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ABSTRACT: In a context of climate emergency decarbonization of energy is one of the main goals at the global level, and renewable 
energies are growing in share to substitute energy traditionally coming from hydrocarbons. The offshore environment has traditionally 
been used by oil and gas extraction industry, and now the accumulated knowledge in this field can be transferred to renewable energies 
such as offshore wind power plants. Both industries need to transport the energy onshore by pipelines or cables that are usually laid on 
soil surface relying only on soil bearing capacity to withstand installation and service loads. The assessment of soil reaction to 
embedment and lateral pipe movement is a key aspect to correctly install and dimension these structures. Material remolding and 
deformation in cable installation and service can play an important role in soil reaction as occurs in unburied pipe-soil interaction 
problems. For that reason, including large deformation analysis can have some benefits over classical bearing capacity solutions or 
standard finite element method (FEM) analysis. In this study, the material point method (MPM) implemented in the open-source code 
Anura3D, able to simulate large deformations and soil-water-structure interaction, is selected to study pipe/cable-soil interaction. The 
contact formulation, based on a velocity predictor-corrector scheme is addressed and improved. The numerical approach and its 
developments are validated against an instrumented centrifuge experiment in which a rigid pipe interacts with saturated sandy soil. The 
results compared with a current industry procedure known as the “wished-in-place” (WIP) method. This method is based on standard 
FEM analysis and cannot simulate large deformations or account for material remolding; instead, the deformed geometry is imposed 
directly. This work shows that MPM is a powerful tool to address problems where large deformation plays an important role. 
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1 INTRODUCTION 

Energy decarbonization is one of the main objectives at global 
scale to reduce global warming. The European Union emissions 
reduction target has increased from a 40% to a 55% in 2030 
compared to 1990 levels (EC, 2020a). Renewable energies are 
growing in share to fulfil these objectives and they are expected 
to grow more in next decades. The installation of this energy 
facilities, such as wind or solar farms, inlands encounters some 
difficulties due to social rejection or lack of space. This makes 
necessary to consider the construction of new renewable energy 
facilities offshore. The main example would be offshore wind 
farms, which are expected to grow from an installed capacity of 
57GW in 2023 to 2000GW in 2050, getting around 20% of the 
total onshore and offshore global wind energy capacity (EC, 
2020b).  

Offshore environment has been traditionally used for oil 
and gas industry, and the accumulated knowledge in the field 
can be transmitted to offshore renewable energy facilities. An 
example of a similar problem encountered in both hydrocarbons 
and renewable energy is the transport of energy, with pipes in 
the first case and cables in the second. In deep waters, both 
linear structures are usually laid on the bottom of the sea 
without any further structure, relying on surface soil bearing 
capacity to withstand installation and service loads. This 
includes a large number of different loads such as self-weight, 
installation procedures stress concentration, subsea currents, 
buckling due to thermal changes and cyclic wave action. This 
produces a complex stress life on bearing soil that includes 
large mobilization of seabed material and degradation of its 
properties. Because of that, vertical and horizontal movements 
are expected, and soil reaction is a key aspect to predict them 
(Dingle et al. 2008).  

Classic bearing capacity solutions for pipelines (Murff et 
al. 1989) were developed for pure vertical embedment 

movements. Results tend to underpredict real cases information 
as vertical movements are greater than the ones supposed by 
self-weight because of horizontal and vertical cyclic loading 
and stress concentration during installation (Westgate et al. 
2009). Initial embedment is an important aspect of the problem, 
because lateral resistance arises partially from passive pressure 
generated by mobilized material around the pipe (Gourvenec & 
Randolph, 2011).  

Another available solution is given by yield envelopes 
combining vertical and horizontal displacements based on 
plasticity limit analysis for drained (Zhang et al. 2002) and 
undrained cases (Randolph & White 2008b). These solutions 
have been validated with geotechnical centrifuge test data 
(Dingle et al 2008, Wang et al. 2010). 

Numerical modelling of the full embedment-lateral 
movement process needs large deformation methods capable of 
predicting material remolding. The great majority of cases in 
literature (Merifield et al. 2008, 2009; Wang et al. 2010; 
Chatterjee et al. 2012) are modelled with Remeshing and 
Interpolation Technique with Small Strain (RITSS) (Hu & 
Randolph 1998), which falls in the category of Arbitrary 
Lagrangian-Eulerian (ALE) methods (Ghosh & Kikuchi 1991).  

This paper addresses the simulation of the embedment and 
lateral movement of an unburied pipeline–soil interaction using 
the material point method (MPM) (Sulsky et al., 1994). 
Particular emphasis is placed on the contact formulation 
required to model the interaction between rigid bodies and 
deformable soils. The open-source Anura3D code (Anura3D 
MPM Research Community, 2025) is employed, incorporating 
several developments aimed at improving contact detection 
accuracy and numerical stability. 

The results are validated against centrifuge test data for 
calcareous sand reported in the literature (Zhang et al., 1999). 
Additionally, a small-strain FEM analysis is performed using 
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the “wished-in-place” (WIP) procedure to highlight the 
differences between the two methods. 

2 MATERIAL POINT METHOD 

MPM was developed to model fluid dynamics by Harlow et al. 
(1964) and later extended to history-dependent materials by 
Sulsky et al. (1994). The MPM-based approach describes the 
domain as a continuum media through a set of Lagrangian MPs 
that can move with the material through a computational mesh 
that covers the initial domain of the material and the expected 
domain invaded during calculation. Each MP represents a 
portion of the material domain and carries all the material 
information while the governing equations are solved at the 
nodes of the computational mesh, which is deformed based on 
the calculated updated velocities. Subsequently, the particle 
data is updated and the deformation mesh is reset to its original 
state. This double discretization allows the combination of 
positive features of the Eulerian and Lagrangian approaches 
and makes the method reliable for solving the governing 
equations under the hypothesis of small strains and for 
modelling large deformation problems in history-dependent 
materials. 

Several formulations have been developed in MPM to 
address different conditions of saturation and drainage. The 
single-point formulation (where each MP represents a portion 
of the porous media) can be used to model one, two, or three 
phases (soil, liquid, and gas). In this study, the saturated soil is 
modeled under fully drained conditions, and, for simplicity, the 
analysis is performed using a single-point, one-phase 
formulation with the submerged unit weight, without 
calculating the pore water pressure. 

2.1 Contact formulation 
In standard MPM, the governing equations of different bodies 
are solved on the same background grid using a single-valued 
velocity field. Under this assumption, the contact interaction 
between bodies is automatically enforced, not allowing slip or 
separation at the contact. As a result, the method inherently 
produces a fully sticking contact behavior, which may not be 
representative of many physical problems involving frictional 
contact (Sulsky et al. 1994). An extended discussion on 
modelling contact formulations in MPM is given by Bird (2024) 
in the Introduction section.  

Two main difficulties arise when dealing with non-stick 
frictional contact in MPM: (i) detecting contact; and (ii) 
computing the corresponding contact forces to prevent 
interpenetration and satisfy the frictional contact conditions. 

 Contact detection in MPM is not straightforward due to 
the possible nonconformity between the body domain and the 
background mesh, which makes it necessary to assess contact 
nodes at each time step of calculation. One of the most 
commonly used methods to detect contact is to identify 
interacting bodies when physical quantities, such as velocity or 
momentum, are mapped into the same background grid node. 

This detection methodology was introduced in the 
pioneering work of Bardenhagen et al. (2000) to relax the non-
slip condition between two bodies in contact. This procedure 
consists on a velocity prediction-correction scheme of nodal 
velocities. If two MPs from different bodies share the same 
node and are approaching each other, a correction to the normal 
component of the velocity is applied to prevent interpenetration, 
while a correction on the tangential component is introduced to 
satisfy the Mohr-Coulomb friction law. This velocity correction 
is equivalent to applying normal and tangential forces at the 
identified contact nodes. 

Since the contact formulation proposed by Bardenhagen 
does not include contact forces in the momentum balance 

equations, the step in the MPM computational algorithm at 
which the predicted velocities must be corrected needs to be 
carefully evaluated for different MPM integration schemes. 
This issue is closely related to the treatment of Dirichlet 
boundary conditions, which are handled in a manner similar to 
the velocity prediction–correction step, and is discussed in 
detail by Buzzi et al. (2008). 

The formulation proposed by Bardenhagen et al. (2000, 
2001) was implemented within an Update Stress First (USF) 
MPM algorithm. In this framework, the velocity is corrected at 
two distinct steps: 1) when momentum balance is solved; and 
2) when velocity is updated at MPs after computing the rate of 
momentum from nodal forces.  

In the case of the Modified Updated Stress Last (MUSL) 
MPM integration scheme, Martinelli et al. (2020) and Galavi 
and Martinelli (2024), using a previous version of Anura3D, 
reported oscillations and non-conformity with contact 
constraints when applying the Bardenhagen contact 
formulation. To overcome these issues, the same authors 
adopted a hybrid approach in which an Updated Stress Last 
(USL) scheme is applied at contact nodes, while MUSL is 
maintained in the remainder of the domain. As a result, contact 
performance was improved. However, the drawbacks 
associated with the USL scheme, described by Sulsky et al. 
(1995), may still arise, including the so-called “low-mass” 
problem, which leads to unrealistically high numerical 
accelerations when MP are located close to one side of an 
element. 

In this article, the MUSL integration scheme is applied 
throughout the entire domain. However, unlike the previously 
mentioned works, the correction of contact velocities is 
performed twice within the MPM computational algorithm, as 
described in detail in the following section. As a result, stress 
oscillations are reduced with respect to previous versions of the 
code, and the non-penetration condition is successfully 
enforced. 

2.2 Contact application in a MUSL integration scheme 

In the following, the contact algorithm implemented into a 
MUSL integration scheme is described (Figure 1): 

STEP 1: Transfer MP masses and forces to the grid. If the 
contact formulation is applied, assemble the mass matrix 
separately for each body (subscript b).  

𝑴௕,௜
௧ ൌ ෍ ෍ 𝑵௜ሺ𝜉ெ௉

௧ ሻ𝑚ெ௉
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 (1) 
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ெ௉ୀଵ

ே೐೗,೔

௘௟ୀଵ

𝒈 

(3) 

where 𝑚ெ௉ is the MP mass corresponding to the body b, ξ୑୔
୲  

the MP local position at time t, 𝐍୧ the element shape function 
associated with node i, 𝐁୧ the shape function derivatives matrix, 
and 𝐌௕,୧

୲  the lumped, diagonal mass matrix associated with 

node i for each body b. The vectors 𝐟୧
୧୬୲,୲and 𝐟୧

ୣ୶୲,୲correspond to 
internal and external forces, respectively, at time t for node i. 
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𝐭୑୔ denotes traction force vector, 𝐠 the gravity vector, 𝛔 the 
stress tensor, and Ω୑୔ the MP volume. 
 
STEP 2: Solve momentum balance at nodes for each body and 
for the system. 

𝐌௕,୧
୲  𝐚௕,୧

୲ ൌ 𝐟ୠ,୧
ୣ୶୲,୲ െ 𝐟ୠ,୧

௜௡௧,୲ (4) 

𝐌୧
୲ 𝐚୧

୲ ൌ ቌ෍𝐌௕,୧
୲

୒್

ୠୀଵ

ቍ𝐚୧
୲ ൌ  𝐟୧

ୣ୶୲,୲ െ 𝐟୧
௜௡௧,୲ (5) 

where 𝐚୧
୲ denotes the acceleration of the system and 𝐚௕,୧

୲  the 
acceleration of each body b. 

 
STEP 3: Body and system velocities are updated using the 
previously computed acceleration values. 

𝐯௕,୧
୲ା୼୲ ൌ 𝐯௕,୧

୲ ൅ Δt 𝐚௕,୧
୲  (6) 

𝐯୧
୲ା୼୲ ൌ 𝐯୧

୲ ൅ Δt 𝐚୧
୲ (7) 

The time increment is denoted by Δ𝑡. 
 

STEP4: Apply essential BC and contact formulation. 
Approaching condition is checked, being 𝐧୧ the outward normal 
to contact body. 

൫𝐯௕,୧
୲ା୼୲ െ 𝐯୧

୲ା୼୲൯ ൉ 𝐧୧ ൐ 0 (8) 
If Equation (8) is satisfied, a correction is applied to the normal 
component of the body velocities to enforce non-penetration 
according to Equation (10), and to the tangential component to 
satisfy the Mohr–Coulomb frictional contact condition in 
Equation (11). This results in the corrected velocity, denoted as 
𝐯෤௕,୧
୲ା୼୲. 

𝐯෤௕,୧
୲ା୼୲ ൌ 𝐯௕,୧

୲ା୼୲ ൅ 𝐜୬୭୰୫,୧
୲ା୼୲ ൅ 𝐜୲ୟ୬,୧

୲ା୼୲ (9) 

𝐜୬୭୰୫,୧
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୲ା୼୲൯ ൉ 𝐧୧൧ ൉ 𝐧୧ (10) 

𝐜୲ୟ୬,୧
୲ା୼୲ ൌ െμ′ൣ൫𝐯௕,୧

୲ା୼୲ െ 𝐯୧
୲ା୼୲൯ ൉ 𝐧୧൧ ሺ𝐧୧  ൈ  𝛚ෝሻ (11) 

 
where 

μᇱ ൌ minቆμ,
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(12) 
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୲ା୼୲൯ ൈ 𝐧୧

ห൫𝐯௕,୧
୲ା୼୲ െ 𝐯୧
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(13) 

 
The normal velocity correction imposed in Equation (10) is 
equivalent to applying a force to the contact body to ensure that 
its normal velocity matches the system's normal velocity and, 
consequently, enforcing non-penetration. Tangential velocity 
correction in Equation (11) is equivalent to apply a tangential 
force to prevent relative tangential motion, when the magnitude 
of the tangential force is below the maximum sticking force. If 
the tangential force exceeds maximum sticking force, the 
frictional force is proportional to the magnitude of the normal 
force, with the proportionality coefficient μ′. These two 
alternative cases are achieved by defining a frictional 
coefficient μᇱ in Equation (12). 
 
After correcting velocity for each body, a new corrected 
acceleration (𝐚෤ୠ,୧

୲ାଵ) is computed. 

𝐚෤ୠ,୧
୲ାଵ ൌ

𝐯෤௕,୧
୲ା୼୲ െ 𝐯௕,୧

୲

Δt
൘  

(14) 

 
STEP5: Update particle velocity with nodal acceleration. 

 

Figure 1: MPM MUSL flowchart. 
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𝐯୮୲ାଵ ൌ 𝐯୮୲ ൅ ∆t෍𝐍୧ሺξ୑୔
୲ ሻ𝐚෤ୠ,୧

୲ାଵ

୒౤

୧ୀଵ

 (14) 

 
STEP6: Compute and transfer MP momentum to nodes. 

𝐪୧
୲ାଵ ൌ ෍ ෍m୮𝐍୧ሺξ୑୔

୲ ሻ𝐯୮୲ାଵ
୒౦

୮ୀଵ

୒౛ౢ,౟

ୣ୪ୀଵ

 (15) 

𝐪ୠ,୧
୲ାଵ ൌ ෍ ෍ m୮𝐍୧ሺξ୑୔

୲ ሻ𝐯୮୲ାଵ
୒౦,ౘ

୮ୀଵ

୒౛ౢ,౟

ୣ୪ୀଵ

 (16) 

 
STEP7: Update nodal velocities for system and bodies. 

𝐯୧
୲ାଵ ൌ 𝐪୧

୲ାଵ

𝐌୧
୲൘  (17) 

𝐯ୠ,୧
୲ାଵ ൌ

𝐪ୠ,୧
୲ାଵ

𝐌ୠ,୧
୲൘  (18) 

 
STEP8: Apply essential boundary conditions and the contact 
formulation, as in STEP4. Note that the same notation is used 
for both the corrected velocity and corrected acceleration. 
 
STEP9: Update MP velocity and position from nodal values 
depending on the belonging body. 

𝒗௣௧ାଵ ൌ 𝒗௣௧ ൅ ∆𝑡෍𝑵௜ሺ𝜉ெ௉
௧ ሻ𝒂෥௕,௜

௧ାଵ

ே೙

௜ୀଵ

 
 

(19) 

∆𝒖௣௧ାଵ ൌ  ∆𝑡 𝒗௕,௜
௧ାଵ (20) 

 
STEP10: Obtain MP strain increment from nodal values 
depending on the belonging body. 

∆𝛆୮୲ାଵ ൌ ሺ෍𝐁୧
୘ሺξ୑୔

୲ ሻ𝐯ୠ,୧
୲ାଵ

୒౤

୧ୀଵ

ሻ∆t (21) 

 
STEP11: Update MP stresses. 

∆𝛔୮୲ାଵ ൌ 𝑫∆𝛆୮୲ାଵ (22) 

𝛔୮୲ାଵ ൌ 𝛔୮୲ ൅ ∆𝛔୮୲ାଵ (23) 
 
Applying the contact formulation within the MUSL algorithm 
without performing the contact correction at STEP9 
compromises the proper enforcement of contact constraints, 
leading to violations of the non-penetration condition. The 
proposed algorithm mitigates the low-mass problem associated 
with the USL scheme by solving the nodal momentum balance 
equation using the momentum rate from material points at 
STEP7, while allowing the MUSL scheme to be applied 
consistently throughout the entire model. The computational 
cost is not significantly affected in the case of the one-phase 
formulation considered (dry or drained saturated conditions). 

3 NUMERICAL SIMULATION OF PIPE SOIL 
INTERACTION PROBLEM  

3.1 Centrifuge testing 
A set of centrifuge experiments described by Zhang et al. 

(1999, 2002) where carried out in the University of Western 
Australia centrifuge facility at 50g to understand unburied pipe-
soil interaction with granular calcareous materials. The sand 
layer inside the centrifuge strongbox is 650 mm long and 140 

mm high, while the modelled pipeline has a diameter of 20 mm. 
At prototype scale, this corresponds to a pipe diameter of 1 m, 
a sand layer length of 32.5 m, and a thickness of 7 m. Seabed 
calcareous sand from the North West Shelf of Australia was 
used. It is identified as a silty-sand (S-M) by comparing the 
granulometric curve after removing the 1% coarser particles 
with other studies using the same material (Mohr et al., 2013). 
After in-flight consolidation the unit weight of the soil was 18.1 
kN/m3 to 18.7 kN/m3 with a void ratio in range 0.85 to 0.9.  

The study presented in this paper focuses on one of the 
centrifuge tests, namely the probe test, which consists of two 
main phases: (i) an initialization phase, in which a monotonic 
vertical load is applied to achieve a prescribed embedment; and 
(ii) a second phase, in which the vertical load is maintained 
while a horizontal displacement is imposed and the resulting 
horizontal force is monitored. 

The results show an increase in horizontal resistance force 
with increasing horizontal displacement (Figure 2). This 
behavior can be explained by two mechanisms: (i) an increase 
in the mobilized soil mass due to berm formation in the 
direction of movement; and (ii) an increase in embedment with 
horizontal displacement (Zhang et al., 1999). 

 
Figure 2: Horizontal force results from centrifuge test data and MPM. 

3.2 MPM modelling 

MPM model is carried out at centrifuge test scale (Figure 3). An 
unstructured triangular element mesh is used, with higher 
element density in the vicinity of the contact surface.  

To apply the boundary conditions, a strongbox is included 
in the model. An additional layer of material with the same 
properties as the sand is placed between the boundary of the 
strongbox and the sand, characterized by a homogeneous local 
damping coefficient of 0.1 to reduce numerical oscillations. 

Figure 3: MPM model dimensions and initial geometry. 
 
The calcareous sand is modeled as a drained saturated material 
(one-phase) using a Mohr-Coulomb constitutive model. Since 
Zhang et al. (1999, 2002) do not provide mechanical properties, 
it has been necessary to estimate the constitutive parameters. 
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The friction angle (35o) has been calibrated with monotonic 
penetration tests model (Zhang et al. 1999). No cohesion is 
expected for this type of sandy material (Lehane et al. 2014). 
An elastic modulus of 7 MPa was used in the calculations. A 
sensitivity analysis, not presented here, indicates that variations 
in this parameter do not have a relevant effect on the computed 
reaction forces. A Poisson’s coefficient equal to 0.25 has been 
considered. Due to the large difference in stiffness between the 
soil and the structure, the pipe is considered completely rigid. 
The pipe–soil contact is modeled using a Mohr-Coulomb 
friction law, with a friction angle equal to two-thirds of the 
sand’s friction angle and zero adhesion.  

3.3 Small strains FEM method 
Reaction to pipe horizontal displacement supposing a given 
initial embedment will be assessed with a small strain FEM 
“wished-in-place” analysis (WIP). A horizontal soil surface is 
considered because remolding of the material with initial 
penetration is not considered (Figure 4). 

Two cases will be studied with the WIP method: supposing 
the initial embedment at the beginning of the probe test (0.1𝜙) 
and the final embedment at the end of the probe test (0.25𝜙). 

 
Figure 4: Small strains FEM initial geometry. 

3.4 Result comparison 
MPM results from the initial monotonic penetration phase 

showed good agreement with the experimental data. In the 
probe test, a vertical force of 4 kN was applied, which, 
according to the monotonic penetration test, corresponds to an 
initial embedment of 0.1∅. The rapid increase in the contact 
surface due to the heaving of material at the sides of the 
embedded pipe was accurately captured by the MPM model. 

In the second phase, the horizontal reaction force 
developed under the prescribed displacement shows good 
agreement with the experimental results (Figure 2). As reported 
by Zhang et al. (1999), the embedment of the tube increases 
with horizontal displacement, generating additional embedment 
that contributes to the rise in horizontal reaction force. 
Embedment grows rapidly with displacement and, after a 
horizontal displacement of approximately 0.3∅, embedment 
reaches a maximum value of 0.25∅. The accumulation of 
material in the berm formed in the direction of movement can 
explain the increase of horizontal force after arriving to the 
maximum embedment value. 

To assess the capability of the FEM WIP analysis, two 
cases were evaluated: one corresponding to the initial 
embedment (0.1∅) and another to the final embedment (0.25∅). 
In both cases, the horizontal reaction force was underpredicted, 
reaching approximately 1 kN and 2 kN, respectively. For the 
initial embedment case, this underestimation can be attributed 
to FEM’s inability to capture the increase in embedment and 
berm formation. In the second case, where the final embedment 
observed in the probe test was imposed as the input geometry, 
the results still did not match the experimental data. Although 
the maximum embedment from the centrifuge test was 
considered, the model fails to account for the accumulated 

material due to lateral displacement, which plays a significant 
role in the failure mechanism. 

When comparing the failure mechanisms predicted by 
FEM WIP and MPM, both at the final embedment of 0.25∅, 
two distinct geometries are observed. In FEM WIP (Figure ), a 
two-wedge failure mechanism develops, whereas in MPM 
(Figure ), failure appears to occur through the dragging of all 
mobilized material accumulated in the direction of 
displacement. 

 

Figure 5: FEM WIP incremental deviatoric strains for a 0.25∅ 
embedment. 

 
Figure 6: MPM incremental deviatoric strain for a 0.25∅ embedment 
and 0.3∅ horizontal displacement. 

4 CONCLUSIONS 
This paper demonstrates the capabilities of the Material 

Point Method (MPM) to model offshore unburied cable/pipe–
soil interaction through the simulation of a centrifuge 
experiment. The contact formulation, a key aspect of the 
problem, is addressed by implementing a velocity predictor–
corrector scheme (Bardenhagen et al., 2000) within a Modified 
Updated Stress Last (MUSL) MPM algorithm. A significant 
reduction in stress oscillations was observed compared to 
previous versions of the code. 

MPM results are validated against centrifuge test data for 
calcareous sand. The probe test was modeled, and the force–
displacement curve shows good agreement with the centrifuge 
measurements. Although images of soil deformation were not 
available for direct validation, failure mechanisms commonly 
reported in the literature were observed in the simulations. Once 
lateral displacement of the pipe begins after the initial 
embedment, the lateral soil reaction increases due to the 
accumulation of mobilized material around the pipe in the 
direction of movement, as well as the growth of embedment. 
Furthermore, a change in the failure mechanism is observed 
when the pipe reaches the maximum embedment (0.25∅), 
transitioning from a clearly defined two-wedge mechanism to 
one resembling the dragging of mobilized material in the 
direction of movement. 

Results from the centrifuge test and MPM simulations are 
compared with those obtained using a FEM “wished-in-place” 
(WIP) model, a method commonly used in industry for this type 
of problem. The FEM WIP model underestimates the soil’s 
horizontal reaction to displacement due to its inability to 
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account for mobilized material and the increase in embedment. 
Even when the final embedment is prescribed in the FEM WIP 
model, the horizontal reaction remains underpredicted. These 
results indicate that the FEM WIP approach is not suitable for 
this type of problem, whereas MPM provides a more accurate 
and reliable solution. 
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