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Abstract 

Oil and gas developments in deep waters pose increasing challenges for offshore 

geotechnical engineers. One of the major concerns is potential geohazards for 

pipelines and other subsea infrastructures. Submarine landslides, usually initiated by 

the failure of an unstable soil mass on the continental shelf, could impact nearby 

pipelines and lead to severe damage or even failure. Geohazard assessment for new 

offshore developments therefore tends to be dominated by establishing the potential 

for submarine landslides, the probability of sliding material impacting a pipeline, and 

assessing the potential consequences. From the engineer’s perspective, quantitative 

characterisation of velocity, run-out distance of the slide and the impact force 

between the sliding material and the pipeline is essential to avoid disastrous events 

such as the failure of a pipeline. 

The ultimate aim of this research is the numerical simulation of the run-out of sliding 

material and the impact forces on pipelines. In order to achieve this, a new numerical 

method, the material point method (MPM) has been adopted as this approach has the 

capability of simulating the extreme material deformation involved in landslides and 

impact of the debris flow on structures. The major part of the thesis is therefore 

devoted to the development and implementation of MPM, leading eventually to 

exploring impact forces against a fixed rigid pipe. 

Numerical modelling of submarine landslides is very challenging even for a total 

stress analysis. During the event of a submarine landslide, as the sliding material is 

remoulded and entrains water, it transforms into a debris flow and eventually a 

turbidity current that may travel for several hundreds of metres to hundreds of 

kilometres. This poses significant challenges for numerical simulation as the sliding 

material undergoes extreme deformation and the constitutive properties are history 

dependent. Moreover, as the stiffness of the pipeline is much greater than that of the 
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sliding material, impact would lead to extremely large localised deformations and 

failure of the sliding material. 

These challenges may be addressed by means of the material point method; a particle 

based mesh-free method, as used in this study. The key concept of MPM is that the 

Lagrangian point masses (i.e. material points) move through an Eulerian background 

mesh. All the information is carried forward in time on the material points and the 

background mesh is only used for computation purpose, which facilitates simulation 

of extreme deformation and history dependent constitutive laws. 

Although MPM has been applied previously to model some geotechnical problems, 

it was originally developed for solid mechanics and further developments are still 

required for total stress analysis of submarine landslide. The open source Uintah 

MPM software was used as the base software and starting point for code 

development in this research. A new MPM contact algorithm termed Geo-contact 

algorithm is developed to facilitate large deformation analysis with smooth, partially 

or fully rough contact conditions in geotechnical engineering. In this algorithm, a 

penalty function is introduced to avoid numerical artefacts and improve accuracy of 

contact computation; a maximum shear stress is incorporated into the friction 

interface to model partially or fully rough geotechnical contact conditions. In this 

study, the transition of sliding material, from soft clay to fluid like debris flow, is 

approximated using a strain rate dependent, softening, elastic-plastic constitutive law 

with Von Mises yielding criterion. The Uintah MPM software and Geo-contact 

algorithm is first verified for three quasi-static plane-strain simulations: embedded 

T-bar penetration, pipe penetration, and wedge penetration in soil with either 

constant (unchanging) shear strength, or strain rate dependent, strain softening 

strength. The results agree well with limit analysis solutions derived from plasticity 

theory and large deformation finite element (FE) simulation results, confirming good 

accuracy and validity of MPM when applied to quantitative geotechnical analysis. 

The Geo-contact algorithm is then extended to simulate landslides. It is first applied 

to model a total stress submarine landslide with constant soil strength on a slope 

created by rotation of gravity. The MPM results agree well with FE in terms of 

velocity of the front toe, run-out distance and slide shape. The same landslides are 

modelled on a slope made of material points and the results agree well with the 
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previous model except for a slight underestimation due to additional resistance 

induced by the stepped geometry of the (fixed Eulerian) slope. With the confidence 

from the previous simulations, the technique is then applied to model centrifuge 

landslide experiments with strain rate dependent, softening soil. The MPM 

simulations agree well with centrifuge landslide experiments in terms of final 

run-out distance. 

The final application considered in this thesis is using MPM to quantify the impact 

force of sliding material on a pipeline in its path. The capacity of MPM in modelling 

dynamic impact of the sliding material to pipeline is first explored through a simple 

model of a rigid pipe moving in static soil. After that, the MPM is applied to model a 

more complex situation in which the advancing sliding soil mass impacts an 

embedded pipe buried in its path. As the current investigation is mainly concerns 

with the inertia (or “drag”) effect of the sliding soil mass, intact soil strength is used 

in both simulations to preclude the effect of strain rate dependency. In this 

simulation, the sliding material enters the model with an initial flow velocity, slides 

along a rigid slope, impacts an embedded pipeline and flows out. The “drag” force 

exerted on the pipeline is evaluated for a series of non-Newtonian Reynolds numbers 

with different combination of flow velocity and material properties to establish a 

relation between the impact force and undrained shear strength of the sliding soil 

mass. It is also found that different failure mechanisms may arise, depending on the 

initial flow height and velocity of the sliding material.  
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v   velocity 

v0   initial velocity 

vr   reference flow velocity 

v   velocity vector 

vcm   centre of mass velocity vector 

V   penetration resistance 

Vp   material point volume 

w   test function 

w   penetration depth 

x   position vector 

z   depth from the surface 
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II. Greek alphabetic 

α   shear stress ratio  

β   rate parameter  

   shear strain rate 

   reference strain rate 

γ’   submerged unit weight of soil 

Δt   time size of incremental step 

Δvn   normal differential velocity 

Δvt   tangent differential velocity 

Δv’t   modified tangent differential velocity 

Δε1   cumulative major principal strain 

Δε3   cumulative minor principal strain 

δ   the delta function 

δrem   shear strength ratio between fully remoulded and intact state 

η   viscosity parameter 

µ   rate parameter 

µc   Coulomb friction coefficient 

µm   mobilised friction coefficient  

ξ   cumulative plastic shear strain 

ξ95   plastic strain required to achieve 95% remoulding 

ρ   mass density 

ρ’   submerged mass density 

σ   Cauchy stress tensor 

σs   specific stress  

τ   shear stress 

γ!

refγ!
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τmax   maximum shear stress 

τy   yield stress of flow 

ν   Poisson’s ratio 

χp   characteristic function of material point 

Ωp   support domain of material point 

ω   surface tangent 

 

III. Operators 

det   determinant of matrix 

dt
d    time derivative operator 

Σ   summation operator 

∇    gradient operator 

⋅∇    divergence operator 

:   double dot operator 

 

IV. Abbreviation 

ALE  Arbitrary Lagrangian-Eulerian 

CFD  computational fluid dynamics 

C-SAFE  Centre for the Simulation of Accidental Fires and Explosions 

FE   finite element 

GIMP  generalised interpolation material point method 

GPU  graphic processing unit 

CPU  central processing unit 

MPM  the material point method 

RITSS  remeshing and interpolation with small strains 
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Chapter 1  

Introduction 

 

1.1 Background  

As the development of oil and gas fields extends into deep water beyond continental 

shelves, there is now a greater reliance on subsea infrastructure for the extraction and 

export of hydrocarbon resources. Potential geohazards such as submarine landslides, 

seismicity, mud volcanoes, shallow gas and gas hydrates have become a major 

concern for the offshore oil and gas industry (Kvalstad et al., 2001). Submarine 

landslides are perhaps one of the severest geohazards as they pose significant risk to 

the subsea infrastructure, in particular to the pipelines in shallow and deep waters 

(Figure 1-1).  

The export pipelines that connect oil and gas fields in deep water to shore can be 

hundreds of kilometres in length and are generally routed through unstable regions 

such as steep terrain and canyons on the edge of the continental shelf where 

submarine landslides occur. Compared to onshore landslides, submarine landslides 

usually involve larger volumes of failed material and greater mobility with a run-out 

distance from hundreds of metres to hundreds of kilometres. During this process, the 

sliding material could impact nearby pipelines and lead to severe damage or even 

failure of the pipelines (Locat, 2001; Locat & Lee, 2002; Nodine et al., 2007; Parker 

et al., 2008). To minimise the cost and risk, geohazards assessment for new offshore 
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developments therefore tends to be dominated by establishing the potential for 

submarine landslides, the probability for a slide to impact a pipeline, and then 

assessing the potential consequences (Jeanjean et al., 2005). 

 

Figure 1-1 Submarine landslide as a major geohazard (modified after ICG 2010) 

The study of submarine landslide can be taken from many aspects such as the cause 

of initial failure, the run-out of the sliding material until final deposition, the 

transition of the sliding material from very soft clay to fluid-like debris flow, and the 

impact to pipelines. To the design engineer’s perspective, the information of the 

impact force between the advancing sliding material and the pipelines is of great 

importance. Both experimental and numerical studies have been undertaken to 

quantify the impact force (Niedoroda et al., 2003; Zakeri et al., 2008; 2009; Zhu & 

Randolph, 2011; Randolph & White, 2012).  

Numerical modelling of the submarine landslide and its impact to subsea 

infrastructure is challenging as it involves extreme large deformation and failure of 

material. The applicability of traditional mesh-based numerical methods such as the 

finite element (FE) method and finite difference method is limited in problems with 

large material deformation due to excessive element entanglement. The Arbitrary 

Lagrangian-Eulerian (ALE) FE approaches rely on remeshing and remapping of the 

field variables from the old to the new meshes to overcome mesh distortion. An 

alternative approach is to use so-called meshfree methods, which avoid mesh 

distortion totally by replacing the mesh (at least partially) with particles. In this study, 

a particle based meshfree method, the material point method (MPM), is employed. 
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1.2 Objective of this study 

The overall research objective of this study is to simulate a sliding material 

representing a submarine landslide and its impact on a partially buried pipeline, 

using the MPM. The MPM has the potential of capturing the extremely large 

deformation of sliding material during the run-out process, and predicting the 

interaction between the advancing sliding material and the pipeline. The MPM 

analyses were not limited to qualitative description of the event of submarine 

landslide, but also focused on quantitative characterisation of the velocity, run-out 

distance and internal deformation of sliding material and its impact force on 

pipelines. To achieve the above general research objective, this study was carried out 

in three steps with a specific research objective for each step. 

The first specific objective was to evaluate the applicability and accuracy of MPM in 

applications of large deformation geotechnical problems. The scope of work 

included careful selection of an appropriate MPM algorithm, further development of 

the MPM algorithm to facilitate complex analysis for problems with large material 

deformation, and validation of its robustness in common geotechnical problems. An 

important aspect of this development work was to ensure quantitative accuracy for 

problems involving soil-structure interaction. 

The second specific task was to model the run-out of sliding material. This 

simulation focused on run-out of the sliding material on a slightly inclined slope and 

extracting quantitative information such as front velocity, run-out distance and shape 

of the slide. The sliding soil mass was modelled as a von Mises material but with 

strain-rate dependency. To simulate the gradual softening of the sliding material 

induced by soil deformation, the effect of strain softening was also considered. The 

advantages and drawbacks of the MPM are discussed by comparing the results with 

large deformation FE analyses (Wang et al., 2013). 

The last specific objective was to simulate the impact of advancing sliding soil mass 

on an embedded pipe. To simplify the investigation, the sliding mass was modelled 

as rate-independent von Mises material. This part investigated the interaction of the 

sliding mass and pipeline, providing quantitative estimation of the forces acting on 

the pipeline for a range of soil flow velocities and constitutive properties 

corresponding to different non-Newtonian Reynolds numbers (Zakeri et al., 2008). 
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1.3 Thesis organisation 

This thesis comprises seven chapters. Six chapters following the introductory chapter 

are arranged as follows. 

Chapter 2 presents a detailed literature review on the state-of-the-art of submarine 

landslide research. It describes the experimental and numerical approaches and 

corresponding results that have been achieved in previous studies, covering trigger 

mechanisms, modelling of the run-out process and assessment of potential 

consequences of impact. This chapter also reviews numerical methods used in 

landslide simulation and the development and applications of the MPM used in this 

study. 

Chapter 3 introduces the implementation of the MPM and open-source software, 

Uintah code. The contents of this chapter is organised in two parts. The first part 

covers the formulation of the numerical algorithm, with a detailed description of the 

interpolation function, time integration scheme, and contact formulation. The second 

part introduces the framework of Uintah code used in this study. 

Modelling of the interactions of the sliding material, seabed and structural elements 

(in this case a pipeline) is an important part of submarine landslide simulation. 

Existing contact algorithms in MPM are limited for geotechnical simulations. 

Chapter 4 presents a new contact algorithm termed Geo-contact algorithm developed 

to facilitate large deformation analysis of geotechnical problems. A penalty function 

is included in the Geo-contact algorithm to remove the numerical artefacts induced 

by impact between contacting materials. A maximum shear stress is incorporated 

with friction interface to simulate partially, or fully rough geotechnical contact 

conditions. When the maximum shear stress is reached on the contact interface, the 

shear stress is applied directly as nodal friction force to the boundary contact nodes 

identified by nodal mass. The Geo-contact algorithm is verified through three 

quasi-static benchmark models with structural elements of different geometries in 

uniform or normal consolidated clay. The effects of strain rate dependency and strain 

softening are also investigated. The accuracy and robustness of the Geo-contact 

algorithm are highlighted by comparison with plasticity limit analysis and large 

deformation FE analysis.  



Chapter 1                                     Centre for Offshore Foundation Systems 

Introduction                             The University of Western Australia 

5 

In Chapter 5, the application of Geo-contact algorithm in sliding problems is first 

validated by modelling elastic block run-out on a rigid surface. The rate-dependent 

and strain softening constitutive model and the Geo-contact algorithm are 

incorporated into the Uintah software to mimic self-weight-induced run-out of soft 

clay on slopes. The MPM simulation is first carried out with intact soil and validated 

by the results of large deformation FE analysis. Complex constitutive behaviour such 

as rate dependent and strain softening is then included to mimic sliding tests 

performed in the drum centrifuge at the University of Western Australia (UWA). 

The contact force between sliding soil mass and pipeline is crucial for accessing the 

consequences of any impact. Therefore, Chapter 6 is devoted to simulating the 

impact of advancing sliding material on a partially embedded on-bottom pipeline. 

The sliding soil mass is fed into the computation domain with an initial flow velocity 

to simulate the soil flow at a particular stage of the sliding event. The sliding 

material runs out on a rigid surface and impacts the pipeline. The magnitude of 

contact force is estimated for a range of non-Newtonian Reynolds numbers to 

explore the failure mechanisms and typical magnitude of load. 

Finally, Chapter 7 contains concluding remarks, discussion, and suggestions for 

future work. 
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Chapter 2  

Literature Review 

 

2.1 Introduction 

This chapter presents a state-of-the-art review of submarine landslide research. The 

discussion covers topics such as the causes of initial failure and trigger mechanism, 

run-out of the sliding material and evolution of constitutive properties, and 

assessment of potential consequences to subsea infrastructure. The experimental and 

numerical approaches used in submarine landslide studies are also reviewed. A brief 

introduction of the development and application of the material point method (MPM) 

is included. 

2.2 Submarine landslide 

The increasing interest in submarine landslides and their potential consequences is 

driven by widespread offshore developments for the extraction of natural resources 

and seafloor based communication infrastructure. This topic has drawn substantial 

interest from the international research community, such as the COSTA-Canada 

project (Locat & Lee, 2002) and the Ormen Lange gas field (Kvalstad et al., 2001) 

project carried out by the Norwegian Geotechnical Institute and the International 

Centre for Geohazards. In Australia, the potential hazard of submarine landslides 

with respect to oil and gas developments on the continental slope beyond the North 

West Shelf has also attracted significant attention (White & Hengesh, 2010). 
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Landslides can occur both onshore and offshore. As shown in Figure 2-1, a 

submarine landslide usually starts with an unstable soil mass failure on the transition 

from continental shelf to continental slope. As the sliding material is remoulded, it 

transforms into a debris flow and eventually, as more and more water becomes 

entrained in the material, into a turbidity current, potentially running out for 

hundreds of kilometres before final deposition (Norem et al., 1990; Normark, 1991; 

Bryn et al, 2005; Jeong et al., 2009). Submarine landslides are considered as a 

potential geohazard, since the velocities of debris flow and turbidity current of a 

submarine landslide can be over 50 m/s (De Blasio, 2004; 2005), potentially causing 

damage or complete failure for subsea structures. Therefore, for safe offshore 

activity, the potential for submarine landslides and subsequent consequences must be 

evaluated (Jeanjean et al., 2005). 

 

Figure 2-1 Evolution of a submarine landslide showing potential hazard to pipeline 

(modified after image from http://projects.noc.ac.uk/landslide-tsunami/project-information) 

The key characteristics of submarine landslides, which distinguish them from 

subaerial landslides, are the long run-out distances and large volumes of sliding mass 

along a very gentle slope. For instance, the Storegga slide (Figure 2-2), an enormous 

prehistoric slide that happened off the coast of Norway about 8200 years ago, 

involved 3,000 km3 of failure material in volume and affected an area of 90,000 km2 

with an average slope inclination of 0.6-0.7° (Kvalstad et al., 2005). Although most 

of the recorded submarine landslides are prehistoric, there are some recent events, 

such as the slides at Helsinki Harbour in 1936 and at Skagway, Alaska in 1994, with 
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the latter destroying 275 m of dock with an estimated failure volume of around 

760,000 m3 (Cornforth & Lowell, 1996; Cornforth, 2004).  

 

Figure 2-2 The location and the enormous size of affected area of Storegga slide (Bryn et al., 

2005) 

The study of submarine landslides encompasses many topics such as the cause of the 

initial failure and trigger mechanisms, run-out of sliding material while it transforms 

from a soft solid to fluid-like debris flow, and impact of the sliding material on 

subsea infrastructure. 
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2.3 Cause of failure and trigger mechanism 

Submarine landslides usually initiate with the failure of an unstable soil mass on the 

continental slope. The main causes of initial failure identified by different 

researchers (Schwarz, 1982; Hampton et al., 1996; Locat & Lee, 2002; Kvalstad et 

al., 2005) include rapid sedimentation, retrogressive failure, gas hydrate dissociation, 

earthquakes, wave loading, and tectonic activities. Other possible cause of failure 

include erosion, chemical decomposition, wave loading, tidal changes, increase of 

soil sensitivity and manmade slope failures (Prior, 1984; Hampton et al., 1996; Locat 

& Lee, 2002).  

2.3.1 Rapid sedimentation 

Rapid sedimentation of marine sediments consisting of fine-sized grain particles may 

cause development of excess pore pressure when the process of consolidation 

through dissipation does not keep pace with the process of accumulation (Moore, 

1961). High excess pore pressures are commonly recognized as one of the most 

probable cause of submarine landslides (Hampton et al., 1996; Kvalstad et al., 2001; 

Prior, 1984; Schwarz, 1982). Through a compilation of known landslide events, 

Schwarz (1982) suggested that rapid sedimentation, which is related to 29.3% of the 

recorded slides, is the most common cause of submarine landslides. He suggested 

that rapid sedimentation could be associated with submarine landslide in four ways. 

• Long-term high sedimentation rate is considered as a main releasing 

mechanism; this process is generally combined with an additional triggering 

effect. 

• Short-term heavy sediment supply is self-sufficient to generate slope failures 

at suitable locations such as offshore from river mouths. 

• Another potential cause of failure is overloading on insufficiently 

consolidated slope by periodical accumulation offshore from river mouths 

and progradation of marine foreset beds. 

• Over steepening of a depositional slope could also trigger the initial failure. 
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2.3.2 Retrogressive failure  

Retrogressive failure (Figure 2-3), which is defined as sliding due to a series of 

adjacent sub-failures by Hampton et al. (1996), is another common cause of 

submarine landslide (Gauer et al., 2005; Hampton et al., 1996; Prior & Coleman, 

1978). The retrogressive failure can be deduced from slide scar and debris formation 

through bathymetry and seismic profiles (Bryn et al., 2005; Kvalstad et al., 2005; 

Hunt et al., 2011). Submarine slides caused by retrogressive failure are a significant 

hazard to near shore infrastructure, as it may progress upslope. Kvalstad et al. (2005) 

presented a simple mechanism (Figure 2-3) to evaluate retrogressive failure, which is 

reproduced by fluid dynamics simulation (Gauer et. al., 2005). 

The mechanism comprises the following aspects: 

• An initial slide is developed in the lower and possibly steeper part of a slope, 

and the mobility of the sliding material is sufficient to more or less 

completely unload the earth pressure against the initially developed headwall 

(Figure 2-3a). 

• The unloading of the headwall causes undrained lateral expansion of the soil, 

while strain concentrations develop in the toe area of the headwall. 

• The large shear strain in the strain concentration zones causes strain softening, 

primarily in the marine clay base layer, and progressive failure develops 

along this layer. 

• The safety factor decreases below unity and the failing soil mass (Figure 2-3b) 

starts to accelerate downslope. A triangular front wedge is formed, being 

pushed along the slide base by a gradually distorted rhomb. The triangular 

wedge then creates a graben behind the front wedge and forms a new 

headwall (Figure 2-3c). 

• The released potential energy is partly consumed as friction along the base 

and circumference of the slide mass, and partly in remoulding of the slide 

material along the slide base and internally in the distorted slide mass. 

• Excess potential energy is transformed to kinetic energy accelerating the slide 

mass further downslope. 
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Figure 2-3 Model for evaluation of retrogressive failure (Kvalstad et al., 2005) 
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• The reduction in strength gives sufficient mobility to unload the next 

headwall. The process is then repeated (Figure 2-3d) until soil strength and 

layering or geometry change sufficiently to reduce mobility and decelerate 

the sliding process. 

• If the mobility is too low, the slide mass will block further retrogression 

along the base layer and the process will, if possible, continue along 

shallower marine clay layers, creating steps in the slide base (Figure 2-3e). 

2.3.3 Earthquakes and tectonic activity 

Earthquakes are perhaps the most effective triggering mechanism for submarine 

landslides (Hampton et al., 1996; Biscontin et al., 2004; Coulter, 2005; Kvalstad et 

al., 2005). The shear waves generated by an earthquake cause significant shear stress 

in a slope. The dynamic cyclic loading induces cumulative plastic strain and excess 

pore pressure in the soil, leading to reduction of effective stress and initiating failure. 

One of the known submarine landslides believed to be triggered by cyclic 

liquefaction during an earthquake is the Grand Banks slide in Canada (Mulder & 

Cochonat, 1996).  

Tectonic activities are also a potential cause for submarine landslides. Prior (1984) 

suggested that with active tectonic activities in the crust, slope inclinations can be 

increased by up warping and faulting, eventually initiating slope failure. Salt 

diapirism is another common form of tectonic activity that could cause submarine 

landslides. For instance, Kovacevic et al. (2012) reported a finite element simulation 

of a geologically active and periodically unstable underwater escarpment that has 

been created by locally uplifting salt diapirs combined with sediment deposition into 

basins formed over and behind the diapirs.  

2.3.4 Gas hydrates and other causes 

Dissociation of gas hydrates is another potential cause of submarine landslides 

(Hampton et al., 1996; Locat & Lee, 2002; Pauli et al., 2003). Comprising natural 

gas (e.g. methane) and water, gas hydrates are ice-like substances existing in seabed 

sediments, which are only stable under certain pressure and temperature conditions. 

When the temperature increases or pressure decreases, dissociation of the gas 
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hydrates occurs and gas-phase natural gas is released, which influences the 

mechanical properties of the sediments. Correspondingly, accumulation of excess 

pore water pressure and instability of the slope may result. 

2.4 Run-out of the slide 

Qualitative studies describing the morphology and architecture of submarine 

landslides are helpful for understanding trigger mechanisms and estimating the 

potential impact of the sliding mass on subsea structures. Substantial efforts have 

been made and a series of risk assessment methods have been established (Lee & 

Edwards, 1986; Lee et al., 1991; Angell et al., 2003; Nadim et al., 2003). However, 

from an engineering perspective, the quantitative information about front velocity, 

run-out distance and shape of the slide is of critical importance, as this information is 

essential to estimate the impact force. After the initial failure, the sliding material 

emanating from the shelf-break will tend to flow down the continental slope. A 

gradual transition of the strength and water content of the sliding material occurs 

during the run-out. Initially, the slide is an intact block with geotechnical properties 

corresponding to the in situ condition. As the slide advances, with gradual water 

entrainment and remoulding, the sliding material evolves from a very soft solid to a 

debris flow and, as the weakening continues, finally transitions into a fluid-like 

turbidity current. 

2.4.1  Experimental and numerical studies 

The run-out and phase transition of submarine landslides have been studied using 

both experimental and numerical approaches. A number of experimental studies 

have been carried out in a 1 g test environment to investigate the run-out 

mechanisms (Mohrig et al., 1998; Marr et al., 2001; Mohrig & Marr, 2003; Ilstad et 

al., 2004a; 2004b; 2004c). These experiments successfully captured the frontal 

dynamics and the transition from debris flow to turbidity current. However, as the 

sliding soil mass is typically modelled using fully fluidised material with a strength 

of ~0.1 kPa, which is about two orders of magnitude lower than the strength of an 

actual slide in its intact state, the gradual softening and strength reduction that occurs 

during the initial stages of run-out is not addressed. Moreover, when compared to 
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actual submarine slides, the scale of the experiments is relatively small so the 

stresses under such conditions are also unreliably low. Hence, it is questionable 

whether the results in the 1g studies are representative of actual submarine landslides, 

as the stress-strain behaviour of soils is stress level dependent. 

Physical modelling using a geotechnical centrifuge is able to reproduce soil stresses 

related to self-weight, and observations from the small scale-models can be related to 

the full-scale prototype using appropriate scaling laws. Coulter and Phillips (2003) 

and Coulter (2005) carried out centrifuge tests of submarine landslides, focusing on a 

seismic triggering mechanism. Zhou et al. (2002) investigated the critical gradient 

for slopes under water at various g-levels. Boylan et al. (2010) developed a facility to 

model run-out of submarine landslides using the long internal channel of the drum 

centrifuge at the University of Western Australia. In this work, a consolidated slide 

block was released by a specially designed triggering device and then flowed along a 

model seabed in the drum channel. The initial results suggest that the run-out 

distance is influenced by both water entrainment and softening of the material due to 

accumulated shear strain. More recently, Gue (2012) carried out a series of tests in a 

mini-drum centrifuge at different gravity fields in order to understand the scaling 

laws involved in the simulation of submarine landslide flows. 

An alternative to experimental modelling is a numerical approach. Numerical 

simulations of submarine landslide run-out are usually based on a fluid mechanics 

framework, adopting either a linear Bingham or a non-linear Herschel-Bulkley 

viscoplastic model to describe the rheology of the sliding material. The run-out 

process is usually modelled using the finite difference method with a simplified 

‘depth-averaged’ technique (Huang & Garcia, 1998; Imran et al., 2001; Niedoroda et 

al., 2003; 2006). The viscoplastic models account for the change of shear strength 

due to viscous effects only, the strength reduction induced by water entrainment and 

accumulative shear strain is ignored. An exception is the UWA-SM3 program by 

Boylan & White (submitted for publication), in which strength degradation is 

incorporated with parameters obtained from cyclic full-flow penetrometer tests. 

A common limitation with the depth-averaged approach is that due to the 

simplification in the slide thickness dimension, it is not possible to simulate the 

formation of out-runner blocks due to local softening, although these are often 
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observed in actual submarine slides. To overcome this problem, more sophisticated 

numerical methods must be employed in which the sliding mass is simulated by full 

2D or 3D continuum elements. For instance, Gauer et al. (2007) used a 

computational fluid dynamics (CFD) approach with strain softening to replicate the 

retrogressive failures near the head of the Storegga slide. Wang et al. (2013) used a 

large deformation FE method based on frequent mesh regeneration to reproduce the 

long run-out distance of a typical submarine slide while capturing the phenomenon 

of out-runner block formation. Despite the success of these studies in 

accommodating strain softening and modelling the long run-out distance of a 

submarine slide, there is no established approach to model the process of water 

entrainment. 

2.4.2 Slide as a strain rate dependent, strain softening material 

As the run-out progresses, the shear strength of the slide material reduces by more 

than three orders of magnitude. The unit weight of the slide material also reduces as 

the water content increases. The strength and weight properties of the slide at 

different stages of run-out are illustrated schematically in Figure 2-4. The debris 

flow and turbidity current of a submarine slide can travel at velocities up to 50 m/s, 

therefore the strain rates within the slide are typically far higher than those 

considered in most conventional geotechnical problems. 

Boukpeti et al. (2012) showed that the geotechnical characterisation of fine-grained 

sediments using the Herschel-Bulkley form of rheology could capture the variation 

in rate-dependent shear strength of soils across a range of water content that spans 

from solid to fluid, allowing a consistent treatment of the material response 

throughout the run-out. As there is no established approach to model the process of 

water entrainment, the influence of water content is ignored in this thesis. Hence, the 

sliding material will be modelled as a rate dependent, strain softening material. Fine 

grained-soils such as seabed sediment exhibits different shear strengths when 

sheared at different strain rates. The effect of shear strain rate has generally been 

expressed using either a log law (Dayal & Allen, 1975; Biscontin & Pestana, 2001) 

or a power law (Giovanna et al., 2001).  
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In the log law, the rate of shear strength increases per log cycle change in the strain 

rate γ!  by an amount µ, with the suggested range of 0.05 - 0.2 for soft clay such as 

seabed sediments (Graham et al., 1983; Lunne & Andersen, 2007), expressed as 

 

Figure 2-4 Strength and unit weight of the slide at different stages (adapted from Randolph 

et al., 2011) 
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where su,ref is the shear strength at the reference shear strain rate of . For the log 

law, as a strain rate smaller than the reference strain rate could lead to negative 

values of strength, a minimum strength must be specified at low strain rates. 

Alternatively, the effect of shear strain rate can be described by the power law 
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in which β is the power parameter with typical range of 0.05 - 0.17 for fine grained 

soil such as soft clay (Jeong et al., 2009). Again, consideration must be given to a 

minimum shear strain rate below which the shear strength is assumed constant. 

The strength of a soil is also affected by the cumulative amount of plastic shear 

strain. Generally, an intact soil exhibits a peak shear strength during initial shearing. 

As the plastic shear strain builds up, the soil undergoes remoulding and the shear 

strength of the soil decreases as the destructuration of soil microstructure, 
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reorientation of clay particles, and generation of excess pore pressure take place. 

This process can be modelled through a simple exponential decay function (Einav & 

Randolph, 2005) as 
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where δrem is the strength ratio of the soil between fully remoulded and intact state 

(i.e. inverse of soil sensitivity), su0 is the initial peak shear strength of soil and ξ is 

the cumulative plastic shear strain, with ξ95 being the plastic strain required to 

achieve 95% remoulding. If the power law expression is assumed for the strain rate 

dependency, the combined 
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where su0 is the initial shear strength of the soil at the reference shear strain rate prior 

to any softening. 

2.5 Impact to pipeline 

Submarine landslides are a potential geohazard to subsea infrastructure. Pipelines, in 

particular the export pipelines that connect oil and gas fields in deep water to shore, 

are exposed to significant risk from submarine landslides, as they are routed through 

unstable regions such as steep terrain and canyons on the edge of the continental 

shelf (Figure 2-5). The critical information is therefore the magnitude of impact 

force exerted on a pipeline and the subsequent response of the pipeline. 

 

Figure 2-5 Schematic of export pipeline showing potential impact from a landslide 

(modified after (White & Hengesh, 2010)) 
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Currently, there are a number of methods available for evaluating the impact forces 

acting on the pipeline. These methods provide a wide range of results against 

different conditions. The magnitude of impact force appears to depend on the slide 

velocity due to the combined effect of strain rate and inertial (Georgiadis, 1991; 

Zakeri et al., 2009). The high impact velocity of the slide can cause significant strain 

rates surrounding the pipe, leading to enhancement of soil strength and therefore, a 

larger viscous force. In addition, the initial effect of the high velocity slide (linked to 

the stagnation pressure, ρv2/su, where ρ is the density and v the flow velocity of the 

slide) also contributes to the impact force. 

2.5.1 Fluid mechanics approach 

The evaluation of the impact force can take either a fluid mechanics or a 

geotechnical approach. As the study of submarine landslide run-out tends to be taken 

from a fluid mechanics approach (Locat & Lee, 2002; Gauer et al., 2005; Niedoroda 

et al., 2003), it is convenient to use a similar framework to evaluate the ‘drag’ force 

on a pipeline. 

The behaviour of a clay-rich debris flow can be modelled as a non-Newtonian fluid. 

Consider the active force from soil steadily flowing perpendicular to a pipeline fully 

submerged within the flowing material. The force normal to the flow direction can 

be estimated as (Zakeri, 2009) 

AvCf dn
2

2
1
ρ=  (2-5) 

in which fn is the normal drag force on the pipeline, ρ is the mass density of the flow,  

and A is the projected frontal area in the flow direction. The drag factor Cd, is a 

function of the non-Newtonian Reynolds number Re,non-Newtonian (also referred to as a 

Johnson number, the terms non-Newtonian Reynolds number and Johnson number 

are used interchangeable throughout this thesis) defined as 

τ
ρ 2

,
vR Newtoniannone =−

 (2-6) 
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where τ is the mobilised shear strength of the slide material. The influence of strain 

rate is incorporated via a shear thinning modelled by a simple Herschel-Bulkley 

viscoplastic law (De Besses et al., 2003) according to  

M
y γηττ !+=  (2-7) 

in which τy and η are the yield stress and viscosity of the flow, γ!  is the strain rate 

and M is a shear thinning parameter. 

With results of physical modelling obtained from experimental tests in a flume 

(Zakeri et al., 2008) and numerical simulations using the computational fluid 

dynamic code, ANSYS CFX, Zakeri et al. (2009) established an empirical 

correlation between the drag factor Cd and non-Newtonian Reynolds number 

Re,non-Newtonian for a laid-on-floor pipe 

15.1
,

0.1125.1
Newtotiannone

d R
C

−

+=  (2-8) 

The fluid mechanics framework is applicable with a wide range of flow velocities, in 

particular to the heavily fluidised debris flow travel at a high velocity. For instance, 

the results of Zakeri et al. (2008; 2009) and Zakeri (2009) covered non-Newtonian 

Reynolds numbers from 1.5 to just over 300.  

2.5.2 Geotechnical approach 

If the sliding soil mass impacting a pipeline is immediately post-failure or in an early 

stage of debris flow, it is natural to evaluate the interaction force using geotechnical 

principles. In the geotechnical framework, the normal force acting on a cylinder is 

determined by a conventional bearing capacity equation for the undrained condition 

AsNf ucn =  (2-9) 

where Nc is the bearing capacity factor and su is the undrained shear strength of the 

soil.  

The normal force exerted on pipeline is influenced by the flow velocity due to 

inertial effects and strain rate dependency. Hence, both the bearing capacity factor 

and shear strength may be considered as velocity dependent. Early studies tended to 
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treat these two separate factors as a combined effect. For instance, Georgiadis (1991) 

used a power law relationship to correlate the bearing capacity factor Nc with flow 

velocity v as 

n

r
rc v
vNN ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=  (2-10) 

in which Nr is the bearing capacity factor obtained from a test performed at a 

reference velocity vr and n is a viscosity parameter determined from laboratory tests. 

Although this correlation achieved good agreement with a range of existing data 

(Schapery & Dunlap, 1978; Towhata & Alhussaini, 1988), the drawback is that the 

reference bearing capacity factor Nr has to be determined by test and there is no 

information available about the influence of the pipeline diameter. 

Zhu & Randolph (2011) performed numerical simulation of a cylinder moving 

through a rate dependent undrained soil. As all the simulations were carried out in a 

quasi-static scenario to eliminate any true inertial effects, the force depends solely on 

the strain rate. They used a unified formulation combining the power-law in the soil 

mechanics framework with an additive term similar to that in the Herschel-Bulkley 

model in rheology to characterise the strength behaviour of a fluid-like soil flow as 
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where η and β are the viscous factor and shear-thinning index. su0 is the initial 

undrained shear strength of the soil at zero strain rate and the reference undrained 

shear strength (at a strain rate of !γ ref ) is given by 

( ) 0, 1 urefu ss η+=  (2-12) 

This approach was able to capture both plastic and viscous components of the 

material strength in terms of strain-rate while neglecting the inertia effect. However, 

for soil flow at high Johnson numbers, it is also necessary to consider a conventional 

drag force, as the inertia effect would become more significant. 

 



Chapter 2                                     Centre for Offshore Foundation Systems 

Literature Review                            The University of Western Australia 

21 

Recently, Randolph & White (2012) proposed a geotechnical approach incorporating 

both strain rate dependency and inertia (or drag) effects in which the normal force fn 

(or normal force per unit pipe length under 2D plane strain conditions) on a pipeline 

is described as  

AsNAvCf nomucdn ,
2

2
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+⎟
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⎛= ρ  (2-13) 

where su,nom is the nominal shear strength expressed as  
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where v is the flow velocity and D is the diameter of the pipeline. 

Combining Eq. 2-12 through to 2-14, the normalised coefficient Np on a pipeline, 

taking into consideration both the drag effect and strain rate dependency, can be 

expressed as   
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where the inertia effect is presented in the drag term as a function of the 

non-Newtonian Reynolds number (i.e. Johnson numbers, Re,non-Newtonian) and the 

effect of strain rate is expressed by the power law with the strain rate determined as 

v/D. The bearing factor Nc is then essentially independent of flow velocity, and 

consistent with values derived from rate-independent plasticity theory, ranging from 

9.1 for a fully smooth pipe to 11.9 for a fully rough pipe (Randolph & Houlsby, 1984; 

Martin & Randolph, 2006). The drag factors obtained from interpretation of 

experimental data reported by Zakeri et al. (2008) and large deformation FE analysis 

described by Randolph & White (2012) are Cd = 0.4 and 0.5, respectively. 

2.6 The material point method  

Numerical modelling of submarine landslides is challenging as the sliding soil mass 

undergoes extremely large material deformation during the run-out process. 

Complex interactions take place when the sliding soil mass impacts any subsea 
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structure. As the stiffnesses of the sliding material and subsea structure are very 

different, impact will also lead to evolution of the soil flow mechanism around the 

structure. 

2.6.1 Introduction 

The applicability of traditional mesh-based methods is limited for problems with 

large material deformations. In well-developed mesh-based methods like the finite 

element method, conventional Lagrangian approaches link material (and related state 

variables) to the computational grid. The accuracy of computation quickly 

degenerates in large deformation analysis due to severe mesh entanglement. 

Therefore, problems with large deformation have been analysed using so-called 

arbitrary Lagrangian-Eulerian (ALE) FE approaches such as Benson (1989) and 

Nazem et al. (2006) in which frequent Eulerian steps are involved to simulate flow 

of material through the computational grid. One such approach (Hu & Randolph, 

1998a; 1998b), referred to as remeshing and interpolation with small strains, RITSS, 

has been applied to a wide variety of geotechnical problems (Randolph et al., 2008). 

The RITSS approach was also expanded to dynamic analysis by Wang et al. (2013). 

An alternative approach to the ALE FE method is so-called mesh-free methods, 

which avoid mesh distortion totally by replacing the mesh (at least partially) with 

particles. The material point method (MPM) used in the present study is one 

example of a mesh-free method. The MPM developed by Sulsky et al. (1994; 1995) 

is a particle method built on a FE framework. It originated from the fluid-implicit 

particle method (Brackbill et al., 1988), which itself is an extension of the 

particle-in-cell method originally developed by Harlow (1962) in computational 

fluid dynamics. The name ‘material point method’ first appeared in literature two 

years later in an axisymmetric form of the method (Sulsky & Schreyer, 1996). 

2.6.2 Basic concept of the MPM 

Similar to the ALE FE methods, the MPM takes advantage of both Eulerian and 

Lagrangian formulations. The key concept of MPM is that the Lagrangian point 

masses (i.e. the material points) move through the Eulerian background mesh. The 

materials are represented by a collection of Lagrangian point mass (i.e. material 
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points), on which are carried all the state data for the small region of material it 

represents, including mass, position, volume, velocities, stresses, state of 

deformation etc. The problem domain is discretised in a background mesh used only 

for solving the governing equations.  

Although the MPM is considered as a mesh-free method (Wieckowski, 2004), it 

differs from most mesh-free methods as the material points used to represent the 

materials do not interact with each other directly. Instead, the state data carried by 

the material points are projected onto the Eulerian background mesh where the 

computation is performed. The computation procedure repeated for each incremental 

step is shown in Figure 2-6.  

Figure 2-6 The computation procedure of an incremental step of the MPM (modified after 

(Mackenzie-Helnwein et al., 2010)) 
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• At the beginning of each incremental step, the computation starts with 

mapping the state variables from the material points to the nodes of the 

background mesh. 

• Then the governing equations are solved on the background mesh to obtain 

the time advanced nodal velocity field. 

• After that, the velocities and strains at each material point are interpolated 

from those at the surrounding nodes and the stresses are determined via the 

constitutive relationship.  

• Finally, the material points are moved to their new positions through the 

updated velocities. 

The MPM usually uses a regular structured square grid as the computational mesh. 

Although this mesh deforms with the material in the computation, the deformed 

mesh is abandoned at the end of each incremental step and the original mesh is used 

for the next step. Hence, the background mesh carries no permanent information and 

is used purely for computational purposes. 

The MPM is advantageous relative to the traditional mesh-based methods in a 

number of ways when applied to geotechnical problems involving large deformation 

and multi-phase interactions, such as the submarine landslide.  

• Firstly, as a particle-based mesh-free method, the MPM is more efficient in 

modelling extremely large material deformations. The background mesh for 

each incremental step not only leads to a simple and robust computation of 

the spatial gradient, but also avoids mesh entanglement totally. The frequent 

re-meshing required by the ALE FE methods is avoided completely. 

• Secondly, in MPM simulations all the state information is carried on the 

material points; consequently, the history-dependent constitutive relationship 

is always formulated on the material points. In contrast, for the ALE FE 

methods, the error is unavoidable during mapping of material properties and 

stresses from the old to the new integration points. 

 



Chapter 2                                     Centre for Offshore Foundation Systems 

Literature Review                            The University of Western Australia 

25 

• Moreover, the formulation of MPM allows multiple sets of material points to 

occupy the same volume, which results in a robust spatial discretization 

method for multiphase problems. This provides a suitable framework for 

coupled analysis. 

• Finally, as MPM is formulated in the weak form similar to that of the FE 

method, it is possible to combine MPM and FE methods for large-scale 

simulations.  

2.6.3 Application of the MPM 

Since its invention, the MPM has attracted increasing interest from various 

disciplines. The Centre for the Simulation of Accidental Fires and Explosions 

(C-SAFE) at the Utah University became known as a central hub for a large group of 

developers and engineers behind the extensive extension and application of MPM. 

Although the MPM was mainly used for modelling structural components under fire 

and explosion in C-SAFE (Guilkey et al., 2007; Lian et al., 2011; Wang et al., 2011), 

their work also led to dramatic advance of the method with highlights in contact 

algorithms (Bardenhagen et al., 2000; 2001), interpolation functions (Bardenhagen & 

Kober, 2004; Wallstedt & Guilkey, 2011; Sadeghirad et al., 2011), crack propagation 

(Guo & Nairn, 2004; 2006) and time integration schemes (Guilkey & Weiss, 2003; 

Wallstedt & Guilkey, 2008; 2011). These developments, in turn, also facilitated 

application of MPM in fields such as computational biomechanics (Ionescu et al., 

2006; Guilkey et al., 2006), fracture mechanics (Guo & Nairn, 2004; 2006), and gas 

dynamics (Guilkey et al., 2007; Tran et al., 2009).  

Contributions also come from researchers outside of the C-SAFE. Sulsky, the 

original developer of MPM, introduced an axisymmetric MPM algorithm (Sulsky & 

Schreyer, 1996) and extended the explicit time integration scheme to an implicit 

scheme (Sulsky & Kaul, 2004). Nairn at Oregon State University and his colleagues 

used MPM to study fracture dynamics and contributed to developments for topics 

including contact algorithms, crack propagation, implicit interfaces, and adaptive 

meshing (Tan & Nairn, 2002; Guo & Nairn, 2004; 2006, Nairn 2007; 2009). Ma et al. 

(2006) and Ma (2006) introduced structured mesh refinement and coupled MPM 

with molecular dynamics for multi-scale dynamics simulations. Zhang et al. (2008; 
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2011) at Los Alamos National Lab enhanced MPM by a modified gradient approach 

for the shape functions and explored MPM simulation of multiphase flows. 

The MPM has been applied in soil mechanics to model quasi-static phenomena such 

as landfill settlements, pull-out of anchors, and collapse of retaining walls (Zhou et 

al., 1999; Coetzee et al., 2005; Vermeer et al., 2008; Beuth et al., 2011), dynamic 

phenomena such as landslides (Andersen, 2009; Andersen & Andersen, 2010; Abe et 

al., 2007), progressive failure of a dam (Zabala & Alonso, 2011), and coupled 

analysis of saturated soil (Zhang et al., 2008; 2009; Abe et al., 2014). 

Coetzee et al. (2005) used MPM to determine the ultimate capacity of anchors. All 

the simulations were performed in plane strain conditions with an explicit time 

integration scheme. The soil was modelled as a Mohr-Coulomb material. The contact 

between the anchor and soil was modelled using the friction contact algorithm of 

Bardenhagen et al. (2000; 2001) in which free separation is allowed. The ultimate 

capacities predicted by MPM simulations were very close to the experimental results, 

with the discrepancy being 5% and 10% for anchors pulled vertically and at 

inclination of 45º, respectively. This study demonstrates the potential of MPM for 

modelling soil-structure interaction. However, the soil deformations in Coetzee et al. 

(2005) were relatively small. Vermeer et al. (2008) developed an implicit dynamic 

MPM algorithm, which was applied to model the collapse of a retaining wall. The 

load-displacement curve of the MPM simulation was verified by the FE results. 

Although Vermeer et al. (2008) stated that the MPM did not encounter the problems 

of mesh entanglement in large deformation analysis existing with the FE, no 

validation of the MPM results was provided. 

Andersen & Andersen (2010) reproduced dynamic evolution of subaerial landslides. 

The generalised interpolation material point method (GIMP) (Bardenhagen & Kober, 

2004) and a Mohr-Coulomb constitutive model were used. Incremental gravitation 

was applied to establish the initial stress distribution in the slope and the landslide 

was triggered by sudden removal of the soil cohesion. However, as the friction 

between the slide and the base was not modelled, the simulations did not provide any 

quantitative information such as the front velocity and run-out distance. Abe et al. 

(2007) proposed a depth averaged MPM algorithm to simulate landslides across 

three-dimensional terrain. In this approach, each material point essentially represents 



Chapter 2                                     Centre for Offshore Foundation Systems 

Literature Review                            The University of Western Australia 

27 

a soil column with the depth integration being performed normal to the sliding 

surface. The friction of the slide on the base is also taken into account. The proposed 

algorithm was applied to model dry sand run-out on an inclined plane. The flow 

evolutions predicted by the MPM simulations are similar to the experiment 

performed by Iverson & Denlinger (2001). The drawback of the depth-averaged 

approach is that, due to the simplification in the slide thickness, these simulations 

tend to restrict the formation of out-runner blocks that are observed in actual 

submarine slides. 

Zhang et al. (2007, 2008) developed an explicit dynamic coupling algorithm to 

model multi-phase flow. They used two sets of material points to represent the solid 

skeleton and the pore fluid in the porous material. The u-U form governing equation 

was based on mixture theory (Lewis & Schrefler, 1998). The coupling between the 

solid and fluid phase was achieved by a body damping force. More recently, Abe et 

al. (2014) described a new coupling MPM algorithm for large deformation analysis 

of hydro-mechanical problems. Their approach is based on Biot’s theory and is able 

to account for changes of water table. This algorithm was verified by the results of 

one-dimensional consolidation simulations. 

2.7 Summary 

This chapter has provided a detailed literature review of submarine landslide 

research and a brief introduction of the material point method used in the present 

study.  

Submarine landslides are considered as a major geohazard for subsea structures such 

as export pipelines. The study of submarine landslides covers many topics such as 

the cause of initial failure, run-out of the slide material, and the impact on subsea 

infrastructure. Numerical simulations form an important part of submarine landslide 

research as they provide quantitative information such as front velocity, run-out 

distance and impact force on pipelines, which can then be used to facilitate the 

design process. 
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The MPM is a particle based mesh-free method designed for problems with very 

large material deformations. The MPM has been applied in geotechnical engineering 

to solve a wide range of problems with quasi-static, dynamic or coupled analysis. 

Hence, the MPM is employed as the numerical tool for submarine landslide 

simulations in the present research. 



Chapter 3                                     Centre for Offshore Foundation Systems 

Numerical Algorithm of MPM and Uintah Software       The University of Western Australia 

29 

Chapter 3  

Numerical Algorithm of MPM and Uintah Software 

 

3.1 Introduction 

An introduction of MPM and its application in geotechnical engineering is contained 

in chapter 2. This chapter, however, presents a more detailed description of the 

numerical algorithm of MPM and the open source MPM software, Uintah software, 

used here. The description starts with a brief presentation of the governing equations 

and the numerical algorithm of MPM. The computation procedure for an incremental 

step is then described in detail. The effective shape functions used in the traditional 

MPM and the generalised interpolation material point method (GIMP) are also 

discussed. The second part of the chapter presents the framework and 

implementation of the open source MPM software - Uintah code - used in this thesis. 

The installation and running of Uintah software is documented. A mapping between 

the computational procedures and the implemented software functions are also 

included for reference. 

3.2 The numerical formulation of MPM 

3.2.1 Governing equations and numerical algorithm 

The standard formulation of the material point method is derived from the 

conservation of mass and linear momentum. The governing equations are 
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0=⋅∇+ vρ
ρ
dt
d

 (3-1) 

bσa ρρ +⋅∇=  (3-2) 

in which ρ(x,t) is the mass density of material, v(x,t) and a(x,t) are the velocity and 

acceleration vectors, σ(x,t) is the Cauchy stress tensor, and b(x,t) is the volume 

specific body force vector. The vector x is the current position of any point in the 

material. 
d
dt

 and ∇⋅  denote the time derivative operator and the divergence 

operator. The above two equations are supplemented with an appropriate constitutive 

law to obtain the stress.  

Conservation of mass is governed by Eq. 3-1. In the MPM, as the mass assigned to 

each material point remains constant throughout the simulation, conservation of 

mass is automatically satisfied unless material points are generated or deleted during 

the computation.  

Conservation of momentum is governed by Eq. 3-2. As it is usually difficult to get a 

closed form solution except in special occasions, the weak form of the equation is 

derived from the principle of virtual displacement in a way similar to the FE method, 

via integration by terms and applying the divergence theorem to the terms that 

depend on stress, resulting in  

 S: dddd
t

s ∫∫∫∫ Ω∂ΩΩΩ
⋅+Ω⋅+Ω∇−=Ω⋅ twbwwσaw ρρρ  (3-3) 

in which σs = σ/ρ is the specific stress, t is the prescribed surface traction, dΩ  and 

dS are the differential volume and differential surface element, and w(x,t) is a ‘test’ 

(or weighting) function. The operator : denotes double dot product of two tensors. 

In MPM, the material is discretised using a finite set of material points (p = 1,2,…,N), 

each of them representing a small region of material with position vector xp, mass Mp, 

and volume Vp. The mass density of the material can be written as  
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in which xp(t) is the position of a material point at time t and δ is the delta function. 
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It is difficult to get exact volume integration in Eq. 3-3, therefore it is approximated 

using summation over all the material points in the computational domain. Using Eq. 

3-4, the weak form of the equation of motion (Eq. 3-3) is transformed to 
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(3-5) 

In the MPM, the governing equations are solved on the background computational 

mesh. The state variables are therefore described in terms of nodal values and shape 

functions. The coordinates of the material point are given as 
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where Si(x) is the standard nodal shape (basis) function evaluated at the spatial node 

xi(t) and Nn is the number of mesh nodes. Other vectors are given in similar form and 

are thus continuous. As the conservation of linear momentum holds for any test 

functions, via inserting Eqs 3-3 and 3-4 to Eq. 3-5 the weak form of the equation of 

motion reduces to 
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in which the superscript k denotes the quantities at the time point tk,  is a 

consistent mass matrix, and  and  are the nodal internal and external force 

vectors.  and  are the shape function and its gradient at the i th 

node on the background mesh evaluated at the material point position . 
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In numerical computation the solution of Eq. 3-7 is obtained at a discretised set of 

time points tk, k = 1,2,…,k, with the equation being discretised in the time domain 

using either implicit or explicit time integration schemes. The advantage of implicit 

time integration lies in the flexibility of choosing the size of time step; however, it is 

computationally more expensive for each incremental step as the system matrix 

inversion is required. In contrast, although system matrix inversion is not a necessity 

for explicit time integration, the size of incremental step, Δt is limited by the 

Courant-Friedrichs-Lewy condition  

v+
=Δ
c
ht  (3-11) 

in which h is the dimension of the square element of the background mesh in MPM, 

c is the wave speed in the material and |v| is the magnitude of the local velocity 

vector. Therefore, with explicit time integration, the overall computation expense 

may be even higher. Sulsky et al. (1995) introduced the MPM using explicit time 

integration. Later, implicit time integration was also explored (Beuth et al., 2011; 

Cummins 2002; Guilkey et al., 2006; Sulsky & Kaul, 2004).  

3.2.2 Computation procedure 

The computational procedure of an incremental step in the MPM is presented to 

show the flow of algorithm. Depending on when the stress is updated on the material 

points, a MPM algorithm can be categorized either as an updated stress first (USF) 

or update stress last (USL) algorithm. The USL approach has been shown to provide 

better accuracy and numerical stability (Wallstedt & Guilkey, 2008) and therefore is 

used in this thesis.  

In MPM, the material bodies are discretised using a set of material points with at 

least the following six state variables: position xp, mass Mp, velocity vp, volume Vp, 

stress σp, and deformation gradient Fp. All the state data are tracked on the material 

points; therefore, the computation for an incremental step is a procedure to update 

these state variables (Figure 3-1). It is worth pointing out that the mass of the 

material points usually remains constant during the whole simulation.  
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Figure 3-1 Computation procedure of an incremental step for an explicit USL algorithm in 

MPM 

In an explicit USL MPM algorithm, the computation of an incremental step starts 

with interpolating the state data such as the mass, velocity and external force to the 

nodes of the background mesh 
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where  is the nodal mass, is the nodal velocity,  is the external force 

acting on the material points at the start of an incremental step. The superscript k 

denotes the state data at the time step tk. As presented in Eq. 3-9, the nodal internal 

force vector  determined as a volume integral of the divergence of stress on the 

material points is approximated as a summation over all material points.  

With the nodal mass, internal and external nodal force vectors, the discrete 

momentum equation (Eq. 3-1) is used to solve for the nodal acceleration  
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in which  is the nodal acceleration vector at the kth step. An explicit forward 

Euler method is then used to obtain the time advanced nodal velocity  
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k
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in which the superscript k + 1 denotes the updated (time advanced) state data at time 

tk + Δt. The time advanced nodal velocity 1+k
iv  is then used to compute a velocity 

gradient at each material point according to 
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in which  denotes the velocity gradient of material point at time tk. The 

velocity gradient at the material point is used to update the deformation gradient and 

volume. An incremental deformation is obtained as 
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The deformation gradient and volume of the material point can be updated as 
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The velocity gradient of the material point is applied to a constitutive model to 

update the stress 1+k
pσ . Finally, the position and the velocity of the material point are 

updated as 
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When all six state variables position xp, mass Mp, velocity vp, volume Vp, stress σp, 

and deformation gradient Fp are updated on the material points, an incremental step 

is accomplished. The computation described above is only the core procedures of an 

explicit USL MPM algorithm. A number of important considerations such as 

essential boundary condition for the acceleration and velocity field, contact 

algorithm and implementation of constitutive models, will be addressed in section 

3.3.2. 

3.2.3 The generalised interpolation material point method 

In MPM, the state data are projected from the material points to the background 

mesh at the beginning of each incremental step. Most material points in the deformed 

region are moved from their original/optimum positions; therefore, MPM is usually 

less accurate than the FE methods. Moreover, the linear shape function of traditional 

MPM leads to numerical artefacts known as the cell-crossing noise, which is 

observed when material points cross element boundaries on the background mesh. 

As shown in Figure 3-2, when a material point moves into a new element, the mass 

projected onto the nodes on the far side of the element are expected to be slight. 

However, the gradient of the interpolation function is much larger than zero, which 

leads to unrealistic internal forces on the far nodes and consequently unrealistic large 

nodal accelerations (Sulsky et al., 1995). 
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Figure 3-2 Cell crossing noise 

To overcome the shortcomings of the linear shape function, Bardenhagen & Kober 

(2004) introduced the generalised interpolation material point method (GIMP). In the 

GIMP, a higher order spline shape function with larger influence region and 

continuous first-order gradient is used to overcome most of the disadvantages of 

MPM, although the side effect is higher computational cost. The GIMP is used in 

this thesis.  

The key difference between traditional MPM (i.e. with linear shape function) and 

GIMP is the concept of material points and the formulation of shape functions. In 

traditional MPM, the material points are treated as point masses with spatially Dirac 

delta functions, assuming that the small region of material exists on a single point in 

space. A linear shape function is used for interpolating the state data from material 

points to the background mesh. GIMP, however, allows free selection of a 

characteristic function χp to represent the material points and shape function Si(x) as 

a basis of support on the background nodes. In GIMP, an effective shape function 

 is constructed as the convolution of the shape function and characteristic 

function  
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in which Ωp is the support domain of the material point, χp denotes the characteristic 

function and the volume of the material point Vp is taken as 

( )∫Ω=
p

dxχV pp x  (3-24) 

Therefore, the traditional MPM can be taken as a subset of GIMP with the choice of 

piecewise linear shape function (i.e. the ‘tent’ function) and Dirac delta characteristic 

function. The tent function in a single dimension is given by 
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in which h is the element width for a regular structured square background mesh. 

The multi-dimensional shape functions are constructed by forming tensor products 

of one dimensional tent functions in the diagonal directions. With the selection of the 

Dirac delta characteristic function  

( ) ( ) ppp Vxxδxχ −=  (3-26) 

the effective shape function in a single dimension (Figure 3-3a) takes the same form 

as Eq. 3-25 and its gradient (Figure 3-3b) is given by 
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In GIMP, the Dirac delta characteristic function is replaced by a ‘top-hat’ 

characteristic function. In a single dimension, the top-hat characteristic function is 

given by  

( ) ( )( ) ( )( )ppppp lxxlxxHxχ +−−−−=  (3-28) 

where lp is the half length of the material point and H(x) is the Heaviside function  
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Figure 3-3 (a) Effective shape function and (b) Gradient of the effective shape function used 

in traditional MPM 

If the piecewise linear shape function given in Eq. 3-25 is used, through the 

convolution defined in Eq. 3-23, the effective shape function of GIMP can be written 

as 
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The gradient of this effective shape function is given as 
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The one-dimensional effective shape function and its gradient for GIMP are shown 

in Figure 3-4. The larger influence region and continuous first order gradient of this 

spline effective shape function improves accuracy and stability of GIMP over the 

traditional MPM. However, this improvement is at a price of higher computational 

cost as a higher order effective shape function is used. 

 
Figure 3-4 (a) Effective shape function and (b) Gradient of the effective shape function used 

in GIMP 
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When using the GIMP, one further consideration is whether the size of the material 

point should be fixed when constructing the effective shape function. This has been 

discussed by Bardenhagen and Kober (2004); more recently, Sadeghirad et al. (2011) 

proposed a converted particle domain interpolation in which the shape of the 

material point is considered. However, as tracking the shape of material point would 

inevitable further increase the computational cost and may lead to numerical 

difficulties such as collapse of a material point, the approach of a fixed material 

point size is employed in this thesis.  

3.3 Uintah MPM software 

The Uintah Computational Framework is a set of software components and libraries 

originally developed by the Centre for Simulation of Accidental Fires and 

Explosions (C-SAFE) of Utah University. The Uintah MPM code is one of the main 

subsets of Uintah. It not only contains a parallelised implementation of both explicit 

and implicit dynamic MPM algorithms, but also provides an extensive code library 

with various simulation components such as the essential and natural boundary 

conditions, contact algorithms, constitutive models, data achievers and simulation 

controllers. The algorithm development and MPM simulations in the thesis are based 

on the Uintah framework.  

3.3.1 Installation and running of Uintah software 

The components of Uintah are developed using several programing languages 

including C, C++ and FORTAN. Uintah can be compiled in either a Linux-based 

platform (such as Debian, Ubuntu, Fedora and CentOS) or Mac OS. Unfortunately, 

the Windows platform is currently not supported. The detailed installation 

procedures can be found in the Uintah Installation Guide v1.5.  

Uintah can be installed individually or in conjunction with the visualization tool, 

VisIt. VisIt is a free interactive parallel visualization and graphical analysis software 

package developed by the Department of Education, USA, under the Advanced 

Simulation and Computing Initiative for viewing tetra-scale scientific data. More 

information about the installation of VisIt is available in the VisIt User Mannual 1.5. 

However, as a Python plugin is required for VisIt to read data generated by Uintah, a 
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working build of VisIt must be installed prior to the installation of Uintah when they 

are installed on the same machine.   

Regardless of the host operation system, the installation of Uintah is usually carried 

out in three steps. The first step is to install the basic dependencies such as Mpi 

(Openmpi, Mpich, or LAM), Blas, Lapack, Make, Hypre and PETSc, etc. This is 

followed by a configuration step to check the computer’s environment and gather 

information about the location of libraries, headers and compliers, which is used in 

the third step when the source code is compiled to generate the executables.  

The executable of Uintah is sus (standing for Standalone Uintah Simulation) used to 

launch simulations using either a single processor or multiple processors. A single 

processor simulation is run from the command line prompt as 

sus input.ups 

where input.ups is an XML formatted input file specifying the model parameters such 

as solver, background mesh dimension, boundary conditions, simulation time, 

material body geometry and constitutive properties. Parallel simulation of Uintah is 

launched as 

mpirun -np num_processors sus input.ups 

in which num_processors specifies the number of processors. In parallel simulation, 

the computational domain is decomposed into a number of patches and the layout is 

specified in the input file. The number of processors invoked in the simulation 

should at least exceed the number of patches specified.  

3.3.2 Implementation of the Uintah MPM software 

This section provides a brief mapping between the computational procedures of the 

MPM algorithm presented in Section 3.3.2 and the software components used to 

perform the computations. To facilitate parallel simulation, the computation is 

carried out in steps known as ‘tasks’. Each task is responsible for acquiring and 

generating data, and performing calculation of that step. These tasks are scheduled 

prior to the execution and a task graph is compiled to enable effective parallel 

computation. The flow chart presented in Figure 3-5 show the essential tasks in an 

incremental step of an explicit MPM analysis with USL technique.  
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Figure 3-5 Typical computation tasks for an incremental step 

To link the tasks to the numerical algorithm, the computation performed in each of 

the tasks is described briefly below. 

• ApplyExternalLoads. This task applies traction boundary condition specified 

in the input file via assigning external force vectors to the material points. 

For instance, the pressure boundary condition is applied is this task. 

• InterpolateParticlesToGrid. This performs the interpolation of mass, velocity, 

and external force vectors from the material points to the nodes of the 

background mesh (Eq. 3-12 to 3-14). It also sets any symmetry boundary 

condition for the velocity field. 
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• ExMomInterpolated. This task is part of the contact computation. After the 

nodal velocity field is established on the background mesh, this task enforces 

the impenetrability condition according to the contact algorithm used. 

• ComputeInternalForce. The nodal internal force vector is obtained as a 

volume integral of the divergence of stress. 

• ComputeAndIntegrateAcceleration. This computes the nodal accelerations 

and time advanced nodal velocities according to Eq 3-15 and 3-16. 

• ExMomIntegrated. This is the second task for contact computation, which is 

used to update the time advanced nodal velocity of the contacting materials 

according to the contact algorithm. 

• SetGridBoundaryConditions. This imposes the boundary conditions in terms 

of the nodal velocities and accelerations. 

• ComputeStressTensor. This task exists in each constitutive model of the code 

library. The computation starts with determining the deformation gradient on 

the material points using Eq 3-17 to 3-19 and ends with updating the stress 

tensor according to the constitutive model. This task also incorporates an 

important additional function in explicit simulation, the calculation of a 

stable time step size for the next incremental step according to the 

Courant-Friedrichs-Lewy condition (Eq. 3-11). 

• InterpolateToParticlesAndUpdate. This task updates the velocities and 

positions of the material points according to Eq 3-20 and 3-21. 

• ParticleRelocation. This task is not part of the MPM algorithm but a 

requirement for parallel computation. It identifies the material points moving 

through the patch boundary and relocates the related data to the appropriate 

processor. 

• EnforceContactCondition. This task applies appropriate contact conditions to 

the nodal velocity field when there is more than one material in the 

computation. The contact algorithm is described in detail in the following 

chapter. 
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3.4 Summary 

The numerical formulation of the material point method has been presented in this 

chapter. The numerical algorithm and computational procedure of an explicit update 

stress last (USL) MPM algorithm used in the present research is described. The 

generalised interpolation material point method (GIMP) is also introduced in detail 

as the GIMP approach is employed here in the MPM analysis.  

This study used the open source software Uintah to conduct MPM simulations, and 

as a starting point for algorithm and software development. The installation and 

running of the Uintah has therefore been documented briefly. A summary mapping 

between the explicit USL MPM algorithm used and its implementation in the Uintah 

software has also been included for reference. 
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Chapter 4  

The Geo-contact Algorithm 

 

4.1 Introduction 

The previous chapter introduced the numerical algorithm and application of the 

material point method, and the open source MPM software - Uintah code. This 

chapter presents a new MPM contact strategy termed Geo-contact algorithm 

developed to facilitate large deformation analysis with typical geotechnical contact 

conditions.  

Based on the widely used MPM friction contact algorithm developed by 

Bardenhagen et al. (2000; 2001), the proposed Geo-contact algorithm (Ma et al.,  

2014) facilitates accurate and robust computation of the contact and friction forces 

between structural elements and soil. A penalty function is incorporated to avoid 

numerical artefacts such as oscillating contact forces induced by artificial impact 

between contacting materials. An alternative friction interface governed by the 

maximum shear stress is also incorporated to simulate partially or fully rough 

contact conditions for clay under undrained conditions.  

The Geo-contact algorithm was implemented in the Uintah code. The accuracy and 

reliability of the Geo-contact algorithm and Uintah MPM software is verified here 

through three plane strain quasi-static simulations: 
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• A cylindrical full-flow penetrometer, T-bar, penetrating into uniform clay 

• Penetration of an on-bottom pipeline into normally consolidated clay 

• Wedge penetration in uniform clay 

In all three cases, the soil undergoes very large deformation. Both smooth and 

frictional interfaces were investigated. The penetration resistance predicted by the 

Geo-contact algorithm was validated by analytical solutions based on plastic limit 

analysis and large deformation FE simulation results using the RITSS approach 

(Wang et al., 2010).  

The run-out of a submarine landslide is accompanied by remoulding of the sliding 

mass as it evolves from very soft clay to fluid-like debris flow. The evolution of the 

slide material is modelled using a von Mises constitutive relationship incorporating 

the effect of strain-rate dependency and strain softening, which is implemented in a 

hyperelastic-perfectly plastic constitutive model in the Uintah software. In the last 

part of this chapter, the Geo-contact algorithm was further assessed together with the 

MPM implementation of strain rate dependency and strain softening using an 

embedded T-bar penetration model. The penetration resistance predicted by the 

MPM simulation was validated by large deformation FE analysis. 

4.2 Contact algorithms in the MPM 

Contact between stiff structural elements such as full-flow penetrometers, pipelines, 

piles, and anchors, and the soil is encountered in many geotechnical problems. A 

typical application in this study is the impact between advancing soil flow of a 

submarine slide and subsea structure, such as a pipeline. Numerical modelling of 

structure-soil contact is a persistent challenge in various numerical methods as it 

often involves impact that would lead to very large material deformation and failure 

of the adjacent soil. 

As a particle based mesh-free method, the MPM handles large material deformations. 

An “automatic” no-slip and no separation contact condition is provided by the 

formulation of MPM and based on that, researchers have developed a number of 

other contact algorithms for different applications (York et al., 1999; 2000; Hu & 

Chen, 2003; Bardenhagen et al., 2000; 2001; Huang et al., 2010; Guilkey et al., 
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2013). One of the most widely used MPM contact algorithms is the friction contact 

algorithm developed by Bardenhagen et al. (2000; 2001). However, this friction 

contact algorithm only supports Coulomb friction law in which the limiting shear 

stress acting on the contact interface is always proportional to the normal stress. 

While the Coulomb friction is sufficient for modelling the frictional behaviour of 

common engineering materials including sand, it cannot easily simulate partially or 

fully rough contact conditions when modelling soil with low permeability (i.e. 

undrained conditions) in total stress analyses, as it is often convenient to specify a 

maximum shear stress along the contact interface in such cases. Moreover, due to the 

numerical artefacts induced by artificial impact, the accuracy of contact force 

computation becomes questionable when the stiffness of the contacting materials are 

very different, such as in the case of structure-soil contact.  

4.2.1 “Automatic” no-slip contact and early developments 

MPM provides an “automatic” contact algorithm inherent to its formulation (Sulsky 

et al., 1994; 1995) that prevents interpenetration between two materials in contact. In 

this contact algorithm, the material point velocities of the contacting materials are 

projected onto the same background mesh and, after time integration, the 

single-valued nodal velocity field is used to update the material point velocities of 

both contacting materials, creating a “tied” contact condition, which allows no-slip 

or separation. The advantage of this contact approach is that the contact detection 

step, which is usually a necessity in FE methods, is totally avoided. However, the 

no-slip and no separation conditions usually lead to an overestimation of the contact 

resistance. For instance, Sulsky et al. (1995) used this approach to model a steel 

sphere impacting an aluminium target at an impacting velocity of 1160 m/s, showing 

that the penetration depth estimated by the MPM is significantly lower than observed 

experimentally. 

Early developments of the MPM contact algorithm have usually focused on relaxing 

this no-slip and no separation condition. These studies have usually taken an 

approach based on multi-nodal velocities (York et al., 1999; 2000; Hu & Chen, 

2003), in which the velocities of the contacting materials are projected to the 

background mesh separately to form their own nodal velocity field. In the approach 
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by York et al. (1999; 2000), while the “automatic” single nodal velocity field is still 

used to impose impenetrability condition when the materials come into contact, the 

contacting materials are allowed to move away from each other in their own nodal 

velocity field if separation is detected. To model the impenetrability condition and 

allow separation in gear contact, Hu & Chen (2003) proposed another multi - nodal 

velocity field approach in which the normal velocity of the contacting material is 

calculated in the common background mesh while the tangential velocity of the 

material is calculated in separated individual background meshes for each contacting 

material. A common drawback of the multi - nodal velocity field approach is that 

despite the success in removing the no-slip and no separation condition, the friction 

between the contacting materials is not considered. 

4.2.2 Bardenhagen friction contact algorithm 

The friction contact algorithm proposed by Bardenhagen et al. (2000; 2001) is by far 

the most popular MPM contact algorithm and represents the state-of-art in MPM 

contact computation. This approach embraces fully the concept of multi-nodal 

velocity fields and formulates both normal and tangential velocity of the contacting 

material on separate individual background meshes. A contact detection step based 

on the differential normal velocity and surface traction of the contacting materials is 

used to determine contact and separation conditions. A crucial improvement of this 

contact algorithm is the modelling of Coulomb friction between the contacting 

materials. The contact force between the materials in contact is calculated from the 

differential nodal velocity on the background mesh. This contact algorithm is 

employed in several MPM programs that are publicly available (Guilkey et al., 

2013b; Nairn, 2003) and has been applied in a few geotechnical simulations 

(Coetzee et al., 2005; Andersen & Andersen, 2010; Zhang et al., 2008; 2009).  

The friction contact algorithm (Bardenhagen et al., 2000; 2001) is used as the 

starting point for the development of the Geo-contact algorithm. The contact routine 

(Figure 4-1) is introduced here for completeness. 
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 Figure 4-1 Flow chart of the friction contact algorithm 

The computation begins with projecting the mass and velocity to the background 

mesh for each material, separately. 
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where superscript j and Nm are respectively the index and total number of materials 

in the vicinity of a node on the background mesh, and the node i is noted as subscript. 

 and  are the nodal velocity vector and nodal mass of material j at the node i.  

 is the mass assigned to a material point of material j,  is the velocity vector 

of a material point of material j, and  is the shape function of node i 

evaluated at material point position . 

The nodal velocities of the contacting materials are updated in their own velocity 

field before enforcing the contact constraint. The nodal acceleration vector  for 

material j at the mesh node i is determined using Eq. 3-15 
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where  and  are the nodal internal and external force vectors of material j 

on the mesh node i calculated at the beginning of an incremental step. As all the 

contact computations are carried out within one incremental step, the superscript k 

used to denote the time step tk in Eq. 3-15 is neglected here for simplification.  

The time advanced nodal velocity  of material j at mesh node i is then 

determined through Eq. 3-16 using an explicit forward Euler method  
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where Δt is the time increment of the current incremental step. 

If the mass of more than one contacting material is detected at node i of background 

mesh, the centre-of-mass velocity , the average velocity of all materials in 
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In principle, any interface between two materials allows different velocities to occur 

for each material type. A contact interface may therefore be defined through 

background mesh nodes at which the velocities of individual materials related to that 

node differ from the centre of mass velocity, i.e. 

0* ≠− cm
i

j
i vv    (4-6) 

Once contact is detected at node i on the background mesh, the surface normal 

vector  and the normal surface traction  of material j are used to distinguish 

contact and separation of the contacting materials. The surface normal vector  is 

determined from the gradient of the nodal mass  of the material j projected on 

the background mesh 
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For a contact mesh node i, the normal surface traction is determined by projection of 

nodal stress, which itself is interpolated from the stress of surrounding material 

points 
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where  is the nodal stress tensor of material j on mesh node i,  is the stress 

tensor of a material point of material j, and  is the gradient of shape 

function of mesh node i evaluated at material point position . 

Contact constraint is enforced when a material approaches its neighbours on the 

normal direction of contact surface and compressive stress is observed in the 

material 
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taking tensile normal tractions as positive; otherwise, free separation takes place. 

The contact constraint is enforced by adjusting the nodal velocities of the materials 

in contact. For contact at node i, the normal and tangential component of the 

differential velocity between material j and the centre-of-mass velocity is determined 

as 
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in which  is the surface tangent on the contact surface defined by the surface 

normal  vector and the relative velocity ( )cm
i

j
i vv −*  along the direction of 

relative motion of the contacting materials determined as 
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The normal contact constraint is applied by assigning the normal component of  

to all materials to enforce the impenetrability condition.  

The contact constraint on the tangential direction is governed by the Coulomb 

friction law. For background mesh node i on the contact interface, the maximum 

differential tangential velocity of material j induced by the friction resistance is 

determined as , in which µc is the Coulomb friction coefficient. If the friction 

resistance is sufficiently large to prevent tangential relative motion i.e. , 

the contacting materials stick together without slip. Otherwise, tangential relative 

motion occurs on the contact interface and the tangential nodal velocities of the 

contacting materials are updated. In computation, this is achieved by defining a 

mobilised friction coefficient µm when updating the tangential nodal velocity  
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Finally, the contact force of material j at the contact mesh node i is determined as   
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mΔv j
i

j
in

j
imj

i
con

Δ

+
=

)1( ω
f

µ    (4-15) 

The overall contact force of a material in contact is calculated from a summary of the 

contact forces at all background mesh nodes in contact. 

4.2.3 Specified contact algorithm 

In general, a contact algorithm defines the interaction of different materials through 

an interface. Therefore other than the general contact algorithms designed for 

modelling interaction between two or more deformable, non-interpenetrable 

materials, the contact computation can also be used to model the interaction between 

different phases of the same material or imposing a moving boundary condition. The 

so-called “specified contact” is such a contact algorithm, which has been used to 

provide moving boundary conditions in MPM (Guilkey et al., 2013b).  

In the specified contact algorithm, one of the contacting materials is defined as the 

master material. The master material is designed to not deform or develop a stress 

throughout the simulation but simply works as a holder of the velocity profile given 

as the initial condition. Depending on the load curve, either a linear or non-linear 

velocity profile can be specified for the master material. The specified velocity 

profile is held by the material points of the master material until they reach the 

computational boundary or the simulation time is reached. In each time increment, 

the specified velocity at this time point is interpolated from the master material to 

surrounding nodes on the background mesh and passed on to the deformable slave 

materials, result in a specified displacement for the time increment and consequently, 

a moving boundary condition. The shortcoming of this specified MPM contact 

algorithm is that the specified velocity is not projected to the normal and tangential 

directions of the contact surface when enforcing the contact constraint. Therefore, it 

only provides a tied moving boundary condition that cannot account for more 

sophisticated contact behaviour such as slip on the tangential direction or separation.  
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4.3 Normal contact constraint of the Geo-contact algorithm 

The Geo-contact algorithm is developed to facilitate MPM analysis of large 

deformation problems with common geotechnical contact conditions. The main 

advance of the Geo-contact algorithm is to introduce a penalty function in the normal 

contact constraint, which is used to diminish numerical artefacts, such as artificial 

oscillation in the contact force occurring in the contact computation. 

4.3.1 Artificial impact 

In the traditional friction contact algorithm (Bardenhagen et al., 2000; 2001), the 

contact initiates when the mass of more than one contacting materials are projected 

onto a single background mesh node. The centre-of-mass velocity, the average 

velocity of all contacting materials in the vicinity of the mesh node, is then applied 

to all materials in contact to enforce the impenetrability condition. While this 

arrangement is sufficient to ensure smooth enforcement of the contact constraint 

under normal contact conditions, i.e. when the materials in contact have similar 

stiffness and the differential velocity is not significant, it does not avoid oscillations 

in the contact forces due to artificial impact at the contact interface when one of the 

contacting materials is much stiffer than the other or when one contacting material 

collides with another at high velocities.  

The contact between a structural element and soil is considered here (see Figure 4-2). 

In an incremental step, as the simulation advances from time t to t + Δt, the structure 

material points move across the boundary of a background mesh element and the 

mass of each structure node is first projected to mesh nodes previously solely 

occupied by soil mass. The contact constraint is enforced on these new contact mesh 

nodes and the centre-of-mass velocity calculated using Eq. 4-5 is imposed on the soil 

to enforce the impenetrability condition. This procedure introduces a sudden change 

of nodal velocity for the soil and creates an out-of-balance impact force on those 

contact mesh nodes; this is described here as an artificial impact as it is induced by 

the numerical computation rather than an actual physical collision between the 

contacting materials.  
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Figure 4-2 Artificial impact at the contact interface 

Generally, the artificial impact observed on a single contact mesh node is not a 

problem as the mass of structure element projected to that mesh node is small and 

therefore, the magnitude of centre-of-mass velocity is low. Consequently, the 

impact-induced change of soil velocity on that mesh node is trivial and the 

out-of-balance impact force is not sufficient to cause a significant change in the 

overall contact force calculated over the entire contact interface. However, the 

artificial impact would become a significant problem when the out-of-balance impact 

force is substantial, which could be induced by either a high colliding velocity of the 

materials in contact or large mass density of the structure element, while the latter is 

usually assumed when simulating a moving boundary in quasi-static problems.  

4.3.2 The penalty function 

The proposed Geo-contact algorithm introduces a penalty function in the normal 

contact constraint to diminish the artificial oscillation in the contact force. The key 

concept of the penalty approach is to allow marginal interpenetration between the 

contacting materials to avoid artificial impact. In this approach, the impenetrability 

condition is not fully enforced when the contact is first detected at a background 

mesh node. Instead, a penalty function based on the distance between the contact 
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mesh node i and the surface of the stiffer contacting material is used to adjust the 

normal differential velocity to avoid unrealistic high accelerations due to the 

artificial impact; the penalty factor fp is applied as 

  j
inp

j
in vfv Δ=Δ '  (4-16) 

in which j
inv'Δ  is the modified normal differential velocity. 

If the distance between the mesh node i and the surface of the stiffer material is s, the 

penalty factor fp for this node is selected as 

  
K

p h
hsf ⎟
⎠

⎞
⎜
⎝

⎛−=
),min(1  (4-17) 

in which h is the dimension of the square element of the background mesh and K is 

the penalty power.  

Since the material boundaries and contact interfaces are not tracked explicitly in 

MPM, the distance s is approximated by s', the distance between contact mesh node i 

and the closest material point of the stiffer contacting material (Figure 4-3).  

 

 
Figure 4-3 Distance s' between contact mesh node i and nearest material point of the stiffer 

material used to determine the penalty factor 
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A sweep of all material points of the stiffer material with mass projected on the mesh 

node i is sufficient for determining s'. Replacing s with s' not only improves the 

computational efficiency but also enables easy detection of the distance when the 

structural element has irregular geometry other than the circle illustrated in Figure 

4-3. At a given background mesh node on which contact is detected via normal 

velocity difference and compressive stress criterion, the penalty function is applied. 

As shown in Figure 4-3, when the distance s' is greater than the background mesh 

dimension h, no contact constraint is enforced, i.e. the penalty factor fp = 0. Once the 

distance is within the mesh dimension h, contact occurs and a small value of fp close 

to zero is assigned to avoid non-physical impact. As the contacting materials move 

closer to the mesh node in contact, the penalty factor fp is increased quickly through 

Eq. 4-16 to the maximum fp = 1 to provide sufficient resistance to prevent 

interpenetration. Essentially, the contact is changed from the δ-function impact to a 

smooth variation of the normal velocity.  

The contacting materials are allowed to interpenetrate each other marginally in the 

Geo-contact algorithm. However, with optimal selection of the penalty power K, the 

interpenetration is limited to a very low level while the accuracy of the computation 

is effectively improved. Three penalty factors shown in Figure 4-4, with power K = 4, 

6 and 8, will be evaluated in this chapter. 

 

Figure 4-4 Penalty function curves with power K = 4, 6 and 8 
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The penalty function defined in Eq. 4-17 is in terms of 2D square elements. 

Modification may be necessary if rectangular or triangular elements are used in the 

computation. 

4.3.3 Surface normal vector 

In the friction contact algorithm proposed by Bardenhagen et al. (2000; 2001), the 

normal vectors of the contact surface are determined separately for each contacting 

material according to Eq. 4-7. However, Huang et al. (2010) suggested that the 

normal vectors of the contact surface determined for different contacting materials 

may not satisfy the co-linearity condition and consequently may lead to 

non-conservation of momentum of the contact algorithm. They also proposed three 

rules to avoid this problem. Suppose two materials 1 and 2 are in contact at node i of 

the background mesh and their normal vector is noted by 1
in and 2

in  

• If material 1 is stiffer than material 2, let 11
ii nn =  and 12

ii nn −=  

• If material 1 has a flat or convex surface and material 2 has a concave surface, 

let 11
ii nn =  and 12

ii nn −=  

• If none of the above is applicable, the averaged normal vectors of material 1 

and material 2 can be used, i.e. 
( )

21

21
21

ii

ii
ii nn

nn
nn

−

−
=−=  

In the Geo-contact algorithm, as the structure element is always much stiffer than the 

soil, the contact surface normal vectors of the structure element is used for the 

contact computation. 

4.4 Friction interface of the Geo-contact algorithm 

In addition to the penalty function applied to normal contact constraint, the 

Geo-contact algorithm also incorporates the limitation of maximum shear stress on a 

(nominally) frictional interface to model partial or fully rough contact condition in 

geotechnical problems.  
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4.4.1 The maximum shear stress at contact interface 

In the MPM friction contact algorithm (Bardenhagen et al., 2000; 2001), according 

to the Coulomb friction law, the tangential stress acting on the contact interface is 

always proportional to the normal stress. However, in geotechnical simulations 

involving soils of low permeability, it is often convenient to specify a maximum 

shear stress that may be mobilised along the contact interface, irrespective of the 

normal stress. Therefore, when modelling clay under undrained conditions as an 

elastic-perfectly plastic material, the shear stress on the structure-soil interface may 

be limited to 

  us⋅=ατmax  (4-18) 

where τmax is the maximum shear stress along the contact interface, α is the limiting 

shear stress ratio, ranging from 0 to 1, and su is the undrained shear strength of the 

soil.  

In numerical methods such as FE, implementation of a maximum shear stress along 

the Coulomb friction interface is usually achieved by combining the Coulomb 

friction (typically with a high friction coefficient µc) and the limitation of maximum 

shear stress τmax. Therefore, a potential approach for incorporating the maximum 

shear stress on the frictional interface is to define the mobilised friction coefficient as 

  ⎟
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it
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where σni is the magnitude of normal stress acting on the contact surface at mesh 

node i. The relation outlined by Eq. 4-19 is illustrated in Figure 4-5. As long as the 

tangential stress τi is less than maximum shear stress τmax, the friction force is 

proportional to the normal contact force applied according to the Coulomb friction 

law. However, once the maximum shear stress is reached, µc should be replaced with 

the ratio of the maximum shear stress to the magnitude of normal stress on the 

contact interface.  
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 Figure 4-5 Maximum shear stress incorporated to Coulomb friction law 

The magnitude of normal stress acting on the contact mesh nodes is required to carry 

out the computation described in Eq. 4-19. However, in MPM, the calculation of 

normal stress acting on the contact mesh nodes is not straightforward. Firstly, the 

normal stress acting on a contact mesh node cannot be approximated using the 

normal surface traction on that node. In MPM, the normal surface traction at a mesh 

node is obtained from projection of nodal stresses (Eq. 4-8), which are themselves 

interpolated from the stresses of the surrounding material points (Eq. 4-9). Therefore, 

the normal surface traction is an internal traction of the material related to the 

internal force. On the other hand, the normal stress acting on the contact surface at a 

mesh node is related to the normal contact force, which can be derived from Eq. 4-15 

by neglecting the tangential term  

  
t
mv j
i

j
inj

i
con
n Δ

Δ
=f  (4-20) 

By inserting Eq. 4-3, 4-4 and 4-11 in Eq. 4-20, the normal contact force of material j 

at contact mesh node i can be decomposed as 
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(4-21) 

The above relation (Eq. 4-21) indicates that the normal contact force j
i

con
nf  at a 

contact mesh node i can be decomposed into two components. The first part, 

( ) j
i

j
i

intj
i

ext nff ⋅+ , is to balance the normal components of the internal and external 

force calculated at the beginning of an incremental step; and an additional part 

calculated as ( )
t

m j
i

j
i

cm
i

j
i

Δ
nvv ⋅−  is to compensate the normal differential velocity 

between the nodal velocity of material j and centre of mass velocity of all contacting 

materials at the mesh node i. Therefore, the normal surface traction on a contact 

mesh node can only be used to approximate the normal stress in very exceptional 

cases, i.e. when no external force is observed on the contact mesh node, and the 

contacting materials are moving with the same normal velocity. Under all other 

circumstances, the normal stress on the interface should be determined directly from 

the normal contact force. 

4.4.2 Implementation of maximum shear stress 

As described in the previous section, to combine the limitation of maximum shear 

stress and the Coulomb friction law in MPM contact computation, the normal stress 

at contact mesh nodes is required to determine the mobilised friction coefficient in 

Eq. 4-19. Under most circumstances, the normal stress at a contact mesh node should 

be calculated directly from the magnitude of normal contact force and the area of 

local contact surface at this mesh node 

  
i

j
in

in A

f
=σ  (4-22) 

where Ai is the area of local contact surface at mesh node i. Hence, the magnitude of 

friction force induced by the maximum shear stress can be determined as 
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where  is the nodal friction force of material j on contact mesh node i. The 

direction of friction force is taken as opposite to the relative motion. It is clear from 

Eq. 4-23 that the computation taken to determine the magnitude of friction force on a 

contact mesh node is equivalent to applying the maximum shear stress directly to the 

contact surface at the mesh node. 

However, in MPM contact computations, the determination of the area of local 

contact surface at a mesh node is not straightforward. In the Geo-contact algorithm, 

the penalty function changes the normal contact constraint from δ-function type 

impact to a smooth variation of normal velocity, marginal interpenetration of the 

contacting materials is allowed, and the numerical oscillation in computed contact 

force induced by the artificial impact is effectively removed. However, as a 

by-product, the tolerance to interpenetration also induces an ambiguous contact 

interface, which poses a significant challenge when determining the area of contact 

surface at a mesh node.  

Consider the contact interface of sliding soil and rigid base shown in Figure 4-6. Due 

to the interpenetration allowed, the normal contact force is distributed on two contact 

mesh nodes, i.e. node 1 and 2 in the highlighted area. In other words, the local 

contact interface is made of two contact mesh nodes. The distribution of normal 

contact force poses no problem when the frictional interface is governed by the 

Coulomb friction law, as the friction force is always proportional to the normal 

contact force. As long as the normal contact force is correctly calculated, the right 

amount of friction force will be applied (Figure 4-6). However, the distribution of 

normal contact force becomes a problem when the frictional interface is governed by 

the maximum shear stress, as the area of contact surface is used to determine the 

friction force (Eq. 4-23). For instance, the area of local contact surface should be 

distributed to two contact mesh nodes as highlighted in Figure 4-6. A simple 

pre-specified distribution of the area of local contact surface is not feasible as the 

number of contact mesh nodes carrying normal contact forces varies along the 

contact interface. As the interpenetration of contacting materials is accumulated over 

j
if
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the simulation, the degree of interpenetration varies at different locations of the 

contact interface at different stages of the simulation, therefore the local contact 

interfaces could consist of one, two, or even three contact mesh nodes. 

 

Figure 4-6 Coulomb friction on contact interface with interpenetration  

An alternative approach is to apply the maximum shear stress only on the contact 

mesh nodes on the boundary of a material. Consider the local contact interface 

consist of two contact mesh nodes as shown in Figure 4-7. When slip between the 

contacting materials occurs, the friction force is only applied to the top node, Node 1, 

as this node marks the boundary of the soil. The magnitude of nodal friction force is 

calculated using Eq. 4-23 with the area of contact surface at the boundary mesh node 

i determined as 

  2
i hA =  (4-24) 

where h is the dimension of the hexahedron background mesh element. The area of 

local contact surface is derived under the assumption that the maximum shear stress 

is acting on a single face of the hexahedron element. The area determined in Eq. 

4-24 can also be used in plane strain simulation as, in the Uintah code, plane strain 

conditions may be achieved by carrying out a simulation that is one element thick in 

the direction normal to the plane (Guilkey et al., 2013).  The symmetric boundary 
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condition, which allows free lateral movement but prevents penetration, is applied to 

both faces of the plane. The mesh node on the boundary of a material is identified 

using nodal mass; the details will be described in Section 4.4.3. 

 

Figure 4-7 The alternative approach to apply the maximum shears tress contact mesh nodes 

on material boundary 

The limitation is a maximum shear stress cannot be incorporated in the Coulomb 

friction law in this approach, as it is impossible to ensure a smooth transition from 

the Coulomb friction force to a friction force governed by the maximum shear stress. 

In the Geo-contact algorithm, the contact computation is carried out in one sweep of 

all the background mesh nodes. As the Coulomb friction force is applied to all the 

contact mesh nodes bearing normal contact force and the maximum shear stress is 

only applied to the contact mesh nodes on the material boundary, it is impossible to 

remove the Coulomb friction force on contact mesh nodes inside the material when 

the maximum shear stress is reached on the boundary nodes.  

Therefore, instead of incorporating the limitation of maximum shear stress in the 

Coulomb friction law, the Geo-contact algorithm provides separate treatments for 

either a frictional interface governed by the Coulomb friction law or for a maximum 

shear stress. The traditional Coulomb friction law is employed to model the friction 

force between common engineering materials, including the sand in geotechnical 
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applications. An alternative friction interface governed by the maximum shear stress 

along the contact interface is created for modelling clay under undrained conditions. 
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As shown in Eq. 4-25, the magnitude of friction force on the contact interface is 

capped by the maximum shear stress. As long as the tangential stress τi along the 

interface is less than the maximum shear stress τmax, the friction force of magnitude 

of  is applied to prevent tangential slip of the contacting materials along 

the interface. However, once the maximum shear stress is reached on the contact 

mesh nodes on the material boundary, lateral slip occurs and the friction force with 

the magnitude of τmax·Ai is applied to simulate the maximum shear stress on the 

contact interface. 

4.4.3 Boundary mesh nodes identified using nodal mass 

To accurately model the friction force acting on the contact interface when governed 

by the maximum shear stress, in the Geo-contact algorithm, an alternative stick-slip 

friction interface is proposed. In this approach, the maximum shear stress is applied 

only to the contact mesh nodes on the boundary of a material.  

A simple boundary node detection based on the nodal mass is proposed here. 

Consider a rectangular material discretised as a cluster of material points shown in 

Figure 4-8a, a mesh node inside the material (enclosed by the red lines) is typically 

fully surrounded by material points and hence has a large nodal mass; these nodes 

are defined as inside nodes with “full nodal mass”. For mesh nodes on the material 

boundary (in-between red lines and green line), the material points are usually 

located on just one side of the nodes and thus the nodal mass is only a fraction of the 

“full nodal mass”. Therefore, the boundary nodes can be identified through 

specifying a mass threshold against the “full nodal mass”. In the computation, the 

contact mesh nodes with nodal mass under the threshold are identified as contact 

mesh nodes on material boundary and the maximum shear stress is applied. 

Otherwise, the contact mesh nodes are considered as mesh nodes inside the material 

that can carry only normal contact force. Similar to the selection of the surface 

tmv j
i

j
it ΔΔ
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normal vector discussed in Section 4.3.3, the boundary mesh nodes of the stiffer 

material (i.e. structure element) are used in the contact computation, as the stiffer 

material is more likely to retain its original shape in the contact. For the rectangular 

material body shown in Figure 4-8a, the material boundary detected with a nodal 

mass fraction of 0.50 (highlighted with black lines) is illustrated in Figure 4-8b. 

 

Figure 4-8 Material boundary detected through nodal mass 

For materials with more complex geometry, it is usually necessary to use a nodal 

mass threshold slightly over 0.50 to account for different layout of material points at 

the material boundary. For instance, the material boundaries for (a) a triangle with 

lines not aligned to the axes of background mesh and (b) a quarter of a circle, 

detected with a nodal mass fraction of 0.51, are shown in Figure 4-9. As shown in 

this figure, the material boundary marked by the transition of colour effectively 

distinguishes the mesh nodes inside and outside the material body. 
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(a)  The boundary mesh nodes of a circular geometry identified with a nodal mass threshold 

of 0.51. 

 

(b)  The boundary mesh nodes of a stepping geometry identified with a nodal mass 

threshold of 0.51. 

Figure 4-9 The boundary mesh nodes of a circular (a) and a stepping geometry (b) identified 

with the nodal mass threshold of 0.51 
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4.5 Embedded T-bar penetration in uniform clay 

A T-bar is a slender-shafted cylinder penetrometer used to measure the strength of 

clay, particularly in soft seabed sediments (Stewart & Randolph, 1994). The 

penetration of a pre-embedded T-bar in uniform clay model was used as a starting 

point for validation of the Geo-contact algorithm and Uintah. This model was also 

used to explore appropriate model parameters for quasi-static simulation, such as the 

penetration (or displacement increment) rate of the T-bar, density of the background 

mesh and penalty factors used in the penalty function. 

The T-bar penetration simulations were carried out in 2D plane strain conditions, 

which were achieved by carrying out a simulation that is one element thick in the 

direction normal to the plane (Guilkey et al., 2013). The symmetric boundary 

condition, which allows free lateral movement but prevents penetration, was applied 

to both faces of the plane. As shown in Figure 4-10, the T-bar is “wished in place” 

following Randolph & Andersen (2006). The T-bar was simplified as a rigid body by 

forcing all material points to move at the same velocity and projecting this velocity 

onto the surrounding background mesh nodes. The T-bar, with a diameter of 

D = 0.04 m was buried within the soil with an initial embedment of 3D (measured 

from the T-bar centre to the soil surface). The horizontal and vertical dimensions of 

the soil were 5D and 7D, respectively. By taking advantage of geometric symmetry, 

only half of the T-bar and soil was modelled to reduce the computational costs. The 

left face of the model was assumed as the plane of symmetry. The symmetric 

boundary condition was also applied to the bottom and right faces to create a 

boundary that allows lateral slip but prevents penetration. The top face of the model 

was modelled as a free boundary. The material points are deleted from the 

computation once they pass this boundary. Initially, the dimension of the square 

background mesh element was selected as h = 2×10-3 m, which corresponds to 20 

elements under the diameter of the T-bar (i.e. h = 0.05D). 

To capture the stress accurately, four material points arranged in a 2×2 formation (i.e. 

2 material points on each dimension of the square element) were assigned to the soil 

material as recommended by Guilkey et al. (2013). This resolution of material points 

was used for soil in all MPM simulations throughout this thesis unless otherwise 

specified. However, a higher resolution of 16 material points arranged in a 4×4 
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formation per square element was assigned to the T-bar to obtain a better 

approximation of the circular geometry for contact detection. In the simulation, 

although no gravity force was applied directly to the soil, an overburden pressure of 

9.6 kPa was applied on the soil surface to simulate an initial embedment depth of 

40D. This was sufficient to ensure full flow conditions around the T-bar (i.e. with no 

cavity forming above the T-bar). This surcharge pressure was also applied to all 

embedded T-bar penetration models in the following sections of the thesis. 

 

 Figure 4-10 The T-bar penetration into uniform clay model 

The soil is modelled as uniform clay using an elastic-perfectly plastic constitutive 

law with the von Mises yield criterion. The constitutive properties of the soil were: 

undrained shear strength su = 2 kPa (for plane strain conditions) and shear modulus G 

= 167su. A Poisson’s ratio of 0.49 was used to approximate constant volume of soil 

under undrained conditions. The unit weight of soil was taken as γ' = 6 kN/m3 to 
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represent submerged conditions. These material parameters, as listed in Table 4-1, 

were used for soil in all MPM simulations in this thesis unless specified otherwise.  

Table 4-1 List of material parameters 

Undrained shear strength su 2 kPa 

Shear modulus G 167.8su 

Poisson’s ratio υ 0.49 

Submerged unit weight γ' 6 kN/m3 

 

The simulation results are presented in three parts. The first part explored 

appropriate selection of model parameters for quasi-static MPM simulations, such as 

the penetration or incremental displacement rate of the T-bar penetrometer and the 

resolution of the background mesh. The second part investigated the effect of 

different penalty factors in the penalty function. While in the first two parts a smooth 

contact interface was assumed for simplicity, the maximum shear stress interface 

was verified for both fully rough and partially rough conditions in the third part.  

4.5.1 Selection of MPM parameters 

In the forward Eulerian explicit MPM computation, the penetration rate is essentially 

the incremental displacement per time step, with the latter controlled by the 

Courant-Friedrichs-Lewy condition with Courant number of 0.5 for explicit 

integration scheme. As the simulation was focused on the static response of the T-bar, 

the penetration rate in the explicit MPM computation must be sufficiently slow to 

avoid any inertia effects. To ensure the penetration rate was sufficiently slow to 

approximate a quasi-static condition, the model was first verified using two different 

penetration rates of 0.125 D/s and 0.05 D/s. These penetration rates correspond to 

incremental displacements of T-bar at 8.8×10-6D and 3.5×10-7D per time step 

respectively. The penalty factor used in these simulations were calculated with a 

power of K = 6 in Eq. 4-17.  

The penetration resistance obtained from MPM computation using the Geo-contact 

algorithm is compared with solutions from plasticity limit analysis (Randolph & 

Houlsby, 1984; Martin & Randolph, 2006) and the results of large deformation FE 
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simulations based on RITSS (Wang et al., 2010a; 2010b; 2013). The same model 

dimensions, constitutive properties and boundary conditions are employed in the FE 

simulations. The penetration resistance V is normalised against the soil shear strength 

and the diameter of the T-bar, i.e. Nc = V/suD. The results are presented in 

normalised resistance-displacement curves as shown in Figure 4-11.  

 

Figure 4-11 Normalised resistance-displacement curves of smooth T-bar penetration at 

different penetration rates 

As shown in this figure, the penetration resistance predicted using a penetration rate 

of 0.125 D/s is only ~2% higher than that for 0.05 D/s, which suggests that any 

inertia effects are slight for both cases. As the penetration rate of 0.125 D/s 

(incremental rate of 8.8×10-6D per time step) is sufficiently low to obtain quasi-static 

solutions within the explicit scheme, it was used in the following MPM calculations 

for T-bar to save computational cost. For a smooth T-bar, the bearing capacity factor 

predicted by MPM agrees well with the results of large deformation FE simulation 

and solutions of limit analysis (upper bound 9.20 and lower bound 9.14). As shown 

by the soil nodal velocity vectors in Figure 4-12, the soil flows fully localised around 

the T-bar, indicating a rotational flow mechanism similar to that derived from upper 

bound analysis (Martin & Randolph, 2006). 
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Figure 4-12 Soil nodal velocity vectors around the smooth T-bar 

In MPM, as the computations are performed on the background mesh and the 

material points are just used for carrying forward information, the accuracy of the 

computation depends on the resolution of the background mesh. To ensure 

convergence of the results, a parametric study with regard to background mesh 

resolution was necessary. To investigate the effect of background mesh resolution, 

two more simulations with mesh dimension of h = 0.033D and 0.1D were performed 

to compare with the mesh dimension of h = 0.05D used in the above calculations, 

while maintaining the penetration rate of 0.125 D/s. The normalised penetration 

resistance curves with three different background mesh dimensions are presented in 

Figure 4-13. 
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Figure 4-13 Normalised resistance-displacement curves of smooth T-bar penetration with 

different background mesh dimensions 

While the ultimate resistance obtained from the coarse model with background mesh 

dimension of h = 0.1D is ~7% higher than the upper bound solution of Nc = 9.20, the 

resistances predicted using two finer background meshes achieve good agreement 

with the result of limit analysis. This comparison indicates that, in order to achieve 

accurate results, a relatively fine background mesh is necessary to invoke a sufficient 

number of material points and mesh nodes to discretise the circular geometry of the 

T-bar, hence leading to a better approximation of the contact interface. 

4.5.2 Selection of penalty power 

In the Geo-contact algorithm, the penalty function proposed in Eq. 4-17 changes the 

δ-type contact to a smooth variation of contact velocity to avoid impact. As shown in 

Figure 4-4, the shape of the penalty function is determined by the penalty power K 

and consequently, the different values of K will lead to different contact stiffness. A 

higher penalty function power K will lead to a stiffer contact interface that ensures a 

lower degree of interpenetration; however, this stiffer contact interface may be less 

effective in diminishing numerical artefacts induced by artificial impact. Hence, in 

addition to the previous simulations, which adopted K = 6, further analyses were 
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undertaken using K = 4 and 8, in order to explore the robustness of the penalty 

function. The penetration resistances obtained with different penalty power K are 

shown in Figure 4-14.  

 

Figure 4-14 Normalised resistance-displacement curves of smooth T-bar penetration with 

different penalty function power 

The numerical fluctuation becomes more significant when the penalty function 

power is increased to K = 8 as a result of the stiffer contact constraint, although still 

not as pronounced as the oscillations observed without the penalty function. The 

penetration resistance for K = 4 is marginally lower than that for K = 6, due to the 

higher degree of interpenetration allowed. Therefore, it is suggested that a penalty 

function power as K = 6 represents a suitable compromise, limiting both 

interpenetration of the contacting materials and numerical oscillations. 

4.5.3 The maximum shear stress at contact interface 

The penalty function was validated thoroughly in the above calculations in terms of a 

smooth T-bar. In this section, the performance of Geo-contact algorithm is studied 

for different magnitudes of maximum shear stress when modelling partially and fully 

rough contact conditions. As described in Section 4.4, when performing total stress 
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analysis of clay under the undrained conditions, as an alternative approach, the 

friction interface in Geo-contact algorithm is governed by the limitation of the 

maximum shear stress instead of the Coulomb friction law. This approach creates a 

stick-slip boundary. The contacting materials stick together when the shear stress 

along the contact interface is under the threshold of the maximum shear stress, 

however, once the maximum shear stress is reached, slip occurs and the friction 

force on the contact interface is determined from Eq. 4-23 as the product of the 

maximum shear stress and the area of local contact surface.  

In the MPM computations, both fully rough (α = 1) and semi-rough (α = 0.5) contact 

conditions were analysed. The nodal mass threshold of 0.51 (as shown in Figure 4-9a) 

is used to identify the contact mesh nodes on the boundary of T-bar. The penetration 

resistance obtained using the Geo-contact algorithm is compared with the upper 

bound solutions of plastic limit analysis (Nc = 11.94 for α = 1 and Nc = 10.83 for α = 

0.5) (Martin & Randolph, 2006) and results of large deformation FE analysis in 

Figure 4-15.  

  

Figure 4-15 Normalised resistance-displacement curves of frictional T-bar penetration with 

fully rough (α = 1) and semi-rough (α = 0.5) interface 
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The penetration resistance predicted by MPM simulations agrees well with the upper 

bound solution and results of FE analysis for the fully rough (α = 1) contact 

condition, with an overestimation around 3%. For semi-rough T-bar (α = 0.5), the 

MPM predicts a marginally higher resistance (4%) than FE but matches well with 

the upper bound solution. 

4.6 Pipeline penetration of normally consolidated clay 

In addition to the embedded T-bar penetration simulations, the Geo-contact 

algorithm was further verified by modelling penetration of an offshore on-bottom 

pipeline into normally consolidated clay (Figure 4-16).  

 

Figure 4-16 Pipeline penetration into normally consolidated clay model 

The material properties listed in Table 4-1 were used except for the undrained shear 

strength. By contrast, with the uniform soil adopted for the T-bar penetration 

analysis, the undrained soil strength in this case was assumed to increase linearly 

with depth z. The strength at the soil surface was taken as sum = 3 kPa, and strength 
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gradient 1.2 kPa/m (i.e. su = 3 + 1.2z kPa). The geostatic stresses induced by the 

self-weight of soil were considered, with coefficient of earth pressure at rest of 1. 

The pipeline was simplified as a rigid body with a diameter of D = 0.8 m. The 

pipeline-soil interface was taken either as completely smooth or as partially rough. 

The soil extensions on the horizontal and vertical directions were both 5D. The 

background element dimension of h = 0.025D and penalty power of K = 6 were used. 

The penetration rate was taken as 0.125 D/s (incremental rate of 4.4×10-6 D per time 

step). 

The penetration resistance predicted using Geo-contact algorithm is compared with 

results obtained from large deformation FE analysis for a smooth pipe in Figure 4-17. 

The results based on the friction contact algorithm by Bardenhagen et al. (2000; 

2001) are also marked in the figure as “without Geo-contact”, which represents no 

penalty function for a smooth pipe. As the pipeline is assumed to be a rigid body 

moving at a constant velocity throughout the whole simulation, Bardenhagen’s 

contact scheme is modified by reassigning the original penetration velocity to the 

pipeline particles at the beginning of each time increment and use the surface normal 

of the pipeline for the contact pair.  

 

Figure 4-17 Normalised resistance profiles of smooth pipe in normally consolidated clay 
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As shown in Figure 4-17, the penetration resistances predicted by the MPM 

computation with Geo-contact algorithm and large deformation FE analyses are 

close to each other. Although the penetration resistance predicted by the Geo-contact 

is slightly more oscillative than the FE results, the numerical oscillation is of similar 

magnitude to that observed in T-bar penetration simulations. In contrast, the MPM 

model without the Geo-contact algorithm underestimates the magnitude of 

penetration resistance by ~8% and exhibits more significant numerical oscillation. 

For a partially rough pipe, the penetration resistances predicted by MPM simulations 

with interface friction force governed by either Coulomb friction law (µc = 0.3) or 

the limitation of the maximum shear stress (τmax = 0.3sum = 0.9 kPa) were compared 

to that obtained from FE analysis in Figure 4-18. In the MPM computation governed 

by the maximum shears tress, a nodal mass threshold of 0.51 is used to identify the 

boundary contact nodes of the T-bar. The penetration resistance profile predicted by 

the specified contact is also plotted in Figure 4-18.  

 

Figure 4-18 Normalised resistance of partially rough pipe in normally consolidated clay 

As shown in this figure, again, good agreement is observed between the MPM and 

FE results. The MPM simulation with the specified contact algorithm overestimated 

the magnitude of penetration resistance by ~25% since no tangential slip is allowed 
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once the materials come into contact. For the MPM simulations using the 

Geo-contact, the computation governed by the Coulomb friction law (with friction 

coefficient of µc = 0.3) predicted a similar resistance up to a penetration depth of 

0.1D to that obtained from the simulation controlled by the maximum shear stress 

(with τmax = 0.9 kPa and a nodal mass threshold of 0.51). Beyond that, the 

penetration resistances diverge by about 10%. This demonstrates the advantage of 

the alternative friction interface in the Geo-contact algorithm (governed by the 

maximum shear stress) when applied to total stress analysis of clay under the 

undrained conditions. The MPM curve based on the Geo-contact also exhibits 

slightly pronounced oscillation than without Geo-contact or using the specified 

contact algorithm. 

The comparisons in Figure 4-17 and 4-18 highlight the benefits of the penalty 

function approach, which limits any impact effect, and resulting oscillations of force, 

through choice of an appropriate penalty power, especially for the smooth pipe. In 

addition, the introduction of maximum shear stress into the Geo-contact algorithm 

leads to a more accurate estimation on penetration resistance of the partially rough 

pipe.  

4.7 Wedge penetration of uniform clay 

The structural element used in the previous computations, i.e. the T-bar and pipeline, 

share the same circular geometry. To demonstrate the applicability of the 

Geo-contact algorithm for different geometries, a wedge penetrating into uniform 

clay was studied (Figure 4-19). The wedge was idealised as a rigid body with an 

apex angle of 60 degree. The soil domain extended 0.125 m and 0.08 m in the 

horizontal and vertical directions, respectively. The soil dimension is sufficient as 

the wedge penetrates to a depth of only 0.03 m. Only half of the wedge and soil was 

modelled. The background element dimension was taken as h = 1.25×10-3 m, which 

corresponds to ~15 cells under the effective semi-width of the wedge L at the 

maximum penetration depth of 0.03 m. The same soil properties as listed in Table 

4-1 were used in this simulation except that the undrained shear strength of the soil 

was taken as su = 3 kPa. The incremental penetration rate was taken as 4.4×10-9 m 

per time step.  
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Figure 4-19 Configuration for wedge penetration into uniform clay 

The penetration resistance, V, calculated from MPM simulation was normalised 

against the effective semi-width of the wedge, Lw at the soil surface (as shown in 

Figure 4-21) 

, with   

where z is the depth measured from the wedge tip to the soil surface. 

The penetration resistance predicted using the Geo-contact algorithm is compared 

with results of large deformation FE analysis under both smooth and partially rough 

(α = 0.3) contact conditions (see Figure 4-20). The Coulomb friction is not modelled 

in the MPM simulation with partially rough contact interface as the friction interface 

is governed by the limitation of the maximum shear stress. A nodal mass threshold 

of 0.51 is used to identify the contact mesh nodes on material boundary of the wedge 

(as the triangular geometry is similar to the interface shown in Figure 4-9b). As 

shown in Figure 4-20, when the sharp head of the wedge impacts the soil, the contact 

force increases quickly from zero while the semi-width of the wedge is still very 

Nc =
V
suLw

Lw = z tan30
o
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small. Therefore, an artificial peak is observed in the normalised penetration 

resistance for both large deformation FE and MPM analysis at the beginning of the 

contact (z < 0.005 m). After the initial peak the normalised resistance drops as the 

wedge penetrates further (beyond a penetration depth of 0.01 m) into the soil and 

reaches a steady value for both smooth and partially rough cases. The penetration 

resistance obtained using the Geo-contact algorithm for the smooth condition 

follows the same trend as the large deformation FE results but slightly overestimates 

the magnitude by ~3%. Under the partially rough contact condition, the penetration 

resistance using MPM with the Geo-contact algorithm lies very close to the FE 

results with minimal difference. The agreement demonstrates the accuracy and 

validity of the Geo-contact algorithm when the structural element has a more angular 

geometry.  

 

Figure 4-20 Normalised resistances of wedges in uniform clay 

The displacement contour of the soil material points is plotted in Figure 4-21 for the 

smooth case to illustrate the soil deformation. The semi-width of the wedge used to 

normalise the penetration resistance is also highlighted in this figure. 

0

0.01

0.02

0.03

0 2 4 6 8 10 12

Pe
ne

tra
tio

n,
 w

Normalised resistance, Nc = V/suL

MPM, Geo-contact

FE
Smooth

Friction



Chapter 4                                     Centre for Offshore Foundation Systems 

The Geo-contact Algorithm                         The University of Western Australia 

82 

 

Figure 4-21 Displacement contour of the soil around smooth wedge 

4.8 Verification of strain rate dependency and strain softening  

The run-out of a submarine landslide is accompanied by remoulding of the sliding 

mass as it evolves from very soft clay to fluid-like debris flow. In this thesis, the 

evolution of the slide material is modelled using a von Mises constitutive 

relationship incorporating the effect of strain-rate dependency and strain softening, 

which is implemented in a hyperelastic-perfectly plastic constitutive model in the 

Uintah code.  

In this section, the MPM implementation of strain rate dependency and strain 

softening is validated via quasi-static simulations of embedded T-bar penetration. 

The verification is first carried out separately in terms of strain rate dependency and 

strain softening and followed by an evaluation of the combined effect. The predicted 

penetration resistance was validated by large deformation FE analysis. 

4.8.1 MPM implementation 

The MPM implementation of strain-rate dependency and strain softening is 

introduced here. In the proposed study of submarine landslide, the sliding soil mass 
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is regarded as a rate dependent, strain softening material. A background introduction 

of the effect of strain rate dependency and strain softening is included in Section 

2.4.2. An analytical investigation of the combined effect of strain rate and strain 

softening in penetration resistance of isotropic soil is presented by Einav & 

Randolph (2005), in which the established upper bound limit analysis (Martin & 

Randolph, 2006; Randolph & Houlsby, 1984) was combined with a strain path 

approach to estimate the total plastic work. Numerical analysis of shear band 

development and penetration resistance for full-flow penetrometers in rate-dependent 

and strain softening soil was reported by Zhou & Randolph (2007; 2009) using a 

large deformation FE approach, RITSS. They used a simple Tresca model with 

modification of the undrained shear strength at individual Gauss points according to 

the rate of maximum shear strain and accumulated absolute plastic shear strain. The 

reduction due to strain softening was coupled with the increase due to the high strain 

rate deduced by combining Eq. 2-1 and 2-3 to give an operative shear strength of 
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(4-26) 

where su0 is the original strength of the soil at the reference shear strain rate prior to 

any softening and maxγ! is the maximum shear strain rate.  

In the RITSS implementation the maximum shear strain rate is calculated based on 

the cumulative shear strains during each series of small-strain analyses (Nt 

increments between remeshing steps) by dividing the computed maximum shear 

strain over Nt time increments referred to as the notional time period 

tNtΔ
Δ−Δ

= 31
max

εε
γ!  (4-27) 

where Δt is the time increment, and Δε1 and Δε3 are the cumulative major and minor 

principal strains, respectively.  

In the MPM implementation, following Zhou & Randolph (2007; 2009), the 

combined effect of strain rate dependency and strain softening is obtained using Eq. 

4-26 except for the following differences 
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• A von Mises yielding criterion is used instead of the Tresca yielding 

criterion. 

• The undrained shear strength is modified on individual material points 

instead of Gauss points. 

• The maximum strain rate is calculated with a moving average approach 

instead of averaging over notional time period. 

In numerical computation, the real-time maximum shear strain rate calculated for 

each time increment usually suffers from oscillation. Therefore, time averaging 

techniques are usually required. For the RITSS approach, it is convenient to average 

the cumulative shear strain over the remeshing time interval as presented by Eq. 4-27. 

In the MPM, as no remeshing is required in the computation, the maximum shear 

strain rate is obtained using a moving average approach.  

In the first Nt time increments, for each increment k (k ≤ Nt), the averaged maximum 

shear strain of the previous k increments is used in the computation, i.e. 

tktk

k

i

kk
k
sumk

Δ

Δ−Δ

=
Δ

=
∑
=1

31

max

εεγ
γ!

 when tNk ≤  (4-28) 

in which the superscript k denote the quantities at the time t = tk and  denotes 

the accumulated sum of maximum shear strain in the previous k time increments. 

From the (Nt+1)th (i.e. k > Nt) incremental step, the maximum shear strain rate for 

the current step is determined as the averaged value of the past Nt increments 
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when tNk >  (4-29) 

The averaged maximum shear strain rate  is then used in Eq. 4-26 to evaluate 

the effect of strain rate. Although initially the moving average window size was 

taken as Nt = 200, the influence of window size is explored in Section 4.8.2. 

k
sumγ

k
maxγ!
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4.8.2 Validation of strain rate dependency 

The MPM implementation of strain rate dependency is verified by modelling 

embedded T-bar penetration into uniform clay mimicking FE analysis performed by 

Zhou & Randolph (2009). The model set-up is similar to that in Figure 4-10 except 

the dimension of the background mesh, which is taken as h = 1 × 10-3 m, i.e. 40 

elements under the T-bar diameter to capture soil deformations around the T-bar 

accurately. The reference undrained shear strength of su0 = 3 kPa at the reference 

strain rate  of 3 × 10-6 /s (i.e. ~1% /h) is used in conjunction with the soil 

parameters listed in Table 4-1. No gravity force was applied to the soil directly. 

Instead, an overburden pressure of 9.6 kPa was applied on the soil surface to 

simulate an initial embedment depth of 40D to ensure full flow conditions. 

Following Zhou & Randolph (2009), the penetration rate was taken as 0.5 D/s, 

simulating quasi-static conditions and matching typical penetration rates in practice. 

The Geo-contact algorithm was used to simulate a friction interface governed by 

limitation of the maximum shear stress (with friction factor α = 0.2) and the 

Coulomb friction force is not modelled. A nodal mass threshold of 0.51 is used to 

identify the contact mesh nodes on the boundary of T-bar for all simulations 

described in Section 4.8. To exclude any effect of strain softening, a fully remoulded 

strength ratio of δrem = 1 was assigned. The MPM implementation of strain rate 

dependency (see Eq. 4-26) was evaluated for the rate parameter µ = 0, 0.05, 0.1, 0.15 

and 0.2, with µ = 0 presenting the rate-independent case. The maximum shear strain 

rate was averaged over a window size of Nt = 200. The penetration resistance 

predicted by the MPM simulations is compared to the results of large deformation 

FE analyses in Table 4-2 and Figure 4-22.  

To evaluate the influence of moving average window size Nt to the performance of 

strain rate dependent computation, other than the Nt = 200 used in the previous 

simulations, three additional simulations with Nt = 100, 500, and 1000 were 

conducted in conjunction with the rate parameter µ = 0.2. The normalised 

penetration resistances predicted with different moving average window sizes are 

plotted in Figure 4-23. From this figure, it is clear that the window size of moving 

average computation has minimal influence on the computation of strain rate 

refγ!
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dependency. Consequently, the selection of Nt = 200 is used for future computations 

involves strain rate dependency. 

Table 4-2 Comparison of capacity factor predicted by MPM and FE with strain rate 

dependency but without softening (α = 0.2) 

Rate parameter, µ 0 0.05 0.1 0.15 0.2 

MPM  
Nc 10.3 12.81 15.31 17.65 20.12 

Increase %  +24.4 +48.6 +71.4 +95.3 

FE 
Nc 9.95 12.44 14.7 16.97 19.24 

Increase %  +25.0 +47.7 +70.6 +93.4 

Difference in Nc  % 3.4  2.9 4.0 3.9 4.4 

 

 

  

Figure 4-22 Penetration resistance predicted by MPM and FE with strain rate dependency 

but without softening (α = 0.2) 
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Figure 4-23 Penetration resistance with different moving average window size Nt with rate 

parameter µ = 0.2. 

4.8.3 Validation of strain softening 

The MPM implementation of strain softening is verified with a similar embedded 

T-bar penetration model as shown in Figure 4-10. The vertical dimension of soil is 

increased from 7D to 9D to allow further penetration of the T-bar, as the stabilised 

penetration resistance is established at a much greater penetration depth. The 

background mesh cell dimension is reduced to h = 5×10-4 m, which corresponds to 

80 cells under the T-bar diameter. The increased background mesh density is used to 

capture the softening band. 

The constitutive properties of soil are taken from Table 4-1 except for the initial 

intact shear strength of the soil, which is assumed to be su0 = 3 kPa. The rate 

parameter µ is set to zero to eliminate effects of strain rate dependency. Following 

(Zhou & Randolph, 2007; 2009), the effect of relative soil ductility was simulated by 

varying the softening parameter ξ95 = 10, 15, 25 and 50, while keeping the soil 

sensitivity fixed at St = 5 (i.e. δrem = 0.2). The friction factor of the interface was 
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taken as α = 0.2 while the Coulomb friction is not modelled. The capacity factors 

obtained from the MPM models are compared to corresponding large deformation 

FE analysis results in Table 4-3. As shown in this table, both MPM and large 

deformation FE analysis predicted a trend of reduction in penetration resistance with 

decreasing softening parameter ξ95. For the same softening parameter, the 

penetration resistance predicted by the MPM is 3.3% to 6.9% higher than the FE 

result. This is consistent with the rate-dependent only cases listed in Table 4-2. The 

MPM and FE simulations produced very close results in terms of the reduction in 

penetration resistance due to strain softening.  

Table 4-3 Comparison of capacity factors predicted by MPM and FE simulations only with 

softening (δrem = α = 0.2, µ = 0) 

Strain Softening parameter, 
ξ95 

∞ 50 25 15 10 

MPM  
Nc 10.3 9.41 8.49 7.47 6.84 

Increase: %  -8.6 -20.3 -27.5 -33.6 

FE 
Nc 9.95 8.99 8.21 7.17 6.37 

Increase: %  -9.6 -17.5 -27.9 -36.0 

Difference in Nc : % 3.4 4.5 3.3 4.0 6.9 

 
The contours of remoulded soil shear strength (calculated based on accumulated 

plastic shear strain) normalised by the intact shear strength, su0, are presented in 

Figure 4-24 with ξ95 = 10 and penetration depths of w/D = 0.5, 1.0, 1.5 and 2.0. As 

visualised in this figure, due to continuous evolution of the shear band, small regions 

of slightly-disturbed soil are isolated by fully remoulded soil, which is very close to 

the softening pattern observed in large deformation FE analysis reported by Zhou & 

Randolph (2007).  

The normalised penetration resistance-displacement curve of the same case (δrem = α 

= 0.2, ξ95 = 10) is plotted in Figure 4-25. In the stabilised penetration stage, a low 

frequency oscillation with the period of ~0.3D is observed in the predicted 

penetration resistance. The oscillation of penetration resistance induced by the 

periodical development of new shear bands was also observed in large deformation 
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FE analysis by Zhou & Randolph (2007), with a similar pattern and period for the 

cyclic variation of resistance. 

 

Figure 4-24 Effect of strain softening visualised by shear strength contours at different 

penetration depth 

 

Figure 4-25 The penetration resistance predicted by MPM simulation with δrem = α = 0.2, 

and ξ95 = 10 
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4.8.4 The combined effect of strain rate dependency and strain softening 

In the previous sections, the MPM implementations of strain rate dependency and 

strain softening were verified separately. Here, the combined effect is verified 

through simulation of embedded T-bar penetration. Other than the soil parameters 

listed in Table 4-1, the soil properties used in the simulations were the intact 

undrained shear strength of su0 = 3 kPa at the reference strain rate of 3 × 10-6 /s (i.e. 

~1%/h), sensitivity of soil St = 5, and interface friction coefficient of α = 1/St = 0.2. 

Again, Coulomb friction is not modelled in the Geo-contact algorithm when the 

interface friction is governed by the limitation of the maximum shear stress. Three 

simulations with different combinations of the rate parameter µ and softening 

parameter ξ95 are listed in Table 4-4. To capture the shear band development around 

the T-bar, a fine background mesh with resolution of h = 0.0125D was used. 

Table 4-4 MPM models with different combination of rate softening parameters  

Model α δrem µ ξ95 

Case 1 0.2 0.2 0.1 10 

Case 2 0.2 0.2 0.15 25 

Case 3 0.2 0.2 0.05 25 

 

The penetration resistances predicted by the MPM simulations are illustrated in 

Figure 4-26. As shown in this figure, the penetration resistance was mainly 

influenced by the strain rate dependency at the initial stage of penetration (from 0 to 

~0.2D). However, as the T-bar penetrates further into the soil, the soil is softened 

due to the accumulative plastic strain until the fully remoulded shear strength is 

reached. Hence, the penetration resistance reduces with increasing penetration depth 

until a stable penetration resistance is finally reached at a depth further than 1D. 

The stabilised penetration resistance predicted by the MPM simulations are 

compared to those of large deformation FE analyses in (Zhou & Randolph, 2007; 

2009) in Table 4-5. Despite the slight divergence (by 0.8 to 3.1%), the results of 

MPM and FE simulations agree well with each other, confirming the accuracy and 

consistency of the MPM calculation of the strain rate dependency and strain 

softening when the combined effect is considered. 
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Figure 4-26 Penetration resistance predicted by MPM models with different combination of 

rate and softening parameters 

Table 4-5 Comparison of stabilised penetration resistance predicted by the MPM and FE 

simulations 

Model MPM FE Difference % 

Case 1 9.92 9.79 1.3 

Case 2 13.12 13.02 0.8 

Case 3 14.7 14.26 3.1 

4.9 Summary 

This chapter has presented a new MPM contact strategy termed Geo-contact 

algorithm developed for large deformation analysis of common geotechnical contact 

conditions. The Geo-contact algorithm is based on the popular friction contact 

algorithm proposed by Bardenhagen et al. (2000; 2001). A penalty function is 
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introduced to avoid numerical artefacts such as artificial impact encountered in the 

application of structure-soil contact. An alternative friction interface governed by the 

maximum shear stress is incorporated to model partially rough or fully rough contact 

conditions when conducting total stress analysis of clay under the undrained 

conditions. In this approach, when sliding occurs, the maximum shear stress is 

applied as nodal friction forces to the boundary contact nodes identified using their 

nodal mass. 

The accuracy and reliability of Geo-contact algorithm has been verified by three 

plane strain quasi-static simulations using the Uintah software. The results predicted 

by the MPM simulations agree well with the results of limit analysis and large 

deformation FE simulations, demonstrating the accuracy of the Geo-contact 

algorithm in quantitative analysis of soil resistance in penetration simulations. The 

reliability and expandability of Uintah software in performing MPM simulations was 

also demonstrated. The MPM implementation of strain rate dependency and strain 

softening was verified through further simulations of embedded T-bar penetration. 

The agreement between the results of MPM and large deformation FE simulations 

confirms the accuracy of MPM when complex material behaviours such as strain rate 

dependency and strain softening are considered.  

The verifications presented in this chapter demonstrate the potential of MPM in large 

deformation analysis of geotechnical problems. The MPM simulations using the 

Geo-contact algorithm are able to achieve quantitative results of penetration 

resistance with similar magnitude of accuracy to large deformation FE analyses. The 

main drawback of MPM, however, is the poor computational efficiency. Despite the 

paralleled algorithm, the explicit MPM simulations are computationally more 

expensive due to the restricted time increment, limited by the Courant-Friedrichs 

Lewy condition. Moreover, a finer background computation mesh is typically 

required for the MPM simulation to achieve the same level of accuracy as FE 

analysis, which leads to even higher computation cost. For example, the MPM 

simulation conducted to obtain the softening patterns shown in Figure 4-24 took over 

200 hours on a Xeon workstation with 16 CPU cores at 3.1 GHz.
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Chapter 5  

Simulation of Submarine Landslide Run-out  

 

5.1 Introduction 

The Geo-contact algorithm proposed in Chapter 4 was verified with the Uintah 

software by quasi-static penetration simulations. The comparisons with the large 

deformation FE simulations confirmed the capability of the material point method to 

generate accurate quantitative results when applied to geotechnical problems 

involving large deformations. The accuracy and reliability of MPM implementation 

of complex constitutive behaviour of strain rate dependency and strain softening 

were also validated.  

In this chapter, the application of MPM and Geo-contact algorithm is extended to 

model the dynamic problem of submarine landslide run-out under plane strain 

conditions.. In sliding simulations, the run-out distance and front velocity of the slide 

depend critically on the shear strength resisting sliding along the contact interface 

with a base layer. Therefore, the initial verification was carried out by modelling a 

rigid block running out on a flat rigid base with an initial velocity. In this model, the 

friction force acting along the contact interface is governed by a constant shear stress. 

The run-out distance predicted by the MPM computation was verified by analytical 

predictions.  
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As the Geo-contact algorithm correctly modelled the interface friction in the rigid 

block run-out simulation, it was applied to model soft clay run-out on a rigid inclined 

seabed. The run-out of an intact block of soft clay with uniform shear strength on a 

horizontal seabed was explored first assuming constant interface shear stress 

between clay and base. In the simulation, as the inclination of seabed was created by 

rotation of gravity loading, the contact interface is aligned to the horizontal axis of 

the background mesh. The run-out distance and front velocity predicted by the MPM 

models were compared to the results of large deformation FE analysis to demonstrate 

the accuracy of MPM for sliding problems. To evaluate the performance of the 

Geo-contact algorithm when the contact interface is not aligned to the axes of the 

background mesh, it was extended further to model soft clay block run-out on a 

seabed with a physical inclination created by discretisation of material points. The 

results of MPM simulations with a physical slope were verified by the results of FE 

analysis and previous MPM computation with inclination created by rotation of 

gravity. The agreement confirms the accuracy and reliability of the Geo-contact 

algorithm in MPM simulation. After that, the effect of strain softening was included 

to investigate soft clay run-out on a rigid seabed with inclination created by rotation 

of gravity force.  

Having established the accuracy and applicability of the MPM for this class of 

problem, the Geo-contact algorithm is applied to reproduce landslide experiments 

conducted in the UWA drum centrifuge. In this simulation, the evolution of the 

material properties of the slide is captured using a complex soil model incorporating 

the effects of strain rate dependent and strain softening. Three MPM simulations 

were conducted to mimic the initial geometry and constitutive properties of three 

groups of experimental tests. The run-out distance and slide thickness predicted by 

the MPM models were compared to the experiments in terms of equivalent prototype 

dimensions.  

5.2 Run-out of rigid block on flat rigid base 

The quantitative results in sliding problems, such as run-out distance and front 

velocity of the slide, depend critically on the correct computation of the friction force 

acting on the contact interface. Therefore, the Geo-contact algorithm was first 
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verified for slide run-out problems by considering the case of a rigid block sliding on 

a flat rigid base as shown in Figure 5-1. The rigid base was modelled using a layer of 

background elements next to the bottom surface of the computation domain. The 

bottom surface of the rigid base was taken as a zero velocity boundary. The 

dimensions of the rigid block were taken as 1.0 m long by 0.3 m high. The gravity 

constant was taken as g = 10 m/s2. The flat sliding interface was identified using a 

nodal mass threshold of 0.51. 

 

Figure 5-1 Rigid block run-out on rigid base controlled by a constant shear stress 

The (submerged) density of the sliding block was taken as ρ’ = 600 kg/m3. To 

accurately capture the stress, groups of four material points arranged in a 2×2 

formation as recommended by Guilkey et al. (2013) were used to discretise the rigid 

block. The shear stress allowed on the contact interface was taken as τ = 0.36 kPa 

and no separation (normal to the contact interface) was allowed once the rigid block 

and rigid base were in contact. Assuming that the constant shear stress acts along the 

entire bottom surface of the rigid block, the deceleration of the block can be 

determined as 
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With the initial velocity of v0 = 4 m/s and a deceleration of a = 2 m/s2 due to 

interface friction, the rigid block was expected to slide for 2 s before coming to a full 

stop at a final run-out distance of 4 m. To ensure that a sufficiently high resolution 

was used to model the sliding interface, three simulations were performed with 
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background mesh dimensions of h = 0.04, 0.02, and 0.01 m (corresponding to 25, 50 

and 100 background mesh elements respectively along the base length of the block). 

The run-out distances - time history of the block obtained from MPM computations 

are plotted against the theoretical run-out distance - time profile in Figure 5-2. With 

the Geo-contact algorithm, all three MPM simulations with different background 

mesh resolutions predicted close responses to the theoretical prediction. The final 

run-out distances calculated with 25, 50 and 100 elements along the block base 

length were 3.71, 3.85 and 3.92 m, comparing to the prediction at 4 m. 

 

Figure 5-2 Block run-out distance-time relation predicted with different element size 

It is obvious that a higher background mesh resolution tends to ensure better 

agreement. With the number of background mesh elements along the block base 

length increased from 25 to 100, the difference in terms of final run-out distance was 

reduced from about 7% to 2%. The reason is that the shear stress is applied at the 

boundary contact nodes as a nodal friction force, therefore, an increase in the 

background mesh resolution would lead to a better approximation to the block length 

in contact with the rigid base and hence a better estimation of the interface friction. 

A snapshot of the MPM simulation with the background mesh resolution of h = 0.02 

m at the simulation time of t = 1 s is illustrated in Figure 5-3 to highlight the nodal 

friction force vectors. It is clear that nodal friction force vectors with uniform 

magnitude are aligned to the sliding interface in a straight line, which indicates that 
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the friction force is effectively controlled by the constant shear stress using the 

Geo-contact algorithm.  

 

Figure 5-3 Nodal friction force vector along the sliding interface at t = 1 s 

5.3 Soft clay run-out simulation 

The Geo-contact algorithm was able to correctly model the interface friction in the 

rigid block run-out simulation. With the confidence in interface friction force 

computation, the Geo-contact algorithm was then applied to simulate a soft clay 

block run-out on a slightly inclined rigid seabed. The sliding was induced by the 

self-weight of the block. The ‘inclination’ of the flat rigid seabed was created either 

by rotating the direction of the gravity relative to the normal to the surface, or by 

physically inclining the surface using the material points. Both fully rough (α = 1, 

τmax = 2.5 kPa) and partially rough (α = 0.4, τmax = 1.0 kPa) contact interfaces were 

explored. The MPM results were verified by comparison with results of large 

deformation FE analyses. 

5.3.1 Run-out simulation of soft clay with constant shear strength 

The run-out simulation of soft clay was first explored with constant shear strength 

and an inclination created by rotating the direction of gravity. The problem definition 

is similar to that adopted by Wang et al. (2013), in which the sliding resistance is 

also governed by a maximum shear stress. As shown in Figure 5-4, the rigid seabed 

is modelled using material points occupying just one layer of elements on the 

background mesh above the bottom surface of the computation model, on which a 

zero velocity boundary is assumed. The base length of the trapezoidal clay block was 
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48.66 m, the thickness was 5 m and the area (in elevation) was A = 200 m2. The 5º 

inclination of the rigid seabed was created by a counter-clockwise rotation of the 

gravity force. The gravity acceleration was taken as g = 9.81 m/s2.  

 

Figure 5-4 Soft clay run-out on a rigid seabed with 5° inclination created by rotating the 

direction of gravity force 

The dimension of the background mesh element was taken as h = 0.1 m, which 

corresponds to 487 elements along the base length of the soil block in the original 

configuration. This background mesh provides a high resolution of the sliding 

interface, which is about four times finer than the best resolution used in the rigid 

block run-out simulation to ensure close estimation of the interface friction force.  

A challenge for the MPM is to model sliding on a surface that is physically inclined 

relative to the axes of the background mesh as shown in Figure 5-5. Therefore, the 

run-out of soft clay block was also explored with a physical slope created by material 

points. In this case, the rigid seabed is presented using a thin band of material points 

along a plane at 5º angle to the horizontal direction of the computational domain. 

The background mesh is aligned with the vertical and horizontal axes of the 

computational domain, generating a stepped material boundary. The gravity 

acceleration of g = 9.81 m/s2 was aligned to the vertical direction of the background 

mesh. The dimensions of the soil block and the element dimension of the 

background mesh were exactly similar to those in the previous model with a 

horizontal seabed and inclination created by the rotation of gravity. The only extra 

consideration was to prescribe the normal vectors of the contact interface to be 

perpendicular to the rigid seabed as shown in Figure 5-5. 
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Figure 5-5 The stepped material boundary and prescribed surface normal vectors when 

modelling a physical inclination 

In both cases, the sliding soil mass was modelled as an elastic-perfectly plastic 

material with von Mises yield criterion. Although in reality the strength of the soil 

may be a function of strain rate and accumulated strains, the case of constant intact 

strength is explored for the simplification purpose. An undrained shear strength of su 

= 2.5 kPa (under plane strain conditions) and shear modulus G = 167su were 

assumed. A Poisson’s ratio of 0.49 was used to approximate constant volume of the 

sliding soil under undrained conditions. The unit weight of soil was taken as γ' = 6 

kN/m3 to represent submerged conditions. To capture the stepped material boundary, 

a nodal mass threshold of 0.51 was used to identify the boundary contact mesh nodes 

(refer to Figure 4-9b) on the rigid seabed. A no-separation condition was enforced 

normal to the sliding interface once the sliding soil mass had come into contact with 

the rigid seabed.  

Initially, a fully rough contact interface (α = 1, τmax = 2.5 kPa) was assumed (Dong et 

al., 2015). The run-out of soft clay is visualised using the velocity contours plotted at 

simulation times of t = 0.5, 3, 6 and 10.5 s for inclination created by rotation of 

gravity and physical slope in Figure 5-6 and 5-7, respectively.  

For a fully rough sliding interface (α = 1), the MPM simulation on a physically 

inclined base illustrated in Figure 5-7 show similar velocity patterns to those with 

inclination generated by rotation of gravity as shown in Figure 5-6, indicating 
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essentially identical sliding behaviour for the two techniques to create run-out on an 

‘inclined’ base. As shown in both Figures 5-6 and 5-7, the trapezoidal soil block was 

initially stationary and began to slide due to its self-weight. As the front part of the 

slide accelerated and ran forward, the sliding soil started to stretch due to the 

velocity difference between the front and rear parts. As the area of sliding soil in 

contact with the rigid seabed increased, a higher frictional resistance was imposed on 

the sliding soil, which decelerated the sliding soil further as it continued to stretch 

and slide until it finally became stationary. In this simulation, although the front toe 

of the sliding soil ran out for more than 20 m, the back toe of the soil barely moved.  

 

Figure 5-6 Velocity contour of sliding soil mass for a fully rough sliding interface (α = 1) on 

inclination created by rotation of gravity.  
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Figure 5-7 Velocity contour of sliding soil mass for a fully rough sliding interface (α = 1) on 

physical slope  

The displacement and velocity of the front toe of the soil block are compared 

between MPM computations using the Geo-contact algorithm and large deformation 

FE analysis in Figure 5-8. The MPM results for the two techniques of creating base 

inclination are both plotted in this figure.  

In this case, the MPM simulations predicted the time-varying displacement of the 

soil front toe similar to that of the FE analysis. The final run-out distance predicted 

by the MPM simulation with rotation of gravity was 22.85 m, which is only 1.4% 

larger than the FE result of 22.53 m. The final run-out distance predicted by the 

MPM model with physically inclined base was 23.19 m, which is only about 2.9% 

greater than the FE result and 1.5% greater than the result of the MPM simulation 

with rotation of gravity loading. The sliding velocity of the soil front toe predicted 

by the MPM models change more gradually than that of the FE analysis. The MPM 
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model with rotation of gravity loading predicted a peak front toe velocity of ~3.8 m/s 

at time t = 3 s, which is about 9.5% lower than the peak velocity of ~4.2 m/s at time t 

= 3.2 s predicted by the FE analysis. The acceleration stage and peak front toe 

velocity were identical for both MPM models except that a slightly later stop, at a 

simulation time of t = 11.5 s, was observed for the case with physically inclined base, 

which is consistent with the slightly longer run-out distance. 

 

Figure 5-8 Displacement and velocity of soil front toe for a fully rough interface (α = 1) 

predicted by MPM models with rotation of gravity and physically slope  

For the partially rough (α = 0.4, τmax = 1.0 kPa) sliding interface, the MPM 

simulations of soft clay block run-out with rigid base created by rotation of gravity 

and physical slope are illustrated in Figure 5-7 and 5-10 using velocity contours for 

simulation time of t = 1, 11, 21 and 26 s. As the run-out distance of the sliding soil 

mass was very long compared to the thickness of the slide, the thickness of the slide 

has been magnified by five times relative to the horizontal distance to illustrate the 

shape of the sliding soil.  
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The run-out process is generally similar to that for the fully rough sliding interface 

except that (i) the sliding velocity varies more evenly along the soil block and (ii) the 

sliding soil mass stopped moving section by section from the back to the front of the 

sliding soil mass during the run-out, so there was a greater tendency for the sliding 

soil to separate into discrete blocks. The MPM models with the two techniques of 

creating rigid base inclination predicted very similar run-out process except that the 

front toe breaks away from the main soil body at the end of the simulation for the 

model with physically slope, which was not observed in the model with rotation of 

gravity. 

 

Figure 5-9 Velocity contour of soft clay block predicted by the MPM model with base 

inclination created by rotation of gravity for partially rough interface (α = 0.4) 
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Figure 5-10 Velocity contour of sliding soil for a partially rough interface (α = 0.4) on MPM 

model with physically inclined base 

For the partially rough (α = 0.4, τmax = 1.0 kPa) interface, the results of MPM 

simulations with different techniques of creating the sliding base inclination and 

large deformation FE analyses are shown in Figure 5-11. The MPM simulations 

produced very similar displacement profiles for the soil front toe when comparing to 

the results of FE analysis. For both MPM models, the sliding soil mass runs out for 

approximately 26 s before stopping. The final run-out distance calculated by the 

MPM simulation with rotation of gravity loading was 126.4 m, which is only 1.7% 

lower than that of 126.4 m predicted by the MPM model with a physically inclined 

base and 5% lower than the FE prediction of 135.4 m. The MPM models also 

achieved reasonable agreement with the FE analysis in terms of front toe velocity, 

although missing the initial peak from the FE analysis at time t = 4 s. The peak 
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velocity of the front toe predicted by the MPM simulation with rotation of gravity 

was 6.7 m/s at a simulation time of t = 13 s, which is only ~4.3% lower than that of 

7.0 m/s at t = 11s for the FE result. The MPM model with physically inclined base 

also predicted a velocity profile for the front toe that was very similar to those 

obtained with rotation of gravity loading and FE. The predicted front toe velocity 

profile was converging to the FE results up to the simulation time of t = 25 s. 

However, at the end of the deceleration stage, due to break away of front toe it turns 

to merge with the line predicted by MPM model with rotation of gravity. 

 

Figure 5-11 Displacement and velocity of soil front toe for partially rough (α = 0.4) interface 

with a 5° inclination created by rotation of gravity  

In this section, the Geo-contact algorithm was applied to model soft clay run-out on 

a rigid seabed with a 5° inclination created either by counter-clockwise rotation of 

gravity loading or physical base consists of material points. The friction force on the 

sliding interface was controlled by a constant shear stress and a nodal mass threshold 

of 0.51 was used to identify the boundary contact mesh nodes. The results obtained 

from the MPM simulations were compared with the results from large deformation 

FE analysis. For both fully (α = 1, τmax = 2.5 kPa) and partially rough (α = 0.4, τmax = 
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1.0 kPa) sliding interface, the MPM models with two approaches of creating the 

rigid base inclination managed to produce similar run-out behaviour in terms of 

shape and velocity contours of the sliding material. The MPM simulations also 

achieved good agreement in terms of quantitative results such as run-out distance 

and front toe velocity when comparing to the FE analysis. This good agreement 

demonstrates the accuracy and robustness of the Geo-contact algorithm in terms of 

friction force computation when using a limiting constant shear stress. The MPM 

models with physical inclined base produced similar results to that of rotation of 

gravity loading and FE analysis, which further demonstrates the accuracy and 

applicability of the Geo-contact algorithm in sliding simulations even when the 

interface is not aligned with the axes of the background mesh.  

5.3.2 Run-out simulation with strain softening 

While the previous run-out simulations were performed with soil of constant (intact) 

shear strength, in this section MPM simulations with more complex soil behaviour 

are explored. The effect of strain softening was incorporated in the soil constitutive 

model to simulate soft clay run-out on an inclined slope created by rotation of 

gravity.  

The problem set-up is identical to Figure 5-4 expect for the base inclination, which 

was taken as 2º. The dimension of the background mesh was h = 0.1 m, which 

corresponds to 487 elements along the base of the soil block in the un-deformed 

configuration. The contact between the sliding soil mass and the rigid seabed was 

modelled using the Geo-contact algorithm with a nodal mass threshold of 0.51 for 

identifying the boundary contact mesh nodes on the rigid seabed as the sliding 

interface resembles that was shown in Figure 4-9b. The limiting shear stress along 

the soil-rigid seabed interface was taken as τ = 1 kPa. An initial velocity of v0 = 1 

m/s was imposed on the soil to simulate the sliding velocity at some stage of the 

slide.  

Following the run-out simulation with intact soil strength, the soil was modelled as 

an elastic-perfectly plastic material with von Mises yield criterion. The material 

properties listed in section 5.3.1 were used with an intact shear strength of su = 5 kPa 

in this simulation. The degradation of soil strength induced by cumulative plastic 



Chapter 5                                     Centre for Offshore Foundation Systems 

Simulation of Submarine Landslide                   The University of Western Australia 

107 

shear strain was modelled by updating the intact shear strength su according to Eq. 

2-3 (Einav & Randolph, 2005) 

( ) 0
3 951 u
/

remremu ses ][ ξξδδ −−+=   

where δrem was taken as 0.2, and ξ95 was taken as 10. 

The deformed geometry and velocity contour of the sliding soil at t = 3, 9 and 16 s 

are plotted in Figure 5-12. The deformation pattern is very different from that with 

intact soil strength, as shown in Figure 5-6. As the sliding soil mass is weakened by 

the accumulating shear strain, shearing becomes localised in shear bands at 45º 

inclinations, separating wedges (grabens and horsts) of largely intact material. The 

slide elongated as it ran out on the rigid base and the overall frictional resistance 

continued to increase. Finally, the run-out ended at a simulation time of about 16 s 

with a final run-out distance at 32.7 m.  

 

Figure 5-12 Shape and velocity contour of the sliding soil mass with soil strength weakened 

by accumulative shear strain 

The distribution of softening ratio, which is the ratio between the current shear 

strength of the weakened soil and the original intact shear strength, at the end of 

run-out is shown in Figure 5-13. In this plot, localised bands of fully softened soil 
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are formed between a series of triangular soil wedges, which is consistent with large 

deformation FE results (Wang et al., 2013) and the models for retrogressive slide 

development referred to by Gauer et al. (2005) and Kvalstad et al. (2005). 

 

Figure 5-13 Softening ratio at the end of the sliding 

5.4 Landslide simulation of centrifuge experiment 

In section 5.3, the accuracy and reliability of MPM computations for dynamic 

run-out analysis was thoroughly verified. With the Geo-contact algorithm, the MPM 

models accurately predicted the run-out distance and front toe velocity of soft clay 

for both physical inclination of the slope and inclination created by rotation of 

gravity. The final demonstration incorporating the effect of strain softening 

confirmed the compatibility of MPM in simultaneously modelling frictional contact 

and complex soil behaviour during the run-out.  

With the confidence engendered by the above simulations, the MPM and 

Geo-contact algorithm were further extended to simulate centrifuge model tests of 

landslide run-out (Boylan et al., 2010, 2014). In this study, the combined effects of 

strain rate dependency and strain softening were incorporated to simulate the 

evolution of slide material properties during the run-out. 

5.4.1 MPM model set-up of centrifuge landslide experiment 

Details of the landslide geometry shown in Figure 5-14 are in terms of equivalent 

prototype dimensions of the centrifuge tests, as reported by Boylan et al. (2010, 

2014). The base length was 22 m and the initial thickness varied from 2.54 to 3.52 m, 

giving total cross sectional area of the trapezoidal soil block ranging from 52.11 to 

70.24 m2 for the individual test cases, as listed in Table 5-1. 
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Figure 5-14 Model set-up of the MPM simulation 

Table 5-1 Dimensions, reference shear strength of the sliding soil mass and final run-out 

distance for the individual tests (Boylan et al., 2014) 

Test Initial 
thickness (m) 

Cross sectional 
area (m2) 

Shear strength su,ref at 
reference strain rate (kPa) 

Final run-out 
distance 

SS2-1 3.46 69.20 0.23 116.1 

SS2-2 2.79 56.97 0.42 46.3 

SS2-3 3.4 68.14 0.24 101.7 

SS2-4 3.5 70.00 0.23 119.0 

SS2-5 3.05 61.78 0.32 67.2 

SS2-7 3.44 68.76 0.24 80.6 

SS2-8 3.52 70.24 0.21 104.6 

SS2-9 3.49 69.81 0.22 69.1 

SS3-2 3.02 61.25 0.33 77.7 

SS3-3 2.97 60.31 0.36 54.7 

SS3-4 2.54 52.11 0.55 51.8 

SS3-5 2.68 54.86 0.48 48.0 

SS3-6 2.57 52.81 0.54 39.3 

 

The sliding soil mass was placed on a 10º slope which was connected to a 120 m 

long flat base. There was no rotation of the soil gravity, and the slope and flat base 

were specified using a thin band of material points. Both the slope and flat base were 
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taken as rigid. Initially, the front toe of the sliding soil mass was placed at the 

intersection of the slope and flat base. The dimension of the background mesh was 

taken as h = 0.05 m, which corresponds to 440 elements along the base of the 

trapezoidal soil block in its initial configuration. The fineness of the background 

mesh was deemed sufficient to capture the interface friction and effects of strain 

softening in the sliding mass, according to the previous soft clay run-out simulations. 

The gravity acceleration of g = 9.81 m/s2 was aligned with the vertical direction of 

the background mesh. A nodal mass threshold of 0.51 was used to identify boundary 

contact nodes for both the slope and flat base. 

Following previous simulations, the sliding soil was modelled as an elastic-perfectly 

plastic material with von Mises yield criterion. The effect of strain rate dependency 

and strain softening were modelled in the MPM computation. The rate dependency 

of the sliding soil mass was modelled in a unified formulation combining the 

power-law in the soil mechanics framework with an additive term similar to that in 

the Herschel-Bulkley model in rheology (Zhu & Randolph, 2011), with shear 

strength at any given strain rate γ!  expressed using Eq. 2-11 as: 
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in which η is the viscous factor, β is the shear-thinning index with typical range of 

0.05 - 0.17 for fine grained soil such as soft clay (Jeong et al., 2009), and su0 is the 

initial undrained shear strength of the soil at zero strain rate. In the MPM 

computation, the shear strain rate γ!  was obtained using a moving average 

computation with a window size of Nt = 200 as described in Eqs. 4-28 and 4-29.  

Following the soft clay run-out simulation with strain softening as described in 

section 5.3.3, using the approach proposed by Einav & Randolph (2005), the 

degradation of soil strength induced by cumulative plastic shear strain was modelled 

by updating the intact shear strength su according to Eq. 2-3. Therefore, the 

combined effect of strain rate dependency and strain softening is modelled using 
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in which su0 is the initial undrained shear strength of the soil at zero strain rate prior 

to any strength degradation caused by cumulative plastic shear strain given by Eq. 

2-12 

 ( ) 0, 1 urefu ss η+=   

The soil properties were interpolated from the test results of Boylan et al. (2010, 

2014). Values of intact shear strength su,ref of the soil at the reference strain rate are 

listed for the individual test cases in Table 5-1. A shear modulus of G = 167 su,ref and 

Poisson’s ratio of 0.49 were adopted, together with a unit weight of γ' = 4.4 kN/m3 to 

model the constant volume of the sliding soil in submerged and undrained conditions. 

The softening parameters were δrem = 0.345 and ξ95 = 25.9. The reference shear strain 

rate was taken as refγ!  = 0.01 s-1, and a viscous factor of η = 1 and shear-thinning 

index of β = 0.1 were adopted. The constant shear stress on the sliding interface was 

taken as τmax = su,ref. The final run-out distances from the model tests, measured 

between the final position of the front toe and the initial mid-point of the sliding soil, 

are reported in Table 5-1. 

5.4.2 The MPM simulations of centrifuge landslides tests 

MPM simulation was not performed for all 13 test cases listed in Table 5-1 as some 

of these are very similar in terms of soil parameters and final run-out distances. 

Instead, the tests were divided into three groups according to the initial dimension of 

the trapezoidal soil block, the yield strength of the sliding soil mass at the reference 

strain rate, and the final run-out distance of the slide. MPM simulation was 

performed for each of these groups. 

The first group of tests are listed in Table 5-2. In this group, the initial height of the 

trapezoidal soil block was around 3.5 m and the yield strength at the reference strain 

rate was approximately 0.23 kPa. The typical experimental run-out distance for this 

group was over 100 m except for cases SS2-7 and SS2-9. The parameters of the 

MPM simulation for this group were taken from the average of the remaining test 

cases as listed in Table 5-2.  
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Table 5-2 Tests in group 1 and the parameters of MPM model 1 

Test Initial height 
(m) 

Cross sectional 
area (m2) 

Shear strength su,ref at 
reference strain rate (kPa) 

Final run-out 
distance   

SS2-1 3.46 69.2 0.23 116.1 

SS2-3 3.4 68.14 0.24 101.7 

SS2-4 3.5 70 0.23 119 

SS2-7 3.44 68.76 0.24 80.6 

SS2-8 3.52 70.24 0.21 104.6 

SS2-9 3.49 69.81 0.22 69.1 

Model 1 3.47 69.4 0.23 110.4 

 
The second group listed in Table 5-3 only contains two test cases. For this group, the 

initial height of the trapezoidal soil block was around 3.0 m and the strength, su,ref, at 

the reference strain rate was around 0.33 kPa. The final run-out distances of the slide 

were approximately 67 and 78 m for the two test cases. In the MPM simulation, the 

averaged dimension of geometry and material properties of these two cases were 

used.  

Table 5-3 Tests in group 2 and the parameters of MPM model 2 

Test Initial height 
(m) 

Cross sectional 
area (m2) 

Shear strength su,ref at 
reference strain rate (kPa) 

Final run-out 
distance 

SS2-5 3.05 61.78 0.32 67.2 

SS3-2 3.02 61.25 0.33 77.7 

Model 2 3.04 61.52 0.33 72.5 

 

The last group consists of four test cases as listed in Table 5-4. For this group, the 

initial height of the trapezoidal soil block ranged from 2.5 to 2.8 m and the yield 

strength at the reference strain rate ranged from 0.42 to 0.55 kPa. The typical run-out 

distance for this group was from around 40 m to just over 50 m. The parameters for 

the MPM simulation were taken from the average of all four test cases. 
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Table 5-4 Tests in group 3 and the parameters of MPM model 3 

Test Initial height 
(m) 

Cross sectional 
area (m2) 

Shear strength su,ref at 
reference strain rate (kPa) 

Final run-out 
distance 

SS2-2 2.79 56.97 0.42 46.3 

SS3-4 2.54 52.11 0.55 51.8 

SS3-5 2.68 54.86 0.48 48 

SS3-6 2.57 52.81 0.54 39.3 

Model 3 2.65 54.19 0.50 46.4 

5.4.3 Results and discussion 

To visualise the sliding soil mass run-out simulated by the MPM, the shape and 

velocity contour of the slide are plotted for the first MPM model (group 1) at 

simulation times t = 1, 5, 10, 15, and 20s (Figure 5-15). These plots are magnified in 

the vertical direction by four times to emphasis the thickness of the slide. As shown 

in this figure, at the beginning of the simulation, the soil block starts to stretch and 

slide down the slope due to its self-weight. As the front toe of the sliding soil mass 

goes past the change in gradient, the slide continues to stretch and run out onto the 

flat base. As more and more soil mass flows onto the flat base, the total interface 

friction keeps increasing, which leads to deceleration of the sliding soil. At the same 

time, the remaining soil mass on the slope continues to run down and push the soil 

mass on the flat base forward. At this stage of the run-out process, a high velocity 

region of the sliding soil mass is observed near the intersection point on the slope (t 

= 10 s). The sliding eventually ends at a time of t = 20 s with a run-out distance of 

100.6 m (measured from the initial mid-point of the base length). Similar run-out 

processes were observed for the other two models.  

The results predicted by the MPM simulations are compared with the centrifuge test 

observations in terms of run-out distance of the slide in Table 5-5. As shown in this 

table, the first MPM model predicted a run-out distance of 100.6 m, which is 8.8% 

less than the average run-out distance obtained from the centrifuge tests in this group. 

This is regarded as good agreement considering the variation in the run-out distances 

observed in different tests. 
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Figure 5-15 Velocity contour at the simulation time t = 1, 5, 10, 15 and 20 s to visualise the 

run-out simulated by MPM for test group 1. 

Table 5-5 Run-out distance predicted by MPM simulation compared to the prototype results 

of centrifuge testing 

Model 
Final run-out distance (m) Difference 

MPM Centrifuge test % 

Model 1 100.6 110.3 -8.8 

Model 2 72.8 72.4 -0.5 

Model 3 47.8 46.3 +3.2 
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As shown in Table 5-2, the centrifuge tests with soil blocks of similar initial 

geometry and yield strength at the reference strain rate generated a range of different 

run-out distances from 101.7 to 119 m with a standard deviation of 8.48 m. The 

second MPM model predicted a run-out distance of 72.8 m, which falls midway 

between the test results of 67.2 m for SS2-5 and 77.7 m for SS3-2 of the tests in this 

group. The predicted run-out distance is very close to the averaged figure of 72.5 m 

with a marginal discrepancy of 0.5%. For the third group, the MPM simulation 

predicted a run-out distance of 47.8 m, which is 3.2% over the averaged run-out 

distance of 46.3 m from the centrifuge tests. The run-out distances varied from 39.3 

m to 51.8 m in this group with longer run-out distances observed with larger initial 

heights of the soil block and lower yield strengths at the reference strain rate. The 

standard deviation of run-out for this group was 5.23 m. 

Boylan et al. (2010, 2014) related the centrifuge test data of slide run-out distance L 

and initial shear strength of the soil (su0 = 2su,ref) with a least square error fit, given 

by 

( ) 96.0
063.45 −= usL   

A similar plot including the MPM simulation data is presented in Figure 5-16 to 

provide a more visual comparison of the results of the MPM simulations and 

centrifuge tests. The MPM results match very well with the curve of best fit obtained 

from the centrifuge test data, demonstrating that the MPM simulations predicted a 

similar variation of run-out distance with initial soil strength as observed in the 

centrifuge tests.  

The results of MPM simulation and centrifuge testing are also compared in terms of 

the thickness along the slide at the end of the simulation or test in Figure 5-17. 

Despite the good agreement in terms of the final run-out distance, the MPM 

simulations tend to predict a more gentle variation of slide thickness along the length, 

which leads to a less inclined upper face of the slide material and greater thickness at 

the front toe.  
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Figure 5-16 Comparison of MPM simulation and centrifuge testing data in terms of slide 

run-out distance with initial shear strength 

In this section, the Geo-contact algorithm was integrated with the implementation of 

strain-rate dependency and strain softening of the soil itself in MPM simulations of 

centrifuge model tests of submarine landslide run-out. All three MPM simulations 

predicted run-out distances very close to those of the corresponding tests, 

demonstrating the accuracy and reliability of MPM in slide run-out simulation. The 

good agreement reflects accurate characterisation of the interface friction using the 

Geo-contact algorithm, and capturing complex soil behaviour such as strain rate 

dependency and strain softening within a von Mises constitutive model.  

However, the MPM simulations also predicted a gentler gradient of thickness along 

the length of the slide for all three cases. This difference highlights some limitations 

of the current MPM model. To capture complex physical phenomena such as mixing 

of the fluid and solid phases and transition from intact material to a debris flow and 

then turbidity current during the run-out, more advanced simulation techniques such 

as a coupling algorithm and adaptive mesh refinement are required. Although the 

MPM simulations described in this section were conducted using a 16 core Xeon 
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workstation, due to the limitation of incremental size in the explicit algorithm and 

the interpolation of state variables in each increment, each computation took from 

tens of hours up to a few days to run. Hence, in order to allow increased model 

complexity and possibly 3D simulations, computational efficiency must be improved 

by means of GPU parallelisation or a CPU matrix. 

 

Figure 5-17 The thickness along the slide compared at the end of the simulation/test. 
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5.5 Summary 

In this chapter, the Geo-contact algorithm was applied to perform total stress 

analysis of the run-out of a submarine landslide. As the sliding materials are 

modelled as very soft clay under undrained conditions, the interface friction is 

controlled by the limitation of a constant shear stress, which is prescribed to the 

boundary contact nodes identified by a nodal mass threshold.  

After demonstrating the accuracy and reliability of the Geo-contact algorithm and 

MPM simulation framework for sliding problems by modelling a rigid block run-out 

on rigid base. The application of MPM and Geo-contact algorithm was then 

extended to model self-weight-induced soft clay run-out. The results of MPM 

computations were verified through comparison with results of corresponding large 

deformation FE analyses. The performance of MPM was explored systematically by 

gradually increasing the model complexity. Initially, a simple case of soft clay with 

intact shear strength running out on an ‘inclined’ base simulated by rotation of 

gravity was explored. The model verified the accuracy of MPM in run-out 

simulations with a simple contact interface aligned with the background mesh axes. 

In the next step, the soft clay run-out simulation was repeated on a physical slope 

made of material points, inclined to the background mesh. The example confirmed 

the reliability of MPM simulations with a more general sliding interface not aligned 

to the background mesh. Instead of the intact soil strength assumed in the previous 

simulations, in the last example the gradual degradation of soil shear strength due to 

accumulated shear strain during the run-out was considered. The model 

demonstrated the compatibility of the Geo-contact algorithm and complex soil model 

in MPM simulation of slide run-out. 

Finally, the MPM was applied to model landslide experiments conducted in the 

UWA drum centrifuge. In this model, the sliding soil mass was placed initially on a 

physical slope and was then allowed to run out over a connected flat surface. To 

model the evolution of the slide properties during the run-out, the effects of strain 

rate dependency and strain softening were included in the soil model. The MPM 

simulations achieved good agreement in terms of run-out distances when compared 

to the prototype scale results of centrifuge testing. However, the slide shape 

predicted by the MPM model was somewhat more uniform in thickness than 
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observed in the centrifuge testing. This difference highlights the limitations of the 

current MPM simulation, where no attempt was made to model interaction of the 

fluid and solid phases. 
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Chapter 6  

Impact between Sliding Soil Mass and Pipe 

 

6.1 Introduction 

In the previous chapter, the material point method and Geo-contact algorithm were 

used to provide quantitative information such as run-out distance and front toe 

velocity of submarine landslides tests conducted in a geotechnical centrifuge. In this 

chapter, the application of MPM and Geo-contact algorithm is further extended to 

model another important stage of the sliding event, the impact between the sliding 

soil mass and a pipeline in the path. Quantitative estimation of impact force is an 

essential part of the design process for evaluating geohazard risks. 

Numerical simulation of the impact between sliding soil mass and pipeline is 

difficult as it involves extremely large deformation of the soil material and 

soil-structural contact. In this thesis, these challenges are replicated in the framework 

of MPM. As a particle based method, the MPM is designed to facilitate numerical 

analysis of extremely large material deformations. The Geo-contact algorithm 

presented in Chapter 4 was developed for modelling the contact conditions between 

a structural element and soil in geotechnical problems. The accuracy and reliability 

of the Geo-contact algorithm was verified by quasi-static plane strain simulations 

and dynamic sliding simulations. In this chapter, the Geo-contact algorithm is 

applied to characterise the impact force on a pipe exerted by the sliding soil mass 

using fully dynamic large deformation MPM simulation. 
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To evaluate the capacity of MPM in modelling dynamic phenomena such as the 

impact between a sliding soil mass and a pipe, a simple model of a rigid pipe moving 

through stationary soil is first explored. After that, the MPM is applied to model a 

more complex situation in which the advancing sliding soil mass impacts an 

embedded pipe buried in its path. As the current investigation is mainly concerned 

with evaluating inertial (or “drag”) effects from the sliding soil mass, intact soil 

strength is used in both simulations, ignoring effects of strain rate dependency or 

softening. The “drag” force exerted on the pipeline is evaluated for a series of 

non-Newtonian Reynolds numbers with different combination of flow velocity and 

material shear strength to establish a relation between the impact force and 

normalised velocity (v) of impact, expressed as ρv2/su where ρ is the submerged 

density and su the undrained shear strength of the soil. 

6.2 Rigid pipe moving through stationery soil 

6.2.1 MPM model parameters 

The MPM and Geo-contact algorithm is first applied to model a rigid pipe moving in 

stationary soil with a constant velocity. The model set-up is shown in Figure 6-1, 

taking advantage of the symmetric geometry; only half of the rigid pipe and soil was 

modelled to reduce computational effort. In this model, a rigid pipe with diameter of 

D = 0.8 m was placed 5 m away from the left boundary of the computation domain. 

A gap was modelled behind the pipe to allow soil to flow freely past the pipe, 

bulging into the gap if it so chose. The soil domain was 15 m wide and 9 m in depth. 

Except for the axis of symmetry located on the top of the soil, all other boundaries 

were fully fixed. The background mesh dimension was taken as h = 0.01 m (i.e. 80 

elements under the pipe diameter), which is sufficiently fine to capture the resisting 

force accurately. Following the suggestion of Guilkey et al. (2013), a material point 

resolution of 2×2 (i.e. two material points on each direction of the square element) 

was adopted to capture the internal stresses within the soil. A higher resolution of 

4×4 was used for the pipe to provide a better approximation of the normal vectors of 

the contact surface. 
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In the simulation, the rigid pipe was moved at a constant velocity, pushing the 

initially stationary soil to flow around and eventually into the gap behind it. The soil 

was modelled as an elastic-perfect plastic material using a von Mises yield criterion. 

The undrained shear strength was taken as su = 3 kPa. A shear modulus of G = 67su 

was adopted to reduce computational effort (since lower G/su allows large time 

increments). The unit weight of the soil was taken as γ' = 6 kN/m3 to represent 

submerged conditions. To approximate the constant volume of the soil under 

undrained conditions, a Poisson’s ratio of 0.49 was used. For simplicity, a smooth 

contact interface was assumed for the pipe and soil with no gravity acceleration 

applied to the soil material. 

 
Figure 6-1 Rigid pipe moving through stationery soil 

As shown in Table 6-1, a total number of 13 simulations were performed with 

different pipe velocities corresponding to a wide range of non-Newtonian Reynolds 

number (i.e. Johnson number Re,non-Newtonian = ρv2/su) ranging from 0.05 (mimicking a 

quasi-static scenario) to about 40. The terms non-Newtonian Reynolds number and 

Johnson number are used interchangeable throughout the thesis.  
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Table 6-1 Normalised horizontal resistance predicted by MPM simulations with different 

Johnson numbers 

Constant pipe velocity (m/s) 
Johnson number 

Re,non-Newtonian 
Normalised horizontal 

resistance qn 

0.5 0.05 7.14 

3.16 2 7.12 

3.87 3 7.35 

4.47 4 7.62 

5 5 7.93 

6.32 8 8.93 

7.07 10 9.65 

8.66 15 11.55 

10 20 13.55 

11.18 25 15.61 

12.25 30 17.71 

13.2 35 19.85 

14.14 40 22.00 
 

 
In the MPM simulations, the predicted impact resistance due to the horizontal load 

was normalised by the pipe diameter D and the intact strength su of the soil, 

according to  

u

n
n sD

f
q

⋅
=    

                                                                 

(6-1) 

in which  is the normalised impact resistance and fn is the normal impact force. 

In all simulations, the pipe was moved for a total displacement of 0.5 D to obtain a 

stable resistance from the soil. 

nq
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6.2.2 The results of MPM simulations 

The normalised resistance calculated from the simulations with different pipe 

velocities are listed in the last column of Table 6-1. The relationships between the 

normalised resistance and corresponding Johnson numbers are plotted in Figure 6-2. 

 

Figure 6-2 The relationship between the normalised resistance predicted by the MPM 

simulations and corresponding Johnson numbers 

The impact resistance on the pipe can be evaluated using either a fluid mechanics or 

a geotechnical approach. In the geotechnical approach proposed by Randolph & 

White (2012), the impact resistance was proposed as the sum of a static component 

due to geotechnical properties of the soil and a drag term due to the inertia, described 

as 

p
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2

2
1 ρ

 (6-2) 

where Cd is the drag factor for the inertial resistance expressed as 0.5Cd ρv2/su, and 

Np is the static component of the soil resistance. As the intact strength of the soil is 

y = 0.3855x + 6.1572
R² = 0.9948
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used in the MPM simulation to avoid any effects of strain rate dependency or 

softening, the static resistance in a full-flow condition can be derived from plasticity 

theory (at least for a fully embedded pipe), ranging from 9.1 for a smooth interface 

to 11.9 for a fully rough interface (Randolph & Houlsby, 1984; Martin & Randolph, 

2006). The presence of the gap behind the pipe is expected to reduce the static 

component, perhaps to Np ~ 7.5 (Auben et al., 2005). 

The drag term in Eq. 6-2 indicates a linear relation between the inertial resistance 

and the Johnson number used in the MPM simulation. Assuming that a similar flow 

pattern is observed in these simulations, the static resistance is taken as a constant, 

and the overall resistance would then increase linearly with the Johnson number of 

the sliding soil mass. Therefore, the normalised resistance calculated from the MPM 

simulations are fitted by a linear relation, with best fit parameters of static resistance 

Np = 6.16 and drag factor Cd = 0.77 as indicated in Figure 6-2 (with the correlation 

factor R2 = 0.9948). It is clear from this figure that the normalised resistance 

increases linearly with Johnson number for high values (ranging from approximately 

10 to 40) when the resistance is dominated by the drag term. However, the linear 

prediction breaks down at low Johnson numbers (from 0.05 to ~ 10), indicating a 

gradual transition in the inertial resistance at low Johnson numbers when the overall 

resistance is dominated by the static component. The static resistance estimated from 

the linear fit of Np = 6.16 is much lower than the intercept of Np ~ 9.1 from the MPM 

results for low velocity impact. 

Alternatively, the predicted impact resistance and corresponding Johnson numbers 

are fitted to a hyperbolic relation expressed as 
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in which P is the power of the hyperbolic fit taken as 1.32 for the curve shown in 

Figure 6-2. The hyperbolic relation allows a gradual increase of normalised 

resistance with Johnson number ranging from 0.05 to about 10, beyond which the 

normalised resistance increases essentially linearly with the Johnson number. The 

drag coefficient estimated from the hyperbolic fit is Cd = 0.92, which is close to the 

linear fit (Cd = 0.77). These values are higher than that of Cd = 0.4 deduced by 
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Randolph & White (2012) from re-interpretation of experimental results of (Zakeri et 

al., 2008), but are consistent with the value of Cd = 1 reported by Sahdi et al. (2014). 

In contrast to the low static resistance of Np = 6.16 predicted by the linear relation, 

the hyperbolic relationships provides a static resistance of Np = 6.74. This is 

consistent with values reported for a smooth pipeline within a deep trench (Aubeny 

et al., 2005), reflecting the freedom for the soil to flow into the gap behind the pipe, 

reducing the static resistance of 9.1 expected for a fully engulfed pipe. 

As there is an approximately 30 times difference in the magnitude of impact velocity 

for simulations with different Johnson numbers, the soil flow pattern also varies. The 

soil deformation patterns for three simulations with impact velocities of v = 0.5, 5, 

and 12.25 m/s are shown in Figure 6-3. The deformed contours of the soil material at 

different times of the simulations are shown with lines of different colours. The 

outline of the pipe at the end of each simulation is also shown to highlight the point 

where the soil separates from the pipe. 

As shown in Figure 6-3a, at a low impact velocity of v = 0.5 m/s (Johnson number of 

0.05), the simulation approximates a quasi-static condition and any inertial effect is 

slight. The soil flows around the pipe with only slight movement into the gap behind 

the pipe. Separation between the soil and pipe occurs to the left of the mid-point of 

the pipe. With a medium impact velocity of v = 5 m/s, corresponding to a Johnson 

number of 5 (Figure 6-3b), there is greater movement of into the gap behind the pipe 

and separation occurs at the mid-point. For the third case with impact velocity of v = 

12.25 m/s, Johnson number of 30 (Figure 6-3c), separation take place in the front 

part of the advancing pipe and a large soil berm is observed within the gap. 

The soil deformations contours shown in Figure 6-3 demonstrate that the soil flow 

pattern varies with the impact velocity. Although the modified pattern at high 

velocities will lead to slightly increased ‘static’ (or geotechnical) component of 

resistance (otherwise that mechanism would be optimal for static conditions), this 

occurs in order to minimise the dominant inertial component of resistance. The net 

effect is a gradual change in overall normalised resistance for Johnson numbers in 

the range 0 to 10, leading to the hyperbolic relationship observed in Figure 6-2. 

 



Chapter 6                                     Center for Offshore Foundation Systems 

Impact between Sliding Soil Mass and Pipe             The University of Western Australia 

127 

 

Figure 6-3 Soil deformation contour plotted for simulations with different impact velocity 

6.3 Drag force exerted on embedded pipeline exerted by soil flow 

6.3.1 MPM model parameters  

In the previous example, the MPM was applied to perform dynamic analysis of a 

rigid pipe moving through stationery soil. In this case, a more realistic model in 

which the moving soil mass impacts an embedded pipe is explored (Figure 6-4). As 

the gravity force is included in the simulation, the soil material fully engulfs the pipe 

once the soil flow has stabilised, which leads to a more consistent static resistance 

component. The sliding soil mass with an initial thickness of 3 m enters the model 

from the left feeding boundary (red) with an initial flow velocity v0 to simulate the 

soil flow at some stage of a slide. A soil block with a slope of 45 degree and moving 

at the initial flow velocity v0 is used to model the front of slide. A smooth, but stiff, 
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seabed is used, which may perhaps reflect conditions at a mature stage of the 

submarine landslide, perhaps with hydroplaning or at least a trapped boundary layer 

of water essentially eliminating friction with the seabed or tendency for erosion to 

occur. The half-embedded pipe, with diameter D = 0.8 m and exposed height of 0.4 

m, is modelled as a rigid object located 5 m away from the feeding boundary. A 

smooth interface is assumed for the contact between the sliding soil mass and pipe. 

The right outlet boundary (green), which allows the soil flow to leave the 

computation freely, is located 10 m away from the pipe, allowing sufficient space for 

the turbulent flow pattern directly after impact to steady down.  

 

Figure 6-4 Sliding soil mass impact an embedded pipe 

The dimension of the background mesh is taken as h = 0.02 m, which corresponds to 

40 elements under the diameter of pipe. This mesh density is sufficient to capture the 

active force for intact soil when used with the Geo-contact algorithm. Although the 

standard material point resolution of 2×2 (i.e. two material points in each element 

direction) is sufficient to capture the internal stress of the soil, a higher material point 

resolution of 4×4 per element is used for the pipe to get a better approximation of the 

normal vectors of the contact surface. Gravity is included in the simulation to ensure 

the soil fully engulfs the pipe during the impact. The gravity acceleration is taken as 

g = 9.81 m/s2.  

The soil flow is regarded as an elastic-perfectly plastic material following a von 

Mises yielding criterion. The shear modulus of G = 67su is used to save the 

computation effort of the explicit dynamic simulation. Poisson’s ratio of 0.49 is used 

to approximate constant volume conditions during shearing. Submerged unit weight 
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of γ' = 6 kN/m3 is adopted. To avoid complications due to strain rate dependency or 

softening, the shear strength of the soil is assumed fixed and uniform throughout the 

simulation, such as might be applicable for developed debris flow. Assuming the 

sliding soil has already undergone substantial remoulding during the run-out, a series 

of low shear strengths of su = 0.4, 0.6, 0.8 and 1.0 kPa were used with four different 

feeding velocities of v0 = 1, 2, 3, 4 m/s to simulate soil flow with different values of 

non-Newtonian Reynolds number, Re, non-Newtonian. As listed in Table 6-2, 16 MPM 

simulations with Johnson numbers range from 0.6 to 24 were undertaken. However, 

as the soil deforms due to its self-weight while running out on the smooth seabed, 

the actual flow velocity when the soil impact the pipe is different from the initial 

feeding velocity. The actual impact velocity and corresponding Johnson number was 

used to evaluate the inertias effects, as explained later. 

Table 6-2 MPM simulations with different Johnson numbers 

Model 
Feeding velocity v0 

(m/s) 

Intact shear strength su 

(kPa) 
Johnson number at 
the feeding velocity 

Case 1a 1 0.4 1.5 

Case 1b 2 0.4 6 

Case 1c 3 0.4 13.5 

Case 1d 4 0.4 24 

Case 2a 1 0.6 1 

Case 2b 2 0.6 4 

Case 2c 3 0.6 9 

Case 2d 4 0.6 16 

Case 3a 1 0.8 0.75 

Case 3b 2 0.8 3 

Case 3c 3 0.8 6.75 

Case 3d 4 0.8 12 

Case 4a 1 1.0 0.6 

Case 4b 2 1.0 2.4 

Case 4c 3 1.0 5.4 

Case 4d 4 1.0 9.6 
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6.3.2 Impact resistance in stabled flow  

In the proposed sliding soil mass-pipe impact model, the impact resistance exerted 

on pipe depends on the velocity of soil flow. Therefore, the impact resistance used to 

evaluate the inertia effect is determined in the stable soil flow, which is observed 

when the soil mass entering from the left feeding boundary equals the soil mass 

leaving from the right outlet boundary. Here, the procedures taken to determine the 

impact resistance in the stabled soil flow are described for a particular simulation 

case of Case 3c.  

The velocity contour of sliding soil mass in simulation Case 3c is shown in Figure 

6-5. The maximum flow velocity (6 m/s) in the legend is taken as two times of the 

feeding velocity, which is 3 m/s for this case. As shown in this figure, the sliding soil 

mass enters the simulation from the left feeding boundary. The soil deforms under 

self-weight while running out on the smooth seabed. The sliding soil mass is 

compressed and pushed upwards when the soil flow impacts the pipe (t = 0.5 s). 

After the initial impact, the sliding soil mass continues to flow into the 

computational domain and exerting sustained force on the pipe. Due to gravity, the 

soil mass pushed up by the pipe starts to drop down after flowing pass the pipe (t = 

2.0 s). Although a gap is formed behind the pipe initially when the flowing soil mass 

just touches the seabed (t = 1.5 s), as more and more soil mass continue to flow 

passing the embedded pipe, the gap is gradually filled (t = 2.0 and 2.5 s). The soil 

flow continues to build up as the soil fully engulfs the pipe with increasing thickness 

(t = 5.0 s). Finally, as the same amount of soil mass flow into and out of the 

computation, the stabilised flow state becomes established (t = 7.5 s). 

The impact resistance and corresponding Johnson number used to evaluate the 

inertia effect are determined in stabilised soil flow. As shown in Figure 6-5, the soil 

thickness H at the front of the pipe is used to determine the impact velocity 

H
Hv

vi
00 ⋅=  (6-4) 

from which the actual Johnson number for the stabilised soil flow is derived.  
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Figure 6-5 Velocity contours of soil flow for simulation Case 3c, the flow velocity in 

the stabilised flow state is used to determine the Johnson number 
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The normalised impact resistance is determined from the normal impact force fn over 

the exposed height of the pipe D/2 and the shear strength of the soil flow su. The 

normalised impact resistance predicted by the MPM simulation is plotted in Figure 

6-6 for Case 3c. As shown, a peak resistance is observed when the sliding soil mass 

first impacts the pipe. Following the initial impact, a high normalised soil resistance 

of qn ~ 15 is observed until a simulation time of ~1.5 s, with a gap formed behind the 

pipe. After that, as the gap is gradually filled by the soil, the active force is partly 

balanced by the soil stresses acting on the back of pipe, which leads to a reduced soil 

resistance. The impact resistance continues to drop until a simulation time of t ~ 4.5s. 

The stabilised normalised soil resistance (qn = 10.41) for simulation times of t = 4.5 

to t = 7.5 s is used as the impact resistance for this case.  

 

Figure 6-6 Normalised impact resistance for simulation Case 3c 

6.3.3 Results and discussion 

The procedures described in the previous section have been used to determine the 

stabilised impact resistance for all simulations cases listed in Table 6-2 except for 

Case 1d, for which the MPM simulation failed due to numerical difficulties. The 
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stabilised impact resistance for the remaining simulations are shown in Table 6-3. 

The impact velocities and the corresponding Johnson numbers determined from them 

are also listed.  

Table 6-3 Stabilised impact resistances at the Johnson numbers determined from the impact 

velocities 

Model 
Feeding 
velocity 

v (m/s) 

Flow thickness 
at the front of 
pipe (m) 

Impact 
velocity 

vi (m/s) 

Johnson number 
at the impact 
velocity 

Impact 
resistance qn 

Case 1a 1 1.48 2.03 6.49 10.02 

Case 1b 2 1.78 3.37 17.04 12.68 

Case 1c 3 2.42 3.72 20.76 13.36 

Case 2a 1 1.44 2.08 4.33 9.50 

Case 2b 2 1.94 3.09 9.55 10.77 

Case 2c 3 2.56 3.52 12.32 11.30 

Case 2d 4 2.84 4.23 17.89 13.30 

Case 3a 1 1.52 1.97 2.91 9.17 

Case 3b 2 2.1 2.86 6.13 10.15 

Case 3c 3 2.64 3.41 8.67 10.41 

Case 3d 4 2.92 4.11 12.67 11.80 

Case 4a 1 1.64 1.83 2.01 8.88 

Case 4b 2 2.18 2.75 4.54 9.74 

Case 4c 3 2.7 3.33 6.65 10.06 

Case 4d 4 2.92 4.11 10.28 11.40 

 
The stabilised impact resistance predicted by the MPM simulations is plotted against 

the corresponding Johnson numbers in Figure 6-7. As expressed by Eq. 6-2, the 

impact resistance may be considered to be derived from a drag term 0.5Cdρv2/su due 

to inertial effects and a static component Np due to geotechnical resistance from the 

soil. As the effect of strain rate dependency is not modelled in the simulations, the 

static resistance is taken as constant. Consequently, the overall impact resistance is 

related linearly to the Johnson number of the soil flow.  
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Figure 6-7 The impact resistance increase linearly with the Johnson number of the soil flow 

A linear relation between the impact resistance and the Johnson numbers is indeed 

found to fit the data well, with a static component of Np = 8.35 and drag factor of Cd 

= 0.52; the correlation factor is R2 = 0.9903. The drag factor agrees reasonably with 

the geotechnical framework suggested by Randolph & White (2012), which gave Cd 

= 0.4 from re-interpretation of the experimental data of (Zakeri et al., 2008), and 

also the value of Cd = 0.5 from large deformation FE analysis described by Randolph 

& White (2012). However, it is lower than the value of Cd = 1 deduced 

experimentally by Sahdi et al. (2014). The difference in Cd values may be partly due 

to the different boundary conditions for a half-buried pipe, compared with a fully 

engulfed pipe as simulated in Fig. 6-2, and in the model tests reported by Sahdi et al. 

(2014). 

The static resistance component of Np = 8.35 is lower than that of limit analysis (Nc 

= 9.1) for a deeply embedded pipe with a smooth interface. The difference is 

attributed to the low normalised embedment depth of the pipe, with H/D in the range 

1.8 to 3.6 (with initial value of H0/D = 3.75). The range of embedment depths is not 

8

9

10

11

12

13

14

0 5 10 15 20 25

Im
pa

ct
 R

es
is

ta
nc

e,
 q

n

Johnson Number, ρv2/su

Su=0.4 kPa
Su=0.6 kPa
Su=0.8 kPa
su = 1.0 kPa

su = 0.4 kPa
su = 0.6 kPa
su = 0.8 kPa
su = 1.0 kPa

y = 0.26x + 8.35
R2 = 0.9903



Chapter 6                                     Center for Offshore Foundation Systems 

Impact between Sliding Soil Mass and Pipe             The University of Western Australia 

135 

sufficient to establish local full flow conditions. Finite element analyses reported by 

Martin & White (2012) indicate a figure of Np ~ 6 - 7, for embedment of 2.5D in 

normally consolidated soil, varying with pipe roughness. Hence, Np = 8.35 is 

considered as a reasonable static resistance for embedment of 1.8 - 3.6D assuming a 

smooth pipe-soil interface.  

6.4 Summary 

In this chapter, the material point method has been applied to model the impact 

between a sliding soil mass and a pipe through two sets of dynamic simulations. The 

analyses were mainly focused on the evaluation of inertial effects, and so a constant 

uniform shear strength was used for the soil, ignoring any effects of strain rate 

dependency 

As an initial verification, the MPM was applied to model a rigid pipe moving in 

stationary soil with a constant velocity, with a gap assumed behind the advancing 

pipe. The predicted soil resistance is evaluated within a geotechnical framework. 

However, instead of the expected linear relation, the soil resistance was found to 

increase hyperbolically with the Johnson number, ρv2/su of the soil flow. This is 

considered to be related to the changing flow kinematics, and hence in static 

resistance and inertial effects, for different impact velocities. The deliberate 

inclusion of a gap behind the pipe, which leads indirectly to unbalanced inertial 

effects, allows the soil deformation pattern to vary with the pipe velocity, with 

different amounts of soil intruding into the gap and a variation of the point at which 

separation of the flow occurs around the advancing pipe.  

The MPM was then applied to conduct a more realistic simulation of a sliding soil 

mass impacting a rigid half-embedded pipe, with a smooth interface assumed 

between pipe and soil. Gravity force was included in the simulation to encourage the 

soil flow around the pipe, leading to the development of a stable normalised 

resistance. The simulations were performed for a range of Johnson numbers obtained 

with different combinations of feeding flow velocity and soil strength. The Johnson 

number determined from the impact velocity in a stabilised soil flow and the 

stabilised normalised resistance were used to evaluate inertial effects. A linear 

relation was found between the calculated normalised resistance and the Johnson 
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number of the soil flow. The resulting drag coefficient of Cd ~ 0.5 is close to results 

from large deformation FE simulations, and also of some experimental data. As the 

pipe was not allowed to move in the simulations, the calculated forces exerted on a 

pipe may be taken as a conservative estimate of the maximum impact force when 

compared to a situation where the pipe is picked up by the flowing soil and carried 

forward by some distance. 
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Chapter 7  

Concluding Remarks 

 

7.1 Main findings 

This thesis has explored the potential of the material point method in numerical 

simulation of submarine landslides and their impact on subsea infrastructure, and 

specifically with an on-bottom pipeline. Submarine landslides are one of the most 

severe geo-hazards for subsea infrastructure such as pipelines. Numerical 

simulations have been used in the literature to study many phases of submarine 

landslides, such as initial failure, the run-out of sliding material and impact on 

pipelines. The MPM simulations conducted in this thesis focused on the potential for 

this approach to yield quantitative information on aspects such as the evolving slide 

velocity, run-out distance and impact forces on a pipeline. Throughout the study, the 

soil was treated as a simple von Mises type material, but in some analyses allowing 

for strain rate dependency of the shear strength and also strain softening, but 

neglecting any evolution of properties such as might be induced by gradual water 

entrainment. 

Numerical simulation of submarine landslide is very challenging as it typically 

involves large material deformations and failure of the soil. As a particle based 

meshfree method designed for modelling large material deformations, the MPM 

introduced in Chapter 2 and 3 has high potential in modelling submarine landslides. 
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In this thesis, an explicit ‘update stress last’ MPM algorithm implemented in the 

open source software Uintah code was used to perform MPM simple simulations of 

submarine landslide run-out and soil-pipe interactions, as a starting point for further 

development of the technique for more complex situations. The spline interpolation 

function of the generalised interpolation material point (GIMP) method was used for 

all MPM simulations.  

Chapter 4 presents the Geo-contact algorithm designed for large deformation 

analysis of typical geotechnical contact conditions. Based on the popular friction 

contact algorithm (Bardenhagen et al., 2000; 2001), the Geo-contact algorithm 

introduced a penalty function to avoid numerical artefacts commonly encountered in 

structure-soil contact, and incorporated a maximum shear stress interface as an 

alternative to the more common Coulomb friction law to model partially or fully 

rough contact conditions in geotechnical engineering. The Geo-contact algorithm 

was verified by three plane stress quasi-static simulations using the Uintah software. 

Good agreement was obtained between the MPM calculations and results of limit 

analysis and large deformation FE models. This verified quantitatively the accuracy 

of MPM when applied to typical penetration problems. The MPM implementation of 

strain rate dependency and strain softening was also verified through embedded 

T-bar penetration simulations. These verifications also demonstrated the reliability 

and expandability of the Uintah software in performing MPM simulations.  

Chapter 5 explored the potential of MPM in modelling slide run-out. The 

Geo-contact algorithm was used in run-out simulations to capture the interface 

friction force. After an initial verification for a rigid block sliding on a rigid base, the 

Geo-contact algorithm and MPM was then applied to model self-weight-induced soft 

clay run-out on a rigid seabed with increasing model complexity. The quantitative 

results of slide run-out distance and front toe velocity were compared with 

corresponding large deformation FE simulations to evaluate the performance of 

MPM. The compatibility of the contact computation and modelling of complex soil 

behaviour was verified by including strain softening in one of the run-out 

simulations. Once verified through these simulations, the MPM was applied to 

model landslide run-out tests conducted previously on the UWA drum centrifuge. 

The sliding soil mass was treated as a strain-rate dependent and strain softening 
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material. Although the MPM achieved good agreement in terms of run-out distances 

with the centrifuge test data, the slide shape predicted by the MPM simulation was 

more uniform in thickness rather than the wedge-shaped geometry observed in the 

centrifuge tests. This may reflect some limitations of the current approach.  

In the last technical chapter, the MPM was applied to evaluate the force exerted by a 

sliding soil mass impacting a pipe. Constant, uniform, shear strength was assumed 

for the soil in order to avoid complications arising from strain rate dependency, and 

the main focus was to evaluate ‘drag’ resistance induced by inertial effects. The 

Geo-contact algorithm was used to quantify the impact force. In the initial 

verification of a rigid smooth pipe moving in stationary soil with a constant velocity, 

the MPM was able to predict the normalised resistance of the soil over a wide range 

of Johnson numbers. However, instead of a linear relationship as has been postulated 

based on a geotechnical approach, with constant ‘static’ geotechnical resistance 

added to drag resistance proportional to the square of the impact velocity, a 

hyperbolic relation was found between the normalised resistance and Johnson 

number ρv2/su derived from the impact velocity and soil strength. This was attributed 

to variations in the flow kinematics, depending on the relative velocity between pipe 

and soil.  

To overcome this problem, more realistic simulations were undertaken of a sliding 

soil mass impacting a rigid smooth pipe buried by half its diameter in the flow path. 

Gravity was included to ensure that the flowing soil mass fully engulfed the pipe 

once the flow had stabilised. This allowed quantification of a consistent steady-state 

resistance for a range of flow velocities. Results from 15 simulations with different 

soil shear strength and flow velocity were evaluated. A linear relation was found 

between the calculated steady-state impact resistance and Johnson numbers for the 

flowing material, with a drag coefficient close to results from previously published 

experiments and large deformation FE analyses.  

7.2 Recommendations for future work 

The explicit dynamic MPM algorithm and the proposed Geo-contact algorithm 

developed in the thesis have been verified from various simulations involving 

penetration of an object through soil and sliding simulations involving dynamic 
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run-out of slide material and impact of the sliding soil mass on a partially buried 

pipeline. In spite of positive results that demonstrate the potential of the MPM for 

submarine landslide simulations, a number of shortcomings of MPM were also 

identified through these simulations. 

The main drawback of the MPM is the high computational cost. Even with a 

parallelised algorithm, the MPM simulations are typically computationally more 

expensive than FE analyses. For instance, the embedded T-bar penetration 

simulation conducted to obtain the softening patterns shown in Figure 4-24 took over 

200 hours to run on a 16 core Xeon workstation with clock speed of 3.1 GHz. The 

poor computational efficiency is due to a number of reasons. Firstly, the MPM 

typically requires a finer background mesh than the mesh used in FE analyses to 

achieve the same degree of accuracy in terms of strains and stresses. This results 

from the higher order interpolation function used. Although the GIMP interpolation 

function leads to more robust computation of the strain and stress fields, a denser 

background mesh is required to model strain and stress concentration as these 

quantities are averaged between adjacent mesh elements to ensure continuity of the 

gradients. Moreover, incremental time step size in the explicit dynamic MPM 

algorithm is limited by the Courant-Friedrichs-Lewy condition. Although there is no 

matrix inversion required in the explicit computations, the overall computational cost 

may still be higher than for an implicit approach.  

Another drawback of the simulations of landslide run-out in the thesis is that the 

slide material was limited to a simple von Mises type, rate dependent, strain 

softening material. Although this approach allows modelling of soil strength 

degradation due to remoulding in a total stress framework, more complex run-out 

physics such as water entrainment, hydroplaning or erosion of a soft seabed was not 

modelled. The advantage of the MPM in accommodating more than one material or 

phase of material in the same spatial domain was not explored here, although in 

principle the method has potential to achieve modelling of multi-phase interactions.  

In light of the research work accomplished in this thesis and the drawbacks of 

current MPM models, recommendations are made below for possible future study.  
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• Improvement of the computational efficiency is necessary for performing 

large-scale simulations of submarine landslides in 2D or even 3D. This can 

be achieved either by using a CPU matrix or GPU parallelisation of the 

computation.  

• An alternative approach to facilitate large-scale computations using the 

current MPM simulation framework is to introduce adaptive mesh 

refinement. 

• The development of some form of coupling algorithm is required for 

modelling the transition of the slide from soft solid to a fluid like soil flow. 
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