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Abstract 

Growing global need for natural resources drives oil and gas companies to explore deep 

and ultra-deep waters, which exposes the subsea infrastructure to a number of geohazards, 

such as submarine landslides, mud volcanos and methane gas emissions. Submarine 

landslides are one of the most hazardous agents through which vast volumes of sediments 

are transported across the continental slopes. Assessment of the runout mechanism of the 

slides and quantification of their impact forces on the subsea structures are essential to 

the design practice in industry.  

The ultimate aim of the research in this thesis is the numerical simulation of the runouts 

of submarine slides and their impact on subsea infrastructure, i.e. pipeline and mudmat. 

To achieve this goal, a new numerical method, the material point method (MPM), is 

adopted due to its capability of handling extremely-large deformations. The major part of 

the thesis is therefore devoted to the development and implementation of the MPM, 

leading eventually to exploring impact forces against on-bottom infrastructure. In MPM, 

the sliding material, structure and seabed are discretised into a number of Lagrangian 

particles, and a background Eulerian mesh is employed to update the state of the particles. 

The morphologies of the slide and the structure-slide interaction can be reproduced by 

tracking the Lagrangian particles in the dynamic processes. 

Computational efficiency is a critical issue for the MPM to simulate the slides involving 

vast volumes of sediments, which is currently limited to small scale events and within 2D 

framework. To promote the efficiency of the MPM and enlarge the modelling scales of 

slides, parallel computing on graphics processing units (GPUs) is presented through the 

‘compute unified device architecture’. A special technique is developed to parallelise the 

interpolation from soil particles to nodes to avoid data race. Benchmark problems of 

surface footing penetration and a submarine slide are analysed to quantify the ‘speedup’ 

of GPU parallel computing over sequential simulation on central processing unit. The 
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maximum speedup with single-precision is ~ 30; while it reduces to ~ 20 using double-

precision. 

Most of the present knowledge on submarine slides relies upon back-analysis of the post-

failure deposits identified using geophysical techniques. Limited work has been 

performed on the runout process and evolution of morphologies of the transported 

materials. The runout behaviour of the slides is analysed using the MPM in total stress 

framework with focus on the geotechnical aspects of the morphologies. A real case 

history and two cases of centrifuge tests of submarine slides are back-analysed using the 

MPM. Runout of the slides from steep slopes to moderate bases are reproduced. History 

of shear layer thickness is also discussed for both non-softening and softening soils. Then 

different combinations of soil and seabed parameters are assumed to trigger runout 

mechanisms of elongation, block sliding and spreading. 

Quantitative assessment of impact forces by submarine slide on on-bottom pipeline and 

mudmat are performed. For simplicity, the pipeline and mudmat are assumed to be fixed 

in space. The Herschel-Bulkley rheological model is incorporated to reflect the undrained 

shear strength of the sliding mass growing with shear strain rate. The behaviour of the 

mass impacting and then flowing across the structures is reproduced by allowing 

separation between the structures and the sliding mass. The steady force, following an 

initial peak impact force, is quantified with a hybrid model considering the combined 

effects due to the inertia, shear strength and static pressure of the sliding material.  
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  Introduction 

 

 Background  

Growing global need for natural resources drives oil and gas companies to explore deep 

and ultra-deep waters, which exposes subsea infrastructure to a number of geohazards, 

such as submarine landslides, mud volcanos and methane gas emission. Submarine slides 

encompass a variety of subsea geological events with downslope movement of sediment 

masses bounded by distinct failure planes (Locat and Lee, 2002; Highland and Peter, 

2008). A submarine slide can be triggered by rapid accumulation of heavy sedimentary 

deposits (Prior and Coleman, 1982; Weaver et al., 2000), frequent seismic agitation 

(Kammerer et al., 1998) and methane hydrate dissociation (Xu and Germanovich, 2006) 

etc. Although reported more around the Gulf of Mexico and North Sea due to the high 

activity of industry projects, submarine slides are widespread globally on the continental 

margins, especially in areas dominated by sensitive sediments. Figure 1-1 shows the 

global occurrence of submarine slides reported in the literature during recent decades. 

Enormous volumes of sediments, a mixture of sands, clays and grains, can be transported 

by submarine slides, which are two to three orders of magnitude larger than typical 

subaerial slides (Hampton et al., 1996). There are eight events in Figure 1-1 with volumes 

of slides larger than 100 km3. The largest event in the Storegga slides (Haflidason et al., 

2004) involved the transport of some 3880 km3 of sediments. 

The process of a submarine slide comprises three stages: slope failure of intact soil, runout 

of slides from the source area, debris flow of remoulded soil and turbidity current of heavy 

fluid (Hampton et al., 1996; Masson et al., 2006; Locat et al., 2000). The term ‘debris 

flow’ represents a laminar and cohesive flow composed of fine-grained sediments, and 

‘turbidity current’ is a flow with sediment grains suspended in fluid turbulence. Due to 

the entrainment of water and strain-softening of the sliding material, its shear strength 

decreases gradually. The shear bands are propagated within the sliding mass, shaping 

various morphology patterns. Although various conceptual runout mechanisms have been 
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reported with the aid of high-resolution remote sensing techniques such as acoustic-

reflection profiling and side-scan sonar imaging, the evolution of the runout morphologies 

is far from well-studied. The runout morphologies depend on the initial volume of the 

sediments, the seabed slope, the shear strength of the slide-seabed interface and the intact 

and remoulded shear strengths of the sliding material. 

 

Figure 1-1 Global occurrence of submarine landslides (after Shanmugam and Wang, 2015) 

The impact of a significant sliding mass transported with high mobility can lead to severe 

damage on downslope infrastructure, such as on-bottom pipelines, cables, mudmats and 

risers. The submarine slide caused by Hurricane Camille resulted in complete collapse of 

an offshore oil production platform (Nodine et al., 2006). Pipelines were damaged by the 

debris flow triggered by Hurricane Ivan (Coyne and Dollar, 2005; Thomson et al., 2005). 

Submarine slide are also a cause of tsunamis, which is attributed to the energy of the 

sliding mass being transferred to water motion. Two thousand people died from tsunami 

waves induced by a large submarine landslide after an earthquake with magnitude of 7.0 

in New Guinea (Geist, 2000). Therefore, assessment of the potential occurrence of 

submarine landslides and their impact on subsea facilities is critical in slide prone areas.  

 Objective of this study 

The submarine slide is a complex process with rapid evolutions of slide geometry, 

rheological properties and velocity distribution, which is accompanied by water and 

shallow seabed material mixed in the slide mass. Furthermore, estimation of the potential 

damages to the subsea infrastructure needs more rational investigations. This thesis 

presents a framework to reproduce the morphologies of submarine slides and investigate 
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their impact on subsea infrastructure using the Material Point Method (MPM). In MPM, 

the sliding material, structure and seabed are discretised into a number of Lagrangian 

particles, and a background Eulerian mesh is employed to update the state of the particles. 

The morphologies of the submarine slide and the structure-slide interaction can be 

reproduced by tracking the Lagrangian particles in the dynamic processes.  

The first specific objective of the thesis is to promote the efficiency of the MPM, which 

is critical for the simulation of submarine slides with large volumes. A parallel computing 

strategy on graphics processing units (GPUs) is a viable solution. However, 

parallelisation of the interpolation from material particles to mesh nodes in the MPM 

algorithm has been hindered by potential data race. A domain decomposition technique 

was thus developed to solve this problem. Quantification of the ‘speedup’ of the GPU 

parallel computing over sequential simulation on the central processing unit (CPU) is also 

included in the scope.  

The second task is to study the runout of the sliding mass on a slightly inclined slope. The 

seabed topography may be simplified as either planar, or varying in two dimensions (the 

latter being taken from a real case history), while the sliding mass is modelled as a 

softening Herschel-Bulkley (H-B) material. Morphologies of the runout and the final 

runout distances are the main concerns. The factors considered are: slope inclination, 

combination of threshold shear strength, sensitivity and rheology of the sliding material 

and shear strength of the slide-seabed interface. The MPM results are compared with 

those from a large deformation finite element (LDFE) approach and a depth-averaged 

method (DAM).  

The last objective is to investigate the impact of the sliding mass on an on-bottom pipeline 

or mudmat. The steady-state kinematic forces on the structures are quantified in a more 

rational way considering the combined contributions from inertia, shear strength and 

static pressure of the slide.    

 Thesis organisation 

This thesis comprises eight chapters. The seven chapters following the introductory 

chapter are arranged as follows. 

Chapter 2 initially reviews state-of-the-art research on submarine landslides, covering soil 

behaviour characterised by softening rheological models, research techniques on the 



Chapter 1                                        Centre for Offshore Foundation Systems 

Introduction                                        The University of Western Australia 

4 

runout process and assessment of impact forces on subsea infrastructure. The 

development and applications of the MPM are also reviewed. 

Chapter 3 introduces the numerical formulation and software development of the MPM. 

The numerical procedures are illustrated in terms of sequential functions, including the 

implementations of constitutive model and contact algorithm. Currently available MPM 

software is also described, followed by the introduction of an in-house MPM code.   

Chapter 4 presents a parallel computing strategy using GPUs for MPM analysis, in which 

a domain decomposition technique is developed to parallelise the interpolation from 

particles to nodes to avoid data race. The ‘speedup’ of GPU parallel computing over 

sequential simulation on CPU is quantified.  

Chapter 5 describes the simulation of runout processes of submarine landslides with the 

MPM, focusing on the morphologies of runout and the final runout distances. The seabed 

topography is simplified into either planar, or varying in two dimensions, while the sliding 

mass is modelled as a softening H-B material. The results are compared between LDFE, 

MPM and DAM. 

Chapter 6 reports simulations of the interaction between a sliding mass and an on-bottom 

pipeline. The partially-embedded pipe is assumed to be fixed in space, and the behaviour 

of the mass flowing over the structures is reproduced by allowing separation between the 

pipe and the sliding mass. The steady-state kinematic forces on the pipe are quantified 

and interpreted by considering the combined contributions from inertia, shear strength 

and static pressure of the slide. 

Chapter 7 reports simulations of the interaction between a sliding mass and an on-bottom 

mudmat. The steady-state kinematic forces on the mudmat are also quantified and 

interpreted by considering the combined contributions from inertia, shear strength and 

static pressure of the slide. 

Chapter 8 summarises the key conclusions from this research and provides 

recommendations for future studies.  
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 Literature Review 

 

 Introduction  

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

discussion covers soil behaviour characterised by softening rheological models, 

experimental and numerical techniques for simulation of the runout process and 

assessment of impact forces on subsea infrastructure. A brief introduction of the 

development and application of the MPM is also included. 

 Stages of submarine mass movements 

The complexity of submarine mass movements is significant, involving various stages: 

initiation of slope failure, runout of the landslide, transition into debris flow and the 

subsequent turbidity current (Figure 2-1, Locat and Lee, 2000; Boukpeti et al. 2012). At 

the initiation of slope failure, the original sediments, possessing high shear strength up to 

30 kPa due to relatively low water content and integrated microstructure, are mobilised 

along the sliding plane. The concerns at this stage include the triggering mechanisms and 

volume of the sliding zone (Figure 2-2), which are usually investigated using theoretical 

analyses (Palmer and Rice, 1973; Locat et al., 2000; Puzrin et al., 2004) and numerical 

modellings (Zhang et al., 2015; Dey et al., 2016). In general, slope failures may be 

classified roughly as translational and rotational movements (Figure 2-3). The former is 

typified by slide material shearing along a planar weak layer while the latter involves 

blocks rotating along curved slip surfaces. Essentially, the translational failure is similar 

to the catastrophic failure discussed by Puzrin et al. (2004) and Zhang et al. (2015). More 

detailed classification was presented by Prior (1984) (see Figure 2-4) and Norem et al. 

(1990). 
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Figure 2-1 Characteristics of submarine mass movements at stages (after Boukpeti et al., 2012) 

 

Figure 2-2 Concerns and techniques for submarine mass movements at stages 

The slides may run out at a velocity up to 20 m/s. The runout patterns and distances are 

influenced by slope angle, shear strength of the sliding material and shear strength on 

slide-seabed interface. Hydroplaning enhances the mobility of the sliding mass, and water 

entrainment degrades the shear strength of the sliding material. The runout process was 

investigated using field investigations (Færseth and Sætersmoen, 2008), laboratory tests 

(Gauer at al. 2005) and numerical analyses (Dey et al., 2016). The current work focuses 

on the runout of slides and their impact forces on subsea infrastructure, which will be 

analysed with the MPM. 
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(a)            (b) 

Figure 2-3 Submarine slope failure types (a) Translational (b) Rotatioal (Varnes, 1958) 

 

Figure 2-4 Classification of submarine mass movements (Prior, 1984) 

Due to entrainment by the ambient water, landslide tends to transit into debris flow and 

then turbidity current. The debris flow and turbidity current are usually studied within the 

framework of fluid dynamics such as through flume tests and computational fluid 

dynamics (CFD) simulations. For the debris flow, transport and deposit of the sediments 

are the main concerns while erosion on the seabed and ‘debris flow-ambient water’ 

interaction are considered as well.  
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 Soil behaviour in submarine landslide  

Due to water entrainment and disintegration and remoulding of the slide during runout, 

the shear strength of the slide may be reduced gradually from the intact value by more 

than one order of magnitude. Although water entrainment plays an important role in the 

degradation of the shear strength of the sliding material, it is not considered explicitly in 

this study due to the technical complexity of sediment-water mixture (Iverson, 2003). 

Instead, the remoulding of the sliding mass, which is the destruction of microstructure 

with cumulative plastic shear strain potentially exacerbated by water entrainment, will be 

considered. Since the slope failures and runout of slides occur in short periods, the 

behaviour of the sliding material is essentially under undrained conditions. The runout 

distance may be correlated with the remoulded undrained strength sur. Values of sur < 1 

kPa may result in runout distances larger than 100 m (Mitchell and Markell, 1974; Thakur 

and Degago, 2012). In addition to the strain softening during runout, progressive or 

catastrophic failure may be triggered by reduction of shear strength within the shear band 

(Puzrin et al., 2004; Locat et al., 2014).  

The undrained shear strength of the sliding material with strain-softening may be 

quantified through a simple exponential decay function (Einav and Randolph, 2005)  

  95/3

remremuiu 1
 

 ess

 
 (2-1) 

where sui is the intact shear strength of the sliding material, δrem is the strength ratio 

between fully remoulded and intact state (i.e. inverse of sensitivity), and ξ is the 

cumulative plastic shear strain with ξ95 the plastic shear strain required to achieve 95% of 

remoulding. 

On the other hand, the undrained shear strength of the sliding material is increased by the 

high shear strain rate (Locat and Demers, 1988). The slides travel at high velocities, 

suggesting that the dependence of undrained strength on the strain rate is an important 

consideration. The relationship between the undrained shear strength and the shear strain 

rate was studied by Boukpeti et al. (2012) using fall cone, vane shear, T-bar and ball 

penetrometer tests. The H-B rheological model has been found to be capable of capturing 

the variation of shear strength across a wide range of shear strain rates, allowing a 

consistent treatment of the material response throughout the runout process (Coussot et 

al., 1998; Boukpeti et al., 2012). The H-B model may be expressed in a normalised form 

as  
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where su0 is the threshold shear strength, refγ  the reference shear strain rate, γ  the 

shear strain rate, η the viscosity coefficient and n the shear-thinning index. Note that the 

intact shear strength (i.e. ξ = 0) sui in Equation 2-1 is the strength at the reference strain 

rate sui = (1+η)su0. With n equal to 1, Equation 2-2 represents the Bingham model, which 

assumes a linear variation of the shear strength with shear strain rate.  

Alternative expressions of the effect of shear strain rate are a log law (Dayal and Allen, 

1975; Biscontin and Pestana, 2001) and power law (Abelev and Valent, 2009). In the 

logarithm law, the shear strength increases per log cycle change of strain rate by an 

amount µ according to (Graham et al., 1983; Lunne and Andersen, 2007) 
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A strain rate smaller than the reference strain rate leads to a shear strength lower than su0. 

Usually, a minimum strength, for example at the reference strain rate, is specified as the 

threshold value. The power law is expressed as 
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where m is the power. When the combination of the strain-softening and rate-dependency 

is considered, the mobilised shear strength incorporating the H-B model is  
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(2-5) 

In particular, Boukpeti et al. (2012) reported that for the T-bar tests in a kaolin clay with 

reference shear strain rate as 0.06 s-1, μ in Equation 2-3 was in the range 0.1 - 0.2, m in 

Equation 2-4 in the range 0.05 - 0.17. H-B fitting of the T-bar tests data by Boukpeti et 

al. (2012) gave ranges of η and n in Equation 2-5 of 0.35 - 0.65 and 0.15 - 0.4, respectively. 
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 Runout of slide  

A submarine landslide is usually caused by an unstable soil mass failure at the edge of 

the continental shelf. The velocity of debris flow of a submarine landslide can be up to 

20 m/s, and the final runout distance up to hundreds of kilometres before final deposition 

(Norem et al., 1990; Normark, 1991; Bryn et al, 2005; Jeong et al., 2009).  

With advancement of high-resolution remote sensing techniques such as acoustic-

reflection profiling and side scan sonar imaging, mapping of the seabed surface has been 

improved and the back-analysis of natural landslides becomes accessible. A wide range 

of failure patterns have been observed from the morphology and failure planes in the 

runout deposits. Retrogressive failure in the Storegga slide generated a series of grabens 

and ridges, as shown in Figure 2-5(a) (Kvalstad et al., 2005; Locat and Lee, 2005); failure 

starting from the toe and progressing towards the head scarps was reported together with 

compressional and extensional distortion as shown in Figure 2-5(b) (Færseth and 

Sætersmoen, 2008; Mountjoy et al., 2009); and outrunner blocks shown in Figure 2-5(c) 

were observed in the Tampen slide (Ilstad et al., 2004b; Solheim et al., 2005).  

 

(a) 

 

(b) 
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(c) 

Figure 2-5 Illustration of failure patterns (a) Grabens and ridges in retrogressive failure (Locat 

and Lee, 2005) (b) Slump towards downslope confinement (Færseth and Sætersmoen, 2008) (c) 

Outrunner blocks (Ilstad et al., 2004b) 

Most of the present knowledge on submarine landslide relies upon the back-analysis of 

the final deposits, whereas little information can be obtained on the unpredictable, 

infrequent and short-lived sliding processes. Therefore laboratory experiments are 

essential to complement the retrospective in-field data. Flow velocities and fluid pressures 

can be measured in the laboratory, and behaviour of the sliding material interacting with 

water can be observed. Moreover, laboratory measurements facilitate the calibration of 

numerical simulations (Gauer at al. 2005).  

A number of 1g (where g is the acceleration of gravity) experimental studies have been 

carried out to investigate the runout mechanisms (Mohrig et al., 1998; Ilstad et al., 2004a; 

2004b; De Blasio et al., 2006; Elverhoi et al., 2010). Centrifuge tests at elevated 

acceleration levels were reported by Boylan et al. (2010) to investigate the runout of 

submarine landslides using the long internal channel of a drum centrifuge, suggesting that 

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

due to accumulated shear strain. Gue et al. (2010) carried out a series of tests in a mini-

drum centrifuge at different acceleration levels to study the scaling laws for submarine 

slides. Using high-speed cameras and particle image velocimetry techniques, these 1g and 

centrifuge tests successfully captured the frontal dynamics and the high mobility 

enhanced by hydroplaning. The sediment composition of sand/clay ratio was found 
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critical to the sliding behaviour and the final runout distance. However, scale effects of 

submarine landslide are significant with both 1g and centrifuge tests, as the dominant 

non-dimensional parameters Froude number (i.e. ratio between the inertial and 

gravitational forces of the slide) and Reynolds number (i.e. ratio between the inertial and 

viscous forces of the slide) have contrasting demands for model scales. To ensure the 

flowability, the sliding materials in the tests were typically mud with high water content 

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

strength of an actual slide in its intact state (Boukpeti et al. 2012).  

In recent decades, a number of novel numerical methods have emerged to simulate the 

post-failure runout of submarine landslide on the basis of geotechnical mechanics or fluid 

dynamics framework. The seabed topography is simplified into either planar, or varying 

in two dimensions, and the strain-softening and/or rate-dependent behaviours of the slides 

are considered in these numerical analyses.  

The depth-averaged method (DAM) uses layer-integrated governing equations to 

describe the conservation of mass and momentum (Imran et al., 2001), for example 

simplifying two-dimensional (2D) runouts into one-dimensional (1D) problems, or three-

dimensional (3D) runouts to 2D problems. This simplification is acceptable for large scale 

events, where shallow water approximations to the Navier-Stokes equations are 

acceptable for overall behaviour of the runout. The approach is especially attractive in 

respect of computational efficiency, requiring orders of magnitude less effort than other 

approaches. However, the DAM simplification fails to capture more complex runout 

morphologies such as overtopping and outrunner blocks.  

In the DAM, the volume of mass is discretised into a number of Lagrangian elements (see 

Figure 2-6), and the depth-averaged Navier-Stokes equations are solved, for example, 

using an explicit time-marching finite difference scheme. Each element advances at the 

local layer-averaged velocity. The thickness of each element is computed at the mid-point, 

but the volume remains constant. The separation of the flows into plug and shear layers 

is derived by solving two momentum balance equations: one for the entire thickness and 

the other for the plug layer. Friction along the base of slide may be approximated using 

the DAM (Pastor et al., 2004), and the effect of water entrainment on the runout distance 

was also investigated by Pirulli and Pastor (2012).  

The finite volume method (FVM), one of the computational fluid dynamics (CFD) 

approaches, was used to simulate the slide and ambient water with a two-phase model, in 
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which volume fractions of the individual phases in each element characterises the mixture 

of the two components (De Blasio, 2004). The interaction between the sliding mass and 

the ambient water is considered to achieve continuity of pressure and velocity at the 

interface. The rate-dependency of the sliding material is treated through H-B or Bingham 

models, but the strain-softening was ignored (Gauer et al., 2005). The slide-base interface 

can be regarded as no-slip, smooth or frictional with a specified shear strength. However, 

a Coulomb friction law, which has been used widely in solid mechanics is not supported 

in the FVM. The disadvantages of the FVM in simulating the runout of slides are the 

excessive requirements on mesh fineness and consistency and the heavy computational 

effort due to the complex governing equations. The mechanism of hydroplaning during 

sliding and also impact on on-bottom pipelines were investigated using the FVM (De 

Blasio, 2004; Zakeri et al., 2009; Liu et al., 2015). 

 

Figure 2-6 Discretisation of submarine landslide with DAM 

Smooth particle hydrodynamics (SPH) is a meshless method. In SPH analyses, the sliding 

mass is discretised into particles with a spatial distance referred to as the smoothing length, 

over which the material properties and stresses are ‘smoothed’ by a kernel function. 

Rzadkiewicz et al. (1997) and Ataie-Ashtiani and Shobeyri (2008) studied the wave 

response induced in the ambient water by a landslide, using an incompressible SPH 

formulation. In spite of the advantages, SPH exhibits obvious drawbacks as well (Bonet 

and Kulasegaram, 2000): (i) the point-wise integration scheme results in spatial instability, 

(ii) dense particle configuration is required to achieve consistent results, and (iii) 

complexity of searching neighbouring contacting particles means heavy computational 

expenses. 

A LDFE approach based on frequent mesh generation, termed ‘remeshing and 

interpolation technique by small strain (RITSS)’ (Hu and Randolph 1998), was employed 
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to mimic the runout of submarine slide (Wang et al., 2013). The basic procedure is to 

divide the runout into a series of incremental steps. Updated Lagrangian calculation in 

the implicit integration scheme is performed with time steps sufficiently small that all the 

slide elements maintain an acceptable shape during each incremental step. The deformed 

slides are remeshed at the beginning of each step, with the material properties and stresses 

at integration points and the nodal velocities and accelerations mapped from the old to 

the new mesh. Wang et al. (2013) combined the RITSS strategy with commercial software 

ABAQUS as shown in Figure 2-7. Various sliding types such as overtopping and 

outrunner blocks were obtained for different combinations of rate-dependency and strain-

softening of the original slide volume (Wang et al., 2013). However, the high cost related 

to the implicit integration scheme hinders the application in scenarios with very long 

runout distances.   

 

           (a)                        (b)  

Figure 2-7 Implementation of LDFE (a) Overall scheme (b) Procedures with ABAQUS (Wang 

et al., 2013) 

The coupled Eulerian-Lagrangian (CEL) approach available in Abaqus is another LDFE 

approach (Qiu and Grabe, 2012). Movement of the slides is calculated through an updated 

Lagrangian phase followed by advection of field variables through the original mesh. The 

engagement of each Eulerian element by the sliding material is quantified by its volume 

fraction. The interface between the base and slide is represented using the boundary of 

the Lagrangian domain. Since the Eulerian mesh is fixed in space, mesh entanglement in 

the conventional Lagrangian methods is avoided. However, the convection of materials 

through the pure Eulerian phase gives rise to an artificial viscosity to the materials, which 
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undermines the accuracy of the method (Wang et al., 2015). In addition, the CEL 

implementation in Abaqus only allows for 3D models, which means greater 

computational efforts is required for 2D runout of a landslide. A number of failure 

phenomena were identified with CEL analyses (Dey et al., 2016), such as horsts and 

grabens, downslope heave, multiple scarps, tabular block, multiple shear surface and 

polished head scarp. 

A novel approach, the material point method (MPM), is a combination of the finite 

element (FE) and meshless method. While it is more feasible to investigate the 

retrogressive and progressive failure mechanism within the framework of total stress 

(Wang et al., 2016), the MPM has also been extended for coupled porous water-effective 

stress problems, allowing prediction of excess pore pressure during slide propagation and 

the subsequent consolidation stage (Soga et al., 2016). The development of the MPM will 

be reviewed in Section 2.6, and the algorithm and software development will be 

introduced in Chapter 3. 

 Impact of slides on pipeline 

Pipelines, connecting 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. Following a submarine landslide, 

the moving mass may runout and impact downslope pipelines, applying significant forces 

potentially leading to severe damage or even failure of the pipelines (Locat 2001; Locat 

and Lee 2002). Therefore, estimation of the impact forces is necessary for pipeline design 

and routing.  

At very early stages, a landslide flows at relatively low velocities, implying that the 

impact force on the pipeline is dominated by the force due to the undrained strength of 

the sliding material rather than the inertial force. The impact pressure P, the horizontal 

impact force divided by the projected area of the pipe, can be quantified with a 

conventional bearing capacity factor Nc 

ucsNP   (2-6) 

With increase of flowing velocity, the force exerted on the pipeline becomes a function 

of the flow velocity and rate-dependent undrained shear strength. Georgiadis (1991) and 



Chapter 2                                        Centre for Offshore Foundation Systems 

Literature Review                    The University of Western Australia 

16 

Zakeri et al. (2011) used a power law relationship to correlate the bearing capacity factor 

Nc with the flow velocity v as 

m
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 (2-7) 

where Ncr is the bearing capacity factor at a reference velocity vr and m is a viscosity 

parameter determined from laboratory tests.  

Recently the impact forces on the pipeline idealised as on-bottom or suspended away 

from the seabed were quantified using CFD approaches, in which the sliding mass was 

regarded as an incompressible viscous fluid (Zakeri et al., 2009; Liu et al., 2015). For the 

sliding mass steadily flowing perpendicular to a pipeline that is fully submerged within 

the slide, the impact pressure was expressed solely in terms of an inertial term, expressed 

as (Zakeri et al., 2009): 

2

d5.0 vCP   (2-8) 

where ρ is the density of the sliding material, and Cd is the drag coefficient which is a 

function of the non-Newtonian Reynolds number (Zakeri et al., 2011) 

u

2 / sρvRe 
 (2-9) 

The relationship between the drag coefficient and Reynolds number was determined by 

means of laboratory flume tests (Zakeri et al., 2008) and CFD analyses (Zakeri et al., 

2009). These studies resulted in an empirical correlation between the drag factor Cd and 

non-Newtonian Reynolds number Re for a laid-on-floor pipe,expressed as 
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Although appropriate at high velocities of the slide, Equation 2-8 is not reliable for low 

velocities. The reason is that the impact force is influenced by two components, the drag 

force induced by inertia and the bearing resistance related to the shear strength. The 

contribution of the latter becomes more significant at lower velocities (Georgiadis, 1991; 

Zakeri et al., 2011). Therefore, Randolph and White (2012) suggested that for planar pipes 

fully engulfed by the slides, the impact pressure was expressed as 
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uc
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(2-11) 

It is noted that Equation 2-11 applied to pipes in full contact with the sliding mass, i.e. 

with no gap between the pipe and the slide.  

 Material point method  

Numerical modelling of submarine landslides is challenging as the sliding mass 

undergoes extremely large deformation during the runout process. Complex interactions 

take place when the sliding mass impacts any subsea structure. As the stiffness of the 

sliding material and subsea structure are very different, impact will also lead to evolution 

of the flow mechanism of the slide around the structure.  

The MPM is an extension of the particle-in-cell method (Harlow, 1964) in CFD to solid 

mechanics (Sulsky et al., 1995). Application of the MPM has been extended to a wide 

range of problems in various disciplines, such as crack propagation in wood science 

(Nairn, 2013), failure of soft tissue in computational biomechanics (Ionescu et al., 2006) 

and explosion of energetic devices (Guilkey et al., 2007). In geotechnical engineering, 

the MPM has been applied 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 and Andersen, 2008; 2010), progressive failure of a dam (Zabala and Alonso, 

2011), and coupled analysis of saturated soil (Zhang et al., 2008; 2009; Abe et al., 2014). 

After decades of development, dramatic advance of the MPM has been achieved. Most 

MPMs are formulated with explicit time integration. Semi-implicit and implicit 

integration schemes were also presented by Guilkey and Weiss (2003), Sulsky and Kaul 

(2004), Stomakhin et al. (2013) and Wang et al. (2016). Axisymmetric computation was 

implemented by Sulsky and Schreyer (1996), Ma et al. (2013) and Nairn and Guilkey 

(2015). To reduce the artificial noise in dynamic simulations, particle-in-cell damping 

and Rayleigh damping were used by Nairn (2015) and Anerson and Anderson (2010) and 

absorbing boundary conditions by Shen and Chen (2005). MPMs were also coupled with 

the finite element method (Lian et al., 2011), finite difference method (Higo et al., 2010), 

discrete element method and molecular dynamics (Lu et al., 2006).  

Initially traditional MPMs adopted a Dirac delta function as the characteristic function. 

This is unity within the particle domain and zero elsewhere, which results in spurious 

https://en.wikipedia.org/wiki/Particle-in-cell
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noise when the particles move across element boundaries. The generalized interpolation 

material point (GIMP) method was presented by introducing weighting functions and 

gradient weighting functions with a higher degree of smoothness (Bardenhagen and 

Kober, 2004). The GIMP is capable of reducing the element -crossing errors and hence 

improving accuracy. Similarly, the dual domain material point method can reduce the 

spurious noise by enlarging the influence domain of the material particles (Zhang et al., 

2011).  

In practice, the domains represented by particles are often taken to be rectangles in 2D 

analyses. These are assumed to be either undeformed or deformed with the corresponding 

diagonal components of the deformation gradient tensor at the particles. The rectangular 

domain is not sufficiently accurate for problems with large shear deformations or 

rotations, since the domains become parallelograms and misaligned with the element. 

Therefore, the convected particle domain interpolation method was introduced by 

convecting the initially rectangular domain into parallelogram and introducing an 

alternative basis function (Sadeghirad et al., 2011). 

An inherent no-slip and no-separation contact is provided by the formulation of MPM 

(Sulsky et al. 1994; 1995). The particle velocities of the contacting materials are projected 

onto the same background mesh and the updated single-valued nodal velocity field is 

interpolated back to the particles for convection, which results in a continuous 

displacement field of the particles allowing for no-slip and no-separation. The no-slip and 

no-separation condition is relaxed with a multi-mesh interpolation of velocities (York et 

al., 1999; 2000; Hu and Chen, 2003). The velocities of the contacting materials are 

projected to different background meshes separately to configure their own nodal velocity 

fields. A contact detection step based on the differential normal velocity and surface 

traction of the contacting materials is used to determine contact/separation conditions. 

The contact algorithm allows adjustment of the velocities of the nodes in contact. In an 

approach by York et al. (1999; 2000), the ‘automatic’ single-valued nodal velocity field 

is used to impose an impenetrability condition when the materials come into contact, 

while the contacting materials are allowed to move away from each other in their own 

nodal velocity field if separation is detected. Hu and Chen (2003) proposed another multi-

valued nodal velocity field approach in which the normal velocity of the contacting 

material is calculated in the common background mesh and the tangential velocity of each 

material is calculated in individual background meshes. 
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The so-called ‘specified contact’ allows moving boundary conditions to be provided in 

the MPM (Guilkey et al. 2012). In this algorithm, the contacting materials are defined as 

master and slave material, respectively. The master material is a rigid body with no 

deformation or stress throughout the simulation, simply acting as a holder of the velocity. 

In each time increment, the specified velocity is interpolated from the master material to 

the surrounding nodes on the background mesh and then passed on to the deformable 

slave particles, resulting in a specified displacement for the current time increment. This 

algorithm is essentially a tied moving boundary condition that cannot account for more 

sophisticated contact behaviour such as slip in tangential direction or separation in normal 

direction. 

A frictional contact algorithm was developed by Bardenhagen et al. (2000; 2001), 

embracing the multi-valued nodal velocity fields. The normal and tangential velocities of 

the contacting materials are formulated by constituting the material boundaries in terms 

of the gradient of mass at the interface nodes. The Coulomb friction law is incorporated 

to describe the friction between materials.  

The specified contact algorithm by Guilkey et al. (2013b) and the friction contact 

algorithm by Bardenhagen et al. (2000; 2001) were combined by Ma et al. (2014), 

forming an enhanced contact algorithm termed ‘Geo-contact’. Similar to the specified 

contact algorithm, the master material in Geo-contact is simplified as a rigid body holding 

the specified velocity. However, the Coulomb friction between the master and slave nodes 

is considered, and a maximum shear stress equal to a fraction of the shear strength of the 

slave material is allowed. To reduce the numerical oscillation in the quantitative contact 

forces a penalty factor is also introduced.  

 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 

slides are among the most devastating of geohazards for subsea infrastructure such as 

pipelines and mudmats. Estimation of the runout of the submarine slide and the potential 

impact forces on the structures is a major component of design practice in industry. The 

strength of the sliding materials varies in the process of sliding, usually described as 

softened rheological models in conjunction with Bingham, Herschel-Bulkley and power 

law models of strain rate dependency. The research techniques for the runout of the slide 
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include field investigation, laboratory 1g and centrifuge tests, analytical analysis and 

numerical modelling. The impact forces of submarine landslides on pipelines are 

interpreted with a hybrid model considering the combined effect of inertia and shear 

strength.   

MPM, originating from a CFD method, has a satisfactory balance between computational 

cost and accuracy for large deformation problems. After some two decades of 

development, dramatic advance of the MPM has been achieved in terms of shape 

functions, contact algorithms etc. The MPM will be employed as the numerical tool for 

submarine landslide simulations in the present research. 
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 Numerical Algorithm and 

Software Development of MPM 

 

 Introduction 

This chapter introduces the numerical implementations and coding developments of 

MPM. The basic idea of the MPM along with advantages and drawbacks of the method 

are presented, followed by a brief introduction of the governing equations for the MPM. 

Then numerical procedures are illustrated, particularly focusing on techniques for 

incorporation of the constitutive model and contact algorithm. Available MPM programs 

and their features are also described, in particular the development of an in-house MPM 

program is detailed.   

 Numerical formulation of MPM 

 Basic concept of MPM 

The MPM can be seen as an arbitrary Lagrangian-Eulerian approach, in which the 

material is represented by Lagrangian particles while a fixed Eulerian mesh is used for 

calculation only. The particles carry all physical properties of the material such as mass, 

volume, density, velocities, deformation gradient and stresses, whereas no permanent 

information is retained on the Eulerian mesh. Deformations of the material are derived 

by tracking the particles moving through the Eulerian mesh. The field variables are 

mapped between the particles and the mesh. The MPM combines the advantages of 

Lagrangian and Eulerian formulations. Since the mesh used for solving governing 

equations is fixed in space, element entanglement in a Lagrangian framework is avoided 

and hence periodical remeshing is not required in MPM. Numerical diffusion induced by 

the convective terms in the pure Eulerian framework is also avoided by recording the 

history-dependent information on the Lagrangian particles. The particle basis of the MPM 

facilitates the simulation of shear bands and crack propagation. However, the MPM 
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suffers from computational intensity and heavy storage demand, as the mesh used needs 

to be sufficiently fine to achieve satisfactory accuracies.  

 Governing equations 

The formulation of the MPM is derived from the conservation of mass and linear 

momentum balance. The conservation of mass requires that the time derivative of the 

mass entering or leaving a specific domain is zero, which can be written in mathematical 

form as 

0



vρ

t

ρ
  (3-1) 

in which ρ is the material density, v is the velocity and t is the time. In MPM, Equation 3-

1 is satisfied naturally by discretising the objects into Lagragian particles with consistent 

masses and volumes. The linear momentum balance means that the time-variation of the 

linear momentum of a material is equal to the resultant of the internal and external forces, 

i.e. Newton’s second law of motion:  

 bσ
v

 




t
 (3-2) 

in which σ is the Cauchy stress, and b is the body force. Equation 3-2 is the strong form 

of the conservation of linear momentum, which is usually difficult to achieve as a closed-

form solution due to mathematical difficulties. Therefore, the weak form is derived 

instead, expressed as 

 




SVVV
dSdVdVdV

t
uTubuσ

v
u   (3-3) 

in which u is the virtual velocity, V and S are the volume and surface area, and T is the 

prescribed surface traction. Numerical integration is adopted with the simplification of 

lumped mass, producing a concise form similar to that in FE 

intext
FFa M  (3-4) 

where M is the lumped mass, a is the acceleration, Fext and Fint are the external and 

internal forces, respectively. In MPM, Equation 3-4 is solved on the element nodes with 

the variables interpolated from the particles.  
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 Numerical procedure of MPM  

The explicit integration scheme has been adopted to solve the governing equations of the 

MPM in the following studies, while the details of implicit integration scheme can be 

found in Cummins (2002), Sulsky and Kaul (2004), Guilkey et al., (2006) and  Beuth et 

al. (2011). The history-dependent information carried by particle p are: position Xp, mass 

mp, volume Vp, density ρ, velocity vp, deformation rate Dp, vorticity Wp, stress σp and 

external force 
ext

pf . The governing equation 3-4 is solved on element nodes in terms of 

variables interpolated from the particles, i.e. mass mi, velocity vi, momentum Mi, 

acceleration ai, internal force 
int

iF , external force 
ext

iF , normal direction ni and 

tangential direction wi. The subscript i represents the node number. For structure-soil 

interaction in this study, the structural element is simplified as a rigid body. Two Eulerian 

meshes are configured for the structural element and soil, respectively. The main 

functions within each incremental step are shown in Figure 3-1. 

 

Figure 3-1 Computational procedures of an incremental step in MPM 

(i) The time step starts with the function ‘Initialisation of nodal variables’, initialising the 

nodal variables of the rigid body and soil.   
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(ii) The functions ‘Interpolation from rigid body particles to nodes’ and ‘Interpolation 

from soil particles to nodes’ are to interpolate the masses and momenta of the rigid body 

and soil particles to the corresponding element nodes, respectively.  


p

pipi mSm  (3-5) 


p

ppipi mS vM  (3-6) 


p

pipi mSn
 

(3-7) 

where Sip and ipS  are the shape function and its gradient at node i evaluated at particle 

p; 
p

 represents summation over all related particles. The detailed expression of the 

shape function can be found in Guilkey et al. (2012). For soil, two more field variables, 

the internal and external forces, are obtained at node i 

p

p

pipi VS σF
int

 (3-8) 


p

pipi S extext
fF  (3-9) 

 (iii) The function ‘Calculate nodal velocities and accelerations’ is to conduct the explicit 

calculation to obtain the velocities and accelerations on the background mesh. At the 

commencement of the current incremental step, the velocities at the rigid body or soil 

nodes are 

i

i
i

m

M
v 

 

(3-10) 

For the rigid body nodes, the nodal accelerations of the step time are identical everywhere 






p

p

i
m

contactext
FF

a  (3-11) 

where Fext is the total external force on the rigid body at the current time step, and Fcontact 

is the total contact force on the rigid body from the previous time step. The acceleration 

at soil node i is 
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(3-12) 

Then at the end of the current step the velocities for both the rigid body and soil are  

tiii  avv
new

 
(3-13) 

where Δt is the time step. The new velocities 
new

iv  at the soil nodes within the contact 

region are further adjusted depending on the contact technique employed which will be 

described in Section 3.2.5. The contact force on the rigid body, 
contact

rF , is updated by  

t

m
i

ii
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F
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(3-14) 

where Δvi is the adjusted velocity at soil node i and 
i

represents summation over all 

related nodes. The time step Δt may be determined through the Courant-Friedrichs-Lewy 

stability condition  

  ρGλ

cl
t

2
Δ




 

(3-15) 

where G and λ are Lamé’s parameters, c is the Courant number, and l is the size of the 

square element. 

(iv) In the function ‘Update stresses and material properties of soil particles’, the variables 

required to be calculated at the soil particles is the deformation rate and vorticity 
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(3-17) 

where the superscript T means transpose of a tensor. The stresses and material properties 

are then evolved by inputting Dp and Wp into the constitutive model, which will be 

described in Section 3.2.4.  
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(v) The functions ‘Movement of soil particles’ and ‘Movement of rigid body particles’ 

are to update the velocities and position of particles by mapping the nodal accelerations 

and velocities 

 
i

iippp tS avv
new  

(3-19) 
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vXX

 
(3-20) 

Essentially, movement of the particles represents the flow of materials within the 

background mesh. 

 Constitutive model based on finite strain  

In this study, the stress-strain relationship of deformable materials are described with an 

elastic-perfectly plastic constitutive model with von Mises yield surface. The definition 

of the stresses σp follows finite strain theory taking account of the incremental rotation of 

the configurations between time steps for objectivity, the trial stresses being measured 

with the Cauchy stress and updated with the Jaumann rate 
J

pσ  according to  

J

ppp tσσσ trial
 (3-21) 

The Jaumann rate is calculated by  

 
ppppp

J

p CDσWWσσ   (3-22) 

where C is the fourth-order stiffness tensor. The trial Cauchy stresses 
trial

pσ  should satisfy 

the von Mises criterion 

0
3

2
2 u2  sJf

 

(3-23) 

where J2 is the second deviatoric stress invariant. Otherwise, 
trial

pσ  will be updated with 

radial return mapping as the Mises yield surface is circular in the π plane (Figure 3-2), so 

that 
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dev

2

trialnew

2
ppp

J

f
σσσ   (3-24) 

where 
dev

pσ
 is the deviatoric equivalent of the trial stress. The dependency of the shear 

strength on the shear rate and accumulated shear strain is considered by Equation 2-5, 

which is implemented by updating the undrained strength at each particle at the end of 

each incremental step. The shear rate   at the end of each step is calculated as (Guilkey 

et al., 2012) 

new
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(3-25) 

where the subscript x and y represent the horizontal and vertical component, respectively.  

 

Figure 3-2 Radial return method for von Mises model 

 Contact algorithm  

The conventional contact algorithms are enhanced with an algorithm termed ‘Geo-contact’ 

(Ma et al., 2014), which is specialised for contact between a rigid body and deformable 

materials. The velocities of each structural particle are identical through each incremental 

step. An Eulerian mesh is configured for each material, allowing for a multi-valued nodal 

velocity field. The structure and the deformable material may be in contact at element 

nodes if both of their masses projected onto the nodes are non-zero. For a specific node i 

of the deformable material in contact, the relative normal velocity to the structure is 

  iii nvvv 0

0 n,Δ  , where vi is the velocity at node i, v0 is the velocity of the structure. 

Node i can be distinguished as approaching or departing from the structure with the 

relative normal velocity 
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depart 0,Δ
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(3-26) 

The contact strategy in the normal direction is realised by adjusting the relative normal 

velocity: (i) for node i approaching the structure, the relative normal velocity is eliminated; 

and (ii) for node i departing from the structure, the relative normal velocity is eliminated 

only if no-separation between the structure and the deformable is considered, otherwise, 

the relative normal velocity is maintained. A significant artificial impact of the reaction 

force in the contact can be induced by eliminating the relative normal velocity directly. 

An alternative is to introduce a penalty factor fi to the adjustment of the relative normal 

velocity: 

0,n ΔΔ n

iii f vv   
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(3-27) 

where si is the distance from the node i in contact region to the surface of the pipe and k 

is the penalty power. With the introduction of the penalty function, slight interpenetration 

between the structure and the deformable is permitted. The power k is suggested as 6 in 

a quasi-static analysis, and taken as 1 in the current dynamic analysis. The total normal 

contact force on the deformable is 
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In addition to the normal contact constraint, the Geo-contact algorithm also incorporates 

a tangential constraint along the interface to model a frictional contact condition in 

geotechnical problems. The relative tangential velocity is  
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 (3-29) 

where ωi is the tangential direction of the contact interface at node i. Function ‘×’ 

represents the cross product. The shear along the contact interface is governed by the 

Coulomb friction law, i.e. the tangential force is always proportional to the normal force. 

So the adjusted tangential relative velocity is bounded by 
n

ivΔc , in which µc is the 
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Coulomb friction coefficient. In geotechnical applications involving soils with low 

permeability, a threshold value of the friction stress is usually applied for total stress 

analyses under undrained conditions: 

  uis   (3-30) 

where τ is the maximum shear stress along the interface, α is the limiting shear stress ratio, 

ranging from 0 to 1. So the tangential relative velocity will be adjusted by  
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where Ai is the area represented by node i. If 
0 t,t ΔΔ ii vv  , the sliding material sticks to 

the structure without slip. The total friction on the deformable material is 
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 (3-32) 

So the total reaction force on the rigid body is 

 n contact,

d

 tcontact,

d

tcontact,

r FFF   (3-33) 

In the following simulations, the tangential behaviour of the slide-base or slide-structure 

interface is regarded as either: (i) Smooth, allowing free sliding in the tangential direction 

along the interface. (ii) No-slip, with the slide fixed along the interface. (iii) Frictional, 

with a threshold shear stress τ specified along the interface and a Coulomb friction 

coefficient µc =1. 

 Development of an in-house program 

Open-source MPM software Uintah was developed in the Centre for the Simulation of 

Accidental Fires and Explosions at Utah University (Guilkey et al., 2012). Uintah is a set 

of libraries and applications with versatile purposes although focused initially on 

simulating complex chemical and physical reactions. The MPM program in Uintah 

contains CPU-parallelised implementation of both explicit and implicit schemes, and 

allows for coupling with FVM. MPM3D is another 3D explicit parallel program 

developed in Tsinghua University (Ma et al., 2010), allowing for coupling between the 

MPM and FE method. The MPM3D can be used to simulate the transient responses of 
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structures to extreme loadings such as impact and blast. The material model library 

consists of elasticity, elasto-perfect plasticity, elasto-plasticity with isotropic hardening 

and Newtonian fluid. A few programs were also developed during the last decade, such 

as MPMSim (2016), NairnFEAMPM (Bardenhagen et al., 2011), Anura3D (2016) and 

CartaBlanca (Padial-Collins et al., 2004). The MPM program developed in this study 

stems from the algorithms that make up the Uintah code.  

Since the volumes of submarine slides may reach tens, or even thousands, of km3 and the 

runout distance (as long as 10 - 800 km) is significantly larger than the slide thickness, 

the computational effort becomes vital for MPM reproduction of the entire runout process. 

In the Uintah package, only 3D simulations are available, and plane strain problems must 

be modelled through 3D geometries with one layer of particles and elements (Figure 3-

3(a) and (b)) set in the orthogonal direction of the models (direction Z in Figure 3-3(b)). 

A strategy was presented to reduce the effort of this pseudo 2D simulation further by:  

(i) Removing all calculation of ghost elements (originally used to assign fixed 

boundary conditions in the orthogonal direction) as shown in Figure 3-3(c). 

(ii) Reducing the number of required faces of elements in the orthogonal direction from 

two to one, as shown in Figure 3-3(d).  

(iii) Using 2D, rather than 3D, shape functions.  

The 2D framework was verified by a few benchmark cases, such as capacity of surface 

footings on clay. The computational effort was reduced by up to ~ 40% compared with 

the original 3D model. Unfortunately, this improvement in efficiency was still not 

sufficient for modelling long runout in Uintah. Therefore, an in-house 2D program was 

developed in this study. This allowed reduction in computational effort by ~ 60% 

compared with the original (Uintah) 3D analyses. 

The in-house program was coded in C++, running on Windows operating system with 

compiler Microsoft Visual Studio or Linux operating system with compiler GCC. The 

‘Geo-contact’ algorithm presented by Ma et al. (2014) was incorporated into the program. 

The GIMP method presented by Bardenhagen and Kober (2004) is employed to diminish 

the oscillations in the solution when the Lagrangian particles move across the element 

boundaries. The accuracy and robustness of the program are validated by comparison of 

results from LDFE and CFD analyses in later chapters. The efficiency of the program was 

promoted by a parallel solver, which is implemented on NVIDIA GPU with a tool termed 
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CUDA or on a multi-core CPU using the shared memory parallel library OpenMP. The 

GPU parallel strategy accelerates the calculation by ~ 30 times with single-precision and 

~ 20 times with double-precision over the calculation with single CPU thread, which will 

be detailed in Chapter 4. 

           

           (a)             (b) 

         

     (c)              (d)    

Figure 3-3 Modify 3D framework into 2D (a) Front view of 3D model of plane strain problem 

(b) Side view (c) Delete ghost elements in longitudinal direction (c) Reduce the number of 

required faces of elements  

 Summary 

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

The numerical algorithm and computational procedure of an explicit MPM algorithm 

used in the present research is described. The update of stresses of the material based on 

finite strain theory is presented, in which rate-dependent and strain-softening effects of 

the material are incorporated. The enhanced contact algorithm ‘Geo-contact’, which can 

reduce the artificial noise effectively when a rigid structure impacts a deformable material, 
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is also introduced. An in-house MPM program, which stems from the open-source 

software Uintah, is used in this study. 
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 Parallelisation of MPM with GPU 

 

 Introduction 

Computational efficiency is a critical issue for the MPM to simulate the runout of vast 

volumes of sediments involved in submarine landslides. Also, the mesh used in the MPM 

needs to be finer than in conventional FE analysis to achieve similar accuracies, since the 

material particles are generally not located at the optimum positions for integration within 

the element (Buzzi et al., 2008; Steffen et al., 2008). Currently, the simulation of 

submarine slides is usually limited to small scale events and within 2D framework. To 

promote the efficiency of the MPM and enlarge the modelling scales of landslides, 

parallel computing on CPU or GPU has been exploited by a limited number of researchers 

(Huang et al., 2008; Chiang et al., 2009). Compared with most commercially available 

CPUs, GPU features more cores in the processor, lower thread-scheduling cost and higher 

memory bandwidth; as such it is ideal for arithmetically-intensive and highly-parallel 

computations (Stantchev et al., 2008). Most GPU parallelisation is implemented through 

the ‘compute unified device architecture’ (CUDA, NVIDIA, 2013), which provides a 

friendly platform for coding in languages like C++ and Fortran. In this chapter, a GPU 

parallel computing strategy for the MPM, based on the CUDA, is presented. Benchmark 

problems of surface footing penetration and submarine landslide are analysed, in which 

the potential of GPU parallelisation with single- and double-precision floating numbers 

are quantified. 

 CPU parallelisation of MPM 

A distributed CPU parallel framework of MPM was developed by Parker (2006) and 

Ruggirello and Schumacher (2014) based on Message Passing Interface (MPI), which is 

a message passing library standard providing a collection of routines for distributed 

parallelisation. The computational domain was decomposed into patches as shown in 
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Figure 4-1, which were simulated concurrently on individual processors. Particles or 

nodes at the boundary of each patch were ghosted to the neighbouring patches through 

send and receive commands of MPI. Load balancing is also implemented to allocate 

similar workloads to the processors by optimising the domain size in each patch. Another 

CPU parallel framework of MPM was developed by Huang et al. (2008) and Zhang et al. 

(2010) using a shared memory parallel library OpenMP. The frequent message passing 

between the neighbouring patches in the MPI framework was avoided. Also OpenMP is 

more convenient by parallelising the loops in the code as shown in Figure 4-2. Domain 

decomposition method and array expansion method were presented to avoid data races in 

the interpolation from particles (placed initially at the Gauss points in each element, as 

indicated in Figure 4-1) to nodes. 

 

 

Figure 4-1 Domain-based parallelisation with MPI 

 

 

Figure 4-2 Loop-based parallelisation with OpenMP 
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 GPU parallelisation of MPM 

Parallelisation of the MPM in this work is embodied in the numerical procedures of MPM 

in Section 3.2.3 in terms of interaction between a structural element and soil. The GIMP 

method (Bardenhagen and Kober, 2004) is incorporated, which considers a larger 

influence area of each particle than that in the conventional MPMs with linear shape 

function. The main contribution of the parallel strategy is avoiding the potential data race 

of the function ‘Interpolation from soil particles to nodes’ when parallelised with GPU. 

Therefore, it can be combined with any MPMs using explicit integration schemes.  

 Procedure of parallelisation 

In order to evaluate the workload distribution upon each function, a sequential CPU 

simulation of surface footing penetration into elastic-perfectly plastic soil was performed, 

with a total number of 76,800 soil particles and 320 footing particles (the first scenario in 

Table 4-1 which will be detailed later). The computation effort is mostly allocated to the 

functions ‘Interpolation from soil particles to nodes’ and ‘Update stresses and material 

properties of soil particles’, which account for 30% and 43% of the total workload, 

respectively. The functions ‘Calculate nodal velocities and accelerations’ and ‘Movement 

of soil particles’ take 14% and 13% of the workload, whilst the effort for ‘Initialisation 

of nodal variables’ is minimal. The number of particles representing the structure is 

usually far less than that of soil particles in structure-soil interaction problems, so that the 

workload of ‘Interpolation from rigid body particles to nodes’ and ‘Movement of rigid 

body particles’ is also minimal.  

Ideally, all the functions are expected to be parallelised on GPU to maximise the speedup 

of GPU parallelisation. However, due to the risk of data race (which will be discussed in 

the following section) and trivial benefit from the potential GPU parallelisation, the 

function ‘Interpolation from rigid body particles to nodes’ was implemented sequentially 

on CPU, whilst all the other functions were programmed to be parallelised on the GPU 

(Figure 4-3). In order to reduce the overhead of frequent data transfer between the CPU 

and GPU, all the variables in Equation 3-5 - 3-33 were reserved on the GPU memory 

during the entire simulation. The GPU memory spaces include the global, register, and 

local memories.  

The variables transferred between most functions, such as masses, velocities and 

momenta at nodes and particles, were allocated to global memory, and can therefore be 
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accessed directly by the executed GPU threads. Temporary variables, such as the values 

of shape functions, were stored on the register memory of each thread. The local memory 

serves as the backup of the register memory; once the register memory is fully occupied, 

the temporary variables are allocated to the local memory automatically. As the 

interpolation in terms of the rigid body is completed on the CPU, corresponding data need 

to be transferred between the CPU and GPU in each incremental step (see Figure 4-3), 

but the overhead on data transfer is usually slight due to the limited number of rigid body 

particles. For a deformable structural element, if the number of structural particles is 

limited, it is recommended that the interpolation from structure particles to nodes is 

implemented sequentially on CPU; otherwise, the interpolation can be parallelised on 

GPU using a technique similar to that for the soil. 

 

Figure 4-3 Parallelisation schemes for MPM functions 

 Parallelisation of ‘Interpolation from soil particles to nodes’ 

In the function ‘Interpolation from soil particles to nodes’ the variables are interpolated 

from each individual soil particle to the related nodes via Equation 3-5 - 3-9. The simplest 

choice of parallelisation is to decompose the workload across threads over particles, i.e. 

the interpolation from each individual particle to its related nodes is configured in a thread. 

However, data race is apt to be induced at the common nodes shared by neighbouring 
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particles: the variables at the common node are stored in the global memory and the 

operation of interpolation is scattered in a number of threads; if the outcomes from 

different threads are delivered back to the global memory concurrently, the expected 

superimposition of the outcomes, as detailed in Equation 3-5 - 3-9, is not ensured.  

Two GPU parallel techniques without data race were developed and assessed. For clarity, 

two-dimensional analysis using square elements is taken as an example. 

(i) A domain decomposition technique proposed by Huang et al. (2008) in CPU 

parallelisation of the MPM was extanded to the GPU. The technique comprises three steps:  

Step 1: All soil elements and particles are decomposed into a series of regular patches 

in space. The patch contains three elements along each direction, shaping a nine-

elemental square. The patches are categorised as four domains with odd- or even-index 

along the horizontal and vertical direction, respectively. The ‘mosaic’ partition is 

shown in Figure 4-4. The particle list in each patch is established on the CPU and 

saved to the global memory of GPU.  

 

Figure 4-4 Domain decomposition of soil elements and particles 

Step 2: Parallel computing is performed over the patches belonging to a domain. For 

example, when the parallelisation is across threads over the horizontal-odd vertical-

odd patches, the interpolation from the particles to nodes is conducted in each thread 

over the particles within a patch. The element patches in the same domain are gapped 

by at least three elements, for which there are no common nodes shared by even the 

nearest patches as shown in Figure 4-4; data race is thus avoided.  
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Step 3: Update the particle list of the patch. The soil particles flow through the fixed 

mesh, suggesting that the particle lists in the patches may vary between the incremental 

steps. Conservatively, the lists are expected to be updated at the beginning of each 

incremental step. However, it usually takes a number of time steps for a soil particle 

flowing from its original position to where it is related to a neighbour patch, since the 

time step is small in the explicit scheme. Then the lists can be updated every dozen or 

so steps.   

Overall, the performance of the domain decomposition is not entirely satisfactory. Taking 

the last scenario in Table 4-1 (as will be detailed later) as an example, ~ 6 million soil 

particles and single-precision calculation, the GPU computing was only 5.4 times faster 

than the sequential CPU simulation. The reason is that GPU threads access the particle 

and nodal variables on the global memory in a random mode, which is 1 ~ 2 orders slower 

than the bandwidth of the global memory. 

(ii) The workload decomposed across threads over nodes. Chiang et al. (2010) suggested 

this scheme; however, its efficiency was seriously limited by the updating frequency of 

particle lists. The performance of their scheme was only assessed in terms of small scale 

problems (e.g. particle number less than 13,000). Our development comprises two steps: 

Step 1: Establish and update the particle list for each node. Prior to parallel computing, a 

list of particles related to each node is established on CPU and then saved to the global 

memory of GPU. Since the soil particles will flow through the fixed mesh between time 

steps, the particle lists of the nodes are, ideally, expected to be updated at the beginning 

of each time step to guarantee a unique relationship between the node and related particles, 

as in Chiang et al. (2010). However, the cost of updating lists in each time step is 

unacceptably heavy for large scale problems. Our solution is to expand the list of each 

node, covering not only the particles located inside the influence zone of the common 

node, but also the nearest neighbouring particles (see Figure 4-5). It takes a number of 

time steps for soil particles to flow in or out of the ‘expanded’ zone, whist the particles 

outside the influence zone are not involved in the interpolation operation which is a 

function of the distance between node and particle. Therefore, the particle lists in terms 

of the ‘expanded’ zone can be updated periodically, at intervals of a number of time steps. 

The updating frequency will depend on the element size and characteristics of the problem 

solved, which can be determined by trial calculations. 
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In the following benchmark cases the expanded zone was taken as an extension of half an 

element on the immediate influence zone (Figure 4-5). The particle lists were updated 

every 1000 time steps for the surface footing case and every 50 time steps for the landslide 

case. As a result, the computational effort for updating the particle lists in the former was 

less than 0.1% of the total runtime by GPU parallelisation using single-precision, while 

up to 7% in the latter case. The frequency of updating particle lists could be further 

reduced if a larger expanded zone is employed, but with requirement of more global 

memory space. 

 

Figure 4-5 Particle list of common node 

Step 2: Parallel computing of interpolation across GPU threads over the nodes. In each 

thread, the interpolation of variables, Equation 3-5 - 3-9, from particles in the ‘expanded’ 

list to the node is performed sequentially. This ‘gathering’ operation does not cause data 

race. At the end of interpolation, the updated nodal variables are written to global memory 

in consecutive sequence, which avoids the random memory access as in a domain 

decomposition technique and benefits the access speed to global memory. As a result, the 

efficiency of this technique is much higher than the former, and it is used in the following 

comparison with CPU calculation. 

 Parallelisation of other functions 

Compared with ‘Interpolation from soil particles to nodes’, the other functions were more 

straightforward to parallelise across threads over nodes or particles. For parallelisation of 

these functions, the GPU threads write variables to global memory in consecutive 

sequence, which maximises the speed to memory. 
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(i) The function ‘Calculate nodal velocities and accelerations’ was parallelised across 

threads over the nodes, i.e. the update of velocities and accelerations of each node was 

scheduled into a thread. The information required such as masses and momenta is in terms 

of the particular node in each thread, without communication with any other threads. 

There are therefore no risks of data race. 

(ii) The functions ‘Update stresses and material properties of soil particles’ and 

‘Movement of soil particles’ were combined in programming to save calculation of the 

shape functions. The workload was decomposed over the soil particles, with the stresses 

and movements of each particle calculated in a thread. In each thread, the interpolated 

components, such as the deformation rates, velocities and accelerations, were 

superimposed from the related nodes one by one. Similarly, the function ‘Movement of 

rigid body particles’ was also parallelised across threads over rigid body particles. 

 Performance evaluation  

Two benchmark cases, surface footing penetration and submarine landslide, were used to 

evaluate the performance of the GPU parallel strategy developed. The parallel computing 

was conducted on an ordinary laptop with the GPU of NVIDIA GeForce GTX 780M and 

CPU of Intel i7-4700HQ with frequency of 2.4 GHz. On the GPU, a maximum number 

of 1536 cores were available and the global memory was 4 GB. For comparison purposes, 

the sequential CPU simulations were conducted on a personal computer, of which the 

CPU is Intel i7-2600 with frequency of 3.4 GHz. All the CPU simulations were in terms 

of double-precision. It was validated in trial CPU simulations that the costs using either 

single- or double-precision were similar. In contrast to the CPU, single-precision 

computation on the GPU is executed faster than double-precision. Although single-

precision is accurate enough for the benchmark cases, double-precision may be necessary 

for highly numerical-divergent problems such as strain-softening of soil (Murakami and 

Liu, 1995); hence the efforts based on single- or double-precision were therefore both 

investigated. All CPU and GPU calculations were in terms of the solution configuration 

‘release’ rather than ‘debug’. Load balance is not necessary since threads are 

automatically fed to the available GPU cores. The runtimes quoted in the discussion 

below were the elapsed times. 

In both benchmarks the soil was assumed as an elastic-perfectly plastic material with the 

von Mises yield criterion. The Poisson’s ratio of soil was taken as 0.49 to approximate 
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constant volume under undrained conditions. The Young’s modulus was taken as 500 

times the undrained shear strength. Both the footing and the seabed base were modelled 

as rigid bodies with density similar to that of the soil.    

 Surface footing penetration  

For surface footing penetration, the width of the (rigid) strip footing was B = 1 m and the 

thickness was 0.025 m, as shown in Figure 4-6. The corner of the footing was filleted to 

avoid singularity of the normal direction, which benefits the footing-soil contact 

simulation. The footing interface with the soil was fully smooth (zero interface shear 

stress). The soil horizontal and vertical dimensions were 3B and 4B, respectively. The 

element size was 0.025B. The original soil elements were represented with 4 particles, 

while the footing counterparts were modelled with 16 particles to capture the shape of the 

footing (essentially the flat contact surface) more accurately. In total there were 19,560 

soil elements, 76,800 soil particles and 320 footing particles. The undrained shear 

strength of the weightless soil was 3 kPa and the submerged density of soil was ρ = 500 

kg/m3. The geostatic stresses induced by the self-weight of soil were not considered. The 

footing was penetrated to a depth of 0.2B. The penetration velocity was taken as 0.1B s-1, 

which was found to be sufficiently slow to generate a quasi-static response. The critical 

time step was taken as 6 × 10-5 s, with c of 0.55 in Equation 3-15. 

 

Figure 4-6 Configuration of the surface footing penetration (not to scale) 
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The normalised load ~ displacement curves from the GPU computing with single- and 

double-precision are compared in Figure 4-7. The discrepancy between the two curves is 

slight, suggesting that the single-precision computation is sufficiently accurate. 

Sequential CPU analysis using Uintah package (Guilkey et al, 2012) was also investigated, 

and the results were found to be nearly identical to the GPU curves. For clarity, the Uintah 

results have not been plotted in the figure. Although moderate computational fluctuations 

were observed, the bearing capacity factor predicted by the GIMP method achieves 

reasonable agreement with the exact solution of 5.14. As expected, in GPU parallel 

computing the runtime on the data transfer between the CPU and GPU is as small as 0.02 

ms for each incremental step. 

 

Figure 4-7 Normalised load-displacement curves by MPM with GPU computing 

The horizontal dimension ratio of the soil domain, L/B, was deliberately extended from 3 

to 4.5, 9.6, 28.8, 57.6, 115.2 and 230.4 to enlarge the computational scale, with 

corresponding soil particle numbers increased from 76,800 to 5,898,240. The vertical soil 

dimension and the footing geometry remained unchanged. The average runtime of each 

incremental step was calculated as the footing was penetrated to the target depth of 0.2B, 

covering the costs of all functions during the entire simulation. The average runtimes of 

each incremental step with single- and double-precision are compared in Table 4-1. For 

the sequential CPU simulation, the runtime is nearly linearly proportional to the number 

of soil particles. The significant reduction of runtimes by the GPU parallel computing is 

evident, whilst the ratios of runtimes with double- and single-precision varied between 

1.16 and 1.28 as the numbers of the soil particles increase from less than 0.1 to ~ 6 million. 
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A ‘speedup’ factor for the whole incremental step or each function within the incremental 

step is used to quantify the effect of parallel computing, expressed as 

 speedup = TCPU / TGPU (4-1) 

where TCPU and TGPU represents the average runtimes of sequential CPU and parallel GPU 

calculations per increment. The speedups for the whole incremental step are shown in 

Table 4-2 and Figure 4-8. The speedup increases for soil particles less than 1.5 million; 

if the computation scale is enlarged further, the GPU runs with full load and then the 

improvement gradually stabilises, especially for double-precision analysis. The 

maximum speedups achieved are 30.8 with single-precision and 24.0 for double-precision. 

 

Figure 4-8 Speedups for whole incremental step in footing case 

The performance of GPU parallel computing varies among the different functions. The 

acceleration effects for the most time-consuming functions are listed in Table 4-2, based 

on single-precision for the GPU computing. The speedup for the function ‘Interpolation 

from soil particles to nodes’ improves with the increasing computational scale for 

numbers of soil particles less than 7 million, but the acceleration effect becomes relatively 

flat with further increase in number of particles. The maximum speedup reaches 13.7 for 

~ 6 million soil particles. The acceleration effect of ‘Interpolation from soil particles to 

nodes’ is far lower than for the other functions parallelised over nodes or particles, mainly 

due to the low arithmetic intensity in the function. The proportion of memory access in 

the runtime of the function is therefore very high. The bandwidth of global memory 

becomes the bottleneck for parallelisation of this function, especially when the 

interpolation operation adopted accesses global memory in a random mode. The 
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efficiency of the combined ‘Update stresses and material properties of soil particles’ and 

‘Movement of soil particles’ is enhanced tremendously, with a speedup of ~ 90. This is 

due to the high arithmetic intensity in updating stresses.  

Table 4-1 Average runtimes of an incremental step for footing case 

Number 

of soil 

particles 

L/B 

CPU GPU parallel 

Runtime per 

increment (ms) 

double-precision 

Runtime per increment (ms) 
Runtime ratio between 

double- and single-

precision 

Single-

precision 

Double-

precision 

76,800 3  62  3.11  3.77  1.21 

115,200 4.5 88 4.14 4.98 1.20 

245,760 9.6  187  8.11  9.39  1.16 

737,280 28.8  563  20.07  24.91  1.24 

1,474,560 57.6  1203  41.32  50.07  1.21 

2,949,120 115.2 2625 87.63 110.16 1.26 

5,898,240 230.4 5578 180.85 232.00 1.28 

  

Table 4-2 Speedups for time-consuming functions (single-precision in GPU computing) 

Number of 

soil particles 

Interpolation 

from soil particles 

to nodes 

Update stresses and material 

properties of soil particles & 

Movement of soil particles 

Calculate nodal 

velocities and 

accelerations 

Overall 

speedups 

76,800 7.9 76.0 23.5 19.9 

115,200 9.1 83.6 17.1 21.3 

245,760 11.9 80.7 10.3 23.1 

737,280 13.4 80.5 32.8 28.1 

1,474,560 13.0 82.3 50.4 29.1 

2,949,120 12.6 92.9 53.6 30.0 

5,898,240 13.7 85.7 86.9 30.8 
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 Submarine landslide  

The second example, submarine landslide, was chosen to assess the performance of GPU 

computing in dynamic analysis. As shown in Figure 4-9, an initially trapezoid-shaped 

mass with length L = 48.66 m and height H = 5 m was placed on a rigid seabed base and 

allowed to slide under its self-weight starting from a state of rest. The element size was 

0.1 m. Four particles were allocated in each element for the sliding mass and rigid base. 

In total there were 53,000 elements, 79,464 sliding mass particles and 2,000 base particles. 

The inclination of the base was 5˚. The submerged density of the sliding mass was 600 

kg/m3, and the undrained shear strength was taken as 2.5 kPa. The maximum shear stress 

along the frictional base was specified as 2.5 kPa, i.e. the base is fully rough. The time 

step adopted was 2 × 10-4 s, with c = 0.38 in Equation 3-15. 

 

Figure 4-9 Initial configuration of the submarine landslide (not to scale) 

The runout profiles of the front toe predicted by the MPM with parallel computing and a 

large deformation FE approach (Wang et al., 2013) are compared in Figure 4-10, both 

analyses being double-precision. The sliding duration was estimated as 11 s by the MPM 

analysis, close to 10.2 s by the FE. The final run-out distances predicted by the two 

approaches agree well with other. The velocity distribution in the deformed sliding mass 

predicted by the MPM is shown in Figure 4-11, also similar to that by the FE approach 

(Wang et al. 2013).  

The large deformation FE analysis used implicit integration and was performed on a 

single-thread CPU. Up to the point where the sliding mass becomes stationary, the 
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runtime of the FE analysis on the CPU is 2.7 hours, compared with 5.7 mins and 1.3 hours 

using MPM analyses with GPU and single-thread CPU. 

 

Figure 4-10 Runout distances of front toe predicted (double-precision) 

 

Figure 4-11 Velocity distribution predicted by the MPM at time 4 s 

Additional GPU computing with single-precision was conducted and the results are 

nearly identical to that with double-precision. Therefore, it appears that single-precision 

MPM computing is sufficiently accurate in spite of the large number of particles and time 

steps. The runtime of the GPU parallel computing with single-precision was 3.9 mins, 68% 

of that with double-precision.  

The performance of GPU computing was assessed for different computational scales. The 

initial height was kept constant at 5 m, whilst the aspect ratio, L/H, was varied as 7.5, 15, 

30, 60, 120, 240, 360 and 480. The average runtimes of incremental step are compared in 
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Table 4-3. Again, significant reduction of runtimes was achieved by parallel computing. 

The runtime of GPU computing with double-precision was 1.24 - 1.50 times that with 

single-precision. Similar to the quasi-static case of surface footing penetration, the 

speedup for the function ‘Interpolation from soil particles to nodes’ was improved from 

8.5 with fewer than 0.1 million particles to 13.0 with ~ 4.4 million mass particles. The 

speedup for the combined ‘Update stresses and material properties of soil particles’ and 

‘Movement of soil particles’ was as high as 61 - 88, whilst the function ‘Calculate nodal 

velocities and accelerations’ was accelerated by a factor of 13 - 29. The speedups for the 

whole incremental step are shown in Figure 4-12. Despite the acceleration effect of GPU 

parallelisation, the speedup for this dynamic analysis is slightly lower than for the quasi-

static analysis of surface footing penetration, reaching 25 for single-precision and 20 for 

double-precision with ~ 4.4 million particles.  

 Summary  

The material point method (MPM) is a computationally intensive form of finite element 

analysis, suffering from the limitation of CPU performance. GPU parallelisation affords 

a path to boost computational efficiency of MPM thus allowing larger scale simulations 

using MPM. A GPU parallelisation strategy for the MPM, based on CUDA, is presented. 

To validate applicability of the parallelisation strategy, the interaction between a 

structural element and soil has been investigated. Different schemes were explored to 

parallelise all functions excepting ‘Interpolation from rigid body particles to nodes’, 

which is executed sequentially on CPU. A particle list is established for each node to 

parallelise the function ‘Interpolation from soil particles to nodes’ with GPU over the 

nodes to avoid data race, while other functions are also parallelised with GPU over 

particles or nodes accordingly.  

The example applications indicate that single-precision is sufficiently accurate in spite of 

the large numbers of particles and time steps involved. Compared with sequential CPU 

simulation, GPU parallelisation with the schemes adopted presents a significant 

‘speedup’. The maximum speedups with single-precision in the two benchmark cases are 

30.8 and 25, respectively, while they reduce to 24 and 20 using double-precision. In 

particular, the speedup for the combination of the functions ‘Update stresses and material 

properties of soil particles’ and ‘Movement of soil particles’ is the most significant, up to 

a factor of ~ 90; in contrast, the speedup for the function ‘Interpolation from soil particles 

to nodes’ reaches a maximum of only ~ 13 for single-precision. 
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Figure 4-12 Speedups for whole incremental step in dynamic sliding case 

Table 4-3 Average runtimes of an incremental step for sliding case 

Number 

of sliding 

mass 

particles 

L/H 

CPU GPU parallel 

Runtime per 

increment (ms) 

double-precision 

Runtime per increment (ms) Runtime ratio 

between double- and 

single-precision Single precision Double precision 

69,120 7.5  47 2.31 3.46 1.50 

138,240 15  110 4.85 6.59 1.36 

276,480 30  219 9.56 12.32 1.29 

552,960 60  432 18.86 24.15 1.28 

1,105,920 120  922 39.97 49.88 1.25 

2,211,840 240 1891 77.72 99.77 1.28 

3,317,760 360 2984 119.53 150.24 1.26 

4,423,680 480 4032 162.04 201.38 1.24 
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 Runout of Submarine Landslide  

 

 Introduction 

Submarine landslides are one of the main agents through which vast volumes of sediments 

are transported across the continental slopes. Most of the present knowledge on 

submarine slides relies upon back-analysis of the post-failure deposits identified using 

high-resolution remote sensing techniques. Limited work has been performed on the 

runout process and evolution of morphologies of the transported materials. The ultimate 

aim would be to model the complete event from triggering of the slide to the runout 

process taking due account of water entrainment and hydroplaning. However, this is 

beyond the scope of this study. In this chapter, the runout of slides on a rigid base is 

explored using the MPM in a total stress framework, focusing on the slide morphologies.   

The MPM is free from mesh entanglement suffered by conventional Lagrangian methods, 

and has a high accuracy in tracking the movement of soils in extremely-large 

deformations. The robustness and accuracy of the MPM program developed are validated 

through a benchmark case of slurry runout after a dam break. The runout morphology 

predicted by the MPM agrees well with that by experimental observation, perturbation 

solution and DAM analysis. A real case history and two cases of centrifuge tests of 

submarine slides are back-analysed using the MPM, which reproduce the runout 

morphologies of the slides from slopes. The history of the shear layer thickness is 

discussed for both non-softening and softening soils. It is found that runout mechanisms 

of elongation, block sliding and spreading are triggered under different combinations of 

soil and basal parameters.  

In all MPM simulations in this chapter, a 4 × 4 particle configuration was allocated for 

each element fully occupied by particles prior to the calculation. The particle density is 

finer than the 2 × 2 particle configuration used in Ma et al. (2014) and Dong et al. (2015), 

to improve the numerical accuracy. The acceleration of gravity was g = 9.81 m/s2. 

Poisson’s ratio of the soils was taken as 0.49 to approximate constant volume under the 

undrained conditions. Young’s modulus was taken as 100su0. The time step ∆t was 

determined with a Courant number of 0.3. 
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 Dam break 

A laboratory study of slurry runout induced by a dam break was carried out by Krone and 

Wright (1987) by instantaneously releasing a bentonite slurry from an upstream reservoir 

into a rectangular flume. The runout with high bentonite concentration remained laminar 

through the runout process. The test named ‘Run 15’ was modelled with the MPM, with 

initial configuration shown in Figure 5-1. The bed of the flume had an inclination of θ = 

3.43° to the horizontal. The initial length of the slurry was L0 = 1.8 m and the height H0 

= 0.3 m. The density of the slurry was ρ = 1073 kg/m3. The rheological behaviours of the 

slurry at the shear rates in the runout was approximated by a Bingham model with 

threshold shear strength su0 = 42.5 Pa, and viscosity coefficient η = 0.0052. In the MPM 

analysis, the element size was selected as H0/60. In total, there were 345,600 slurry 

particles and 8,240 bed and wall particles. The slurry-bed interface was assumed as no-

slip, and the slurry-wall interface as frictional with a shear strength τ equivalent to su0.  

Figure 5-2 shows the history of velocity and runout of the slurry front toe. The solutions 

based on mesh sizes of H0/60 and H0/120 are nearly identical, indicating that the mesh 

size of H0/60 is sufficiently fine. After the dam breaks, a maximum velocity of 2.1 m/s at 

the front toe is reached immediately. Then the velocity keeps decreasing due to the shear 

resistance along the slurry-bed and slurry-wall interfaces. The velocity contours at 

different times of the runout are shown in Figure 5-3. The total kinematic energy of the 

runout, calculated with a summation of kinematic energy of all particles, achieves a peak 

value of 0.91 kJ at 1.84 s (see Figure 5-4), which represents the state at which the driving 

force due to the self-weight equals the resistance by the bed and wall. The kinematic 

energy disperses to zero when the runout halts at a distance of 8.9 m.  

The predicted runout profile at 4.1 s agrees well with that by experimental observation 

(Krone and Wright, 1987), perturbation solution (Huang and Garcia, 1997) and DAM 

simulation (Imran et al., 2001) as shown in Figure 5-5. The numerical simulations (DAM 

and MPM) over-predict the runout distance, while the theoretical solution over-predicts 

the thickness. The thickness of the slurry reduces as the elongation increases. The 

maximum thickness hc of the slurry at rest, which depends on the threshold shear strength, 

is hc = su0 / (ρgsinθ) = 0.067 m. The final thickness of the slurry is 0.055 m, which is 

below the maximum value for stability.  
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Figure 5-1 Idealised geometry of dam break (not to scale) 

 

 

 

Figure 5-2 History of velocity and runout of front toe 
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Figure 5-3 Velocity contours of runout  
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Figure 5-4 History of total kinematic energy 

 

Figure 5-5 Runout profiles at 4.1 s 

 Back-analysis of submarine slides   

 A real case  

A real case history of submarine escarpment failure in southern Mediterranean1 was 

back-analysed with the MPM and DAM based on the post-failure bathymetric maps as 

shown in Figure 5-6. The profiles of the original and failed escarpments were surmised 

                                                 
1 The information of the real case was provided by Dr Spinewine Benoit from Fugro GeoConsulting. The 

DAM simulations were performed by Dr Spinewine Benoit together with Dr Sam Ingarfield from Fugro 

AG Pty Ltd. 
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from the interpretation of the adjacent transept of the deposits, which implies that the 

failure was triggered by a steep slope and the runout on a gently-inclined base reached a 

final distance of 420 m. Elevations of the idealised geometry are shown in Figure 5-7. 

The slide-base interface was assumed as no-slip. The soils were assumed as non-softening 

or softening, while dependency of the undrained shear strength on shear strain rate was 

always considered. The soil properties are shown in Table 5-1; these properties were 

back-analysed to give similar run-out lengths to that observed in the case history. 

Table 5-1 Soil properties in real case of slide  

Soil response  
Submerged density 

(kg/m3) 

su0 

(kPa) 
η n refγ  δrem ξ95 

Non-softening (Equation 2-2) 525 1.8 0.14 0.5 1 1 - 

Softening (Equation 5-1) 525 15 0.0167 0.5 1 0.025 45 
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(5-1) 

In Equation 5-1, strain-softening is only imposed on the threshold shear strength of the 

soil but not the rate-dependent portion; the strain-softening and rate-dependency 

adjustments are essentially additive in nature. This may be reasonable for a soil-fluid 

mixture, as strain-softening is considered for the soil and rate-dependency for the fluid. 

In contrast, the multiplicative expression in Equation 2-5 implies that strain-softening is 

imposed on both the threshold shear strength and the rate-dependent portion. The two 

adjustments are therefore multiplicative in nature. This seems more appropriate for soil 

from a geotechnical perspective. Therefore, an extra analysis was also performed by 

characterising the soil with Equation 2-5.   

In the MPM analysis, the element size was 0.2 m, i.e. ~ H0/60, which is sufficiently fine 

by trial calculations. In total, there were 560,700 and 16,400 particles for the slide and 

seabed, respectively. History of velocity and runout of the front toe predicted by the DAM 

and MPM analyses is shown in Figure 5-8. Less mobility of the runout is predicted by the 

DAM than by the MPM: the peak velocities predicted by the DAM are nearly half those 

of the MPM predictions; the runout of the softening soil in the DAM analysis is delayed 

till 54 s, much later than the instant mobilisation in the MPM analysis. This is mainly 
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attributed to the over-simplification of estimating the shear strain rate of the 1D element 

in the DAM analysis, which will be discussed later.  

 

(a) 

 

(b) 

Figure 5-6 3D bathymetric maps of a real submarine slide case (a) Plan view (b) Side view 

 

Figure 5-7 Idealisation of slide transect 
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The DAM analyses predict similar runout distances with the real case: 415 m for non-

softening soil and 421 m for softening soil. The MPM analyses predict similar runout 

distances of 421 m and 444 m for the non-softening and softening soils, respectively. 

The runout morphologies predicted by the DAM and MPM analyses are similar, as shown 

in Figure 5-9. The failure is triggered at the front toe of the sliding mass and then 

retrogressively extends to the head. The runout from the steep slope is initially stacked in 

front of the steep slope and then elongated along the gently-inclined base. Part of the 

original failing soil body remains on the slope as a relict due to the no-slip basal interface. 

The thickness of the slide decreases as elongation progresses, which causes a larger 

resistance along the basal interface. Velocity contours predicted by the MPM are shown 

for the non-softening soil at 14 s and 25 s in Figure 5-10, and for the softening soil at 10 

s and 25 s in Figure 5-11. The slide is accelerated along the steep slope under self-weight, 

and the front of the slide has the maximum velocity.  

The slide is separated into two layers: plug layer and shear layer. The plug layer is the 

upper layer mobilised as a laminar plastic flow, which has nearly constant velocity 

through the thickness. The shear layer is characterised with obvious velocity gradients 

through the thickness; essentially acting as a transitional layer between the no-slip basal 

interface and the upper plug layer. The shear layer shows relatively low velocities for 

both non-softening and softening soils, and fully remoulded strength for softening soil, 

as shown in Figure 5-12.  

Histories of shear layer thickness at the front (A and A′), mid (B and B′) and rear (C and 

C′) transects in Figures 5-10(b) and 5-11(b) are shown in Figure 5-13. The thickness of 

the shear layer for non-softening soil (1.8 m ~ 4.6 m) is much larger than that for softening 

soil (0.3 m ~ 0.9 m). The thickness of the shear layer tends to decrease with downslope 

distance, which is attributed to the decrease of total thickness of the slide. For the non-

softening soil, the thickness of the shear layer grows initially to a peak value, and then 

decreases. For the softening soil, the shear layer becomes thinner with increasing elapsed 

time due to localisation of accumulative plastic shear strain, with final thickness of about 

1.5 to 4.5 times the mesh size.  

For the DAM analysis, the shear strain rate for each 1D element is derived from the ratio 

of the velocity difference between the top and bottom nodes to the thickness of the 

element. This simplification implies that the velocity profiles are linear within the shear 

layer, which over-estimates the thickness of the shear layer. 
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(a) 

 

 

(b)  

Figure 5-8 History of toe velocity and runout (a) Non-softening soil (b) Softening soil 
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(a)  

 

 

 

(b) 

Figure 5-9 Evolution of runout morphologies (a) Non-softening soil (b) Softening soil 
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(a)  

 

 

 

 

(b) 

Figure 5-10 Velocity contours of non-softening soil (a) 14 s (b) 25 s  
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(a)  

 

 

 

 

(b)  

Figure 5-11 Velocity contours of softening soil (a) 10 s (b) 25 s 
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(a) 

 

 

(b)  

Figure 5-12 Profiles of velocity and remoulded strength ratio su/su0 along height at mid transect 

of runout (a) Non-softening soil at 25 s (b) Softening soil at 25 s 
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Figure 5-13 History of shear layer thickness 

Evolution of velocity and runout of the front toe in the MPM analysis using the 

multiplicative soil model (Equation 2-5) is shown in Figure 5-14. Greater mobility is 

predicted with the multiplicative model than with the additive model (Equation 5-1): the 

final runout distance is 545 m with the former, much longer than the 444 m with the latter; 

the toe velocity with the multiplicative model is generally larger during the runout, 

although the peak velocities with the two models are close. This may be attributed to the 

greater strength degradation with the multiplicative soil model, in which both the 

threshold shear strength and its growth with shear strain rate are degraded. The velocity 

contours with the multiplicative model are shown in Figure 5-15.  

 

Figure 5-14 History of toe velocity and runout with multiplicative and additive models 



Chapter 5                                        Centre for Offshore Foundation Systems 

Runout of Submarine Landslide                           The University of Western Australia 

63 

 

(a) 

 

(b) 

Figure 5-15 Velocity contours with multiplicative soil model (a) 15 s (b) 30 s 

 Centrifuge tests  

Centrifuge model tests were performed by Boylan et al. (2010) on runout of slides along 

a slope at an inclination of 10° to a flat base. Two cases were back-analysed using the 

DAM (White et al., 2011; White et al., 2016) and MPM by considering that the sliding 

mass rests on the slope initially and then mobilises under self-weight. The original shape 

of the sliding mass was idealised as a trapezoidal shaped block with a base length of 22 

m and side-slopes of 60°, as shown in Figure 5-16. The configuration parameters of the 
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slides, with soil properties obtained from T-bar and vane shear tests, are shown in Table 

5-2. In the MPM analyses, the element size was selected as 0.05 m, i.e. ~ H0/60. In total, 

there were 346,216 slide particles and 6,400 base particles for Slide I and 372,898 slide 

particles and 8,100 base particles for Slide II. The slide-base interface was idealised as 

no-slip. 

 

Figure 5-16 Geometry of slide runout (not to scale) 

Table 5-2 Configuration of slides  

Case  
Initial height 

(m) 

Submerged 

density (kg/m3) 

Soil 

model 

su0 

(kPa) 
η n refγ  δrem ξ95 

Slide I 2.79 440 
Equation 

2-5 
0.21 1 0.1 0.01 0.345 25.9 

Slide II 3.02 440 
Equation 

2-5 
0.165 1 0.1 0.01 0.345 25.9 

 

Histories of velocity and runout of the front toe of Slide I predicted by the MPM are 

shown in Figure 5-17(a). The toe velocity increases to a peak value of 6 m/s at 1.9 s, and 

then decreases to 3 m/s at 10.7 s. The front toe becomes essentially stationary at 16 s with 

a final runout distance of 55.2 m. Velocity contours of Slide I are shown in Figure 5-18. 

The predicted runout distances of the front toe are close for element sizes of H0/30, H0/60 

and H0/120, with values of 57.1 m, 55.2 m and 54.5 m, respectively. The runout distance 

predicted by the centrifuge test and DAM analysis are 46.3 m and 67.0 m, respectively. 

The MPM and DAM analyses overestimate the runout distance, indicating that shear 

strength of the sliding materials might be under-estimated. The DAM prediction is higher 

than the MPM prediction by ~ 20%. The remoulded strength ratios su/su0 for the slide at 

rest are shown in Figure 5-19, which is in the range of 0.34 - 0.4 for soils in the shear 

layer and 0.85 - 1 in the plug layer.  
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Histories of velocity and runout of the front toe of Slide II are shown in Figure 5-17(b). 

The peak toe velocity of Slide II is 6.8 m/s achieved at 2.5 s, after which the toe velocity 

decreases to 3.7 m/s at 10.7 s and then zero at 16 s. The final runout distance is 73 m, 

which agrees well with the values of 77.7 m predicted by centrifuge test and 77.4 m by 

DAM back-analysis.  

 

(a)  

 

(b)  

Figure 5-17 History of toe velocity and runout (a) Slide I (b) Slide II 
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Figure 5-18 Velocity contours of Slide I 

 

Figure 5-19 Remoulded strength ratios of Slide I at 16 s 
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 Parametric studies  

Four cases were designed to further study the runout morphologies2 of planar submarine 

slides, based on an idealised geometry of original slides defined in Figure 5-20. The slide 

material was initially trapezoidal in shape with side-slopes of 30°, placed on a slope with 

an angle θ to the horizontal. The height and length of the sliding mass were 5 m and 48.66 

m, respectively. The runout behaviour depends on the combined influence of geometry 

and material properties of the slide, slope inclination and slide-base interaction. The 

parameters varied are listed in Table 5-3. For all analyses the submerged density of the 

sliding mass was ρ' = 600 kg/m3, while the soil was characterised by Equation 2-5. In the 

MPM analyses, the size of the square elements was selected as 0.1 m unless otherwise 

stated. In total, there were 307,200 slide particles and 6,000 base particles. Three flow 

mechanisms, elongation, block sliding and spreading, were observed through the cases in 

Table 5-3. Mesh dependency is detected in the spreading pattern due to strain-localisation 

for softening soils, while it is not observed in elongation and block sliding patterns for 

non-softening soils. 

 

Figure 5-20 Problem definition for parametric study of runout behaviour (not to scale) 

Table 5-3 Configurations of submarine slide cases  

Case  θ (°) su0 (kPa) η n refγ  δrem ξ95 Slide-base interface Runout mechanism 

1 5 2.5 - - - 1 - τ = 1 kPa Elongation 

2 5 2.5 - - - 1 - No-slip Elongation 

3 5 2.5 1 0.1 0.01 1 - τ = 1 kPa Block sliding 

4 2 5 - - - 0.025 5 τ = 1 kPa Spreading 

                                                 
2 The LDFE simulation of runout mechanisms of elongation, block sliding and spreading were originally 

discussed in Wang et al, 2011 
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 Elongation  

The soils in Cases 1 and 2 have a constant shear strength of 2.5 kPa, i.e. the rate-

dependency and strain-softening are ignored. The only difference between the two cases 

is the slide-base interface, which is frictional with a shear strength of 1 kPa for Case 1 

and no-slip for Case 2. The calculations for Case 1 took ~ 2 hours. The sliding masses in 

Case 1 and 2 move forward along the slide-base interface, which is driven by the relative 

magnitudes of the self-weight and the friction on the interface. The rear parts of the 

masses collapse since they are unstable. The sliding masses elongate and the thicknesses 

reduce, as shown in Figure 5-21. The frictional force along the slide-base interface is thus 

increased due to the lengthened interface. The runout decelerates once the total friction 

on the interface exceeds the driving force due to the self-weight. The simulation of Case 

1 was terminated before the runout had stopped, due to the heavy computational effort. 

The runout in Case 2 stops at time ~ 13 s. As shown in Figure 5-22, similar final runout 

distances of ~ 22 m in Case 2 were predicted by the LDFE and the MPM analyses. The 

velocity contours for Case 1 and 2 are shown in Figure 5-23 and 5-24, respectively.  

 

(a)  

 

(b)  

Figure 5-21 Evolution of runout morphologies (a) Case 1 (b) Case 2 



Chapter 5                                        Centre for Offshore Foundation Systems 

Runout of Submarine Landslide                           The University of Western Australia 

69 

 

Figure 5-22 History of toe runouts for Case 1 and 2 

 

 

 

Figure 5-23 Velocity contours predicted by MPM for Case 1  
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Figure 5-24 Velocity contours predicted by MPM for Case 2  

 Block sliding 

The soil in Case 3 is assumed as rate-dependent but strain-softening is not considered. 

The shear strength of the slide is increased by a factor of up to ~ 2.5 compared with the 

threshold shear strength. The height of the sliding mass reduces only slowly, so that the 

slide moves essentially as a block (see Figure 5-25). The driving shear stress on the basal 

interface reduces from > 4.1 kPa to ~ 2.1 kPa, which is still larger than the shear strength 

on the interface. The slide continues to accelerate, achieving a toe velocity of 9.7 m/s at 

40 s and a toe runout of ~ 300 m, at which stage the computation was terminated. The 

runout morphologies and distances predicted by the LDFE and MPM analyses are similar, 

as shown in Figure 5-25 and 5-26, respectively. The velocity contours predicted by the 

MPM analysis are shown in Figure 5-27. 
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Figure 5-25 Evolution of runout morphologies for Case 3 

 

 

 

Figure 5-26 History of toe runout for Case 3 
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Figure 5-27 Velocity contours predicted by MPM for Case 3  

 Spreading with horsts and grabens  

The soil in Case 4 is assumed as rate-independent, with intact shear strength of 5 kPa and 

a high sensitivity of 40. By contrast with the previous cases, the slope inclination is 

reduced to 2° in Case 4. Figure 5-28 shows the initialisation and propagation of shear 

bands in the sliding mass. Soil collapses are initially triggered on both sides of the mass 

(Figure 5-28 at 2 s), followed by more failures spread progressively to the middle due to 

loss of lateral pressure (Figure 5-28 at 10 s). A number of successive horsts and grabens 

are formed with dislocation of the failed soil. The original horsts are inverted V-shaped 

wedges with two edges at an inclination of 45° to the base, while the original grabens are 

V-shaped wedges subsiding between the horsts. In the sliding process, more horsts and 

grabens are mobilised gradually with disturbed, even fully remoulded, soil connecting 

each other as shown in Figure 5-28 at 27 s. The heavily disturbed soil is localised in the 

shear bands, while soils in the wedges are disturbed slightly. The wedges tend to detach 

from each other due to velocity differences; as a result, the front wedges break away from 
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the main body at 27 s (Figure 5-29). The outrunner blocks are expected to reach a very 

long runout distance as reported in Ilstad et al. (2004b). Therefore, the simulation was 

terminated at 27 s although the runout with a distance of 112 m was not finalised.  

 

 

 

Figure 5-28 Evolution of horsts and grabens  

At early stages the bottom soil is relatively intact with shear strengths larger than that on 

the slide-base interface of 1 kPa; therefore, the slide behaviour along the base is controlled 

by the latter. The velocity of the front toe accelerates to 3.2 m/s at 3.6 s, then decreases 

to 2.47 m/s at 10.5 s (see Figure 5-30). However, after 10.5 s the runout of the front is 

controlled by the remoulded shear strength of the bottom soils of ~ 0.125 kPa, which is 

much lower than that on the slide-seabed interface. So the toe velocity increases again 

after 10.5 s, achieving 5 m/s at 21 s.  

The propagation of shear bands in the sliding masses is mesh-sensitive due to the weak 

discontinuity bifurcation properties of constitutive models. Although several 

regularization mechanisms have been introduced, such as rate-dependent plasticity 

models, non-local models, gradient models and micro-polar continua models (Li et al., 



Chapter 5                                        Centre for Offshore Foundation Systems 

Runout of Submarine Landslide                           The University of Western Australia 

74 

2000), this topic remains open. Figure 5-31 shows that more shear bands develop in the 

sliding mass with a smaller mesh size of H0/120 (for a time of 10 s). Greater mobility is 

seen for runout with the finer mesh as seen in Figure 5-30. As a result, the runout distances 

of the spreading pattern of submarine slide, especially with breakaway of outrunner 

blocks, cannot be predicted accurately because of the mesh sensitivity.  

 

Figure 5-29 Velocity contour at 27 s 

 

Figure 5-30 History of toe velocity and runout 

 

Figure 5-31 Evolution of shear bands with mesh size H0/120 at 10 s 
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 Summary  

Numerical simulation of runout process of submarine slides with the MPM has been 

performed in this chapter. The robustness and accuracy of the MPM are validated through 

an example of slurry runout after a dam break. The runout morphology predicted by the 

MPM agrees well with those from experimental observation, perturbation solution and 

DAM analysis. A real case history and two cases of centrifuge tests of submarine slides 

are back-analysed with the MPM and DAM. Greater mobility of the runout is predicted 

by the MPM compared with the prediction by the DAM, attributed to over-simplification 

of the calculation of shear strain rate in the DAM analysis. The thickness of the shear 

layer for non-softening soil is much greater than that for softening soil due to strain-

localisation. Different combinations of soil and seabed parameters are assumed to trigger 

runout mechanisms of elongation, block sliding and spreading. The runout distances 

predicted by the MPM match well with those from the LDFE analyses for the elongation 

and block sliding patterns. Horst and grabens are evident in the spreading pattern. 

However, the current MPM simulations for materials with high sensitivities are mesh 

sensitive, so that estimations of final runout distances are not considered accurate.  
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 Impact of Submarine Landslide 

on Pipeline 

 

 Introduction 

Transportation of offshore oil and gas through pipelines is exposed to the risk of 

submarine landslides on the continental margins and slopes along the pipeline routes. 

Submarine landslides, triggered by seismic agitation, hydrate methane dissociation and 

human activity etc., carry mixtures of soft sediments and water at speeds of up to 20 m/s 

(Jakob et al., 2012). The impact force from the sliding material would be significant with 

respect to the integrity and functionality of any pipeline crossing the path of the runout. 

In this chapter, the impact forces of submarine slides on partially-buried pipes are 

investigated using the MPM. The pipelines are simplified as planar, considering that the 

effort of three-dimensional simulations would be unacceptable since a fine mesh is 

required and a large sliding domain is concerned. The slide material is characterised as a 

Herschel-Bulkley (H-B) material, hence exhibiting strain rate dependency of strength. 

However, no softening is included, on the basis that the material within the slide will have 

already softened significantly during the runout process. Attention is focused on the pipe-

slide interaction during the early stage of impact under low or medium sliding velocities. 

The steady force, following an initial peak impact force, is then quantified with a hybrid 

model considering the combined effects due to the inertia, shear strength and static 

pressure of the sliding material.  

 Verification of MPM analysis 

Robustness of the MPM was verified by comparison with CFD simulations using a 

commercial FVM package ANSYS FLUENT (ANSYS, 2011). Since separation between 

the smooth pipe and the sliding mass passing over the pipe was not allowed in the CFD 

simulation, no-separation contact was also employed in the MPM for verification 
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purpose. By contrast, separation was allowed in the subsequent parametric study to 

quantify the impact force.  

An initially rectangular planar slide, 28 m in width and 6 m in height H, was placed close 

to a fixed pipe with a diameter D of 0.8 m (Figure 6-1). The pipe was half-buried, i.e. the 

projected height e = 0.5D. The distance between the slide front and the pipe was specified 

as small (0.01 m) to allow for essentially immediate impact. A roller boundary condition 

was imposed along the bottom of the domain. The whole slide was launched with an 

initial horizontal velocity of v = 6 m/s, and then ran forward due to its momentum.  

 

Figure 6-1 Schematic for submarine landslide across pipe with MPM (not to scale) 

In the MPM analysis, the element size was selected as D/80. A 4 × 4 particle configuration 

was allocated for each element fully occupied by the soil or the pipe prior to the 

calculation. In total, there were 19.2 million slide particles and 3936 pipe particles. The 

calculation time for this case was about 20 minutes. The density of the slide was ρ = 1500 

kg/m3. The acceleration due to gravity was g = 9.81 m/s2. Considering buoyancy, the 

body force on the slide material was gρρ )( w , where ρw is the density of water (1000 

kg/m3).  

The slide was characterised as an H-B material with viscosity coefficient η and shear-

thinning index n based on laboratory from a series of varying rate T-bar penetration tests. 

Boukpeti et al. (2012) reported that for the T-bar tests in a kaolin clay, taking the reference 

shear strain rate as 0.06 s-1, deduced properties were n = 0.15 to 0.4 and η = 0.35 to 0.65. 

Here n = 0.23, η = 0.45 and refγ  = 0.06 s-1 were adopted, with a threshold shear strength 

su0 = 0.5 kPa. Poisson’s ratio of the soil was taken as 0.49 to approximate constant 

volume, hence undrained conditions. Young’s modulus was taken as a nominal value of 
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300su0, but also the effect of an arbitrarily large value of 8000su0 explored. The time step 

∆t was determined with a Courant number of 0.3. 

In the CFD analysis, the whole domain was discretized with 117,990 quadrilateral 

elements, with the minimum and maximum sizes of the elements of 0.01 m and 0.05 m, 

respectively. The mesh was verified as sufficiently fine through trial calculations. The 

sliding mass was considered as a laminar flow using a ‘no turbulence’ model (Raie and 

Tassoulas, 2009). The pressure and velocity fields were computed with a scheme termed 

‘pressure implicit with splitting of operator’. The time step in the explicit calculations 

was estimated by (ANSYS, 2011)  

v

βl
t sΔ 

 

(6-1) 

where the coefficient β was taken as 0.2 and ls represents the minimum mesh size.  

The normalised impact pressures predicted by the MPM and CFD analyses are shown in 

Figure 6-2. The pressure increases rapidly at the very early stage of impact. The peak 

pressure appears earlier in the CFD analysis than the MPM with E/su0 = 300. This is 

consistent with the essentially infinite elastic modulus of the slide material in the CFD 

analysis. When E/su0 in the MPM analysis was increased to 8000, the MPM curve shows 

excellent agreement with the CFD before t = 0.024 s. A nearly steady pressure is reached 

after t = 0.045 s. The steady pressures predicted by the two MPM analyses are close to 

each other, ~ 10% lower than the CFD prediction. The sudden fall of the pressure around 

0.055 s is due to the touchdown of the sliding mass at the base (Figure 6-3).   

  

Figure 6-2 Normalised impact pressures predicted by CFD and MPM simulations 
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Figure 6-3 Touchdown of sliding mass with no-separation contact by MPM 

 Flow process  

By contrast with the assumption in the comparison with the CFD analysis, if the interface 

between the pipe and the soil is changed to allow separation, a gap is sustained initially 

at the rear side of the pipe. Eventually (at times greater than 0.8 s) the gap becomes filled 

with back-flowing soil. Therefore, for the main parametric analyses with the MPM, 

separation was allowed between the pipe and the slide, since this was considered a more 

realistic condition.  

Keeping other input parameters the same, the rigidity ratio for the soil was varied between 

E/su0 = 300, 1000 and 8000. The element size was D/80. The history of the normalised 

pressure in terms of E/su0 = 300 is shown in Figure 6-4, which took ~ 24 hours to calculate. 

The peak pressure is reached rapidly in < 0.01 s. After that, the pressure reduces to a 

nearly steady state. During the steady stage, the soil flows over the pipe with a gap 

sustained behind the pipe. This is illustrated in Figure 6-5, which shows velocity contours 

at times A, B and C in Figure 6-4. The soil in front of the pipe is stagnated while that 

passing over the pipe crown is accelerated (Figure 6-6). The flow head falls onto the 

ground at ~ 0.5 s (just after time C), followed by backflow towards the pipe.  
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Figure 6-4 History of impact pressure 

 

 

 

Figure 6-5 Contour of velocities 
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Figure 6-6 Velocity vectors of soils around pipe at time 0.12 s 

In Figure 6-7, the peak impact pressure is shown to increase with the Young’s modulus, 

although the steady pressure after the peak value is nearly independent of the Young’s 

modulus. The steady pressure lasts a relatively long period, and so is considered as the 

controlling factor in assessing the stability of the pipeline. The peak pressure may also 

need to be considered in design, although its short-lived nature will limit the contribution 

(relative to the steady state value) to cause significant motion of the pipe. The peak impact 

pressures are not considered further in this study. E/su0 = 300 was used in the subsequent 

analyses to obtain the steady pressure. Regarding the mesh density, as shown in Figure 

6-8, an element size of D/80 was established as sufficiently fine to achieve convergence 

of the steady impact pressure. An element size of D/80 was thus used in the following. 

 

Figure 6-7 Influence of Young’s modulus on impact pressure 
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Figure 6-8 Influence of mesh size on impact pressure 

 Interpretation of impact force 

A wide range of scenarios were explored to cover different geometry and properties of 

the flowing soil: the pipe diameter was maintained as D = 0.8 m. The configuration of 

geometry and soil properties are shown in Table 6-1. The total number of scenarios, and 

hence analyses, was 650. The steady impact pressures obtained from the MPM 

simulations are normalised as P/ρv2 in the following discussions. If Equation 2-8 is used 

to predict the impact force, the drag coefficients obtained are scattered in a wide range of 

0.44 - 5.82, which suggests that Equation 2-8 is not suitable to predict pipe-slide 

interaction forces at low and medium flow velocities. Equation 2-11 was derived on the 

basis of full pipe-soil contact around the entire circumferences. Given that a gap has been 

shown to be sustained at the rear side of the pipe for a significant period, an additional 

term related to the static pressure of the sliding mass was added to Equation 2-11, 

resulting in 

 gHρρCsNρvCP wγnormu,c

2

d0.5 
 

(6-2) 

where Cγ is referred to as a ‘static coefficient’. The nominal shear strength su,norm is 

estimated by Equation 2-2 with a nominal shear rate evγ /2 . Equation 6-2 may thus be 

re-written as 
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where Fr is the Froude number, gHvF /r   (Masson et al., 2006) and Reynolds number 

is normu,

2/sρvRe  . In the MPM analyses, Re varies in the range 10 - 100, Fr in the range 

0.18 - 3.32. The normalised impact pressures P/ρv2 from the analyses fell in the range 

0.22 - 2.91.  

Table 6-1 Configurations of scenarios  

e/D  su0 (kPa) η n H/D 
Inflow velocity 

(m/s) 

0.25 

0.15 and 

0.5 

0.35, 0.45 and 

0.65 

0.15, 0.23 

and 0.4 

1.25, 1.75, 2.5, 5, 7.5, 10, 12 

and 15 

2 - 12 
0.5 

1.25, 1.75, 2.5, 3.5, 5, 7.5, 10, 

12 and 15 

0.75 2.5, 3.5, 5, 7.5, 10, 12 and 15 

 

The drag coefficient Cd, the bearing capacity factor Nc and the static coefficient Cγ in 

Equation 6-3 are the key concerns that quantify the contributions of drag force, 

‘geotechnical’ resistance and static pressure, respectively. The three coefficients will be 

affected by the projected height of the pipe, and the initial height, velocity and strength 

properties of the sliding mass. The coefficients were fitted by regression analysis of the 

impact forces retrieved from the MPM analyses. For each combination of the normalised 

pipe projected height and the slide height, Cd, Nc and Cγ were fitted with R2 values not 

less than 0.98, over the full range of soil strength properties and slide velocities.  

The fitted values of the coefficients are considered as functions of the initial height ratio 

H/D of the sliding mass and the normalised pipe exposure e/D. The following main 

conclusions may be drawn.  

(1) As shown in Figure 6-9, for a given pipe projected height, the fitted value of Cd 

increases with H/D until a nearly stable value is approached at a critical H/D, which 

is 5 for e/D = 0.25, 7.5 for e/D = 0.5 and 10 for e/D = 0.75. The stable value of Cd 

increases from 0.63 to ~1.04 as e/D increases from 0.25 to 0.75. This range may be 

compared with data from CFD analyses for a fully engulfed pipe (Zakeri, 2009), 

reinterpreted by Randolph and White (2009), who quote deduced Cd values of 0.4 to 

0.6. By contrast, experiments reported by Sahdi et al. (2014) for a fully engulfed pipe 

suspended within a moving soil mass quote a best fit value of Cd = 1.06.  
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Figure 6-9 Fitted drag coefficient Cd 

(2) In Figure 6-10, a minimum H/D is also required to achieve a stable bearing capacity 

factor Nc; this is 2.5D for e/D = 0.25, 3.5D for e/D = 0.5 and 5D for e/D = 0.75. The 

stable value of Nc increases from ~ 4 for e/D = 0.25 to ~ 4.5 for e/D = 0.75. Two 

additional analyses were conducted, penetrating a pipe with e/D = 0.25 and 0.75 

through a sliding mass with H/D = 10 at very slow velocity. These gave static Nc 

values of 4.2 and 4.8 for e/D = 0.25 and 0.75, respectively. Since the pipe is exposed 

at the rear side (see Figure 6-5), the predicted value of Nc corresponds to shallow 

embedment of the pipe into soils, and is much lower than the value of 9.18 for a 

deeply embedded smooth cylinder with a static full-flow mechanism (Randolph and 

Houlsby, 1984). Wang et al. (2010) reported Nc = 4.25 for a pipe penetrating to a 

depth of 0.5D, which is close to the value of 4.2 at e/D = 0.5 shown in Figure 6-10. 

(3) Contrasting with the approach for Cd and Nc, the static coefficient Cγ was analysed 

as a function of the ratio (H-e)/D as shown in Figure 6-11. This resulted in the 

relationship  

0.56

γ

-
0.56













D

eH
C

 

(6-4) 

For each projected height ratio of the pipe, the normalised impact forces from the MPM 

simulations are compared with those estimated through Equation 6-3 (with Cd, Nc, and Cγ 

fitted as in Figure 6-9 - 6-11) in Figure 6-12. Equation 6-3 provides estimations for almost 
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all scenarios with divergence less than 15%. To verify Equation 6-3 further, another group 

of scenarios, not used in the above fitting exercise, were considered. These covered input 

parameters of D = 0.5 m, e/D = 0.5, su0 = 0.3 kPa, η = 0.55, n = 0.3, H/D = 9 and v = 2 - 

12 m/s. As shown in Figure 6-13, the impact pressures predicted by the MPM are close 

to those from Equation 6-3, using back-fitted values of Cd = 0.88 (see Figure 6-9), Nc = 

4.2 (see Figure 6-10) and Cγ = 0.169 (see Equation 6-4).  

 

Figure 6-10 Fitted bearing capacity factor Nc 

 

Figure 6-11 Static coefficient with ratio (H-e)/D 
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(c)  

 Figure 6-12 Comparison of normalised pressures by MPM and Equation 6-2 (a) e/D = 0.25 (b) 

e/D = 0. 5 (c) e/D = 0.75 

 

Figure 6-13 Comparison of normalised pressures by MPM and Equation 6-3  

The relative contributions of the three components to the impact force are illustrated in 

Figure 6-14. When the sliding velocity is 2 m/s, the components due to the shear strength 

(~ 37%) and the static pressure (~ 37%) dominate. When the sliding velocity reaches 12 

m/s, the maximum velocity considered in the study, the contribution of the inertial 

resistance increases to ~ 85%. 
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Figure 6-14 Relative contributions of inertia, shear strength and static pressure components 

 Conclusions  

The horizontal impact forces on a pipeline from submarine landslides were investigated 

by means of numerical simulation with the MPM. The models of a soil mass impacting 

and then flowing across the fixed pipe were established by giving the soil an initial 

horizontal velocity. The pipe was simplified as rigid (fixed) and the soil mass was 

characterised using the Herschel-Bulkley rheological model. The interaction between the 

pipe and the soil mass was implemented using ‘Geo-contact’ assuming a smooth interface. 

Inflow velocities of the landslides were 2 - 12 m/s, resulting in ranges of the non-

Newtonian Reynolds number of 10 - 100, and Froude number of 0.18 - 3.32. The 

predicted horizontal impact pressures on the pipe was interpreted with a hybrid expression 

summing independent contributions from inertia (expressed in terms of drag coefficient, 

Cd), geotechnical resistance (bearing factor, Nc) and static pressure (coefficient Cγ). Best-

fit values of the coefficients Cd, Nc and Cγ were obtained from the data, taking account of 

the normalised slide depth H/D and the exposed height of the pipe e/D. 
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 Impact of Submarine Landslide 

on Mudmat 

 

 Introduction 

With the development of oil and gas in deep water, mudmat foundations have been 

increasingly adopted, supporting subsea structures such as manifolds, pipeline end 

terminations and in-line structures. Mudmats, made of stiffened steel plates with 

dimensions range from 3 m to over 30 m, are generally equipped with peripheral and 

internal skirts that enhance the resistance to horizontal loads and transmit the vertical 

loads into deeper and stronger soil layer. Conventional design approaches of mudmat are 

embodied in DNV (1992), ISO (2003) and API (2011) procedures, where the primary 

focus is on the vertical bearing capacity. Alternative approaches based on failure 

envelopes in vertical, horizontal and moment loading space have also been developed 

(Bransby and Randolph, 1998; Gourvenec, 2007; Feng et al., 2014; Fu et al., 2014). In 

this chapter, the impact forces of submarine slides on a fixed mudmat are investigated 

using the MPM. The steady force is quantified with a hybrid model considering the 

combined effects due to the inertia, shear strength and static pressure of the sliding 

material.  

 Numerical model and verification  

Robustness of the MPM was verified by comparison with CFD simulations using a 

commercial FVM package ANSYS FLUENT (ANSYS, 2011). An initially rectangular 

planar slide, 40 m in width and 8 m in height H, was placed close to a fixed mudmat with 

a length of 10 m (Figure 7-1). The mudmat was partially buried and exposed to the sliding 

mass with a projected height e of 1 m. The distance between the slide front and the 

mudmat was specified as small (0.025 m) to allow for essentially immediate impact. The 

interaction between the mudmat and the sliding mass was assumed frictionless and with 
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separation allowed. A roller boundary condition was imposed along the bottom of the 

domain. The whole slide was launched with an initial horizontal velocity of v = 4 m/s, 

and then ran forward due to its momentum.  

In the MPM analysis, the element size was selected as e/40. A 4 × 4 particle configuration 

was allocated for each element fully occupied by the soil or mudmat prior to the 

calculation. In total, there were 8.4 million slide particles and 30 thousand mudmat 

particles. The density of the slide was ρ = 1500 kg/m3. The acceleration due to gravity 

was g = 9.81 m/s2. Considering buoyancy, the body force of the submarine slide was 

gρρ )( w , where ρw is the density of water (1000 kg/m3).  

The viscosity coefficient η and shear-thinning index n in the H-B model (see Equation 

2-2) were taken as η = 0.45, n = 0.23, with a reference shear strain rate refγ  = 0.06 s-1 and 

threshold shear strength su0 = 0.5 kPa. Poisson’s ratio of the soil was taken as 0.49 to 

approximate constant volume, hence undrained conditions. Young’s modulus was taken 

as a nominal value of 300su0, but also the effect of an arbitrarily smaller value of 100su0 

explored. The time step ∆t was determined with a Courant number of 0.3. 

 

Figure 7-1 Schematic for submarine landslide across mudmat with MPM (not to scale)  

In the CFD analysis, the whole domain was discretized with 601,780 quadrilateral 

elements, with the minimum and maximum sizes of the elements were 0.1 m and 0.15 m, 

respectively. The mesh was verified as sufficiently fine through trial calculations. The 

sliding mass was considered as a laminar flow using a ‘no turbulence’ model. The 

pressure and velocity fields were computed with a scheme termed ‘pressure implicit with 

splitting of operator’. The time step in the explicit calculations was estimated by Equation 

6-1 with the coefficient β taken as 0.2.  

The normalised impact pressures predicted by the MPM and CFD analyses are shown in 

Figure 7-2. The pressure in the CFD analysis at the very early stage is virtually infinite as 
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the elastic modulus of the slides in the CFD is essentially taken as infinite. In the MPM 

analyses the pressure increases rapidly at the early stage of impact, reaching a peak value 

before 0.01 s. The peak pressure is proportional to the Young’s modulus considered, 

converging to the infinite value predicted by the CFD analysis. A nearly steady pressure 

is reached after 0.1 s for the CFD analysis and 0.2 s and 0.1 s for the MPM analyses with 

E/su0 = 100 and 300, respectively. The steady pressures predicted by the MPM are close 

to each other, showing good agreement with the CFD prediction. Therefore, the Young’s 

modulus has trivial effect on the steady value of the pressure, which is the main concern 

in this study. A Young’s modulus of 300su0 was therefore adopted for the subsequent 

analyses.  

Regarding the mesh density, as shown in Figure 7-3, an element size of e/40 is sufficiently 

fine to achieve convergence on the steady pressure and was therefore adopted. The 

velocity contours at times A, B and C in Figure 7-2 are shown in Figure 7-4. The soil in 

front of the mudmat is stagnated while that passing over the top of the mudmat is 

accelerated (Figure 7-5). A gap is sustained at the top of the mudmat due to the inertia of 

the soil. The flow head falls gradually towards the top of the mudmat under the effect of 

self-weight, but further consideration of the touchdown of the flow head on the mudmat 

is beyond the scope of this study.   

 

 

Figure 7-2 Normalised impact pressures predicted by CFD and MPM simulations 
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Figure 7-3 Influence of mesh size on impact pressure 

 

 

 

Figure 7-4 Contour of velocities  
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Figure 7-5 Velocity vectors of soils around pipe at time 0.2 s  

 Interpretation of impact force 

A wide range of scenarios were explored to cover different geometry and properties of 

the flowing soil: the length of the mudmat was maintained as 10 m, while other 

configurations of geometry and soil properties are shown in Table 7-1. The total number 

of scenarios, and hence analyses, was 450.  

The steady impact pressures obtained from the MPM simulations are normalised as P/ρv2, 

which is interpreted with the same hybrid model as for pipeline impact (Equation 6-3), 

repeated here for convenience  
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(7-1) 

The nominal shear strength su,norm is estimated by Equation 2-2 with a nominal shear rate 

evγ /2 . In the MPM analyses, Re varies in the range 30 - 100, Fr in the range 0.15 - 3.61 

and the normalised impact pressures P/ρv2 from the analyses fell in the range 0.45 - 2.48.  

The drag coefficient Cd, the bearing capacity factor Nc and the static coefficient Cγ in 

Equation 7-1 are the key concerns for predicting the contributions of the drag force, 

‘geotechnical’ resistance and static pressure, respectively. The three coefficients will be 

affected by the projected height of the mudmat, and the initial height, velocity and 

strength properties of the sliding mass. The coefficients were fitted by regression analysis 

of the impact forces retrieved from the MPM analyses. For each combination of the 
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mudmat height and the slide height, Cd, Nc and Cγ were fitted with R2 values not less than 

0.95, over the full range of soil strength properties and slide velocities.  

Table 7-1 Configurations of scenarios  

e 

(m) 
su0 (kPa) η n H/e 

Inflow velocity 

(m/s) 

0.25 

0.15 and 

0.5 

0.35, 0.45 and 

0.65 

0.15, 0.23 

and 0.4 

12, 16 and 20 

2 - 12 
0.5 6, 8, 10, 16 and 24 

1 3, 4, 5, 8, 12, 16 and 20 

1.25 2.4, 4, 6.4, 9.6, 12, 16 and 20 

 

The fitted values of the coefficients are considered as functions of the height ratio H/e of 

the sliding mass. The following main conclusions may be drawn. 

(1) As shown in Figure 7-6, for a given mudmat height, the fitted value of Cd increases 

with H/e until a nearly stable value is approached at a critical H/e, which is about 5 

for all the mudmat heights. The stable value of Cd varies between 1.94 and 2.05 as e 

is increased from 0.25 m to 1.25 m, so that an approximation for all cases may be Cd 

= 2.0. For pipelines impacted by submarine slide in Chapter 6, the stable values of 

Cd ranged from 0.63 to 1.04 as the exposure ratio of the pipe e/D increased from 0.25 

to 0.75 (as indicated on Figure 7-6). Thus the drag factors for mudmats are 2 to 3 

times those for pipelines. This is considered due to the vertical side wall of the 

mudmat impacted by the slide. As can be seen from Figure 7-5 the horizontal 

velocities of the particles in front of the mudmat are reduced to zero. By comparison, 

the soil is able to move around the pipe at relatively high velocity, since the pipe is 

more streamlined.  

(2) In Figure 7-7, a minimum H/e = 7 is also required to achieve a stable bearing capacity 

factor Nc = 5.5. This value is greater than the exact value Nc = 5.14 for surface footing 

penetration, but consistent with that suggested by Wang et al. (2013) once the 

increase in resistance with penetration depth of the footing is taken into account. For 

the corresponding problem of a pipeline impacted by a submarine slide, the stable 

bearing capacity factors lay in the range of 4.0 ~ 4.5.   

(3) The value of Cγ has previously been suggested as 1 (Arattano and Franzi, 2003) on 

the assumption that the static pressure grows proportionally with the height of the 
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slide at a gradient of g. This is only valid for heavy fluid pressure under static 

conditions, but appears very conservative for the sliding soil mass under flowing 

conditions. Back-analysed values of Cγ are less than 1 and reduce significantly with 

increasing initial height ratio of the slide. As a simplification, Cγ was analysed as a 

function of the ratio (H-e)/e as shown in Figure 7-8. This resulted in the relationship  

0.55

γ

-
0.69













e

eH
C   (7-2) 

This is similar in form to that for the static coefficient for pipeline impact, as in 

Equation (6-4), except for using e rather than the pipeline D on the denominator. On 

average values of C from Equation (7-2) are about 20% higher than from Equation 

(6-4). A submarine slide event therefore imposes more serious consequence on a 

mudmat than on a pipeline due to the more bluff shape of the mudmat.  

For each mudmat, the normalised impact forces from the MPM simulations are compared 

with those estimated through Equation 7-1 (with Cd, Nc, and Cγ fitted as in Figure 7-6 - 

7-8) in Figure 7-9. Equation 7-1 provides estimations for all scenarios with divergence 

less than 15%. To verify Equation 7-1 further, another group of scenarios, not used in the 

above fitting exercise, were considered. These covered input parameters of e = 0.75 m, 

su0 = 0.3 kPa, η = 0.55, n = 0.3, H/e = 12 and v = 2 - 12 m/s. As shown in Figure 7-10, the 

impact forces predicted by the MPM are close to those from Equation 7-1, using back-

fitted values of Cd = 2 (see Figure 7-6), Nc = 5.5 (see Figure 7-7) and Cγ = 0.185 (see 

Equation 7-2).  

 

Figure 7-6 Fitted drag coefficient Cd 
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The relative contributions of the three components to the impact force are illustrated in 

Figure 7-11. When the sliding velocity is 2 m/s, the components due to the shear strength 

(~ 30%) and the static pressure (~ 48%) dominate. When the sliding velocity reaches 12 

m/s, the maximum velocity considered in this study, the contribution of the inertial 

resistance increases to ~ 83%. 

 

Figure 7-7 Fitted bearing capacity factor Nc 

 

 

Figure 7-8 Static coefficient  
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(c)  

 

 

(d)  

Figure 7-9 Comparison of normalised pressures by MPM and Equation 6-3 (a) e = 0.25 m (b) e 

= 0. 5 m (c) e = 1.0 m (d) e = 1.25 m 
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Figure 7-10 Comparison of normalised pressures by MPM and Equation 7-1 

 

Figure 7-11 Relative contributions of inertia, shear strength and static pressure components 

 Conclusions  

The horizontal impact forces on a mudmat by submarine landslides were investigated by 

means of numerical simulation with the MPM. The models of a soil mass impacting and 

then flowing across a fixed mudmat were established by giving the soil an initial 

horizontal velocity. The mudmat was simplified as rigid (fixed) and the soil mass was 

characterised using the Herschel-Bulkley rheological model. The interaction between the 

mudmat and the soil mass was implemented using ‘Geo-contact’ assuming a smooth 

interface. Inflow velocities of the landslides were 2 - 12 m/s, resulting in ranges of the 
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non-Newtonian Reynolds number of 30 - 100, and Froude number of 0.15 - 3.61. The 

predicted horizontal impact pressures on the mudmat were interpreted with a hybrid 

expression summing independent contributions from inertia (expressed in terms of drag 

coefficient, Cd), geotechnical resistance (bearing factor, Nc) and static pressure 

(coefficient Cγ). Best-fit values of the coefficients Cd, Nc and Cγ were obtained from the 

data, taking account of the normalised slide depth H/e. All coefficients were greater than 

for the corresponding problem of pipeline impact, with values of Nc and C being 20 to 

25 % greater, and the drag coefficient Cd being a factor of 2 to 3 greater.
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 Concluding Remarks 

 

 Main findings 

This research has been concerned with the runout of submarine landslides and their 

impact on subsea on-bottom pipelines and mudmats. Numerical simulations with the 

MPM have been performed with in-house MPM (material point method) software, which 

was developed by the writer during the research. Throughout the study, the slide material 

was simulated by softening or non-softening rheological models that took account of 

strain-rate dependency of shear strength. The major achievements of this research are: i) 

the efficiency of the MPM was enhanced using GPU parallelisation, ii) different 

morphologies of the runout behaviour of the sliding mass along slightly inclined slopes 

were reproduced, and iii) a hybrid expression was developed to quantify the impact of 

submarine slides on on-bottom pipelines and mudmats.  

 GPU parallelisation 

A GPU parallelisation strategy for MPM was developed on the basis of ‘compute unified 

device architecture’ to boost the computational efficiency. Workload distribution for each 

of the main functions required by the MPM was evaluated through a sequential CPU 

simulation. The computation effort was mostly allocated to the functions ‘Interpolation 

from soil particles to nodes’ and ‘Update stresses and material properties of soil particles’, 

which account for 30% and 43% of the total workload, respectively. The functions 

‘Calculate nodal velocities and accelerations’ and ‘Movement of soil particles’ were 

found to take 14% and 13% of the workload, whilst the efforts for ‘Initialisation of nodal 

variables’, ‘Interpolation from rigid body particles to nodes’ and ‘Movement of rigid 

body particles’ were minimal.  

The function ‘Interpolation from rigid body particles to nodes’ was implemented 

sequentially on CPU, whilst all the other functions were programmed to be parallelised 
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on the GPU. In order to reduce the overhead of frequent data transfer between the CPU 

and GPU, all the variables of the particles and elements were reserved on the GPU 

memory during the entire simulation. To parallelise the function ‘Interpolation from soil 

particles to nodes’, two GPU parallel techniques were developed to deal with the potential 

data race: i) parallelise over decomposed domains, and ii) parallelise over nodes with a 

loop of interpolations from the related particles of each node. Other functions were more 

straightforward to parallelise across threads over nodes or particles.  

The performance of the GPU parallel strategy developed was evaluated by two 

benchmark cases, surface footing penetration and submarine landslide. The GPU 

parallelisation presented a significant ‘speedup’ over the CPU sequential simulation. The 

maximum speedups with single-precision in the two benchmark cases were 30.8 and 25, 

respectively, while they reduced to 24 and 20 using double-precision. In particular, the 

speedup for the combination of the functions ‘Update stresses and material properties of 

soil particles’ and ‘Movement of soil particles’ was the most significant, up to a factor of 

~ 90; in contrast, the speedup for the function ‘Interpolation from soil particles to nodes’ 

reached a maximum of only ~ 13 for single-precision. 

 Runout of submarine landslide 

Numerical simulation of runout process of submarine slides was performed with the 

MPM. The robustness and accuracy of the MPM were validated through an example of 

slurry runout after a dam break. The runout morphology predicted by the MPM agreed 

well with that by experimental observation, perturbation solution and also depth averaged 

method (DAM) analyses. A real case history and two cases of centrifuge tests of 

submarine slides were back-analysed using the MPM and DAM.  

Although good agreement was found between final runout distances predicted by the 

MPM and DAM analyses, greater mobility of the runout was predicted by the MPM 

analysis compared with using the DAM. Thus higher overall runout times and lower 

maximum velocities were predicted using DAM. Essentially, the calculation of shear 

strain distribution and shear strain rates in the DAM analysis is considered as over-

simplified. The thickness of the shear layer for non-softening soil was much greater than 

that for softening soil due to strain-localisation in the latter.  

Different combinations of soil and seabed parameters were explored to generate different 

runout mechanisms of elongation, block sliding and spreading. The runout distances 
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predicted by the MPM analyses matched well with those from LDFE (large deformation 

finite element) analyses for the elongation and block sliding patterns. Horst and grabens 

were evident in the spreading pattern, although the details of these will be sensitive to 

mesh size. Breakaway of frontal horsts from the main body occurred after a long period 

of runout.  

 Impact of submarine slide on pipeline  

The impact forces of submarine slides on partially-buried pipes were investigated using 

the MPM. The pipeline was simplified as planar, and the slide was characterised as a 

Herschel-Bulkley (H-B) material. Attention was focused on the pipe-slide interaction at 

early stage of the impact under low or medium sliding velocities. Robustness of the MPM 

was verified by a comparison with CFD simulations. The steady impact force on the pipe, 

which was found to be essentially independent of the Young’s modulus, was quantified 

with a hybrid expression considering the combined effects due to the inertia, shear 

strength and static pressure. These were quantified by means of a drag coefficient Cd, 

bearing capacity factor Nc and static coefficient Cγ, respectively. 

For a given pipe projected height, Cd increased with H/D until a nearly stable value was 

approached at a critical H/D, which was 5 for e/D = 0.25, 7.5 for e/D = 0.5 and 10 for e/D 

= 0.75. The stable value of Cd increased from 0.63 to ~1.04 as e/D increased from 0.25 to 

0.75. A minimum H/D was also required to achieve a stable bearing capacity factor Nc, 

which was 2.5D for e/D = 0.25, 3.5D for e/D = 0.5 and 5D for e/D = 0.75. The stable 

value of Nc increased from ~ 4 for e/D = 0.25 to ~ 4.5 for e/D = 0.75. Cγ was expressed 

as a power-law function of (H – e)/D. When the sliding velocity was 2 m/s, the impact 

force was dominated by the components due to shear strength (~ 37%) and static pressure 

(~ 37%). When the sliding velocity reached 12 m/s, the maximum velocity considered in 

this study, the contribution of the inertial force was ~ 85%. 

 Impact of submarine slide on mudmat 

Impact forces of submarine slides on fixed mudmats were also investigated. The flow 

mechanism of the slide across the mudmats was similar to the slide across the pipeline. 

For a given mudmat height, the fitted value of Cd increased with H/e until a nearly stable 

value was approached at a critical H/e of about 5 for all the mudmat heights. The stable 

value of Cd was approximated as 2.0 for impact on the mudmat; this is a factor of between 
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2 and 3 greater than for pipeline impact, due to vertical wall of the mudmat. A minimum 

H/e = 7 was also required to achieve a stable bearing capacity factor Nc = 5.5 (some 25 to 

30 % greater than for pipeline impact). The static pressure coefficient Cγ was again 

expressed as a power law function, in this case of (H – e)/e, with values some 20 % 

greater than for pipeline impact. 

 Recommendations for future work 

Although the potential of MPM has been demonstrated through analyses of the runout of 

submarine landslides and their impact on subsea pipelines and mudmats, a number of 

limitations from current study have been identified. Hence recommendations are 

presented below for future work, focusing on (a) the behaviour of submarine slides, and 

(b) the MPM algorithm and computational efficiency.  

 Mesh dependency for softening soil 

The soil in a submarine slide is often highly sensitive with a large ratio between the in-

situ shear strength and the remoulded shear strength, particularly if potential water 

entrainment is considered. A shear band is initiated and propagated in the softening soils 

causing strain localisation associated with bifurcation properties of the weak discontinuity 

according to typical constitutive models. As a result, the predicted runout distances of 

slide are seriously mesh-dependent. Potential solutions to reduce the degree of mesh-

dependency inlcude: i) non-local and gradient continuum constitutive models with 

rigorous mathematical treatment of initial and boundary values; ii) micro-polar continua 

considering the link between the inter-granular contact forces and the continuum 

quantities; and iii) inclusion of rate-dependency to reduce contraction of the shear band 

thickness and associated excessive accumulation of plastic shear strain. 

 Constitutive models 

Total stress analysis was performed in this study without considering the response of pore 

water or coupled effective stress and pore pressure responses of the material. The sliding 

mass was characterised using softening or non-softening H-B materials that capture 

strain-rate dependency of shear strength. In future work, coupled analysis of submarine 

landslides might be performed using the modified Cam-clay model considering the 

response of water pressure. The runout of granular slides can be analysed using 
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hypoplasticity or Mohr-Coulomb models. However, the largest challenge is to develop a 

more sophisticated constitutive model that can respond to changes in water content as 

adjacent water becomes mixed with the sliding soil mass. 

 Multi-GPU parallelisation 

The current GPU parallel framework was limited to single-GPU calculations. The model 

size was therefore restricted to the memory size of the GPU. As a result, the present study 

was limited to 2D simulations of relatively small scale events of submarine slides, with 

the number of particles kept below 20 million (for which the simulation time is typically 

around 24 hours). A multi-GPU parallel framework is required to consider larger-scale 

slide events or simulate slide runout in a 3D framework. For a multi-GPU framework, 

data transfer and load distributions among the GPUs are critical to the computational 

efficiency.  

 Irregular elements 

The conventional MPM framework utilises uniform square elements, which facilitates 

the meshing process and the determination of association between particles and elements. 

A high accuracy can be guaranteed for particles moving between square elements with an 

identical size. However, mesh alignment is often necessary at the interfaces between 

materials. For example, shear band thickness are often overestimated for softening soils 

sliding along an inclined slope with a reduced ‘cohesive’ or ‘frictional’ interface rather 

than a no-slip condition. Inclined cracks cannot be reproduced with the MPM using 

square elements. Therefore irregular elements with different sizes and shapes may be 

helpful in certain cases, although greater computational effort is anticipated for locating 

the particles associated with each element and determining the influence area of particles.  
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