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On the potential of gassy marine soils triggering submarine
slope instabilities
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Abstract. The development of debris flows and turbidity currents in the course of a submarine slope failure
event can cause major damage in offshore infrastructure. Additionally, the tsunamogenic potential of large
slope failures at continental margins poses a direct threat to coastal communities. Therefore, the trigger
mechanisms of submarine slope failures have been thoroughly investigated in the past. However, the
influence of free gas in the sediment, which has been observed close to several slide events, remains
unexplained. In order to evaluate the potential of gassy marine soils to precondition or trigger slope failure
the mechanical behaviour of gassy soils is assessed based on an extensive literature review. It is found that
gas-induced excess pore pressures can lead to liquefaction failure in sands, while cohesive, gassy soils show
a less conclusive response. Hence, fine-grained soils and approaches to implement the gas impact into
relevant existing constitutive soil models are assessed in greater detail. Concludingly, based on the
predominant boundary conditions in failure prone regions at the continental margins, free gas occurrence
can be defined as a preconditioning factor rather than as a definite trigger mechanism.

1 Introduction overall stability of a slope requires further consideration
in combination with other weakening factors.

The exploitation of energetic resources in the offshore
areas has been successfully conducted in the past years, . .
forwarding into deeper }\:vaters in the recre)nt iears. 2 Submarine landslides and gas
Leaving the shelf seas and approaching the continental occurrence

slopes stability assessments of the latter become relevant
[1]. Submarine slope failures on the continental slopes
are known to be magnitudes larger than failure events
onshore and happen on very gentle slopes: up to
hundreds of km? slide mass failed on slopes of around 1°
[2-4]. The trigger mechanisms of these slide events have
not been conclusively clarified. However, the occurrence
of marine gases has been linked to several investigated
slide events [5,6]. The respective boundary conditions
regarding water depths, gas amounts, loading conditions,
and soil characteristics vary widely. Nevertheless, in
nearly all circumstances free gas in the soil is strongly
suspected to have a negative influence on the slope’s
bearing capacity. Here, possible approaches to assess the
hazardous potential of marine gassy sediments are given.
These include theoretical models of geomechanical
processes in gassy soil. Furthermore, approaches to
include the gas phase, or rather the gases impact, in
constitutive models in order to make a numerical
assessment of gassy soils possible are discussed. The
current state of knowledge does not allow an extensive
analysis of gassy soils. Nevertheless, it becomes clear
that gas occurrence alone is not very likely to trigger a
failure. However, the impact of a free gas phase on the

The exact boundary conditions that must be met to
trigger a major landslide have been intensively
investigated and discussed in recent years finding that
some marine areas are more prone to landslides than
others. These include, for example, the submarine deltas
or fans of large rivers. In these regions, high
sedimentation rates lead to a build-up in excess pore
pressures or an oversteepening of the slopes, which will
consequently lead to a loss of stability. Seismic activity
is also considered one of the most common trigger
mechanisms for submarine slides. However, many large
landslides have also been detected at continental margins
where low sedimentation rates prevail and earthquakes
are not a common feature [7]. Furthermore, earthquakes
of any kind of magnitude do not necessarily cause land-
slides. Rather, many large landslides occur in regions
with little seismic activity. It is therefore concluded that
earthquakes may initiate landslides, but are not the only
acting trigger mechanism. Additionally, hydrate
dissociation was excluded from consideration as a
generally applicable mechanism as for several larger
slides the found headwalls are situated well below the
gas hydrate stability zone [8,9]. Free gas and migration
processes have thus been suspected to weaken the soil
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and support instability of slopes [8,10,11]. The currently
investigated hypotheses involve free gas in a soil
generating high excess pore pressures leading to
liquefaction, or a gas-induced decrease in shearing
resistance causing slope instability. Thereby, the marine
gases could be generated by Dbacterial metabolic
processes in shallow soil layers or occur in deeper soil
layers where thermogenic processes predominate.
Depending on the local boundary conditions the gas
volume, pressure, flux, and chemical composition varies
[12]. Moreover, the characteristics and properties of the
gas phase within the soil strongly depend on the
characteristic features of the prevailing soil.

The headwalls left from a great number of past
landslides are found in water depths of 1,000 — 1,300m
[13]. Generally speaking, due to the transportation
processes one can assume that the sediments in these
regions are dominated by silts and clays. The precise
identification of soil types responsible for the slope
instabilities is, however, somewhat difficult, as the slide
incidents are usually detected and examined when the
slide has already happened. From the investigation of the
slide deposits the responsible layer cannot be identified
reliably, as it is unclear whether it was involved in the
sliding process or remained in its original position [13].
Nevertheless, the assumption of predominating fine-
grained sediments is consistent with several geotechnical
soil analyses reported in the literature. The deposition
process of fine particles leads to a very loose packing
and a well-stratified seabed. Consequently, marine sedi-
ments usually show high water contents and plasticities
and a quite sensitive reaction to disturbance. These
features usually come along with high compressibilities
and a low shear strength. The investigations by, for
example, [14-18] confirm this assumed soil behaviour.
Extremely high water contents exceeding the liquid
limits and a highly plastic behaviour were noteworthy.
Thus, a very low shearing resistance can be expected as
soils with water contents at their liquid limit exhibit by
definition an undrained shear strength of 1.7 kPa.
Additionally, a very high sensitivity in deep sea
sediments which is comparable to quick clay was
documented. Depending on the sedimentation rates,
erosion processes, and former geological developments
the soil conditions and the consolidation history of a soil
can vary strongly. Thus, for detailed information the
local conditions at a specific slide event need to be
assessed.

3 Gassy soil mechanics

Soils that are neither fully saturated nor dry are called
unsaturated. Usually, the term unsaturated soils is
associated with a low degree of saturation, like it would
appear in the top soil on land, showing a discontinuous
water phase and a continuous gas phase in the pore
spaces [19]. The surface tension of the water leads to the
formation of menisci, bridging the pore spaces between
the grains and ultimately applying capillary suction pres-
sure. In contrast, the term gassy soils usually refers to an
unsaturated state with a high degree of saturation, and

hence a continuous water phase and a discontinuous gas
phase. The gas will be present in bubble form within the
pore space without meniscular contact to the solids, or as
differently shaped large voids within the soil matrix,
depending on the specific boundary conditions [20]. Due
to the high water content capillary effects do not
influence the mechanical behaviour. It is a common
assumption for gassy soils that, due to the magnitude of
the pore size or pore pressure, the interfacial tension
between the gas and the liquid phase is insignificant and
can be ignored [21]. Instead, other properties
characterise the mechanical reaction to different states of
loading [22]. As gassy soils are a common phenomenon
in the marine environment, the gas often consists of
methane and is exposed to pressures well above the
atmospheric pressure [23]. Most investigations on gassy
sediments have focused on a saturation of in average
> 85%—90% [22,24-26].

In fine-grained sediments the pore spaces are very
small. Therefore, high gas pressures are needed to
displace the pore water from the capillary tube in
between two grains. Because the necessary gas pressures
usually exceed the strength of the soil, the gas pressure
will lead to small fractures in the fully saturated soil.
Thereby, the gas forms voids surrounded by a saturated
soil matrix instead of invading the pore space — as
generally known from coarse unsaturated soils. The
voids’ diameter is several orders of magnitude larger
than the average particle diameter [27]. A distinct
conclusion that can be drawn from this appearance of
gassy soil is a clear separation of the pore spaces
occupied by the water and gas phase. [20] introduced the
parameters en, the void ratio of the saturated soil matrix,
and f, the volume fraction of bubbles, in order to meet
this observation. e, describes the pore space in the fully
saturated soil matrix occupied by water and f describes
the relative volume of the soil which is gas-filled. Both
parameters depend on the degree of saturation S; and the
generally applicable void ratio e:

em =5 *e 9]
f=(1-S8) *e/(l +e) ?2)

Due to the void formation the local stress state in the
soil matrix around the gas cavity is altered. Stress
concentrations in the surrounding material are induced
by the gas bubble pressure. The normal stress in the
saturated soil matrix around the gas void equals the gas
pressure ug. If the soil is deformed, the stress state in
vicinity of the bubbles adjusts according to the pressure
in the bubble. Additionally, the global total stress acts on
the soil. The combination of the two stresses results in a
field of pore water pressures that differs throughout the
soil. The dissipation of pore pressure peaks leads to
localised consolidation processes and possibly to soil
deformation. At the interface of the gas and the saturated
soil matrix the pore water forms menisci bridging the
spaces between the solid particles. The radius of the
menisci does not equal the radius of the gas void and the
gas and the pore water pressures are not inevitably equal.
For a high pressure within the void an intrusion of gas to
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the pore space will occur until the required capillary
pressure becomes too high. On the opposite, if the gas
pressure in the voids is low, water will invade the cavity
until the radius of the meniscus equals the cavity radius.
If the gas pressure drops further, the bubble is flooded.
Depending on the unique position of the single soil
particles, every meniscus will adjust independently. This
leads to the conclusion that the internal gas pressure in
the void does not correlate directly with the void shape,
size, the curvature of the menisci, and the surface
tension. Consequently, the description of the void shape
is very difficult. Therefore, in the following all voids are
assumed to be spherical and the surface tension of the
water, which acts at every meniscus, is neglected
assuming the capillary pressure to be an independent
variable evoked by the gas-water pressure difference,
which does not influence the overall soil behaviour
[20,23,28]. Figure 1 shows the features of fine-grained,
gassy soils and the respective idealization.

soil particle, ~ water
.‘v& .4.“.,\ N
LN

Q

saturated soil matrix

spherical gas voids

Fig. 1. Structure of gassy soil and the according continuum
model [20]

The voids are randomly distributed within the soil
matrix. Based on the described restrictive capillary
pressure the gas phase is unable to move freely within
the soil. Hence, the voids are fixed with respect to the
soil structure, i.e. the gas voids do not move with the
pore water. Assuming a state without complete soil
fracturing, gas flow between different voids can only
take place in a dissolved state by either advection or
diffusion. By diffusive processes, pressure gradients
between neighbouring gas cavities can be equalised. This
influences the gas pressure in the voids and thus possibly
prevents or induces bubble flooding or local

consolidation processes. The time-dependent processes
of gassy soils involve local consolidation around the gas
cavities (a matter of seconds), dis- and exsolution
processes of gas (a matter of minutes to hours) and
global consolidation of the saturated soil matrix, if
drainage is allowed (which can take days, weeks or
years, depending on the problem at hand). This makes
the description of the deformation behaviour of gassy
soils a rather complex issue [20,23,28].

Moreover, from the described soil behaviour it
becomes obvious that it is difficult to define an effective
stress relationship for the complete soil [28]. With the
legitimate neglection of capillary suction pressures,
models for unsaturated soils, e.g. Bishop’s model, do not
provide a valid description of effective stresses in fine-
grained soil with large gas inclusions. The soil matrix in
a gassy fine-grained soil reacts independently with
respect to the gas voids. Under compressive loading the
characteristic response of the saturated soil matrix is
similar to a fully saturated soil. The behaviour of the gas
voids relates to the total stress state [29]. To meet this
fact, the parameter of operative stress ¢ ‘‘ was introduced
[28]. It solely describes the saturated soil matrix and
leaves out the stresses at the gas inclusions. The effective
stress ¢’ is generally defined by

o’=0-u 3)

u describing the pore water pressure and o the total
stress. The operative stress ¢’ is defined by

0 =0 Uy “4)

The operative stress offers a first approach to describing
the complex stress state in a gassy soil. A complete
description is, however, still pending.

Several experimental studies have been conducted to
quantify the effect of enclosed gas bubbles on the
mechanical behaviour of soils. The natural consolidation
processes under gravity loading were investigated by
[30] and it was found that low gas contents prevent a
complete consolidation. As mentioned above, the
saturated soil matrix and the gas voids show independent
answers to compressive loading. The corresponding
consolidation behaviour is described by the double
compressibility model developed by [29] which defines
two separate mechanisms: an undrained response under
total stress changes and a drained response under
changes in the consolidation pressure. The pre-
consolidation pressure of a gassy soil decreases with
increasing gas content. The compressibility of a gassy
soil generally exceed that of its saturated equivalent. Gas
volume expansion generally leads to decreasing effective
stresses or excess pore pressure generation, respectively.
Between the removal of load and changes in the gas
regime a time difference occurs. The reasons for the
temporal offset are not understood, yet [27].

The findings on the shearing resistance have been
ambiguous. This results partly from the different
procedures, soils, and gases that were applied. The work
of [31] shows that the structural damage caused by gas
leads to a reduction in shear strength when the soil is in a
subsequent and fully saturated state (see fig. 2). As the
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amount of gas influences the degree auf damage, a
higher gas content will lead to a higher decrease in
strength. According to [20], the shearing resistance of a
soil in a not fully saturated state depends on the applied
pressure conditions, because these parameters influence
processes like bubble shrinkage and flooding. These
processes as well as gas diffusion could be identified but
their influence on the shearing resistance could not be
quantified. It is hence difficult to conclude a definite
statement regarding the influence on the shear strength
based on the current state of knowledge.

3 Constitutive modelling

Based on the theoretical model for the mechanical
processes in fine-grained, gassy soils [32] developed an
analytical description for the upper and lower boundaries
of the shear strength. Advancing this first approach,
several publications use the Cam Clay Model as a basis
to describe the stress-strain behaviour of gassy fine-
grained soils. The Cam Clay Model is a basic elasto-
plastic model which is well-established for the
description of soft, cohesive soils. The four typical
features of the model include isotropic elasticity, an
elliptic yield surface in the principle stress space which
passes through the origin and thus does not cover tensile
stress states, normality, and a hardening rule that directly
depends on the normal compression of the soil [33].

A valid approach was published by [34] based on the
experiments introduced by [31]. The implemented
results are hence based on a fully re-saturated soil during
the shearing phase. The presented model is an extended
Cam Clay model that contains several adaptations to
account for the effects of gas bubbles in the saturated
soil matrix. It was chosen to apply the following
assumptions: the effective stress and saturation of the
pore water are reduced due to gas bubble growth
following undrained loading, the increase in
compressibility and the decrease in pre-consolidation
pressure and shear strength due to the damage caused by
bubble growth, and potential discontinuities in the
effective stress paths due to subsequently saturated voids
collapsing under loading. For their implementation the
undrained unloading formulation by [21] including a
damaged swelling coefficient was applied allowing the
depiction of discontinuities in the normal consolidation
line during reloading. The chosen yield curve depends
on the pre-consolidation pressure, which is likewise a
function of the saturation dependent damage factor.
Focusing on the detrimental effect of the gas phase
during an unloading-reloading cycle, the hardening law
includes a gas cavity growth induced shrinkage of the
yield curve.

[35] present a further method which is based on a
composite material approach. The experimental results
presented by [36] provide the framework for this study.
Here, the modified Cam Clay model is used to describe
the stress-strain behaviour of only the fully saturated soil
matrix. Hence, the elastic parameters are expressed as a
function of ey, instead of e. The presence of a free gas
phase is solely implied in the hardening rule. This

approach depicts the processes of bubble flooding and
shrinkage brought into the discussion by [19] by
including them the mathematical description of plastic
hardening. Bubble flooding and shrinkage are controlled
by the relation of gas pressure and the pressure in the
pore water of the surrounding soil matrix. Thus, an
estimate of the initial gas pressure in the voids is made
based on the expressions for upper and lower bounds
introduced by [19]. The further development of the gas
pressure is described by the volumetric behaviour of the
gas phase, which is characterised by Boyle’s law.

Fig. 2. Basic assumption of the soil characteristics before and
after reloading following the gas described by [30,32]

Both approaches were verified by modelling several
loading states of experiments reported in the relevant
literature and showed good agreement. The quintessence
of the comparison between [34] and the analytic [32]-
model as well as [35] is that the latter display the stage
immediately after bubble formation, i.e. the gassy soil,
while [34] describe stress paths with a full resolution, i.e.
the disturbed soil due to former gas exsolution.

For a detailed derivation of the governing equations
of the presented models the reader is referred to [34] and
[35] and references therein. A variety of further
approaches using the Cam Clay model include the
description of unsaturated soil with the van Genuchten
approach which is based on the generation of suction due
to capillary forces. As the experimental results clearly
show fundamentally different characteristics in fine-
grained soils with gas contents of below 15% these
models, however, do not provide an accurate description.
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4 Conclusion

Based on the general characteristics of submarine slopes
elaborated above, it becomes clear that traditional slope
stability analyses are rather unsuccessful in investigating
the problem at hand. With slopes of around 1° the
friction alone would prevent failure in any onshore soil
for a variety of imaginable settings. However, it can be
assumed on the basis of the researched soil properties in
the deep sea area that a fundamental change of the soil
characteristics, like extensive liquefaction, occurs in the
very sensitive soils due to processes that are not yet
understood. The cause of these processes could be the
occurrence of free gas. The understanding of soil
mechanics in the field of gassy soils is not yet very
advanced. Nevertheless, the current status of knowledge
allows the hypothesis of a predominantly negative
impact even if the experimental results are equivocal.
Moreover, it can be established that two different
approaches are being followed. On the one hand, soil
disturbed by gas is examined, which is in a state of
complete saturation at the time of load application. On
the other hand, soils are examined which contain a third
phase, specifically free gas in inclusions, at the time of
load application. These two approaches are also found in
the existing attempts of introducing the findings from
laboratory experiments in numerical modelling by
adapting well-established constitutive models. Due to the
lack of in-situ observations of the gas phase
characteristics it is rather difficult to assess the degree of
accuracy of the approaches. Additionally, for both
approaches the number of experimental results is limited.
In order to forward the understanding of the in-situ
processes and to advance the precision of the constitutive
material descriptions further investigations are required.

This work is part of a DFG-funded (GR 1024/35-1),
cooperative research project at Hamburg University of
Technology and GEOMAR Helmholtz Centre for Ocean
Research.
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