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Abstract
In this paper, a set up for shaking table experiments on model tests of slopes composed of Hostun sand
submerged under water is shown. The slopes are built inside a container by air pluviation, and flooded
with water at slow flow rates. The models are subjected to displacement controlled harmonic signals with
frequencies on the ranges of typical earthquakes. The experimental campaign showed that slopes built with
low relative densities fail within the first seconds of shaking. Moreover, a simulation of a landslide at the
scale of the experiments is performed with the material point method (MPM). Deformations during failure and post-failure are captured on the MPM simulation given the advantages of the method to simulate
problems of large deformations in solid media. However, additional assumptions in numerics are necessary
to simulate the dynamic response of submerged slopes under earthquakes. Finally, tests on denser samples
with measurements of pore water pressures and displacements during the tests are planned for future.
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INTRODUCTION

Earthquake-induced landslides are hazards with the
potential of damaging human settlements, infrastructure and lifelines; besides causing casualties.
A very particular case of seismic slope stability is
the case of landslides on submerged slopes during
earthquakes. These types of failures can occur for
example in man-made pit lakes of decommissioned
open pit mines or in submarine slopes. The design of
underwater foundations and geotechnical works surrounding pit lakes in seismic areas must pay special
attention to the possibility of landslides triggered by
earthquakes.
Experimental studies have been carried out in order to identify the main features of landslides subjected to seismic actions. Hong et al. (2005) performed a series of shaking table tests in order to
analyse the stability of steep nailed slopes composed of silica sand. Wartman et al. (2005) tested
mixtures of kaolinite-bentonite with poorly-graded
sand and measured internal slope movements during shaking. Bui and Fukagawa (2010) developed
a rigid container to test soil slopes composed of
unsaturated weathered granite subjected to earthquake signals. Besides, simulations of the tests with
Smoothed Particle Hydrodynamics (SPH) were performed. Wang and Lin (2011) combined Particle
Image Velocimetry (PIV) techniques with acceleration time history records to define the failure of
slopes subjected to earthquake records on a shaking table. Li et al. (2019) investigated the seismic
response of steep bedding and toppling rock slopes
with inclinations of 65 degrees subjected to shaking.
Su et al. (2018) investigated the seismic response of
reinforced soil with anchors and vegetation. Zhou
et al. (2019) studied the influence of the slope shape
of layered high slopes under seismic actions. Feng
et al. (2019) studied the stability of anti-dip rock
slopes with two groups of rock joints under shaking.
All cases mentioned above correspond to nonsubmerged slopes that are tested under different
states of partial saturation. The aim of this paper
is to show preliminary tests of slopes composed of
Hostun sand, which are flooded and subjected to dynamic actions on a one-directional shaking table device. Besides, a MPM simulation on a slope composed of Hostun sand is shown. Details related to an
MPM approach towards earthquake-induced landslides will be discussed in order to calibrate numerical studies based on shaking table experiments.
MPM is nowadays an appealing tool in geotech-

Figure 1: One-directional shaking table device. The table, the
actuator, controlling machines and the computer for data acquisition are shown.

nical engineering, in particular when it comes to the
simulation of large landslides and the estimations of
displacements in phases of failure and post-failure
(Fern et al., 2019).
Wang et al. (2016) developed an implicit implementation of the MPM; simulating a slope under excavation at the toe. Bandara and Soga (2015) proposed a formulation for coupled analysis with an
MPM framework and simulated consolidation problems and slope stability analysis. Bhandari et al.
(2016) simulated the dynamic response of slopes
subjected to seismic actions. Yerro et al. (2016) simulated problems of large deformations on unsaturated soils using MPM with an application to slope
stability. Moreover, Yerro et al. (2019) simulated a
runout landslide with MPM.
2

2.1

EXPERIMENTAL APPROACH TO
SUBMERGED SLOPES SUBJECTED TO
SHAKING
Shaking Table Device

Shaking table experiments were carried out at
the laboratory facilities of the Bauhaus University
Weimar (See Figure 1). The shaking table device is a
high-load high frequency one directional shaking table with a platform of 1.2 x 1.2 meters, for frequencies up to 100 Hz. The table uses a 50 kN frictionless servo-hydraulic actuator with a displacement
accuracy below 0.001 mm.
2.2

Shaking table experiments

Six shaking table tests on slopes have been performed using Hostun sand at initial relative densities
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between 17% and 48%. Figure 2 shows the gran size
distribution of Hostun sand, a mid-grain sand with
a coefficient of uniformity of 1.5. The sand is deposited inside a container by air pluviation, varying
funnel diameters, from 5 mm to 15 mm, and pouring
heights in order to obtain a different states of initial
relative density. The slopes are built with an angle
of approximately 30 degrees.

Each signal is applied for 30 seconds.
It was observed that at the combination with the
lowest frequency and amplitude, the slopes undergo
large displacements, see Figure 4 and Figure 5 for a
comparison of the initial configuration of one of the
slopes versus the state after the first applied signal.

Figure 4: Slope profile before seismic excitation.

Figure 2: Grain size distribution of Hostun Sand.

The container is filled with water up to the slope
head before subjecting the slopes to seismic actions.
The process of flooding was carried out slowly with
low flow rates in order to minimize the volume of air
trapped inside the sand after completing the fill up.
Saturation degrees calculated after testing reached
82%. Figure 3 shows a photo of the final set up of a
single test before shaking. Displacement controlled
sinusoidal signals are applied on the table with amplitudes ranging from 2 to 3 mm and frequencies
between 6 Hz and 8 Hz, typical from earthquakes.

Figure 3: Flooded slope before shaking.

Figure 5: Slope profile after seismic excitation.

Denser samples resisted a larger number of loading cycles compared to looser samples but in general, landslides are triggered within the first 10 seconds of the signal.
The experiments showed that earthquake-induced
landslides on submerged slopes can be simulated
under controlled conditions on a shaking table test
device. The rapid failure of the slopes during the
tests can be associated to the high amplitude and frequency values chosen for the tests and to the loose
state of the sand slopes before the flooding process.
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A MATERIAL POINT SIMULATION ON
HOSTUN SAND

A complete and detailed simulation of submerged
soil slopes during earthquakes involves the coupled
solution in dynamics for solid and liquid phases of
the soil and for the fluid phase of the free volume of
water. In this section, the authors intend to present
the capabilities of the MPM to simulate a landslide
of Hostun sand in a two dimensional explicit calculation without considering the effects of free water
and partial saturation.
A plane strain model is analyzed for a slope with
a height of 22 cm and a slope angle of about 50 degrees, 16 degrees greater than the internal friction
angle of Hostun sand. Thus, the slope is in an unstable condition. A gravitational load is imposed on
the model which triggers slope failure.
The simulation is performed with 8 material
points per cell, in cubic cells with edges of 1 cm.
Figure 6 and Figure 7 show the initial configuration
of the slope defined by the material points inside
the background mesh and the final configuration after imposing gravitational stresses respectively. The
simulations are performed using a built-in constitutive model of the MPM-3D program (Zhang, 2016),
the Drucker-Prager model. In fact, the problem resembles the benchmark of slope failure proposed by
Zhang (2016), but has been adapted to the height of
the slopes tested in laboratory and soil parameters
of Hostun sand have been given. The MPM simu-

Figure 6: Initial configuration of the slope in MPM.

Figure 7: Final configuration of the slope in MPM.

lation shows how the slope undergoes large deformations in the post-failure stage. Nevertheless, the
simulation can not yet be compared to the conditions of the laboratory for submerged slopes under
earthquakes. A numerical MPM framework capable of performing dynamic simulations with prescribed transient displacements along boundaries,

partial saturation and consolidation during dynamic
analyses is necessary for that purpose, along with
constitutive models for soil liquefaction.
This paper shows preliminary experimental and
computational works directed to the calibration of
numerical tools that could enable the actual simulation of earthquake-induced submerged landslides
in controlled conditions, e.g. shaking table or centrifuge tests.

4

CONCLUSIONS AND FUTURE WORK

An experimental approach to simulate landslides of
submerged slopes in laboratory has been presented
together with illustrations of the effects of a seismic
actions on such model tests. The set-up uses a onedirectional shaking table test and a soil container
for the preparation of the models. Flooded slopes
composed of Hostun sand in loose and mid states
of densities failed, with large soil translations, for a
range of frequencies typical from earthquakes. The
displacements of the toe of the slopes are comparable to the initial height of the slopes before subjecting the models to dynamic actions.
Besides, an MPM-based simulation of an unstable slope composed of Hostun sand is shown
for a single phase of analysis where gravitational
stresses are imposed on the slope. Failure and postfailure analysis of slopes can be performed with
state of the art MPM tools. However, for cases of
submerged slopes like submarine slopes or slopes
enclosing water reservoirs, special considerations
must be made to take into account the effects of
free water. The aim of the combination of numerical simulations and laboratory experiments is to develop reliable models and numerical tools that could
contribute to the analysis and prognosis of large
landslides of submerged slopes.
Experimental future work will involve the study
of slopes in dense states before flooding using other
preparation techniques like moist tamping. Additionally, time histories of earthquake signals will
be tested. Moreover, measurements on the soil containers will be enabled by developing an instrumentation system that aims to record pore water pressures at different points of the model tests. Finally,
the development of an MPM tool with implementations of constitutive models for liquefaction, partial
saturation and appropriated boundary conditions for
seismic cases will be calibrated based on the experiments.
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