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Introduction

This volume contains eight papers that were accepted and presented at the
GeoChina 2021 International Conference on Civil and Transportation
Infrastructures: From Engineering to Smart and Green Life Cycle Solutions in
Nanchang, China, September 18–19, 2021. It features novel tunneling technologies
and analytical and numerical methods for behavior analysis and modeling of soils
and underground infrastructure. A number of important topics are covered,
including methodological and pragmatic solutions to critical issues in tunnel
engineering (e.g., soil arching and invert heaving), investigations on soil behavior
(e.g., penetration resistance of mono-bucket foundations in silty soil and inception
of debris avalanches), as well as novel approaches to infrastructure condition survey
and inspection based on point cloud data and infrared image analysis. It is antici-
pated that this collective information will lead to improved safety and resilience in
design and construction, and efficiency and sustainability in maintenance and
management of underground infrastructure.
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Inception of Debris Avalanches: A Material
Point Method Modelling

Sabatino Cuomo1(B), Angela Di Perna1, and Mario Martinelli2,3

1 University of Salerno, Salerno, Italy
scuomo@unisa.it

2 Deltares, Delft, Netherlands
3 TU Delft, Delft, Netherlands

Abstract. Rainfall-induced landslides of the flow type in granular soils are among
themost complex natural hazards due to the variety of mechanisms which regulate
the failure and propagation stages. Among these, debris avalanches are charac-
terised by distinct mechanismswhich control the lateral spreading and the increase
in soil volume involved during the propagation. Two different stages can be indi-
viduated for debris avalanches, i.e. the failure stage and the avalanche formation
stage: the former includes all the triggering mechanisms which cause the soil to
fail; the latter is associated to the increase of the unstable volume. Regarding these
issues, in the literature, either field evidence or qualitative interpretations can be
foundwhile few experimental laboratory tests and rare examples of geomechanical
modelling are available for technical and/or scientific purposes.

In this paper a contribution is provided about the advanced numerical mod-
elling of the inception of such hazardous debris avalanches. Particularly, the case
of the impact of a failed soil mass on stable deposits is considered. This means
that a small translational slide occurs; the failed mass causes the soil liquefac-
tion of further material by impact loading; the landslide volume increases inside
triangular-shaped areas during the so-called “avalanche formation”, and also soil
erosion along the landslide propagation path plays an important role.

To this aim, an innovative numerical technique known as the Material Point
Method (MPM) is used. It can be considered as a modification of the well-known
Finite ElementMethod (FEM) particularly suited for large deformations. The con-
tinuum body is schematized by a set of Lagrangian points, called Material Points
(MPs). Large deformations are modelled by MPs moving through a background
mesh, which also covers the domain where the material is expected to move. The
MPs carry all physical properties of the continuum such as stress, strain, density,
momentum, material parameters and other state parameters, whereas the back-
ground mesh is used to solve the governing equations without storing any perma-
nent information. Such advanced approach allows combining a hydro-mechanical
coupled approach, any of the well-known soil constitutive models proposed over
the years in soil mechanics and a large-displacement formulation.

The numerical analyses are performed adopting 2D geometrical configura-
tions taken from field evidences and previous researches. Triangular 3-noded
computational meshes are used, characterized by elements of about 1 m. The
interaction between the impacting mass, and then of the propagating flow with the
in-situ stable soil is examined, providing important insights about the behaviour
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of such type of landslide. The results achieved so far are encouraging and show
that MPM can properly simulate the inception of debris avalanches and even their
complex mechanisms during the impact and the interaction with in-situ stable
zones.

1 Introduction

Flow-type landslides are among the most complex natural hazards due to their high
velocities and long run-out distances and also to the variety of mechanisms that occur
within failure and post-failure stages (Pastor et al. 2009; Cascini et al. 2012; Cuomo
2020). In the specific, the so-called “debris avalanches” still pose significant open issues
in the scientific debate, since a consistent mathematical framework for their analysis has
not yet been formulated.

According to the most recent landslide classification (Hungr et al. 2014), the term
“debris avalanche” states for “very rapid to extremely rapid shallow flow of partially or
fully saturated debris on a steep slope, without confinement in an established channel”.
They typically occur in open slopes, i.e. shallow soil deposits with almost constant
depths and slope angles generally between 30° and 45°. In particular, debris avalanches
start with small involved volumes (failure stage) and then turn into larger landslides
because of the increasing in mobilized volume through further failures or eventual soil
entrainment and resulting as a triangular-shaped area (post-failure stage).

Additional to that, soil unsaturated condition may be a key factor, in the failure and
post-failure stages. Before failure, the additional strength related to matric suction is
fundamental for the equilibrium of granular soil slopes steeper that the effective friction
angle. During the failure stage of rainfall-induced landslides, the soil suction gradually
reduces due to rain infiltration and peculiar mechanical responses can even occur such as
the capillary collapse (strong reduction of soil volume related towetting). But also during
the propagation stage soil suctionmay evolve towards higher or smaller values depending
on the amount of deformation in the landslide body. Thus, it would be desirable to have
a comprehensive hydro-mechanical-coupled and large-displacement-based approach to
include and accurately analyse all of these issues.

Referring to failure and post-failure stages, four different zones can be distinguished
(Fig. 1). Zone 1 corresponds to small failures that occur at natural or anthropogenic
discontinuities of soil deposits (respectively, bedrock outcrops and cut slopes). Zone 2
is the impact zone of the previously mentioned failed masses that usually corresponds to
water supplies from bedrock (either karst spring or water runoff at bedrock outcrops); if
zone 1 is absent, zone 2 is the source area of small landslides triggered by water supplies
from bedrock. Zone 3 corresponds to distinct mechanisms: thrust of the failedmass upon
the downslope stable material and/or soil entrainment due to the propagating mass. Zone
4 exclusively corresponds to soil entrainment. It is worth noting that while zones 1 and
2 are few tens of metres large, the width of zones 3 and 4 is not known a priori and its
forecasting is a challenging task.

Generally, for analysing the triggering of a landslide, classical approaches like Limit
Equilibrium Methods (LEMs) are often employed, which completely neglect the soil
deformations and rely only on equilibrium equations under simplified hypotheses. Alter-
natively, or in conjunction to that, stress-strain analyses through Finite ElementMethods
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(FEMs) have been also performed, considering the soil deformations generally “small”.
This simplification may be a reasonable hypothesis when the pre-failure and the failure
are the only issues of the analysis. In addition, the hydro-mechanical coupling between
the solid skeleton and the pore water pressure can be rigorously taken into account.

On the other hand, the propagation stage of such kind of landslides has been mostly
analysed in terms of soil displacements, but not so much in terms of hydromechanical
coupling during soil evolution. The simulation of the propagation stage during slope
instability was managed through several approaches, such as discrete element method
(Cuomo et al. 2019; Zhao et al. 2019) or Lagrangian particle-based methods such as
SPH, PFEM, FEMLIP, MPM (Cuomo et al. 2013, 2015; Ceccato et al. 2018a; Cuomo
2020; Yuan et al. 2020).

In this paper, an effort is done to provide a conceptual and computational tool useful
to perform different types of analysis in order to capture the essential aspects of complex
hydro-mechanical behaviour during the inception and evolution of a debris avalanche
following the impact of an unstable mass. To this aim, MPM proves to be a powerful
method, able in simulating the complexmechanics of landslidemotion during the failure,
propagation and deposition stages.

Fig. 1. A reference scheme for the inception and propagation of a debris avalanche. General
features: a) bedrock, b) stable soil deposit, c) failed soil, d) propagating failed mass, e) entrained
material, f) boundary of debris avalanche and g) propagation pattern. Triggering factors: I) spring
from bedrock, II) impact loading. Zone 1–2 triggering; zone 3 thrust of failed material and/or soil
entrainment; zone 4 soil entrainment, zone 5 propagation (Cascini et al. 2012).


