
 

  

 

 

 

 

UNIVERSITÀ DEGLI STUDI DI SALERNO 

 

Dipartimento di Ingegneria Civile 

 

Dottorato di Ricerca  
in  

Rischio e Sostenibilità  
nei Sistemi dell'Ingegneria Civile, Edile ed Ambientale 

 

XXXIV Ciclo (a.a. 2020-2021) 

 

Multi-phase large deformation modelling of flow-

like landslide interaction with protection structures 
 

Angela Di Perna 
 

Il Tutor 

Prof. Sabatino Cuomo 

Co-Tutors 

Prof. Manuel Pastor 

Dott. Ing. Mario Martinelli 

Dott. Ing. Lorenzo Frigo 

Il Coordinatore 

Prof. Fernando Fraternali 

 





 

  

 





 

  

Acknowledgments 

The research was developed within the framework of Industrial PhD Course 

(POR Campania FSE 2014/2020) with the title “Sviluppo di sistemi ecocompatibili 

per la difesa del territorio e delle attività produttive”. The project involved the 

company Geosintex s.r.l (https://www.geosintex.com/) as industrial partnership and 

the department of “Matemática e Informática Aplicadas a la Ingenieria Civil” 

(Universidad Politécnica de Madrid) in the figure of Prof. Manuel Pastor. All the 

MPM simulations were performed using a version of Anura3D (www.anura3d.com) 

developed by Deltares, thanks to the collaboration with Dr. Mario Martinelli. 





 

 iii 





 

 iii 

Abstract 

The study on impact mechanisms of flow-like landslides against structures is still an 

open issue in the scientific literature. Many researchers have employed so far either 

experiments or numerical methods, but the evaluation of the impact forces on 

mitigation obstacles remains difficult especially if the solid-fluid interaction within 

the flow is considered. In addition, flow-like landslides are often characterized by 

large deformations, which depend on slope geometry, soil type and triggering 

mechanisms. Throughout the past decades many numerical methods aiming to 

simulate large deformations have been introduced, as for example Discrete Element 

Method (DEM), Smooth Particle Hydrodynamics (SPH), Updated Lagrangian Finite 

Element Method (UL-FEM) and Material Point Method (MPM). All of them are 

based on different theories, capabilities, and accuracy, but the complexity is their 

common feature. In fact, the response of landslide body under large deformations is 

still unclear, especially for Landslide-Structure-Interaction (LSI) problems, due to: 

i) the hydro-mechanical features of the impacting flow, ii) the geometry and stress-

strain response of the structure, and iii) initial and boundary conditions for the 

specific LSI problem. Numerical methods greatly contribute to a safer and more cost-

effective design of landslide mitigation works. However, most of these approaches 

are very recent, and still need comprehensive validation. 

The advanced numerical technique of the Material Point Method (MPM) is used 

in this thesis to provide a novel contribution in investigating the dynamics and the 

impact mechanisms of flow-like landslides against protection structures, thanks to 

its capability of considering both the coupled hydro-mechanical behaviour of the 

propagating mass and large deformations of the approaching flow. The MPM 

numerical method is validated against observations coming from famous landslide 

benchmarks (like the Fei Tsui Road landslide or the Wenjia gully debris flow) or 

from well documented laboratory experiments investigating the impacts of granular 
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flows against rigid obstacles. Then, the model is used to explore the response of 

different flows impacting rigid barriers, focusing the attention on the potential 

efficiency of different types of barriers in intercepting the propagation of the flow 

under several impact conditions. The study principally highlighted that the soil-fluid 

interaction within the flow and the barrier geometry influence the type of impact 

mechanism, the kinematics of the flow, and the space-time trend of the impact forces 

against the structure. 

The satisfactory validation of MPM also allows to derive simplified analytical 

and empirical models for estimating the temporal trend of the impact force on a rigid 

structure and the kinetic energy reduction of the flow during impact. However, the 

assumption of rigid body used for the design of these barriers must be analysed. For 

this reason, additional stress-strain analyses on two different mitigation options 

(such as Reinforced-Concrete walls and Deformable Geosynthetics-Reinforced 

Barriers) were conducted for examining the extent of internal deformations and the 

possible ultimate limit states of the structure under impact.  

As a conclusion, the research shows how multi-phase, hydro-mechanical 

coupled and large deformations numerical methods are of primary importance for 

modelling flow-like landslides dynamics and for studying the interaction 

mechanisms between the landslide and the structure. 
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1. Introduction 

1.1 Motivation  

Rainfall-induced landslides of the flow type in granular soils are among the most 

complex natural hazards due to the variety of mechanisms which regulate the failure 

and propagation stages.  

Different mitigation measures against such hazardous phenomena can be 

adopted, especially in areas with high loss potential or in restricted sites. Among 

these control works, artificial barriers can be used to reduce the runout and the 

dynamic impact forces of the flow-like landslides on the exposed structures and 

infrastructures. 

Full understanding the interaction mechanisms between flow-like landslides and 

the impacted protection structures is still an open issue. In fact, while researchers 

have used several approaches, from experimental to numerical, it is true that the 

adequate assessment of the hydro-mechanical behaviour of the landslide body 

requires both a multiphase and large deformation approach. 

The interaction of flow-like landslides with rigid walls, obstacles, protection 

structures and, more recently, single building or cluster of buildings have been 

investigated by a variety of numerical tools. The massive use of numerical methods 

is related to the inner complexity of Landslide-Structure-Interaction (LSI) 

mechanisms, which are related to: i) the hydro-mechanical features of the impacting 

flow, ii) the geometry of the structure, and iii) initial and boundary conditions for the 

specific LSI problem. Numerical methods greatly contribute to a safer and more cost-

effective design of landslide mitigation works. However, most of these approaches 

are very recent, and still need comprehensive validation combined with more efforts 
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to reduce the computational cost, which is very high once realistic simulations are 

pursued. 

The advanced numerical technique of the Material Point Method (MPM) is used 

in this thesis to provide a novel contribution in investigating the dynamics and the 

of impact mechanisms of flow-like landslides against protection structures, thanks 

to its capability of considering both the coupled hydro-mechanical behaviour of the 

propagating mass and large deformations of the approaching flow. 

 

1.2 Objectives and methodology 

The main objectives of the thesis are: i) understanding the landslide dynamics from 

triggering to final deposition and ii) investigating their interaction mechanisms 

against protection structures. 

More specifically, the thesis wants to examine first the applicability of numerical 

modelling to simulate the mechanisms that influence the inception and propagation 

of both progressive and retrogressive flow-like landslides. In fact, without a 

comprehensive knowledge of these mechanisms, the LSI problems cannot be defined 

properly. Then, the thesis aims to test whether the advanced numerical modelling is 

feasible for analyzing all the key factors that role the impact mechanisms of flows 

against an obstacle, through the calibration and validation of laboratory experience. 

This can help to find novel simplified methods to easily obtain the main variables 

that govern the dynamics of the impact process and even to analyse the failure 

mechanisms that a protection structure can undergo under impact. 

Thus, to achieve these goals in the best way a comprehensive hydro-mechanical-

coupled and large-displacement-based approach would be desirable. 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 Element Method 

(FEM), but particularly suited for large deformations. The continuum body is 

schematized by a set of Lagrangian points, called Material Points (MPs). Large 
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deformations are modelled by MPs moving through a background mesh, which also 

covers the domain where the material is expected to move. 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. 

 However, a conceptual model of LSI is needed to be employed in any model, be 

it numerical or analytical. This model must describe the LSI problem in a realistic 

but simplified way, focusing on the main features of both flow and protection 

structure. 

 

1.3 Thesis layout 

After this introduction, a general background about the flow-like landslides, the type 

of impact mechanisms and their modelling is proposed in Chapter 2.  

In Chapter 3, the results of the advanced numerical modelling of some typical 

landslide dynamics cases are shown, focusing on the simulation of the inception of 

debris avalanches following the impact of an instable mass (Paragraph 3.1) and on 

the back-analysis of the pre-failure, failure and post-failure stages of the Fei Tsui 

Road landslide occurred in Honk Kong (Paragraph 3.2).   

Chapter 4 is dedicated to testing the MPM numerical method in simulating the 

whole complex Landslide-Structure-Interaction (LSI) mechanisms. The laboratory 

experiments of reduced-scale tests with dry granular flows and some centrifuge tests 

of saturated mixtures impacting against rigid barriers are firstly simulated and 

analysed. Even the breakage of an Unreinforced Masonry (URM) wall is reproduced 

in 3D and 2D MPM models, in response to a known external pressure applied during 

the experimental test. After proving the capabilities of MPM in simulating the 

several LSI problems, its applicability to a real-scale landslide (the Wenjia gully 

debris flow case from China) is tested, even considering some rigid barriers along 



Chapter 1  

12 

the flow path, and finally to investigate different impact scenarios between flows and 

fixed/unfixed rigid barriers. 

In Chapter 5, more simplified models (such as analytical and empirical models) 

are proposed to estimate the impact force and the kinetic energy temporal 

distributions. The calibration and validation of the analytical and empirical models 

are pursued, respectively, based on the MPM numerical results of the model, and 

referring to a large dataset of field evidence for peak impact pressure. Finally, the 

performance of the newly proposed methods is compared to those of the methods 

available in the literature. 

Chapter 6 introduces and discusses the applicability of Reinforced-Concrete 

(RC) walls and Mechanically Stabilized Earth (MSE) walls as protection structures 

against flow-like landslides. Trough MPM numerical modelling, the Ultimate Limit 

States (ULS) of several structure geometries are investigated, considering two flows 

with different initial kinetic energy. Finally, the two proposed typologies of barriers 

are compared, and their advantages and drawbacks are pointed out.  

Chapter 7 comprises a summary of the conclusions, even highlighting the future 

developments of the research. 
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2. Background 

2.1 Features of flow-like landslides 

Flow-like landslides are dangerous for people and structures around the world 

(Pastor et al. 2009), due to the long travel distances up to tens of kilometres and the 

high velocities even in the order of metres per second. According to the updated 

Varnes’classification (Hungr et al. 2014), such landslides show a complex behaviour 

with a continuum passage from sliding to flowing. This category includes dry 

granular flows and saturated flows with excess pore-water pressure such as 

flowslides or debris flows. 

 This type of landslides is often characterized by large deformations, which 

depend on slope geometry, soil type and triggering mechanisms (Cascini et al., 

2010). Soil deformations may concentrate along relatively thin shear bands or occur 

within the whole landslide body. In the former case, a “localized” type of failure is 

observed, and it is challenging to reproduce the exact location of the shear bands 

with high soil shear strains inside, while most of the landslide body is almost 

undeformed. In the second case, again, a challenging task arises because the failure 

is “diffuse” inside the whole slope, generally with very large soil deformations. In 

both cases, there is the need to: i) smoothly reproduce the transition from “small” to 

“large” soil deformation when, and where, volumetric and shear strains develop, ii) 

accurately simulate soil large deformation during landslide propagation, and iii) 

capture the return from large to small deformation rates during deposition.  

 The solid-like behaviour (for small deformations) and the fluid-like behaviour 

(for large deformations) of the involved soils are very different, and such a contrast 

is exacerbated in the so-called flow-like landslides, which predominantly affect 

poorly consolidated granular soils, weathered materials, and loess all over the world 

(Prodan et al., 2017; Cuomo, 2020).  
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 Unsaturated soil condition is often a key factor in the pre-failure, failure and 

post-failure stages of rainfall-induced flow-like landslides. Before failure, the 

additional strength related to matric suction is fundamental for the equilibrium of 

granular soil slopes steeper than the effective friction angle. During the landslide 

pre-failure stage, soil suction gradually reduces because of rain infiltration. At failure 

or in the immediate post-failure stage, peculiar soil mechanical responses may even 

occur such as capillary collapse, i.e., a strong reduction of soil volume related to 

wetting (Yuan et al. 2019) or static liquefaction (Cascini et al. 2013b). But also, 

during landslide propagation, pore-water pressures (positive or negative) undergo a 

spatial-temporal evolution depending on the accumulated deformation within the 

landslide body.  

 

 
Figure 2-1. Damage caused by flow-like landslides in the Sarno area, 

Campania, Southern Italy, 1998 (from Cascini et al., 2011). 
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Flow-like landslides has been attracting the attention of scholars for (i) the threat 

to populations and structures and (ii) the scientific challenges related to their 

understanding and modelling.  

The need to tackle the fundamental and sometimes urgent issue to protect 

populations has favoured several theories and approaches to be proposed, tested, and 

applied. Landslide risk zoning demonstrated to be a formidable tool to deal with 

technical, economic, and social aspects within a single unitary framework, 

applicable from site-specific cases to regional scale. Related to landslide risk zoning, 

either land use planning, restrictions, or regulations for the areas at risk, warning 

systems and communication strategies have been used to manage the threat of 

potential catastrophic landslides impacting urban areas. 

In each of the previous tools, the topics of landslide propagation and impact 

process on structures must be necessarily addressed and a model (simplified or 

sophisticated) for landslide impact is always adopted.  

For the sake of the simplicity, one may consider that any structure impacted by 

a flow-like landslide will be destroyed. In other term, the vulnerability of the 

impacted structure is assumed equal to one (i.e., total loss of the exposed element). 

This safe approach is widely used for risk analysis over large areas. 

However, it is frequently observed that the impacted structures suffer different 

types of damage: (i) complete collapse, (ii) partial destruction, (iii) only damage to 

non-structural elements. The occurrence of any of these three cases depends at least 

on the urban area (dense or sparse), construction features (type, materials, age, etc.), 

exposure (direct or limited) and impact (frontal or lateral), and other site- or case-

specific features. Thus, the analysis (and zoning) of such issues must be addressed 

at detailed scale. Examples are reported in Figures 2-2 and 2-3, with the different 

type of construction and the diverse amount of damage easily recognizable. In all the 

cases of those figures, flow-like landslides were induced by rainfall according to 

different triggering mechanisms (Cascini et al., 2008). Then, the unstable masses 

propagated downslope as debris flows, debris avalanches or combined phenomena 

(Cuomo et al., 2017a). Independent on the type, all the flows recorded in 1998, 1999, 
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and 2005 (and as already occurred in the previous centuries) arrived at high velocity 

and impacted the inhabited areas causing destruction or damage to structures. 

 

 
Figure 2-2. Example of damage caused by the impact of flow-like landslides in the Sarno 

area, Campania, southern Italy, 1998 (from Mavrouli et al., 2014) 

 

 
Figure 2-3. Example of a building destroyed by a debris avalanche occurred in the Nocera 

Inferiore area, Campania, southern Italy, 2005 (from Cascini et al., 2011).  
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2.2 Impact mechanisms of flow-like landslides against 

structures 

The impact of flow-like landslides causes the partial or complete destruction of the 

hit structures (Mizuyama 1979; Hungr et al. 1984; Armanini 1997; Zhang 1993; Hu 

et al. 2011; Shieh et al. 2008; Hübl et al. 2009; Moriguchi et al. 2009). 

Many studies focus on real-scale observations through the measurement of the 

impact forces of real debris flows (Zhang 1993, Wendeler et al. 2007, Hong et al. 

2015) or in large-scale experiments using special equipment (Bugnion et al. 2012; 

Sovilla et al. 2016; Hu et al 2011; among others). The main problem however is the 

high cost of the installation and the maintenance of these instrumentations, given the 

large landslide volumes. In addition, some quantities, such as velocity, depth and 

other flow parameters are often difficult to know. Therefore, a second group of 

studies concern reduced-scale laboratory experiments (Moriguchi et al. 2009; Cui et 

al. 2015; Choi et al. 2016; Zhou et al. 2018, Yifru et al. 2018). Among these, 

centrifuge tests allow studying the soil behavior under the same stress levels of the 

in-situ problems, and their applicability to flow analysis has been widely confirmed 

(Schofield 1980, Bowman et al. 2010, Ng et al. 2017; Song et al. 2017, 2018).  

In the relatively simple case of a flow impacting a vertical barrier, the dynamic 

mechanisms of flow-structure interaction can be grouped in two categories: complete 

reflection and vertical bulge (Armanini 1993, 1997, 2011; Canelli et al. 2012; Choi 

et al. 2015; Ng et al. 2017; Zhou et al. 2018). In the first case, a reflected wave forms 

and propagates away from the wall in a straight direction and with a constant wave 

speed. Conversely, the vertical bulge occurs when the flow propagates along the 

vertical wall and then falls creating a hydraulic jump.  

Experimental evidence showed that for Froude number lower than unity the 

mechanism of reflected wave predominates, otherwise the vertical bulge takes place, 

and these mechanisms are observed both in homogeneous fluids and two-phase flows 

(Armanini et al. 2011, Song et al. 2017).  

When the flow is composed by solid grains and interstitial liquid, the reflection 
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mechanism can be associated to the deposition of granular material just behind the 

structure in the so-called “dead zone”. Such deposition of debris can develop in turn 

according two scenarios: pile-up and run-up, as reported in the schematic of Figure 

2-4 (Law 2008; Sun and Law 2011; Choi et al. 2015; Ashwood and Hungr 2016; 

among others).  

In the former scenario (pile-up), the material behind the barrier is compressed by 

the approaching material, which transforms into a thin jet rising up the face of the 

barrier, but without overflowing. This is typical case for dry granular flows and the 

slope of the final debris deposit is comparable to the internal friction angle of sands 

(Ashwood and Hungr 2016; Ng et al. 2017; Song et al. 2017).  

The run-up scenario instead is characterized by the formation of a triangular-

shaped deposit behind the wall, which is overridden by the approaching flow. The 

latter in part goes beyond the barrier developing a vertical jet and in part settles due 

to the friction with the dead zone forming a new and larger material wedge. This is 

the typical case of partially or fully saturated granular flows which also generally 

have an almost-flat debris deposit (Ng et al. 2017; Song et al. 2017, 2018; Zhou et 

al. 2018). The time for debris filling is higher (hence the impact force is lower) for 

dry granular flows than two-phase flows, as observed in flume tests (Law 2008; Zhou 

et al. 2018). In fact, the impact depth of a dry granular flow is always less than barrier 

height (for moderate inclines obviously), because the flow energy decreases for the 

contact shearing between grains (Choi et al. 2015; Ng et al. 2017; Wendeler 2016; 

Song et al. 2017, 2018). 

 

 
Figure 2-4. Schematic for pile-up (a) and run-up (b) impact mechanisms 
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The impact mechanism can be even a combination of the previous scenarios 

(Law 2008, Ashwood and Hungr 2016). The transition from run-up to pile-up 

depends on the amount of solid grains in the flow, since high solid fraction produces 

a well evident dead zone (Takahashi 2014; Song et al. 2017), or likewise from the 

water content of the flow, as a progressive accumulation of granular material behind 

the barrier is related to low water content (0-10%) while discrete flow surges occur 

for high water content (20-30%) during the impact (Zhou et al. 2018).  

The availability of measurements obtained from the direct observation of impact 

of flow-like masses against monitored structures has been fundamental for the 

development of predicting impact models. On such a topic, the literature provides a 

few of full-scale flume experiments (De Natale et al., 1999; Bugnion et al., 2012) 

and a large variety of reduced-scale laboratory tests (Hübl et al., 2009; Armanini et 

al., 2011; Canelli et al., 2012; Ashwood and Hungr, 2016; Vagnon and Segalini, 

2016). Those reduced-scale laboratory tests have been used to derive and validate 

the most common empirical formulations used to assess the peak impact pressure in 

the design of protection measures against landslide (Schield et al., 2013; Scotton and 

Deganutti, 1997; Arattano and Franzi 2003; Hübl et al., 2009; Proske et al., 2011; 

Bugnion et al. 2012; Canelli et al. 2012; He et al. 2016; Song et al., 2021). It is true 

that laboratory tests are affected by scale effects that cannot be properly monitored 

(Iverson 1997; Hübl et al. 2009), but this limitation is usually overcome by 

appropriate scale analysis.  

The existing empirical methods can be classified into three groups: (i) hydro-

static methods, which require only flow density and thickness for evaluating the 

maximum impact pressure; (ii) hydro-dynamic methods, based on flow density and 

the square velocity of the flow; (iii) mixed methods, that accounts for both the static 

and the dynamic components of the flow. The weak point is that the empirical 

formulations greatly depend on empirical coefficients which are difficult to estimate 

for practical applications due to their wide range of variation. Common to those 

approaches are the following assumptions: (i) the impact load is assumed to be totally 

transferred to the structure without any dissipation during the impact, and (ii) the 
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size, stiffness and inertial resistance of the artificial barrier are not considered 

(Vagnon and Segalini, 2016). These assumptions generally lead to safe assessment 

of the peak impact force but with large overestimation of the barrier design. Hence, 

enhancements will be proposed in this thesis on both these topics. 

It is also remarkable that a wide set of reduced-scale laboratory experiments on 

dry granular flows allowed Faug (2015) to propose a so-called phase-diagram 

(Figure 2-5) based on: (i) Froude number (Fr) and (ii) obstacle height relative to the 

flow depth (H/h). The diagram comprises four zones: a) Dead zone (i.e. gradual 

accumulation of material behind the obstacle): this is the case of relatively slow 

flows the case of relatively slow flows (Fr≈1) impacting relatively small obstacles 

(H/h≈1); b) Airborne jet (forming downstream of the obstacle): this stands for rapid 

flow (Fr>>1) and obstacle height low (H/h<<1); c) Standing jumps (propagating 

downstream of the obstacle with steady-state conditions): for rapid flow (Fr>>1); 

d) Bores (a granular jump hits the obstacle and propagates upstream of it): in the case 

of a rapid flow hitting a wall spanning the entire height of the flow ( H/h>>1) with 

unsteady conditions. While all these results are extremely useful and will be referred 

later on, a comprehensive knowledge it is still missing about the quantities from 

which these complex impact mechanisms of depend on, and even more important 

would be to assess the role of interstitial fluid on the intensity and the time-

dependency of the impact actions.  

 
Figure 2-5. Interaction diagram for a flow impacting an obstacle  

(adapted from Faug, 2015) 
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2.3 Modelling of flow-like landslides 

2.3.1 General remarks 

Numerical modelling, particularly coupled hydro-mechanical large-deformation 

models, greatly helps in properly simulating the complex failure and post-failure 

mechanisms of flow-like landslides. The affected soils, in fact, evolve from none or 

small deformation rates to large deformation rates during the initiation stage and 

vice-versa during deposition, with relevant interactions between the solid skeleton 

and interstitial water. 

Despite their potential especially for the back-analysis of case histories, the so-

called empirical methods (Corominas, 1996; Cascini et al., 2011a), which relate field 

observations of landslide volume, morphology, etc. to the landslide run-out distance, 

they may quantify landslide mobility but cannot provide enough accurate 

information about landslide dynamic features, such as propagation height, velocity 

and pressure inside the moving mass. The knowledge of those features is 

fundamental to assess the impact forces on structures. 

Therefore, analytical methods are required as they can simulate landslide 

propagation using physical-based equations coming from fluid dynamics, soil 

mechanics or mixture theories (Pastor et al., 2009; Hungr and McDougall, 2009). 

Among them, the Eulerian and Lagrangian approaches use a different strategy to 

represent the movement of a highly deformable and mobile body such as a landslide.  

The Eulerian approach is common if not standard in fluid mechanics 

applications. The computational nodes are fixed, organized into a computational 

mesh, regular or not, and from there the phenomenon is described by means of the 

governing equations. In a sense, this is the most intuitive way of describing the 

motion of fluids, flows or similar phenomena such a fluid-like material while it 

exhibits very large displacements. There are examples of models using Finite 

Difference Method (FDM) to compute height and velocity of different types of flows 

in 2D or 3D conditions (O’Brien, 1993; Cascini et al., 2011b; Arbanas et al., 2014). 
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But there are also Finite Element Method (FEM) models with an Eulerian 

formulation (Pastor et al., 2002). However, the material properties are advected 

across the fixed computational grid. Such a procedure causes a spurious (numerical) 

diffusion of history variables (e.g., plastic strains) and interfaces of heterogeneous 

material setting are smoothed in space through time. In addition, different than fluids, 

a flow-like landslide has a non-negligible amount of solid, about 50% or more as so 

specific requirements are needed in those models. For instance, rheological 

formulations including any feature of the solid particle, or definition of pore water 

pressure inside the moving mixture must be included. 

In a Lagrangian framework, while the material is deforming, there are the 

computation points which are linked to it. This class of method includes the Finite 

Element Method (FEM), the Discrete Element Method (DEM) and Smoothed 

Particles Hydrodynamics (SPH).  

FEM has been extensively used in Lagrangian formulation for applications in 

solid- and soil-mechanics, especially to simulate small strains accumulated prior of 

failure (pre-failure stage) and eventually also during the failure stage. The strength 

of such models is that accurate assessment can be done by using complex constitutive 

laws capable to take into account the stress path of the soil (Zienkiewicz et al., 1999; 

Pastor et al., 2004) and strain history including accumulation of irreversible strains. 

However, there is the tendency of the computational mesh to be distorted until 

inaccuracy and numerical instability may prevent FEM to proceed further. With such 

premises the description of a soil flowing at high velocity becomes demanding. 

On the other hand, DEM has been conceived for modelling the motion of 

granular materials. Many applications are reported in the literature about modelling 

of granular flows compare to experimental evidence (Favier et al., 2009, Faug et al., 

2011; Li et al., 2019). However, large domains and long-time series are difficult to 

manage due to the high number of unknowns and large time for computing the 

particle connectivity. However, landslides can be schematized in most of the cases 

and continuous media and so the discontinuous description used by DEM can be 

inconvenient.  
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SPH, although originally proposed for describing clusters of individual 

points/bodies, has been later used for geophysical and continuum-mechanics 

applications. Since many years applications to landslide propagation problems have 

been proposed including a number of special features such as pore water pressure 

(Pastor et al., 2009), bed entrainment (Cuomo et al., 2014), special boundary 

conditions (Lin et al., 2019). 

As common feature, in the Lagrangian FEM, SPH and DEM, the computational 

points coincide with material points (Figure 2-5). However, this correspondence 

could be also avoided as proposed in some alternative methods. Among these, the 

Finite Element Method with Lagrangian Integration Point (FEMLIP) (Moresi et al., 

2002), which has been derived from the Particle-In-Cell method (Sulsky et al., 1994), 

and the Material Point Method (MPM), which has been applied also to a number of 

different slope stability and landslide cases (Wang et al., 2016; Ghasemi et al., 2019; 

Cuomo et al., 2019a). Both methods, among others similar, are based on material 

points dissociated from the computational nodes of the Eulerian finite element mesh. 

The material points are used as integration points at a given material configuration. 

The resolution of the equilibrium equation at the mesh nodes gives a velocity field. 

At the end of each step, the velocity is interpolated from the nodes to the material 

points which are moved accordingly throughout the fixed mesh up to a new 

configuration. Internal variables and all material properties are stored at the material 

points, so that they are accurately tracked during the advection process. Thanks to 

the distinction between mesh nodes and material points, such approach benefits both 

from the ability of the Eulerian FEM (the mesh is kept fixed) to support large 

transformations, and from the possibility of the Lagrangian FEM to track internal 

variables during the material movement. 

Hence, MPM is one of the most suitable method to deal with: i) static equilibrium 

of elasto-plastic materials in the pre-failure stage, ii) large deformations upon failure, 

iii) large displacements during the propagation stage while still tracking the history 

of material properties. A more exhaustive literature review on these topics is 
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provided by Cuomo (2020) and other similar contributions, while more specific 

details on MPM can be in Al-Kafaji (2013), Fern et al. (2019), among others. 

About Landslide-Structure-Interaction (LSI) modelling, what is really 

challenging is to find a mathematical framework to properly describe the so different 

materials and behaviour of both the flow-like landslide and the impacted structure.  

A flow-like landslide, for its inner nature, consists of a multi-phase material 

travelling long runout distances at high velocity, with a total volume depending on 

source area, hillslope features, entrainment, etc.; in addition, soils are non-linear 

materials with irreversible deformations depending on specific stress path. Thus, 

staying within reasonable computational time usually requires depth-averaged 

approaches or meshless numerical techniques with some mandatory assumptions 

about water pressure, effective stress distribution or rheological behaviour. 

The impacted structure is usually a building, made of bricks or concrete elements 

eventually reinforced with steel bars, or eventually a passive protection structures 

(reinforced concrete walls, check dams, geosynthetics-reinforced barriers, etc.). It 

means that linear and planar structural elements are connected in complex 3D 

configurations. Furthermore, even if the behaviour of each single material can be 

nicely reproduced in continuous mechanics framework, the combined materials (e.g. 

bricks and mortar, or concrete and steel, soils and reinforcement) requires a structural 

scheme to be defined. 

The interaction of flow-like landslides with rigid walls, obstacles, protection 

structures and, more recently, single building or cluster of buildings have been 

investigated by a variety of numerical tools. The massive use of numerical methods 

is related to the inner complexity of LSI mechanisms, which are related to: i) the 

hydro-mechanical features of the impacting flow, ii) the geometry of the structure, 

and iii) initial and boundary conditions for the specific LSI problem.  

Recent simulations of flows interacting with rigid barriers have been afforded 

through Discrete Element Method (DEM) as reported by Leonardi et al. (2014), 

Calvetti et al. (2017) and Shen et al. (2018) or continuum mechanics models based 

on Eulerian methods (Moriguchi et al. 2009), Lagrangian particle-based methods 
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such as Smoothed-Particle Hydrodynamics (SPH), Particle Finite Element Method 

(PFEM), Finite Element Method with Lagrangian integration points (FEMLIP), 

Material Point Method (MPM), (Idelsohn et al. 2006; Bui and Fukagawa 2013; 

Cuomo et al. 2013, 2019b; Llano-Serna et al., 2016; Dai et al., 2017; Ceccato et al., 

2018a) or coupled Eulerian-Lagrangian methods (Qiu et al. 2011; Jeong and Lee 

2019).  

However, none of those contributions address both the solid-fluid hydro-

mechanical coupling inside the flow and the role of fluid in the soil-structure 

interaction. 
 

 
Figure 2-6. Different methods for modelling soil deformation and landslides  

(modified from Cuomo, 2020). 

 

2.3.2 Examples of depth-integrated SPH modelling 

Among all the methods listed above, SPH and MPM are the most promising tools 

for analysing flow-like landslides, therefore some examples from the literature 

review about the SPH method are provided in the following.  
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 The examples chosen range over increasingly complex of mathematical 

formulations, going from the simple assumption of one-phase material under 

undrained behaviour to a two-phase material modelling with a proper propagation-

consolidation formulation that considers the soil permeability and volume stiffness. 

Example n° 1 

Pastor et al. (2007) applied a depth-integrated SPH with coupled pore pressure to a 

series of flow-like landslides occurred in Hong Kong. Among these cases, the Fei 

Tsui Road landslide was analysed. This landslide (described in detail in Sect. 3) 

involved 14.000 m3 of material, due to a combination of a weaker material together 

with an increase in groundwater pressure following a prolonged heavy rainfall. 

The authors modelled the landslide assuming the propagating mass as a 

monophase frictional fluid, with an apparent friction angle (equal to 26°) smaller 

than the effective friction angle in order to include the existence of induced pore 

pressures in a simplified way. They also assumed that the time of propagation is 

much smaller than that of pore pressure dissipation, thus the flow was supposed to 

have an undrained behaviour during propagation.  

The results show a good agreement about the planar extent of the landslide and 

about the depth of the debris deposit (Figure 2-7). 
 

  
Figure 2-7. Depth-integrated SPH modelling of the Fei Tsui Road Landslide 

(Pastor et al., 2007).  
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Example n° 2 

The contribution of Cascini et al. (2016) considers a more advanced SPH modelling 

than Pastor et al. (2007), introducing the role of the pore-water pressures during the 

propagation stage of flow-like landslides. In particular, the authors used the 

numerical model proposed by Pastor et al. (2015), which combines a 3D depth-

integrated hydro-mechanical coupled SPH model for the propagation analysis and a 

1D vertical FDM (Finite Difference Method) model for the evaluation of the pore-

water pressures along the height of the flowing mass. 

Since many flow-like landslides have small average depths in comparison with 

their length or width, the governing equations can be integrated along the vertical 

axis and the resulting 2D depth-integrated model offers an excellent combination of 

accuracy and simplicity. Thus, the model is 2D as it concerns its mathematical 

formulation, while it is 3D in its general output, which include the spatial location 

(X1, X2 in Figure 2-8a) of the deformable propagating mass and the propagation 

height (X3, in Figure 2-8b) at each point of the mass. The reliability of the combined 

SPH-FDM model was tested for the well documented experimental laboratory tests 

of Iverson et al. (2010), performed in a 90 m long, 31° steep flume.  
 
 

 
Figure 2-8. Reference system (a) and initial and deformed configuration of a column of the 

landslide mass (b) from Pastor et al. (2015). 
 

Example n° 3 

Tayyebi et al. (2021) tested the capability of the SPH two-phase model to reproduce 

the complex behaviour of natural debris avalanches where pore-water pressure 
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evolution plays a key role. The model is applied to reproduce the complex dynamic 

behaviour observed in Johnsons Landing debris avalanche. The work also evaluates 

the potentialities of the SPH model to simulate the bottom drainage screens like 

structural countermeasure for reducing the impact of debris flows (Mizuyama, 

2008).  

Conversely to Cascini et al. (2016), here the adopted SPH model includes the 

two-phase fluid-solid description of the flowing mass, considering the pore-pressure 

evolution taking into account the soil permeability (Pastor et al., 2021). The 

generalized two-phase mathematical model involves the balance equations of mass 

and linear momentum, completed by a suitable consolidation equation and the 

Voellmy rheological equation.  

The numerical results show the high capability of the developed two-phase SPH 

model and illustrate the significant importance of the pore pressure evolution to 

properly reproduce the dynamics behaviour of debris flows, including the simulation 

of the observed bifurcation caused by the flowing out of part of the moving mass 

from the mid-channel (Figure 2-9a).  The results also demonstrated the possibility to 

evaluate how the installation of the bottom drainage screens can dissipate a 

significant amount of energy and reduce the debris avalanche’s run-out distance 

(Figure 2-9b).  
 

  
Figure 2-9. Thickness of the final deposit for SPH simulation of the Johnsons Landing 

debris avalanche: (a) without screens and (b) with screens (Tayyebi et al., 2021) 
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Advantages and limitations 

Depth-integrated SPH models provide a good combination of simplification and 

accuracy, therefore are very useful for scientists and engineers. As all the numerical 

methods, the SPH method has undergone a great improvement over the years, as 

demonstrated by the three chosen examples. 

Many advantages can be outlined from this literature review, as for examples (i) 

the possibility of considering the real 3D topography and thus allowing a better 

understanding of the spatial distribution of the final landslide debris; (ii) very 

contained computational time, since the SPH model allows to separate the 

computational mesh consisting of moving nodes or particles from the topographical 

mesh which can have a structured nature; (iii) excellent combination of accuracy and 

simplicity, providing important information of flow-like landslides, such as velocity 

of propagation, depth of the flow, pore-water pressure temporal distribution at 

specific locations; (iv) the possibility of introducing some debris flows 

countermeasures (such as drainage screens) in the computations. 

However, some limitations are inherent in depth-integrated methods, such as the 

impossibility to obtain the stress distribution and accurate flow depth in the 

proximity of an obstacle (that could be a protection barrier). This is a crucial aspect 

for analysing LSI problems. 

The MPM model avoids these drawbacks since the stress-strain variables are 

carried by the moving material points, allowing the spatial and temporal tracking of 

the history of the material motion. For all the reasons, the MPM will be employed in 

all analyses in the following. 
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3. Landslide Dynamics (LD) modelling  

3.1 Progressive landslides 

3.1.1 Introduction 

Among flow-like landslides, debris avalanches are characterised by distinct 

mechanisms which control the lateral spreading and the increase in soil volume 

involved during the propagation. Two different stages can be individuated 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 found while few 

experimental laboratory tests and rare examples of geomechanical modelling are 

available for technical and/or scientific purposes. 

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. Alternatively, or in conjunction to that, stress-strain analyses through 

Finite Element Methods (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 considered. 

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 
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discrete element method (Zhao et al., 2020) or Lagrangian particle-based methods 

such as SPH, PFEM, FEMLIP, MPM (Cuomo et al. 2013, 2017a; Ceccato et al. 

2018b; Cuomo, 2020; Yuan et al. 2020). 

 

In the next paragraph a contribution is provided about the advanced numerical 

modelling 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 liquefaction of 

further material by impact loading; the landslide volume increases inside triangular-

shaped areas during the so-called “avalanche formation”, and soil erosion along the 

landslide propagation path also plays an important role. 

To this aim, MPM proves to be a powerful numerical method, able in simulating 

the complex mechanics of landslide motion during the failure, propagation, and 

deposition stages.  

 

3.1.2 Inception of debris avalanches 

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°. Debris 

avalanches start with small volumes involved (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 
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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 to wetting). But also, during the propagation stage soil suction may 

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 these issues. 

Referring to failure and post-failure stages, four different zones can be 

distinguished (Figure 3-1). 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 failed mass 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. 

Considering the relevance of the topic, essentially related to the destructiveness 

of these phenomena, an advanced modelling of debris avalanches could provide a 

valuable tool to improve (i) the understanding of the inception (i.e. triggering 

mechanism and avalanche formation) of debris avalanches, (ii) the capability to 

forecast these landslides and (iii) the evaluation of the mobilised volume inside the 

avalanche source area, which is a crucial point for hazard and risk assessment and 

zoning.  
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Figure 3-1. 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. 2013a). 

Some simplified calculation schemes were considered to analyse the different 

mechanisms leading to the inception of a debris avalanche from the impact of a 

mobilized mass of a slope above. The general reference scheme is represented in 

Figure 3-2, in which the unstable mass (Material 1) is in a fully saturated condition 

while the soil on the slope downstream (Material 2) is stable in unsaturated condition 

due to the presence of soil suction (s0).  The unstable mass with uniform depth Hslope,1, 

length Bslope,1 and slope i1 falls from a height H and crashes on the stable slope with 

depth Hslope,2, length Bslope,2 and overall inclination i2. 

Some relevant cases were considered to understand the influence of different 

geometries and boundary conditions on the triggering and propagation stages, as 
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reported in Table 3-1. In particular, the role of suction and the length extension of 

the Material 2 have been investigated in this study.  

Suction value and soil properties, such as shear strength, stiffness, saturated 

permeability, and unit weight (Table 3-2), are those typical of the coarser superficial 

ashy soils (silty sands), having been widely investigated by Bilotta et al. (2005). On 

the other hand, the saturated hydraulic conductivity and water bulk modulus are 

typical of fine sands. 

About the material constitutive models, both Materials 1 and 2 were modelled 

using a linear elastic-perfectly plastic behaviour. Furthermore, the water retention 

characteristic curve for the unsaturated material was set as linear function (1− avs0) 

for simplicity with parameters av=0.01, whereas relative permeability curve is 

neglected, and so hydraulic conductivity was kept constant. 

The boundary condition u=0 is set along the ground level, leading to a decrease 

in suction over long time due to consolidation. In any case, the analyses last a very 

short period (some tens of seconds), so the consolidation phase has no influence. 
 

 
Figure 3-2. Reference scheme for numerical analyses. 
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Table 3-1. Simulation cases and related geometric/boundary features. 
 H1 

(m) 
H1,slope 

(m) 
B1,slope 
(m) 

i1 
(°) 

H 
(m) 

i 
(°) 

H2 
(m) 

H2,slope 
(m) 

B2,slope 
(m) 

i2 
(°) 

s0 
(kPa) 

Case 1 10 1.50 14 35 40 70 73 3 105 35 5 

Case 2 10 1.50 14 35 40 70 34.5 3 45 35 5 

Case 3 10 1.50 14 35 40 70 73 3 105 35 0 
 
 

Table 3-2. Material properties used in the numerical analyses. 
 ρm 

(kg/m3) 
n 
(-) 

K0 
(-) 

E 
(MPa) 

n  
(-) 

c' 
(kPa) 

φ' 
(°) 

φ'b 
(°) 

ψ' 
(°) 

ksat 

(m/s) 
KL 

(MPa) 
μL 

(Pas) 
av 
(-) 

Mat 
1 1315 0.58 0.38 5 0.29 0.1 38 38 0 10-3 50 10-3 - 

Mat. 
2 1315 0.58 0.38 5 0.29 5.0 38 38 0 10-3 50 10-3 0.01 

 
 

3.1.3 Modelling the impact-induced debris avalanche 

The innovative MPM numerical technique is used to combine 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 were performed adopting a 2D geometrical configuration 

taken from field evidence and previous research (Cascini et al. 2013a, Cuomo et al. 

2013). Triangular 3-noded elements computational meshes are used, characterized 

by elements with average size of 1 m (Figure 3-3). The contact between soils and 

base material is managed through a frictional contact algorithm (Al-Kafaji, 2013). 

The boundary conditions are set for both liquid and solid phase. The velocities are 

fully fixed in both directions along all the boundaries of the domain, whereas the 

right edge of the Material 2 is fixed only in the X direction.  

The initial stress state of the soils was initialized assuming a geostatic condition, 

with a k0 coefficient set to 0.38. The water table was set at the bottom for the partially 

saturated material with a constant suction profile at the beginning of the simulation.  
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The numerical results aimed to assess the time-space evolution of some 

quantities, such as stress, strain, pore pressure and velocities, for all the above-

mentioned cases.  

Firstly, the spatial distribution for some relevant time lapses was considered. 

The results show that the impact of the mass in the Case 1 (Figure 3-4) apparently 

has no effect in the first moments (up to about 50 s), as well shown by the velocity 

distribution in the material downstream, which remains in stable condition. 

However, the degree of saturation is increasing during this period and a perched 

water table is forming in the lower part of the slope. After that, the material becomes 

unstable due to the increasing in pore-water pressure and reaches high velocities 

(over 6 m/s). 

Similar results were achieved for the Case 2 (Figure 3-5), even if the reduced 

length of the stable material causes a delayed failure compared to Case 1. In fact, 

soil begins to move at about 85 s against the 60 s of the previous case. Furthermore, 

the velocity reached by the moving mass does not exceed 4 m/s. 

 

 
Figure 3-3. Computational domain and materials. 






































































































































































