & Karlsrud 1982;
Locat & Lee 2002; Issler et al. 2005); these are of
interest because they can help us to determine
whether the mass flow deposit is the result of a single
slide event.

Types of slope for which the strength can
be estimated

Submarine (or subaerial) slopes can result from var-
ious geological processes. They can be categorized
in terms of the slope process to help identify those
for which it may be possible to estimate the strength
of the material at the time of formation. Slopes can be
grouped into a minimum of four types of formation
processes: (1) sedimentation/accumulation; (2)
erosion; (3) tectonism; and (4) volcanism (Fig. 6).
Slopes generated by sedimentation/accumulation
can result from the formation of clinoforms (type
1a), which is a dominant process on many margins,
the accumulation of mud or debris flows (1b), turbi-
dites (type 1c) or biogenic processes (1d). Eroded
slopes can result from direct erosion in a canyon or
channel (type 2a) or from a landslide in a canyon
(e.g. Montery Canyon, Greene et al. 2002), a channel
(Turmel et al. 2015) or on a slope, such as along the
margin of the US East Atlantic coast (Chaytor et al.
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2009). If a local slope (e.g. clinoform, type 1a) is
modified by a landslide, it will show slope scarps
(type 2c) and a rupture surface slope (type 2c).
Tectonic and volcanic slopes will not be considered
here. In the following paragraphs, it is important to
remember that the accuracy of the slope morphology
will depend on the efficiency of the survey method,
for a given depth and geometry of the slopes, to pro-
vide adequate spatial resolution.

For the purpose of this paper, the analysis will
concentrate on slope types 1b and 2, for which
sediment strength estimates are considered possible
(within the dashed box in Fig. 6). Slope types 1b
and 1c are often associated with mass transport
deposits, but imply different physical mechanisms.
Type 2 slopes are related to mass wasting process
under the term ‘eroded slopes’. It has been shown
by Locat & Lee (2002) and Locat et al. (2010) that
eroded slopes (type 2) reflect the intact strength of
the material involved in a slide, whereas accumu-
lated slopes (type 1b) composed of debris or mud
flow deposits can be related to the remoulded
strength (or critical yield strength) of the failed sed-
iments. The analysis of type 1b slopes is much easier
when debris or mud flows are exposed. When they
are buried, their morphological description may
require high-resolution three-dimensional seismic
data, as illustrated by Alves (2015).

Hereafter, to follow the order from failure to post-
failure, first eroded slopes (type 2) will be considered
and then accumulated slopes (type 1b).

Eroded slopes (type 2) and intact strength
Eroded slopes will be considered in two groups: (1)
canyons and channels and (2) open slopes. This
approach considers that there has been no evolution
of the slope morphology since the time of failure,
which is certainly not the case in many situations,
particularly where there are strong currents that
may have brought sediments into the landslide
area, as observed in the Gulf of Lions region (Baztan
et al. 2005; Sultan et al. 2007a, b).

Canyons and channels with continuous erosion
(type 2a)

Baztan et al. (2005) have shown that canyon incision
in canyons of the Western Gulf of Lion is a key pro-
cess in canyon evolution. In a detailed geotechnical
analysis of the Bourcat Canyon, which included
in situ measurements, Sultan et al. (2007a, b) con-
cluded that: ‘Good agreement between present
canyon morphology and the shape of the predicted
failure surfaces generated by axial incision indicates
that axial incision can be one of the main external
mechanisms leading to sediment destabilization of
inner canyon walls’ (Sultan et al. 2007a, b, p. 24).
For the Bourcat canyon, the friction angle has been
measured to be 30° (Sultan et al. 2007a, b).

Similar observations were made for the Cap de
Creus Canyon, to the south, by Sansoucy et al.
(2007) and Sansoucy (2008). The Cap de Creus
slope angles along the flanks can reach values
between 20° and 27°. The friction angle obtained
from triaxial tests of the sediment is 31° with a
cohesion of 3 kPa. This analysis showed that instabil-
ity can only develop when the incision process
approaches the toe of the slope and that it involves rel-
atively thin (<25 m) slope failures with the angle of
the rupture surface close to the actual average slope
of the flank, i.e. with a slope angle close to the friction
angle of the sediment. One of the main observations
from these studies of canyons in the western part of
the Gulf of Lions is that the continuous erosion of can-
yons or channels without any sign of large landslides
suggests that the slope instability of the canyon flanks
occurs under drained conditions and consists mostly
of shallow landslides.

The compilation of slope height and slope angle
for the Hudson Canyon area presented in Figure 7
shows that the slope angle is between 20° and
30° for actively eroded canyon flanks (Locat et al.
2010). This relationship cannot be applied to
abandoned canyons or canyons that are being filled
because this process only affects the slope height
(see Fig. 7). This is the case for the Hudson Canyon

Fig. 6. Classification of slope-forming processes. The processes within the dashed zone are considered as candidates
for which the strength can be estimated (see text for explanation).
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shown in Figure 4b. For canyons under active
erosion, the slope angle of the canyon walls can be
used as a first estimate of the shear strength of the
sediment, assuming that FS = 1. The actual slope
of the canyon flanks can also vary if the nature of
the sediments changes, particularly if bedrock is
encountered during the formation of the canyon
(Brothers et al. 2013; Chaytor et al. 2016). Another
element to consider is that when canyon incision
takes place in clinoforms, the greater steepness of
the local canyon wall slopes may also be a result
of the fact that the slopes are cut in a direction per-
pendicular to the inclination of the bed.

Landslide scars on open slopes (types 2b
and 2c)

Large submarine landslides have been mapped on
both sides of the Atlantic and, in many cases, have
developed a rupture surface more or less along a
stratigraphic horizon (e.g. the Storegga Slide,
Kvalstad et al. 2005). On the US Atlantic seaboard,
these slides probably developed along clinoform
horizons (Chaytor et al. 2009). When landslide
scars are present, their morphology can be used to

assess the shear strength of the sediments prior
to failure, assuming that the adjacent slope scarps
represent the shear strength characteristics of the
intact sediment before failure.

Locat et al. (2007) carried out an inventory of the
numerous landslide slope scarps and slope rupture
surfaces along the southern New England slope.
They found that the landslide slope scarp angles
(type 2b) varied between 7° and 23° with a slope
height from 25 to 110 m, increasing with slope
scarp angle (Fig. 7). Similarly, the Currituck Slide
to the south (Fig. 8) presents a significant scarp
just below a well-defined rupture surface with a
height of nearly 750 m and scarp slope angles vary-
ing between 15° and 30°. The lower portion of this
scarp may be partly cut into Pliocene age sediments
(Hill et al. 2017). The scarp slope angles reported
here are clearly an indication that the sediment
strength, prior to failure, was at least equivalent to
that of a normally consolidated sediment, so that as
a first approximation it could be used to provide a
range in mobilized friction angle values for a slope
stability analysis under drained conditions.

Figure 7 shows that scarp slopes on the southern
New England slope are less than the friction angle.

Fig. 7. Compilation of various slope angles and height along the southern New England slope (modified after Locat
et al. 2010).
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Seepage forces do exist along the New Jersey conti-
nental slope, as reported by Robb (1984) and Dugan
& Flemings (2002). In such a case, the reported val-
ues of slope angles for landslide scarp slopes on the
southern New England slope could represent the var-
iation of the mobilized friction angle at failure with
the existing local excess pore pressures. Conversely,
if this approach is valid, and considering the friction
angle as a constant parameter, then the value of r+u
corresponding to a given slope angle could be used
to estimate the in situ excess pore pressures.

The rupture surface slopes (type 2c) do not
directly provide strength estimates, but they can be
used to identify a zone in which sediments are over-
consolidated by erosion (Ikari & Kopf 2015; see also
Sultan et al. 2007a, b for a detailed analysis of

erosion and over-consolidation in a canyon). Esti-
mating the amount of erosion will provide an input
to define the variation of strength with depth if any
future stability analysis is necessary. For the south-
ern New England slope, Locat et al. (2007) reported
that the visible rupture surface angles on open slopes
varied between 0.3° and 3.0°. For the Currituck
Slide (Fig. 8), these angles varied between 3° and
5°. These surfaces appear more or less controlled
by the inclination of the bedding planes in both
examples.

Rupture surface slope angles must be considered
in the analysis of the sliding process. For the Curri-
tuck Slide, if we take the actual geometry of the
overall rupture surface (c. 5°) and carry out a slope
stability analysis under either drained or undrained

Fig. 8. Topographic views of the Currituck Slide: (a) multibeam seismic views with an exaggerated scale (about
12×); and (b) cross-section at scale (modified after Locat et al. 2009).
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conditions, then the calculated factor of safety will
be high if the pore pressure or earthquake triggers
are not considered. Routinely (e.g. Masson et al.
2006), we should always look at the role of these
sources of strength reduction in generating large sub-
marine slides. An earthquake has been favoured as
the main trigger for the Currituck Slide (Locat
et al. 2009), although Hill et al. (2017) favour over-
pressure conditions. The sliding process was such
that most of the failed sediments moved down onto
the continental rise. This indicates that the available
remoulding energy was higher than the energy nec-
essary to reach the remoulded strength of the sedi-
ment, although intact blocks are still present in the
slide debris.

It is interesting to note that, following the study
of the Storegga Slide, greater attention has been
paid to the process of progressive failure (Kvalstad
et al. 2005). Such a process is also favoured in over-
consolidated sediments because they can exhibit
strain-softening behaviour, which is often one of
the conditions for progressive failure to develop
and initiate spreading (Leroueil et al. 2012). An
interesting aspect of the role of progressive failure
in slide initiation, which will not be developed
here, is that large landslides, like spreads, can
form on a flat rupture surface (nearly 0° slope) with-
out the need for a strong external force such as an
earthquake or excess pore pressure (Leroueil et al.
2012). More research is needed into the role of
progressive failure in the development of large
submarine slides.

Accumulated slopes (type 1b) and yield
strength

Accumulated slopes (type 1b), as defined here,
include those formed as a result of debris or mud
flows generated by upstream landslides and exclude
those formed by turbidity currents. The main mor-
phological elements that can be used for validating
the yield strength are the slope angle over which
the flow stopped (β), the thickness of the debris
in the distal part of the deposit (Hc), corresponding
to a single event, and the volume of the debris (V )
for the event investigated.

The example of the Pointe-du-Fort Slide will be
used here to illustrate this approach; details on the
mechanical and physical properties are provided in
Locat et al. (2007, 2018). This slide is of interest
because, unusually, the sediments in the starting
zone (tidal flat) and in the deposition zone could
also be investigated so that the morphological
approach proposed here was better constrained.

The Pointe-du-Fort Slide, located at the entrance
of Baie des Ha! Ha! in the Saguenay Fjord, was prob-
ably triggered by an earthquake in 1663 (Locat et al.
2007). With an estimated volume of 2 Hm3, the
Pointe-du-Fort Slide is to be considered as a small
submarine slide, which is seen here as a positive ele-
ment in simplifying the process of linking the slide
source to its deposit. It took place along the shoreline
of a tidal flat eroded in marine clay and till (Fig. 9).
The topography before failure was reconstructed
from the nearby intact slopes. The submarine slope

Fig. 9. Location of the Pointe-du-Fort Slide scarp along the shoreline of the Baie des Ha! Ha! showing the various
terraces (from 0 to 100 m) formed as the land emerged. On the tidal flat, the contact is shown between the marine
clay and the underlying till (dashed line). The location of borehole BH2 is also shown and is positioned in Figure 10.
Image from Google Earth: DigitalGlobe and City of Saguenay 2010.
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prior to the slide had an angle of c. 24° and a height
of 150 m (Fig. 10b). Because the slide was caused
by an earthquake, the slope stability analysis was
carried out with undrained conditions using a value
of Su/σvo = 0.29 based on field measurements
(Locat et al. 2018). As shown in Figure 10c, the fail-
ure surface obtained with the minimum factor of
safety (FS = 1.8), without earthquake loading, gave
a sliding mass with a thickness of c. 25 m and a rup-
ture surface length of 480 m. A pseudostatic seismic
acceleration coefficient between 0.2 and 0.3 would
be sufficient to bring the value of the factor of safety
to ≤1 (Urgeles et al. 2002; Locat et al. 2007).

The slide debris travelled towards the centre of
the fjord over a distance of c. 1200 m from the
crest of the landslide scarp with a run-out angle
(farböschung, Fig. 10b) of 7.5°. The debris stabilized
on a slope of c. 1.5° with an average thickness (Hc)
of 13 m over a length of 750 m and a width
of 300 m for an estimated volume of 1.95 Hm3,
which is similar to the value estimated from slope
stability analysis and the scarp morphology (Locat
et al. 2007).

Tests on samples from both the tidal flat and the
debris indicated that the relationship between the
remoulded undrained shear strength and the yield
strength were similar. Accordingly, the following
relationship, consistent with that found by Locat &
Demers (1988), was used for the mobility analysis:

tc = Sur
1.1

[ ]1.11
(7)

In the debris (core LCF07), the undrained shear
strength varied from 1.3 to 5 kPa and equation (6)
gives a range of yield strengths from 2.5 to
11.5 kPa. Using Hc (equation 3) gives a range of
yield strengths from 1.9 to 2.9 kPa. With a viscosity
value of 1 Pa s, BING was used to carry out a para-
metric analysis to help constrain the yield strength
using the position of the front of the debris and the
initial thickness (i.e. that of the initial slide volume),
which is used for the mobility analysis. The results
are shown in Figure 11a using two values for the
yield strength: 2000 and 3000 Pa (units required by

Fig. 10. (a) Pointe-du-Fort Slide multibeam three-dimensional morphology. (b) Approximate pre-slide conditions and
the distribution of the debris showing the location of the referenced boreholes (BH2 and LCF07). (c) Geological/
geotechnical model used for the slope stability analysis with the Slope/W software (modified after Locat et al. 2007).
NC, normally consolidated deposit; OC, over-consolidated deposit.
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BING). From this, a yield strength of 3000 Pa (or
3 kPa) was used to model the flow. The flow model-
ling results are provided in Figure 11b and yield a
maximum thickness of c. 13 m with an average of
c. 10 m, still fairly close to the average field value
of 13 m. Although the velocity of the frontal element
peaked at 25 m s−1, there is no evidence of hydro-
planing (e.g. resulting in the detachment of the
frontal part of the flow slide), which, according to
Mohrig et al. (1998), should be possible for veloci-
ties >6 m s−1.

A similar study was carried out for the Currituck
Slide (Fig. 8) to evaluate whether the two slides were
the result of a single event. Themobility analysis was
performed using the morphology of the deposit, the
run-out distance and the estimated volume of
the slides. The conclusion here was that to obtain
the observed large run-out distance, the slide had
to take place in a single event (Locat et al. 2009).

The analyses of the Pointe-du-Fort and Currituck
Slides are being used here to show that the morphol-
ogy of the slide and the resulting debris deposit can
be used to constrain the post-failure analysis and
that the relationships provided here help in making a
first estimate of the post-failure characteristics. For
the Pointe-du-Fort Slide, the volume of the slide at
failure compares well with the slide deposit. This is
not always the case in situations where mass transport
deposits or mass transport complexes are identified. In
such a case, if these deposits cannot be related to the
source, as was also done by Sawyer et al. (2009),
the interpretation on the initial sliding mechanism
may contains toomany uncertainties, evenmore if sig-
nificant turbidity currents are involved in the process.

Discussion

The geomorphology and geomechanical concepts
discussed in this paper could be considered in

various ways. Here, the discussion is limited to two
points: the timing of excess pore pressure and mass
movements involving rock slopes.

Timing of excess pore pressures

Excess pore pressure (or the equivalent if caused
by gas expansion) may result from many factors
(Dugan & Flemings 2002), including groundwater
flow from coastal areas into the continental slopes,
the dissociation of gas hydrates (Sultan et al.
2004a, b), consolidation (Prior & Suhayada 1979)
and earthquakes (Kvalstad et al. 2005). The timing
of excess pore pressure relative to the development
of the strength of the material and slide initiation is
crucial. The Currituck Slide will be used to illustrate
this point. Locat et al. (2009) concluded that the
excess pore pressure due to sediment build-up
alone needs to be excessively high to bring the factor
of safety to ≤1. Locat et al. (2009) estimated that an
excess pore pressure of c. 1600 kPa was necessary to
trigger a failure along the observed rupture surface
with a sediment thickness of 200 m. In such a situa-
tion, if these pressures were still present, then the
actual slope angle of the slide escarpments would
be much less. Hill et al. (2017), in their detailed
review preconditioning factors for the Currituck
Slide, argue that the excess pore pressures could be
related to the high sedimentation rate during both
the late Miocene and Quaternary. If these conditions
were the cause of the slide, then why would the slope
of the slide escarpments remain stable at an angle of
up to 30°? This situation is similar to that observed
for the Storegga Slide, where the headwall of the
slide has a slope between 20° and 30°. Kvalstad
et al. (2005) consider that the main reason for the
large Storegga landslide is the development of pro-
gressive failure, which developed into a large spread
failure; this process does not require a high excess

Fig. 11. (a) Parametric analysis of the run-out distance as a function of the initial thickness of the slide mass using
two values for the yield strength. (b) Result of flow modelling using BING for a yield strength of 3000 Pa, giving an
estimate of the velocity of the frontal element and the shape of the final deposit (modified after Locat et al. 2007).
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pore pressure for its initiation. This does not mean
that there was no development of excess pore pres-
sure during the late Miocene sedimentation in the
Currituck Slide area, but we need to take this point
further and provide pore pressure estimates that sup-
port this argument and explain the observed slide and
regional morphology.

Rock slopes

This paper focuses on slope developed in sediments
(or soils, in the engineering sense). Hungr et al.
(2013) provide a review of Varne’s classification,
which includes the nature of the material involved
(i.e. rock or soil). This concept (Figure 4) also
applies to failures in rock slopes, but involves
other geomechanical aspects, such as failure criteria
(Locat et al. 2000). The vast majority of rock slides
are governed by the presence of discontinuities and
their characteristics (e.g. roughness, imbrication,
bridging), so that the cohesion of the intact rock,
which can reach a few MPa, is rarely mobilized in
a rock slide (Hoek & Bray 1981). As for sediments,
external factors can contribute to instability, such as
pore pressures and earthquakes; equation (1) can be
used for a back-analysis of a slide if its geometry can
be adequately determined (see Schleier et al. 2017
for an interesting example).

For the post-failure behaviour of a rock mass,
there are many types of mass movement that can
also be described using fluid mechanics concepts
and rheological parameters (Hungr et al. 2013;
McDougall 2016). To that effect, in the absence of
direct measurements of the rheology of a fluidized
rock mass, a submarine rock avalanche can still be
modelled rheologically and, in this case, the use of
the equation (3) can provide an estimation of the
mobilized strength during the flow (Locat et al.
2004; Hungr 2006; Sosio et al. 2008). León et al.
(2017) provide an interesting example in which both
the source of the rock slide and the various deposits
could be matched to constrain the analysis of the fail-
ure and post-failure phases of the mass movement.

Concluding remarks

This paper attempts to illustrate how the soil
mechanics concepts developed for non-fossiliferous
soils can be used to understand and explain the
observed slide geomorphology of subaqueous mass
movements. Conversely, the morphology of the
deposit can be used to validate the rheological
parameters necessary for the post-failure analysis
of mass movements that can be analysed using
fluid mechanics principles. This paper aims to pro-
vide help in examples where there is a limited
amount of information on the properties of the

sediments, the in situ conditions and slope processes.
The main aspects developed here can be summarized
by the following remarks.

(1) The terminology describing the mechanical
behaviour of sediments should be consistent
with soil mechanics concepts.

(2) In the presence of normally consolidated or
over-consolidated sediments, significant excess
pore pressures (or their equivalent) in the sedi-
ment would probably have been generated
after the end of the consolidation process. In
such a case, the sedimentation rates associated
with the formation of that particular strati-
graphic sequence cannot be invoked for the
presence of excess pore pressures.

(3) As the slope becomes higher or the failure sur-
face deeper, the contribution of cohesion to the
shearing resistance of the sediment decreases
significantly, which can be neglected in
most cases.

(4) The geometry of slopes resulting from debris
or mud flows can be used to assess the strength
of the sediment at the time of deposition
provided that the initial slide volume can be
estimated or the associated thickness (Hc) can
be linked to a single event.

(5) In the absence of in situ measurements or geo-
technical tests on cores, the geometry of the
landslide slope scarps and post-failure slope
scarps can be used to assess the mobilized
shearing resistance (or strength) of the sedi-
ment prior to failure.
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