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A Framework for Simulating the Evolution of Underwater
Landslides and Its Application to Slope
Failures in Swiss Lakes

Andreas Stoecklin, Ph.D."; and Alexander M. Puzrin, Ph.D.?

Abstract: Destructive underwater mass movements can impose a threat to off-shore infrastructure and near-shore communities. Yet
predicting their formation and failure mechanisms remains a major challenge, in part due of the large variety of factors affecting their stability
over time. Long-term processes such as sedimentation as well as short-term events such as earthquakes can impact the stability of the slope
highlighting the need for an integrated analysis procedure to quantify their impact. In this article, such a framework is presented to simulate
the evolution of subaqueous landslides, ranging from sediment deposition to seismic triggering to the postfailure evolution of the collapsing
soil mass. Each stage is simulated in an individual step, based on different finite element-based methodologies, to best model the governing
processes. The steps are linked in a consistent manner to facilitate the simulation of the landslide evolution as a continuous process. The
presented framework is applied to analyze three historical landslide events in Swiss lakes. The model predictions compare well with the in situ
landslide deposits. The simulation results provide insight into slope failure mechanisms and effects of seismic ground motion characteristics
on the stability of the analyzed slope failures. DOI: 10.1061/JGGEFK.GTENG-11497. © 2023 American Society of Civil Engineers.

Author keywords: Landslides; Failure; Slopes; Numerical modeling; Finite-element modeling; Offshore engineering.

Introduction

One of the major natural hazards in the offshore environment is
imposed by destructive underwater landslides. They are known to
damage off-shore infrastructure such as platforms, underwater ca-
bles, and pipelines (Carter et al. 2012; Fine et al. 2005; Fryer et al.
2004; Tappin et al. 2001). The damage to pipelines caused by sub-
marine mass movements alone was estimated at about $400 million
annually (Mosher et al. 2010). Furthermore, underwater landslides
can act as a source of destructive tsunamis in the sea (Fine et al.
2005; Fryer et al. 2004; Tappin et al. 2001) and, on a smaller scale,
in Alpine lakes (Schnellmann et al. 2002; Strasser et al. 2007). With
the growing importance of offshore infrastructure and costal devel-
opments, the potential for damage caused by submarine landslide
events is likely to increase in the future. This highlights the need to
better understand the processes controlling their behavior and to
develop suitable tools for reliable hazard assessments and for the
design of effective mitigation measures.

Evolution of Underwater Landslides

Numerous research efforts have been devoted to investigate the
causes of submarine mass movements (Hampton et al. 1996;
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Locat and Lee 2002). Earthquake events are recognized as one
of the most common triggers of underwater landslides, influencing
the short-term slope stability due to the ground motion as well as
the long-term stability due to the gradual buildup of excess pore
pressures (Masson et al. 2006). Yet, seismic loading is only one
factor in a chain of processes involved in submarine landsliding
and, on its own, often fails to explain observed landslide phenom-
ena. Some slopes, for instance, show traces of repetitive landslid-
ing, whereas neighboring slopes, exposed to similar seismicity,
have remained stable over thousands of years (Fisher et al. 2005;
Masson et al. 2002). Furthermore, observations have revealed that
the recurrence intervals of repetitive landslides often do not match
the return period of the triggering event (Fisher et al. 2005; Strasser
et al. 2012; Volker et al. 2011). These observations can be better
explained by preconditioning processes, which can condition sedi-
ments over extended time periods and create an environment for
slope failures, until a short-term event, such as an earthquake, even-
tually initiates the mass movement. In many cases it is, in fact, be-
lieved that preconditioning plays a dominating role, and the actual
triggering mechanism can be of subordinate importance (Mosher
et al. 2010). There are many known preconditioning factors, such
as rapid sedimentation, gas hydrate dissociation, groundwater flow,
and seismic activity (Lee et al. 2007). Their common feature is a
gradual buildup of excess pore water pressures, reducing the effec-
tive stress and hence the shear resistance of the sediments. Amongst
them, rapid sedimentation is one of the most common precondition-
ing factors. If sediments are deposited on slopes at a fast rate, there
may not be sufficient time for the pore fluid within the underlying
sediments to drain toward the seafloor. This can lead to a gradual
buildup of excess pore pressures and a relative weakening of the
slope (e.g., Dugan and Sheahan 2012).

Underwater mass movements are therefore often regarded as
evolving processes, ranging from deposition and preconditioning
of sediments to fracturing of an initial failure zone to failure propa-
gation and postfailure evolution into different patterns (Locat and
Lee 2002; Vanneste et al. 2014). A schematic illustration of a
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Fig. 1. Tllustration of different stages of submarine landslide evolution patterns described by Puzrin et al. (2016): (a) sediment deposition and failure
initiation and propagation; and (b) global failure and evolution into different postfailure patterns.

possible landslide evolution is depicted in Fig. 1. For reliable
assessments of the hazards imposed by submerged slopes, the
relevant processes in the landslide evolution therefore must be
understood and accounted for.

Advances in Mechanical Modeling

Mechanical models provide an essential tool for analyzing the
behavior of historic slides and, to some extent, predicting the
behavior of potential future events. Numerous models and method-
ologies have been developed in recent years to describe and sim-

ulate different processes involved in subaqueous mass wasting. A

number of key studies are listed below, categorized according to the

evolution stages illustrated in Fig. 1.

* Preconditioning by rapid sedimentation: Motivated by problems
encountered by drilling in overpressured sediments, increas-
ingly sophisticated mechanical models have been developed to
simulate the development of excess pore pressures in soil layers
due to fast deposition of new sediments on the sea floor (Audet
and Fowler 1992; Gibson 1958; Wangen 1992). Similar models
were later applied to investigate the effect of sedimentation-
induced overpressures on the stability of submerged slopes in
several studies (e.g., Stigall and Dugan 2010; Viesca and Rice
2012).

* Failure initiation and seismic triggering: The dynamic response
of submarine slope profiles has been analyzed in multiple stud-
ies to investigate the seismic triggering process (Biscontin et al.
2004; Biscontin and Pestana 2006; Nadim et al. 2007; Puzrin
et al. 1997; Zhou et al. 2017). The results presented in these
studies highlight important aspects that govern the seismic re-
sponse of submerged slopes, such as the effect of cyclic gener-
ation of excess pore pressures, the influence of ground motion
characteristics, or the effect of preexisting weak layers.

* Propagation of failure zones: Once a failure zone is initiated,
it can evolve progressively through the process of shear band
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propagation (Palmer and Rice 1973). For sediments that exhibit

strain softening behavior, it has been demonstrated that, once

the shear band exceeds a certain critical length, the propagation
progresses under constant external forces, resulting in a self-
driven, catastrophic failure of the slope (Germanovich et al.

2016; Puzrin et al. 2004; Viesca and Rice 2012; Zhang et al.

2015). If a weak layer exists within the soil deposit, shear band

can propagate into stable parts of the slope, thus predicting

larger landslide bodies and providing a possible mechanism
to explain the enormous sizes of some observed landslide scars

(Puzrin et al. 2015, 2016; Zhang et al. 2017).

e Global failure and postfailure evolution: Once the shear band
reaches the seafloor, a failure mechanism is formed, marking
the point of global failure (Puzrin et al. 2016). The landslide
can evolve into different patterns, such as ploughing and retro-
gressive failures, runouts and turbidity currents, or a combina-
tion of different types (see Fig. 1). Different mechanical models
have been developed, which help in explaining these phenom-
ena and identifying controls for different postfailure evolution
patterns (e.g., Buss et al. 2019; Dey et al. 2015; Kvalstad et al.
2005; Puzrin et al. 2016; Zhang et al. 2019). To analyze the
postfailure motion of mass movements, different numerical
modeling approaches exist (Soga et al. 2016). Amongst them,
models based on the material point method have been developed
recently to simulate the seismic triggering and subsequent
large-deformation runout of onshore landslides within a single
analysis step (Alsardi et al. 2021; Kohler et al. 2022).

These models provide essential tools for understanding the
mechanisms involved in underwater slope failures and quantifying
their effect. Yet, they are focused on modelling particular stages of
the landslide evolution. To simulate the process as a whole and
quantify the relative effects of different mechanisms involved in
the formation of underwater mass movements, a combined analysis
approach is required.
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Goals and Motivation

In this study, such a combined analysis procedure is presented.
The landslide evolution is simulated in a sequence of analysis
steps, ranging from sediment deposition to seismic triggering
to postfailure evolution. Different finite element (FE)-based meth-
odologies are employed to best model for the governing processes
at any stage of the evolution. The individual steps are linked to-
gether, forming a consistent framework to analyze the landslide
evolution as a continuous process. The framework thus facilitates
the quantification of effects of sedimentation and seismic loading
on the postfailure kinematics of underwater mass movements.
The framework is applied to analyze three historical underwater
landslide events in Swiss lakes. To assess the accuracy of the
model results, the predicted postfailure landslide geometries are
compared with the actual in situ landslide deposits of the ana-
lyzed cases.

Description of the Analyzed Cases

Three historical underwater landslides were analyzed in this study,
i.e., the two Zinnen slides in Lake Lucerne and the Oberrieden 2
Slide in Lake Zurich. These historical landslides present suitable
case studies, since (1) the slides were triggered by earthquakes,
(2) the sites have been investigated in the past, providing the re-
quired information to determine the simulation input parameters,
and (3) the slides are relatively uniform in the lateral extent, thus
justifying a plane-strain analysis.

Zinnen Slides

The Zinnen slides are located in Lake Lucerne within the Kiiss-
nacht Basin. The ground consists of a molassic bedrock, which
is covered by fine-grained glacial-to-postglacial sediments, con-
sisting of silty clays and clayey silts with a thickness of <8 m
on the lateral slopes (Sammartini et al. 2021; Strasser et al. 2007,
2011). The basal shear surface evolved near the bottom of the
sediment layer between the late glacial and the postglacial units
(Sammartini et al. 2021). In this study, the Zinnen Main and the
Zinnen Baby Slide are analyzed [see Fig. 2(a)]. The slopes of both
slides are steep, inclined by up to 32° and 36° [see Figs. 2(c and d)].
The thickness of the sliding layer was estimated at ~6 m for the
main and ~5 m for the Baby Slide (Sammartini et al. 2021).
The Zinnen slides were most likely triggered by an earthquake
event in 1,601 with a moment magnitude of M = 5.9, which led
to the collapse of several slopes in Lake Lucerne (Kremer et al.
2017; Schnellmann et al. 2006). A more detailed description of
the slides was provided by Sammartini et al. (2021). The two slides
show distinctly different runout lengths despite the close proximity
and similar slope gradients. They thus offer a suitable case study to
test whether the procedure allows predicting these differences with
the same set of parameters. To build the computational models, the
prefailure lake bottom geometry was reconstructed by connecting
the intact regions on adjacent parts of the slope, as shown in
Fig. 2(b). The same procedure was applied in a separate study,
where the frontal emplacement style of the Zinnen Main Slide
was investigated (Klein et al. 2022). The resulting cross sections,
which provided the basis for the computational models, are shown
in Figs. 2(c and d). A preexisting inherit weaker layer was included
near the base of the sediment layer, to account for the lower shear
resistance in the lower late glacial unit compared with the overlying
Holocene unit (Sammartini et al. 2021).
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Oberrieden Slides

The two Oberrieden slides are located on the southwestern flank of
Lake Zurich offshore the village of Oberrieden. The Oberrieden
Slide 1 occurred in 1918 A.D. and was triggered by human activity,
whereas the Oberrieden Slide 2 is believed to have been triggered
by an earthquake about 2210 yr. B.P (Strasser and Anselmetti 2008;
Strupler et al. 2017). Since this study is focused on earthquake-
triggered slides, only the Oberrieden Slide 2 was analyzed. The
failure scar extends laterally ~400 m and the distance from head
scarp to toe measures ~770 m (see Fig. 3). The soil profile consists
of glacial and postglacial sediments with a thickness of about
5-7 m (measured in the undisturbed sediments adjacent to the slide)
overlying the molassic bedrock (Strupler et al. 2017). The slope
gradient is much milder than for the Zinnen slides, measuring about
12° for the upper and lower parts of the slope, and the middle part is
inclined by about 6°. The reconstructed prefailure slope geometry
was obtained by connecting the level contour lines of the adjacent
intact parts of the slope [see Fig. 3(b)]. A more detailed description
of the slides was provided by Strupler et al. (2017). The cross
section, from which the 2D computational model was built, is
shown in Fig. 3(c). Similar to the Zinnen slides, an inherit weak
layer was included near the base of the sediment layer (see Fig. 12
in Appendix II).

Description of the Three-Step Methodology

The landslide evolution is simulated in a sequence of three main
steps:
1. Sedimentation analysis: The sediment buildup on the slope over

time is simulated [see Fig. 4(a)].

2. Seismic analysis: The earthquake-induced initiation and trigger-

ing of the slide are simulated [see Fig. 4(b)].

3. Postfailure analysis: The Self-driven motion of the collapsing

slope is simulated until its arrest [see Fig. 4(c)].

In each step, different processes play a governing role, requiring
different methodologies to model the problem as accurately as
possible. The individual steps are computed using the ABAQUS
computing software (Dassault Systeémes 2014) and connected by
prescribing the final result of the preceding step as initial conditions
to the subsequent step in a consistent manner. The basic principle
of the proposed three-step procedure has initially been outlined
in a conference paper by Stoecklin and Puzrin (2020) and is sub-
sequently described in more detail. A simplified version of the pro-
cedure, where the sedimentation analysis was replaced with a basic
static Lagrangian analysis step, has been compared and validated
against simulations carried out with an independent approach based
on the material point method (Kohler et al. 2022). The solutions
obtained with the two independent approaches compare well for
the co- and postseismic analysis in terms of the time of triggering,
the resulting failure mechanism, and the resulting postfailure geom-
etry. In the following, the applied FE methodologies for the three
steps are briefly described.

Step 1: Sedimentation Analysis

In this first step, the deposition of sediments on the slope over time
and buildup of a sediment layer is modeled. This constitutes a non-
linear consolidation problem with a moving boundary, which is
solved using a coupled hydromechanical, updated Lagrangian,
static, implicit finite element approach. Elements are activated and
stacked on top of older elements in a sequence of steps to simulate
the continuous sediment buildup process, while maintaining a zero
excess pore water pressure hydraulic boundary condition at the

J. Geotech. Geoenviron. Eng.

J. Geotech. Geoenviron. Eng., 2023, 149(12): 04023119



Downloaded from ascelibrary.org by ETH Zuerich - ETH-Bibliothek on 10/24/23. Copyright ASCE. For personal use only; all rights reserved.

water level 434.0

=)

/

420 -

L~450 m

400 |

380 in-situ lake bottom

reconstructed pre-failure _ /A::'32°
lake bottom *

360

340 base

Height (m a.s.l.)

320 .
cross section 1

300! !
0 100 200

water level 434.0
7

300 400

()

L~250m

420

400

380 | in-situ lake bottom

reconstructed pre-failure
lake bottom

340 base

Height (m a.s.l.)

320 .
cross section 2

300

360 M= Torer

0 100 200

300 400

Coordinate x (m)

(d)

Fig. 2. Illustration of the Zinnen slides: (a) in situ slope geometry; (b) reconstructed prefailure slope geometry; (c) cross-section through the Zinnen
Main Slide; and (d) the Zinnen Baby Slide. (Map © Federal Office of Topography swisstopo 2019, © Data swisstopo, FOT.)

moving seafloor [see Fig. 5(a)]. The procedure is described in more
detail by Stoecklin et al. (2017). As fresh sediments are deposited
on the lake or seafloor, the underlying soil is loaded and com-
pressed as the pore fluid drains toward the seafloor. If the rate
of sediment deposition is fast, compared with the hydraulic conduc-
tivity of the sediments, this can lead to the buildup of excess pore
water pressure within the slope and an increased susceptibility to
slope failure. For low deposition rates, the process results in a fully
consolidated soil deposit. The sedimentation analysis facilitates
computing the evolution of the effective stress field within the slope
as the sediment layer grows in thickness over time along with a
gradual buildup of overpressures. It therefore provides the modeled
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prefailure in situ conditions [see Fig. 5(b)]. These results are then
processed and prescribed as initial conditions for the subsequent
analysis step.

Note that, for the cases analyzed in this study, the sedimentation-
induced overpressures on the slope are negligible due to the low sedi-
ment deposition rate. Hence, the stress-conditions are almost fully
drained prior to the seismic loading. The sedimentation simulation
could, therefore, also have been performed with a simpler single-
phase mechanical FE approach. Nonetheless, for other cases over-
pressures from rapid sedimentation can be significant, requiring
the coupled simulation procedure described above to account for this
effect.
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Fig. 4. Tllustration of the three-step analysis procedure: (a) sedimentation analysis to compute prefailure slope conditions; (b) seismic analysis to
model the triggering and initiation of the slope failure; and (c) postfailure analysis to simulate the evolution of the collapsing soil mass.

Step 2: Seismic Analysis

With the seismic analysis, the impact of an earthquake event on the
slope is analyzed at a specific stage in the sediment buildup pro-
cess. The seismic excitation leads to fast, essentially undrained
loading of the saturated sediments, which is why this process is
simulated using a dynamic, implicit total stress-based FE analysis
approach. With this approach, excess pore water pressures devel-
oping during seismic loading are treated as an internal variable at
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each integration point and fluid-flow along with a redistribution of
excess pore water pressures are neglected during seismic excitation.

Initial and loading conditions: The initial, static total stress ten-
sor ;" for the seismic analysis was derived from the sedimentation
analysis results at each integration point as the sum of the initial
effective stress tensor 6, the hydrostatic water pressure uy4, and
the initial excess pore water pressure A from the sedimentation
process as
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6y = 60 + (Upya + Aug)l (1)

where 1 = the second-order identity tensor. Similarly, the density of
the sediments at each integration point in the model was derived
from the void ratio that results from the sedimentation analysis as

_Gyte

- 2
P= e (2)

where p,, = fluid density; G, = specific gravity of grains; and e =
void ratio at the end of the sedimentation analysis. The density and
initial static stress field were prescribed to the model as initial con-
ditions, and gravitational loading was applied to the model as an
instantaneous, uniform, vertical acceleration. To equilibrate the
static stress field, nodal forces are applied at the model boundaries.
These nodal forces correspond to the sum of the boundary reaction
forces from the sedimentation analysis and the hydrostatic water
pressure (see Fig. 6). The forces were kept constant throughout
the seismic analysis. This procedure is not entirely accurate for
the material in the sediment layer, which can experience yielding
and hence a change in the lateral stress. Nevertheless, the implica-
tion on the overall behavior of the main slope is considered small,

provided that the lateral boundaries are placed far enough away
from the main region of interest. The water was represented only
as a hydrostatic pressure, thus neglecting inertia effects and viscous
drag forces of the water at the lake bottom. Since the seismic slope
deformation occur predominantly in a slope-parallel direction
and the viscous drag forces are considered small compared with
the shear resistance of the soil, this simplification is considered
justified for the seismic analysis (in contrast with the postfailure
analysis).

Boundary conditions: At the lateral boundaries of the model, the
free-field boundary method was applied to avoid the reflection of
outgoing stress-waves without restricting the free-field movement
of the ground (Zienkiewicz et al. 1989). The free-field columns at
each side of the main model consist of a single column of stacked
elements. Their rotational degrees of freedom are constrained, and
the translational degrees of freedom of the nodes on one side are
tied to the corresponding nodes on the opposite side of the column.
To ensure that the motion of the free-field columns is not signifi-
cantly affected by the deformation of the main model but not the
other way around, a large out-of-plane thickness is assigned to the
free-field columns. Free-field columns are connected to the main
model at the lateral boundaries with dashpot elements (see Fig. 6)
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Fig. 5. Illustration of (a) the sedimentation FE model; (b) the resulting stress field; and (c) void ratio within the sediment layer (note that the mesh is
illustrated schematically, and a much finer discretization is required for the actual analysis).
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Fig. 6. Tllustration of the plane strain finite element model for the seismic analysis (note that the mesh is illustrated schematically, and a much finer

discretization is required for the actual analysis).
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(Nielsen 2014). The horizontal layering, material properties, and
initial conditions of the columns are identical to the adjacent parts
of the main model. At the truncation boundary, a compliant base
boundary condition was used (Zienkiewicz et al. 1989). The latter
allows for the application of input ground motions to the model at
the base while absorbing outgoing waves at the same time, thus
preventing their reflection back into the model. This is achieved
by connecting infinite elements to the lower boundary of the model
base, which is assumed to behave elastically. Furthermore, the input
ground motion is prescribed as a stress-time history, rather than
applying the acceleration directly as a kinematic boundary condi-
tion. The magnitude of the prescribed stress-time history is com-
puted as

es(1) = 205, (1)V/0G (3)

where p = the bulk density; G = shear modulus of the base; and
vy, (1) = particle velocity of the upward propagating wave, i.e., half
the “outcrop” motion (Mejia and Dawson 2006). The factor of 2 is
required as half of the applied stress is absorbed by the viscous
infinite elements.

Termination of the analysis: As a result of the seismic excitation
of the slope, the sediments are subjected to fast, essentially un-
drained, cyclic loading in addition to the static loads. Sufficiently
strong seismic loading can cause cyclic shear strength degradation
to such a degree that the slope becomes unstable under gravitational
loading, leading to rapidly increasing deformations within the un-
stable part of slope (i.e., a self-driven failure). Hence, the seismic
analysis is terminated before a significant loss of accuracy occurs
due to excessive mesh distortion, and the simulation of the mass
movement is continued in the postfailure analysis. The point in time
where the analysis is terminated was chosen such that two condi-
tions are fulfilled: (1) the slope failure is already self-driven under
gravitational loading (otherwise, the motion would halt in the post-
failure analysis); and (2) the shear deformations and hence the
mesh distortion remain within an admissible range (a threshold
value of Ae, < 0.25 was used here, which was reached first within
the weak layer in the steepest part of the slope). At this point, the
resulting stress and velocity fields (i.e., the internal strain and
kinetic energy) are transferred to the subsequent postfailure analy-
sis step.

Step 3: Postfailure Analysis

In the postfailure analysis step, the motion of the collapsing soil
mass is simulated until its final arrest. In this process, the soil
undergoes large deformations, making traditional Lagrangian FE
analysis techniques unsuitable to analyze the problem. Therefore,
an explicit coupled Eulerian Lagrangian (CEL) FE analysis ap-
proach is employed for simulating the postfailure motion. This
technique allows for materials to undergo extreme straining without
suffering from excessive mesh distortion accompanied with a loss
of accuracy. The approach was successfully applied to model post-
failure processes of submarine landslides in several studies (Dey
et al. 2016a; Trapper et al. 2015). The modeling procedure applied
in this study is described in detail by Stoecklin et al. (2021) and is
subsequently briefly outlined.

The CEL FE analysis technique comprises a traditional Lagran-
gian timestep, followed by a remap step that maps the solution from
the distorted Lagrangian mesh on to the spatially fixed Eulerian
mesh (Benson 1992). The material flow between neighboring
elements is computed and tracked by its volume fraction, allowing
for multiple materials to move within the specified Eulerian
domain. In this framework, three materials were used, i.e., soil
material, base material, and water (Fig. 7). The latter plays a
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Fig. 7. Tlustration of the CEL FE model for the postfailure analysis
(note that the mesh is illustrated schematically, and a much finer dis-
cretization is required for the actual analysis). [Used with permission of
Emeral Publishing, from “Controlling factors for post-failure evolution
of subaqueous landslides,” A. Stoecklin, P. Trapper, and A. M. Puzrin,
Géotechnique, Vol. 71 (10), © 2021; permission conveyed through
Copyright Clearance Center.]

significant role for the postfailure motion through the effect of
hydroplaning, where water gets trapped below the moving soil
mass (e.g., Mohrig et al. 1998).

Initial and loading conditions: The initial total stress, velocity,
and density fields as well as the degraded undrained shear resis-
tance are mapped from the seismic analysis at the stage where the
latter is terminated and prescribed as starting conditions for the
postfailure analysis. As in the seismic analysis, gravitational load-
ing was applied as an instant vertical acceleration to the whole
model.

Boundary conditions: The velocities are constrained at the trun-
cation boundary and at the lower lateral boundaries, where soil
material is present (see Fig. 7). Nonreflecting boundary conditions
were applied at the lateral boundaries of the water body to reduce
the effect of reflecting pressure waves (Dassault Systemes 2014).
A void space was included above the water surface. The out-of-
plane component of the velocity was set to zero to enforce plane-
strain conditions.

Computational Meshes

For the sedimentation analysis, the required mesh size is mainly
determined by fluid flow and the large volumetric deformations
of sediments. For the seismic analysis, on the other hand, the propa-
gation of seismic stress waves as well as the formation of a local-
ized basal shear band need to be captured accurately. Further on, for
the postfailure analysis the discretization has to be fine enough to
capture the propagation of the localized shear bands and the large
shear deformations of the collapsing sediments. Furthermore, dif-
ferent element types were used in each analysis step, i.e., bilinear
plane strain Lagrangian elements in the sedimentation and the seis-
mic analysis and a single plane of eight-node 3D continuum re-
duced integration Eulerian elements for the postfailure analysis.
Hence, each analysis step requires a different level of discretization
to capture the governing effects with sufficient accuracy. In this
study, however, a constant number of elements with an element size
of hg;, &~ 0.5 m was used in all analysis steps to simplify the map-
ping of the stress, density, and velocity fields between steps. This
element size corresponds to the minimum value of the required
element size of all three analysis steps, which was governed here
by the postfailure analysis. To ensure the equilibrium of the pre-
scribed initial stress field, the initial mesh configuration for the

J. Geotech. Geoenviron. Eng.

J. Geotech. Geoenviron. Eng., 2023, 149(12): 04023119



Downloaded from ascelibrary.org by ETH Zuerich - ETH-Bibliothek on 10/24/23. Copyright ASCE. For personal use only; all rights reserved.

seismic and postfailure analyses correspond to the deformed con-
figuration of the updated Lagrangian, large deformation sedimen-
tation analysis. To improve the efficiency of the simulation, this
could be improved in future studies by remapping the analysis re-
sults between steps onto different computational meshes.

Description of the Constitutive Soil Behavior

As outlined in the previous section, different processes and thus
different material properties govern the behavior of the landslide
during the analyzed stages:

1. During the sedimentation process, the soil undergoes large
volumetric compaction along with a drastic change in stiffness,
hydraulic conductivity, and density. Hence, the consolidation
behavior of the soil is of primary importance.

2. During the seismic excitation, the soil is subjected to fast, cyclic
loading, making the undrained hysteretic stress—strain behavior
under combined static and cyclic loading a crucial factor.

3. In the postfailure stage, the soil undergoes large straining and
shear deformation. Therefore, an accurate representation of the
undrained stress—strain behavior at large deformations becomes
crucial for the outcome.

To illustrate the stress history throughout the landslide evolu-
tion, a typical stress-path at a point within the model is shown
in Fig. 8. The sediments undergo consolidation during the sediment
deposition, followed by undrained, cyclic loading during the seis-
mic analysis and essentially monotonic shearing during the post-
failure analysis. Ideally, the soil behavior would be represented
using one single constitutive model throughout the entire evolution,
capable of accurately capturing all the aforementioned properties.
However, to the authors’ knowledge, no such constitutive model
exists that is also readily applicable and implementable for all the
applied FE methodologies. Therefore, different constitutive models
are applied to accurately represent the governing aspects of the soil
behavior in each step. The constitutive models are chosen such that
the strength and elastic stiffness definitions are consistent through-
out the simulation, facilitating the transferring of the stress-fields
between the different analysis steps. Subsequently the constitutive
behavior of the soil and the derivation of the simulation input
parameters are described for the different simulation steps.

Sedimentation Analysis

In the sedimentation process, soil particles are deposited on the lake
bottom in a lose state with a very high initial water content. As the
deposited sediments get buried over time, they consolidate with
the overburden and their mechanical properties change. Hence,

deviatoric stress q
Ne)
£
)

intrinsic mechanical soil properties (i.e., soil properties that are as-
sumed to remain constant during compaction) are used to model
this process as well as initial state parameters (such as the initial
void ratio e of the sediments near the seafloor after deposition).
The change of the mechanical properties over the height of the soil
profile is then an outcome of the analysis. The constitutive behavior
of the sediments was modeled using the modified cam clay (MCC)
model (Roscoe and Burland 1970), as it captures the strong in-
crease in volumetric stiffness with advancing consolidation (i.e., the
logarithmic relation between the void ratio e and the mean effective
stress p’) as well as the contractive behavior of normally consoli-
dated soils during shearing. The derivation of the required input
parameters for the analysis of the cases is described in Appendix I.

Seismic Analysis

During seismic loading, the soil is subjected to a combination of the
sustained, gravitational static and fast, cyclic loading. Under such
loading conditions, the soft, normally consolidated sediments typ-
ically experience a buildup of excess pore water pressures along
with a degradation of stiffness and strength. In the case of suffi-
ciently severe cyclic loading, the shear resistance of the soil can
degrade below the gravitational stress demand, resulting in a
self-driven, catastrophic failure of the sediment layer. To capture
this behavior, the sediments’ constitutive behavior is represented
by a multisurface kinematic hardening model (Montins 2001;
Prevost 1985; Stoecklin et al. 2020). The applied model is intended
to represent the behavior of normally consolidated, fine-grained
soils under undrained cyclic loading conditions. The conceptual
response of the constitutive model is depicted in Fig. 9. As a result
of the multiple frictional kinematic hardening surfaces, the stress—
strain response is nonlinear in virgin loading as well as in un- and
reloading. The higher the mobilized shear stress, the more yield
surfaces become active, resulting in a larger plastic strain compo-
nent and a lower deviatoric stiffness. Similarly, the volumetric
flow rule on each surface causes a contraction of the soil during
yielding, causing the buildup of excess pore pressures under un-
drained loading conditions with each loading cycle. This pore-
pressure buildup continues, until a critical state is reached [Point C
in Fig. 9(a)].

Since the constitutive model is only applied to simulate the
undrained stress—strain response during seismic loading, where the
effective stress decreases due to the pore pressure buildup, a volu-
metric cap would remain inactive and is not included. Due to the
Drucker—Prager-type yield surfaces, the failure definition is consis-
tent with the MCC model, allowing the mapping of the initial
stresses from the preceding sedimentation analysis. The sustained,

seismic analysis
s

Post-failyrg analysijs

mean effective stress p'

shear strain g

Fig. 8. Ilustration of the computed stress-path for a single point within the slope throughout the simulation: During the sedimentation process, the
soil undergoes consolidation along with an increase in the effective stress. When an earthquake occurs, undrained cyclic loading of the soft sediments
leads to a buildup of excess pore water pressures along with a weakening of the sediments. At some stage, the shear resistance is degraded below the
static stress demand, and the slope-failure becomes self-driven as the stress path softens toward the remolded shear resistance.
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Fig. 9. Illustration of the multisurface kinematic hardening model response for an element test under triaxial loading conditions: (a) shows
the predicted effective stress-path; and (b) the deviatoric stress—strain curve. [Used with permission of John Wiley Sons, from “A multisurface
kinematic hardening model for the behavior of clays under combined static and undrained cyclic loading,” A. Stoecklin, B. Friedli, and A. M.
Puzrin, International Journal for Numerical and Analytical Methods in Geomechanics, Vol. 44 (17), © 2020; permission conveyed through Copy-

right Clearance Center.]

static shear stress on the slope prior to the undrained loading
can have a significant effect on the undrained shear resistance
(e.g., Ladd and Edgers 1972). To account for this effect on the un-
drained stress—strain response, the yield surfaces are shifted toward
the consolidation stress in their initial configuration. The model is
formulated in effective stress-space but implemented for total
stress-based implicit analyses, assuming fully undrained condi-
tions. More details on this and the model formulation in general
is provided by (Stoecklin et al. 2020). The required input param-
eters and their derivation for the analyzed cases are described in
Appendix II.

Postfailure Analysis

In this analysis step, the soil is subjected to large shearing defor-
mation. Hence, the stress—strain behavior up to large deformations
is of particular importance. At the same time, the applied constit-
utive model has to be applicable for the applied CEL FE analysis
technique, which does not allow for the use of anisotropic material
behaviors. To satisfy these conditions, a constitutive model with a
van Mises-type failure envelope and isotropic strain softening was
used to describe the undrained deformation behavior of the sedi-
ments. The stress—strain curve is linear and elastic up to the peak
shear strength, followed by linear strain softening until the re-
molded value is reached and the strength remains constant. The
degraded peak and the remolded van Mises shear strength were
computed from the results of the preceding analysis steps for each
integration point as

Qu.p = M- ([76 - Aus) (4)
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qur = Md : pcls (5)

where M, = the inclination of the failure surface; p§ = mean
effective consolidation stress from the sedimentation analysis;
Au, = excess pore pressure generated during undrained seismic
loading; and p/, = parameter defining the remolded undrained
shear resistance (see Fig. 8).

To avoid a significant mesh dependency of the results due to the
strain softening behavior, a simplified scaling rule was applied,
wherein it is assumed that the shear-band occurs within a single
element. The plastic shear strength, at which the material is fully
softened, was defined as a function of the residual shear displace-
ment &, and scaled with the element size e/, = §,/v/3hg. (Dey
et al. 2015, 2016b; Stoecklin et al. 2021). The same approach was
applied for the seismic analysis. The water was modeled as a nearly
incompressible, viscous Newtonian fluid using an equation of state
model (Trapper et al. 2015). The derivation of the additional soil
parameters for the analysis of the case studies is described in
Appendix IL

Analysis of the Case Studies

In this section, the results from the simulation of the Zinnen slides
and the Oberrieden Slide are presented. In a first step, a simplified
and computationally more efficient 1D analysis was performed to
investigate the triggering of the selected cases and the effect of the
input ground motion on the seismic response of the slopes. In a
second step, the full landslide evolution was simulated for the se-
lected cases. For all simulations, the same sets of parameters were
used, which are listed in Tables 1 and 2 in Appendixes I and II.
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Simplified 1D Analysis of the Triggering Process

In a first step, a simplified infinite slope analysis was conducted to
investigate the seismic response of the two slopes when subjected
to different ground motions. The methodology, as outlined in the
previous section, was applied, but the simplified 1D model consists
only of a single column of elements to minimize the computational
cost [see Fig. 10(a)]. For each analysis run, the slopes were sub-
jected to a different input ground motion to gain insight into the
effect of different ground-motion characteristics on the stability
of the slopes. A total of 100 time-histories with a peak spectral ac-
celeration of PSA <1 g were randomly selected from a set of
representative ground motions for Switzerland (Laue 2014). The
moment magnitudes of the applied ground motions vary between
4.3 and 6.6. The magnitudes of the seismic events that are believed
to have triggered the analyzed cases lie within this range.

For each of the simulations, it was evaluated whether the slope
remained stable under static conditions after the earthquake event
or whether the ground motion triggered a self-driven failure of the
slope. Failure of the slope was said to occur if the shear strength of
the sediments is degraded below the gravitational shear stress at any
horizon within the soil deposit during the earthquake event. This is
illustrated for the Oberrieden Case in Fig. 10, where results of two
exemplarily simulation runs are shown, i.e., a case where the
ground motion triggered a slope failure and another and where
the slope remained stable. From the stress paths, it can be observed
that slope failure occurred, where the cyclic loading led to a sig-
nificant buildup of excess pore water pressure and degradation
of the shear resistance below the gravitational shear stress (7,)
[Fig. 10(b)]. In the other case, the buildup of excess pore water
pressure during cyclic loading Au is not significant enough to
cause the degradation of the shear strength below the gravitational
shear stress, and the slope remains stable under static conditions
after the earthquake event [Fig. 10(c)].

The simulations for the selected 100 input ground motions were
performed for the Zinnen Slide and the Oberrieden Slide settings:
an average slope gradient of oz = 25° and a thickness of the soil
deposit of H ~ 6 m were chosen to represent the Zinnen Slope,
and o = 12° and a H &~ 7 m for the Oberrieden Slide 2, respec-
tively (see Fig. 11). The results show that the various input ground
motions have different impacts on the stability of the slopes.
Whereas some ground motions only cause minimal irreversible de-
formations in the slope, others trigger a catastrophic failure within a
few seconds of strong ground motion. The results indicate that there
does not seem to be a clear correlation between typical ground mo-
tion characteristics, such as peak acceleration, peak velocity, or
peak spectral acceleration and the impact of the ground motion
on the stability of the slope. However, it can be observed that
ground motions with a higher energy content at lower frequencies
had a much more damaging effect on the slopes. This is depicted in
Fig. 11, where the elastic response spectra of the ground motions
that triggered a slope failure and those for which the slope remained
stable are shown. Failure of the Zinnen Slope was predicted for
most ground motions with significant energy content at higher peri-
ods [see Fig. 11(a)], whereas the Oberrieden Slope remained stable
under the impact of all but four of the 100 applied ground motions
[see Fig. 11(a)]. This difference can be explained by the different
slope angles. Nonetheless, the more damaging effect of the time
histories with high energy content at higher periods on the slope
was observed for both cases. In the following section, the results
of the 2D analyses are presented, where the input ground motion
RSN 388 was applied to trigger the slope failure.

2D Analysis of the Zinnen Slides

For the Zinnen slides, the deposition of the sediment layer on the
sloping ground at an average sedimentation rate of 0.4 mm/year
(Strasser and Anselmetti 2008) was simulated in a first step,
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Fig. 10. Simplified 1D analysis of the Oberrieden Slide 2: (a) illustration of the 1D model; (b) effective stress path and stress—strain path from an
exemplary simulation run where slope failure was triggered by the earthquake motion; and (c) of an exemplary simulation run where the slope

remained stable.
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Fig. 11. Effect of different ground motions on the stability of the slopes: elastic response spectra of the applied time-histories, which triggered a slope
failure (solid line), and of those for which the slope remained stable (dotted line) for (a) the Zinnen; and (b) the Oberrieden slide.

providing a prediction of the prefailure stress and density field
within the sediments. The resulting overpressures are small, result-
ing in nearly normally consolidated prefailure soil profiles. Apply-
ing the earthquake ground motion (RSN 388) to the slopes caused a
significant degradation of the sediment shear resistance and the
initiation of the slope failure. Hence, the seismic analysis was
terminated after a few seconds of ground motion and the results
transferred to the postfailure analysis, where the self-driven motion
of the mass movement was computed. The simulation results of
the 2D analysis of the two Zinnen slides are illustrated in Fig. 12,
where different stages of the failure process are depicted.

In both simulations, the shear band is first initiated by the
ground excitation and propagates quickly into the stable zone in
the basin. The unstable sediments above the basal shear zone ac-
celerate and move downward toward the toe of the slope, where
they thrust into the stable basin sediments, causing a disturbance of
the basin sediments. Subsequently, the unstable soil mass emerges
and moves over the soft and weak sediments near the lake bottom
until the displaced mass is at rest again. This same failure pattern
was observed for the Zinnen Main and the Zinnen Baby Slide.
However, as a consequence of the thicker sediment deposit, the
main slide propagates further into the basin, leading to a larger
runout distance.

In Fig. 13, the computed slide deposit is compared with seismic
reflection profiles recorded along the deposits of the Zinnen Main
and the Baby Slide, which were published by Sammartini et al.
(2021). It should be mentioned that the seismic reflection profiles
were not recorded at the exact location where the cross section
for the analyses was taken but in the vicinity. The plotted plastic
strain contours in Fig. 13(a) show that the basin sediments are dis-
turbed near the toe of the slope to a greater depth, which decreases
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with increasing distance from the slope. The basal shear bands
propagated along the weaker layer in the lower part of the sediment
deposit at the transition between the Holocene and late glacial unit.
These observations are consistent with the interpretation of the re-
corded seismic profiles by Sammartini et al. (2021). Further, the
predicted deformation front (i.e., tip of the displaced soil material)
can be compared with the field observation [i.e., the distinct frontal
thrust, dividing the slide deposit from the undisturbed basin strata
(Sammartini et al. 2021)]. For the Main Slide, it is slightly under-
predicted, whereas for the Baby Slide slightly overpredicted. None-
theless, the overall prediction matches the observed deformation
front in the field rather well. The extent of the mobile mass-flow
deposit, on the other hand, exceeds the extent of the model predic-
tion, particularly for the Zinnen Baby Slide. This can be attributed
to the fact that the soil and water are treated as two separate
materials, without accounting for entrainment and mixing of the
two materials (see section on limitations).

2D Analysis of the Oberrieden Slide 2

For the Oberrieden Case, the deposition of the sediment layer on
the sloping ground was simulated with an average deposition
rate of 0.5 mm/year (Strasser et al. 2013), resulting in a nearly nor-
mally consolidated soil profile due to the relatively slow sedimen-
tation rate. Applying the earthquake ground motion (RSN 388) to
this slope for about 10 s of strong ground motion initiated a self-
driven slope failure. At this stage, the results were transferred to the
postfailure analysis, where the self-driven motion of the mass
movement was computed until its final arrest. The resulting veloc-
ity of the moving soil mass is depicted in Fig. 14(a) for differ-
ent stages throughout the failure process. The predicted velocities
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Fig. 12. 2D analysis of the slope failure process of the two Zinnen slides: (a) evolution of the computed plastic shear strain (¢}) at different points in

time for the Zinnen Baby Slide; and (b) for the Zinnen Main Slide.

increase as the unstable soil mass glides down the steeper parts of
the slope, reaching a maximal speed of about 6.5 m/s. As the mov-
ing soil mass reaches the toe of the slope and moves over the stable
plane Basin sediments, it deaccelerates slowly until arrest. The
predicted geometry of the final slide deposit is compared with
the in situ lake bottom, as shown in Fig. 14(b). The simulation
provides a good match of the runout distance. The slide head scarp,
on the other hand, is predicted further upslope than the observed
head scarp.

The model prediction is compared directly with the present in
situ bathymetry, neglecting changes in the deposits during the land-
slide event and the present. Since the postfailure sediment drape of
about 10 cm (Strupler et al. 2017) is small compared with the thick-
ness of the slide deposit, this can be justified.

Discussion of the Results

On the Model Framework and Its Limitations

The main hazard imposed by subaqueous landslides arises from the
destructive movement of the unstable soil mass in the postfailure
stage. Yet, the landslide kinematics can be influenced by various
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processes at earlier stages, affecting the slope stability before a col-
lapse occurs. The presented modeling framework allows for the
simulation of this continuous process in a consistent manner, rang-
ing from sediment deposition to seismic triggering to the postfai-
lure evolution. It facilitates investigating the role of sedimentation
as a long-term preconditioning process and seismic shaking as a
triggering process on the postfailure dynamics of slope failures.
To model the governing processes in each step, such as fluid flow
during sediment deposition, stress-wave propagation during seis-
mic excitation and the large deformation of the sediments during
the slope collapse, different methodologies are applied. Finding a
balance among the accuracy, complexity, and applicability of the
approach presents a challenge and requires trade-offs. In this study,
an attempt was made to include what the authors consider the gov-
erning effects, while making some simplified assumptions in other
areas, in order to keep the framework and the parameter derivation
lean. As a result, there are a number of limitations, which should be
kept in mind when applying the framework and interpreting the
results.

* Constitutive behavior: The nonlinear, degrading, and hysteretic
stress—strain behavior of the sediments during combined gravi-
tational and seismic loading was represented by a multisurface
kinematic hardening model (Stoecklin et al. 2020). While the
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constitutive model accounts for many aspects, which are con-
sidered important for the seismic response of slopes, it does
not include rate effects. Hence, a calibration of the strength
parameters corresponding to a representative rate is required.
Furthermore, while the model is formulated in effective stress
space, it is implemented for total stress-based FE analysis, ne-
glecting fluid flow and redistribution of pore water pressures
during the earthquake event. While this effect is not considered
significant for the analyzed cases, it limits the applicability of
the model to co-seismic triggering analyses. Simulating de-
layed, postseismic slope failures due to creep (e.g., Andersen
2015), would require a constitutive model that captures rate-
dependent soil behavior.

Application of the ground motion: The ground motion is applied
as a uniform stress time history at the base of the model, imply-
ing that the earthquake signal arrives at the same time along
the entire base. This may lead to inaccuracies when analyzing
long-stretched slope geometries. This shortcoming could be
overcome by embedding the FE model into a larger model,
which simulates the earthquake source and propagation path
(e.g., Bielak 2003).

3D geometrical effects: The analyzed landslides are relatively
uniform in the lateral extent, thus justifying the presented 2D
plane strain analysis. Many slides, however, show more com-

free-field planes at the lateral boundaries in addition to the
free-field columns for the seismic analysis (e.g., Nielsen 2014).
Apart from that, the procedure could be applied as is for full 3D
analyses.

Turbidity currents and highly mobile mass flows: A shortcoming
of the applied CEL approach to model the postfailure stage is the
separation of the water and the soil material. Whereas the prin-
cipal effect of hydroplaning can be captured with the procedure
(Stoecklin et al. 2021) (although it was not observed for the cases
analyzed in this study), the method does not account for the en-
trainment and mixing of water within the moving soil mass.
Hence, the remolded strength of the soil is defined solely as a
function of the initial consolidation stress after the sedimentation
analysis. Landslides, which transform into long runouts, however,
entrain water and can evolve into fluidlike turbidity currents
(e.g., Randolph and Gourvenec 2011). Predictions with the pre-
sented procedure would therefore likely underestimate the runout
distance for such slides. Nonetheless, for the initial sliding phase,
where the landslide deforms as a continuum along localized shear
bands, the effect of water entrainment is considered to be small.
The procedure could be extended in the future to include the
effect of water entrainment and simulate the transition of slope
failures into turbidity currents.

plex geometries, thus requiring a more complex full 3D analy-
sis. To simulate mass movements on more complex terrain,
the presented framework could be extended to model slope
geometries in three dimensions. This would require introducing

On the Analyzed Case Studies
Aspects of the obtained results from the analyses of the Oberrieden
and Zinnen slides are discussed as follows:
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Fig. 14. Results of the 2D analysis of the Oberrieden Slide 2: (a) velocity contours at different time points during the failure evolution; and

(b) comparison of the predicted and in situ geometry of the slide deposit.
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Sedimentation: The simulation results show that overpressures
due to sedimentation are not significant for the analyzed cases.
Hence, the sedimentation analysis could also have been re-
placed by a simpler drained, static analysis step in this case.
Nonetheless, the sedimentation analysis provides accurate initial
conditions for the subsequent analysis steps, including the con-
solidation history of the sediments and the strong variation in
density and stiffness of the sediments within the deposit.

Seismic triggering: The geomorphological site investigations
suggest that the analyzed historical slope failures were most
likely triggered by earthquakes (Sammartini et al. 2021;
Schnellmann et al. 2005; Strupler et al. 2017). The results from
this study show that different ground motions affected the sta-
bility of the slopes to different degrees. The results suggest that
PGA and PSA alone do not reflect the detrimental effect of an
earthquake event and that the frequency content of the ground
motion is a more significant ground motion characteristic for the
assessment of the slope stability. The ground motions with
lower frequency contents affected the stability of the analyzed
slopes much more than those with higher predominant frequen-
cies. These results are in agreement with findings by Biscontin
and Pestana (2006), who investigated factors affecting the re-
sponse of submerged slopes under seismic loading. Cyclic load-
ing at frequencies well below the natural period of the system
result in long loading cycles and nearly quasistatic loading
of the slope, causing high shear stresses in the weak layer.

04023119-14

This appears to have a particularly damaging effect on the slope
compared with loading at higher frequencies, where parts of the
sediment layer above the weak layer are moving in one direc-
tion, while other parts are moving in the opposite direction,
thus limiting the relative stress demand at the depth of the weak
layer. Although these findings are limited to the analyzed cases,
the results highlight the complexity of the seismic triggering
process and the challenge of predicting the stability of slopes
using quasistatic analyses, where the horizontal acceleration
is typically related to ground motion characteristics. The results
further show that not all ground motions initiate a failure of
the slopes. Exposure to repetitive excitation of this type could
have a strengthening effect on the stability of the slope, if suf-
ficient time remains for excess pore water pressures to dissipate
between seismic events. This effect of seismic strengthening has
been observed in areas of frequent seismic activity and low sed-
imentation rates (ten Brink et al. 2016; Sawyer et al. 2017;
Sawyer and Devore 2015; Strozyk et al. 2010). By adapting the
presented approach to simulate the effect of repetitive ground
excitation with intermittent redistribution and dissipation of ex-
cess pore water pressure, this effect could be further investigated
in the future.

Prediction of the landslide deposit: As most often, no direct
measurements of the actual landslide event are available for
the analyzed cases, which is why the model predictions were
validated against the in situ geometry of the landslide deposits.
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Overall, the simulation provided a good prediction of the land-
slide deposit and the deformation front without backcalibration
of the input parameters. However, it should be mentioned that
not enough test data were available to calibrate all input param-
eters from direct measurements. Whereas some parameters,
such as the undrained shear resistance, were calibrated directly
against measurements on intact sediments adjacent to the land-
slide areas, other parameters, such as the sediment sensitivity,
the stiffness degradation, or cyclic shakedown parameters, were
derived using correlations and test data from similar soils. In
particular, the estimation of the sediment sensitivity, one of
the controlling parameters for the predicted runout distance
(Stoecklin et al. 2021), results in a significant uncertainty of
the model predictions. Due to a lack of direct measure-
ments for the analyzed sites, this parameter was derived from
investigations at nearby sites with a similar lithology (see
Appendix II). The outlined parameter derivation procedure
therefore serves as a first-order approach. The simulation results
serve as a validation of the general model behavior and illustra-
tion of principal effects rather than a detailed hazard assessment
of the sites. The latter would require a more extensive site
characterization.

* Applicability of the framework for hazard assessments: The
presented results are site-specific and should therefore not be
extrapolated generally for hazard assessments of underwater
slopes. Furthermore, the model predictions have, thus far, only
been validated against historical slides in rather specific alpine
settings. In future studies, the procedure should therefore be
validated against a wider range of mass movements in a wider
range of settings to assess the accuracy of the predictions and
the model limitations more broadly. This could provide further
insight into the controlling factors for the kinematics of sub-
aqueous landslides. One particularly useful application of the
framework lies in the assessment of landslide-induced tsunamis.
Underwater landslides are a well-known source of tsunamis
in marine (Fine et al. 2005; Fryer et al. 2004; Tappin et al.
2001) and lacustrine environnements (Schnellmann et al. 2002;
Strasser et al. 2007). As highlighted in a recent study by Lgvholt
et al. (2017), the strength of landslide-induced tsunamis is
closely related to the slide failure mechanism and that similarly
sized slides can produce very different tsunamis. By extracting
the moving boundary between the soil and the water over time,
the simulation results could provide an accurate source input for
subsequent tsunami propagation modeling.

Conclusions

Investigations of historical landslide events have revealed that
various processes, acting on different time scales, can play a role
in the formation and evolution of underwater landslides. Predicting
future landslide events and their behavior therefore remains a chal-
lenging task. In this study, a modeling framework is presented,
which facilitates the simulation of subaqueous landslides as an
evolving process in a sequence of steps, ranging from sediment
deposition, to seismic triggering to postfailure evolution of the col-
lapsing soil mass. Different FE-based methodologies were applied
to model the governing processes and specific particularities for
each step. The analyses of the individual steps were performed
using the FE-code ABAQUS and connected in a consistent way,
facilitating the mapping of results of preceding steps as initial con-
ditions for subsequent steps and thus simulating the landslide
evolution as a continuous process. This enables quantifying the
effect of sedimentation and earthquake loading on the postfailure
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landslide dynamics. It can thus help improve our understanding of
the governing mechanisms involved in subaqueous landsliding.

The presented procedure was applied to analyze three seismi-
cally triggered, well-investigated, historical landslides in Swiss
lakes, i.e., the two Zinnen slides in Lake Lucerne and the Oberrie-
den 2 Slide in Lake Zurich. The predicted deformation patterns
match the observed landslide deposits in the field well, thus serving
as a validation of the model approach and providing new insights
into the failure mechanisms. The analysis of the triggering process
showed that excitation of the slopes by various ground motions
affected the stability of the slopes to varying degrees. The ground
motions with high energy content at low frequencies generally ap-
peared to have the most severe effect on the stability of the analyzed
slopes.

The presented framework is focused on the modeling of the
most commonly cited preconditioning (rapid sedimentation) and
triggering factor (earthquake events) of subaqueous slope failures.
However, many more processes are known to influence the stability
of slopes, such as gas hydrate dissociation, groundwater flow,
sea-level changes, groundwater seepage, storm-wave loading, and
human activity. To investigate the impact of such processes, the
framework could be extended in the future by joining additional
steps or replacing existing ones. Furthermore, the model predic-
tions have, thus far, only been validated against historical slides
in rather specific lake settings. In future studies, the accuracy of
the model predictions should therefore be validated against a wider
range of mass movements in different settings. Nonetheless, the
presented approach provides a basic framework for assessing
and quantifying the effects of different processes involved in
subaqueous mass wasting. This could further improve our under-
standing of the factors controlling the landslide dynamics and
ultimately improve hazard assessments and the design of mitigation
measures.

Appendix I. Derivation of the Input Soil Parameters
for the Static Sedimentation Analysis

Subsequently, the derivation of the required input parameters for

the static sedimentation analysis of the analyzed cases is described.

* Initial void ratio ej: The initial void ratio corresponds to the void
ratio of the sediments at deposition and therefore to the value
near the lake bottom. Assuming the sediments are fully satu-
rated, the initial void ratio can be derived from the water content
measured near the lake bottom w, according to

€0 = gsWo (6)

where g, ~ 2.65 = the grain specific density. At the Oberrieden
(Strupler et al. 2017) and Zinnen sites (Sammartini et al. 2021),
similar water content near the lake bottom of wy ~ 150% was
measured, resulting in an initial void ratio of ey &~ 4.0. The
effective bulk density of the sediments near the seafloor pj is
derived from the initial void ratio

/ gs+60
= —1)-p, 7
p() (1+eo ) Pw ( )

where p,, = the bulk density of the pore water. The resulting void
ratio and density distribution within the sediment layer are
model outputs.

» Consolidation properties: The compression index C. and swell-
ing index C, determine the change in stiffness with increasing
compaction. For the Zinnen site, the compression index was
measured as C. = 1.7 (Sammartini et al. 2021). For the
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Table 1. Summary of input parameters for the sedimentation analysis

Value Value

Type Parameter Symbol (Zinnen slides) (Oberrieden slides)
Permeability Hydraulic conductivity at liquid limit ky. 2x 107 m/s 2x 107 m/s
Initial conditions Initial void ratio e 4.0 4.0
(i.e., values near lake bottom) Initial density near the lake bottom 0 1,330 kg/m? 1,330 kg/m?
Consolidation properties Compression index C, 1.7 1.0

Permeability index Cy =C./15 =C,./1.5

Swelling index Cy =02-C, =02-C,

Strength properties Inclination of the failure surface (= CSL) M 1.7 0.9

Oberrieden site, a value of C, = 1.0 was assumed. For the
swelling index, a typical value of C; = 0.2 - C, was assumed.
Hydraulic conductivity k: The change in hydraulic conductivity
is computed as a function of the void ratio, using the commonly
used logarithmic expression (Mesri and Rokhsar 1974; Tavenas
et al. 1983)

k
€:€0+Ck 'lOgIOk—O (8)

where C; = permeability change index; and k, = initial hy-
draulic conductivity. In absence of direct measurements, an
empirical correlation was used to determine value of k. Experi-
ments have shown that, for a wide range of soils, the hydraulic
conductivity at the liquid limit lies within a relatively narrow
range of k; = 0.13 — 2.8 - 10~ m/s (Mitchell and Soga 2005).
Hence, a value of k, =2 - 107" m/s was assumed for this
study. The initial hydraulic conductivity of the sediments near
the lake bottom was then calculated as

ep—er,

ko = kL - 10 (9)

For the permeability change index, a value of C; = C./1.5 was

assumed (Tavenas et al. 1983).

Strength properties: The strength of the soil is defined by the
inclination of the critical state line M. For the Zinnen slides,
the value was chosen such that in the factor of safety of the
slope in its in situ state is close to unity. For the more gentle
Oberrieden Slope, assuming a factor of safety close to unity
may not be reasonable, and the value M was chosen such that
the predicted undrained shear resistance by the MCC constitu-
tive model matches the measurements performed by Strupler
et al. (2017) on undisturbed sediments adjacent to the slide
(see also Appendix II).

The final values for the input parameters for the sedimentation

analysis are summarized in Table 1.

Appendix Il. Derivation of the Input Soil Parameters
for the Dynamic Analyses

Subsequently, the derivation of the input parameters for the
dynamic analyses (seismic and postfailure) of the case studies is
described. It should be pointed out that each parameter affects
different aspects of the model behavior. Therefore, most model
parameters cannot be determined independently. Instead, a set of
parameters was determined that provides the best fit for the follow-
ing aspects [a more detailed description of the model parameters is
provided by Stoecklin et al. (2020)]:
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Initial shear stiffness: The initial shear modulus (see Fig. 9)
was chosen as function of the vertical effective stress as Gy =
200 - o, (Andersen 2015).

Peak shear resistance: The undrained shear resistance was
calibrated against in situ CPT measurements, which were
taken in the undisturbed sediments adjacent to the Oberrieden
(Strupler et al. 2017) and the Zinnen slides (Sammartini et al.
2021). The measured shear strength and the assumed static
strength profile for the Oberrieden simulation are shown in
Fig. 15. To account for the strain-rate dependency of the
shear resistance, the undrained shear resistance was assumed
about 25% higher for the dynamic seismic and postfailure
analysis, compared with the static value (Lunne and Andersen
2007). For the Zinnen site, the undrained peak shear resistance
was chosen such that the slope is marginally stable under static
conditions prior to the collapse, rather than using the CPT mea-
surements on the sediments. This approach was chosen, since
the CPT measurements likely underestimate the undrained
shear resistance in the steep part of the slope, where high static,
drained shear stresses are acting. For more details, see Klein
et al. (2022).

Remolded shear resistance: The remoulded shear resistance was
specified as a function of the initial peak shear resistance as
Sur = Sy p/S;. For neither of the two sites, direct measurements
of the remolded undrained shear resistance was available to the
authors. Hence, for the Zinnen site, the parameter was estimated
from measurements taken at the nearby Chriitztrichter site.
For the latter, a sensitivity value of S, ~ 2.0 was measured
on vane shear tests conducted on core samples of undisturbed
sediments (Strasser et al. 2007). The same value was assumed
for the analysis of the Zinnen slides, where similar lithological
characteristics are present. For the Oberrieden site, Strupler et al.
(2017) found that the gliding plane of the Oberrieden Slide 2 is
located within the lithological unit LU1 (see Fig. 15), which con-
sists of late glacial plastic mud. Measurements on late glacial mud
at a site further up the shore in Richterswil revealed values for the
sensitivity of §; = 3 — 4 (Gyger et al. 1976). For the analysis of
the Oberrieden Slide 2, a value of S, = 3 was assumed. Assum-
ing a value on the upper limit of the reported range, it should be
mentioned, would likely result in less accurate prediction of the
deformation front. In the simulations, the remolded shear resis-
tance is defined through the parameter p/; = s,, /M (see Fig. 8).
For the shear displacement, at which the remolded shear resis-
tance is reached, a typical value of §, = 0.2 m was assumed
(Skempton 1985).

Stiffness degradation and damping: The nonlinear stress—strain
behavior of the soil plays an important role for the dynamic
response of the slope. To determine these values directly, cyclic
laboratory tests on the sediments would be required. Since
such tests are not available for the investigated sites, modulus
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shear resistance by Strupler et al. (2017) compared with the strength profile assumed for the simulation. (d and e) Normalized response of the
calibrated constitutive model. [Reprinted (a—c) with permission from Springer Link: Springer, Geo-Marine Letters, “Probabilistic stability evalua-
tion and seismic triggering scenarios of submerged slopes in Lake Zurich (Switzerland),” M. Strupler, M. Hilbe, E. S. Anselmetti, A. J. Kopf,
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Fig. 16. Calibration of the stress—strain behaviour and cyclic degradation for the Oberrieden parameter set: (a) comparison of the calibrated model
response with typical modulus reduction- and damping curves for different soil types (data from Darandeli 2001; EPRI 1993); and (b) results obtained
from cyclic simple shear tests on various normally consolidated clays are compared with the calibrated model response for a simple shear element test.
The diagram depicts combinations of sustained, average (7,,), and cyclic shear stress (7.) that caused failure of the samples after N f = 10 loading
cycles (data from Andersen 2004).
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Table 2. Summary of soil parameters for the seismic and postfailure analyses

Value Value
Type Parameter Symbol (Oberrieden slides) (Zinnen slides)
Shear stiffness and damping Hardening parameter 1 hg 150 150
Hardening parameter 2 b 2.1 2.1
Contraction and cyclic degradation Initial contraction Bo —0.07 —0.07
Dilation degradation parameter c 2.0 2.0
Shakedown parameter p{ 0.6 - p} 0.7 - pg
Strength parameters Inclination failure surface soil layer Mysr 1.3 22
Weak layer M,wr 0.95 1.8
Normal effective stress at critical state Dls 0.2 p} 0.3 p}

reduction and damping curves were used. The hardening
parameters of the constitutive model, i.e., the parameters that
define the shape of the deviatoric stress—strain curve Ay and b
(Stoecklin et al. 2020) were calibrated such that the model
response matches typical modulus reduction and damping
curves (Darandeli 2001). This is illustrated in Fig. 16(a) for the
Oberrieden parameter set.

e Cyclic degradation: The cyclic degradation of stiffness and
strength is controlled by the pore-pressure buildup and plays
an important role for the seismic response of the slope. In
particular, predicting the number of stress cycles required to
cause a failure is an important criteria. In absence of cyclic
laboratory tests for the analyzed sites, typical values of
number of cycles to failure are taken as a basis to calibrate this
aspect of soil behavior. This was used to calibrate the initial
contraction model parameter 3, and the shakedown param-
eter pj, which mainly define this aspect of the soil behavior
(Stoecklin et al. 2020). This is depicted in Fig. 16(b), where
the predicted response of the calibrated model for different
loading combinations is compared with results from cyclic lab-
oratory tests on various types of clays, published by Andersen
(2004).

The derived set of parameters for the seismic and postfailure

analyses is summarized in Table 2.
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