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A B S T R A C T

Geo-interfaces refer to the contact surfaces between multiple media within geological strata, as well as the transi-
tion zones that regulate the migration of three-phase matter, changes in physical states, and the deformation and
stability of rock and soil masses. Owing to the combined effects of natural factors and human activities, geo-
interfaces play crucial roles in the emergence, propagation, and triggering of geological disasters. Over the past
three decades, the material point method (MPM) has emerged as a preferred approach for addressing large defor-
mation problems and simulating soil-water-structure interactions, making it an ideal tool for analyzing geo-
interface behaviors. In this review, we offer a systematic summary of the basic concepts, classifications, and main
characteristics of the geo-interface, and provide a comprehensive overview of recent advances and developments
in simulating geo-interface using the MPM. We further present a brief description of various MPMs for modeling
different types of geo-interfaces in geotechnical engineering applications and highlight the existing limitations
and future research directions. This study aims to facilitate innovative applications of the MPM in modeling com-
plex geo-interface problems, providing a reference for geotechnical practitioners and researchers.

© 20XX

1. Introduction

Geo-interfaces are prevalent in both natural and engineered geot-
echnical environments and serve as critical zones of interaction be-
tween different geological strata and/or man-made materials. As illus-
trated in Fig. 1, geo-interfaces are closely associated with geological
hazards and geotechnical failures. Examples include landslides
(Alvarado et al., 2019; Hu et al., 2019, 2020; Scaringi and Loche, 2022;
Ye et al., 2024; Fang et al., 2024), debris flows (Abe and Konagai, 2016;
Tan et al., 2019), levee and dam failures (Zabala and Alonso, 2011;
Liang et al., 2020; Girardi et al., 2021, 2023), and tunnel collapse (Deng
et al., 2024). They not only act as contact surfaces but also regulate es-
sential geotechnical parameters, such as water content, stress distribu-
tion, and overall stability (Zhu, 2023). For instance, the soil cracking in-
terface can facilitate water infiltration, thereby reducing the soil shear
strength and potentially triggering shallow landslides (Tang et al.,
2021; Zhang et al., 2023b). The catastrophic Xinmo landslide on June
24, 2017 in Diexi town, Mao County, Sichuan Province, China, high-
lighted the risks associated with neglecting geo-interface monitoring
and prediction. Significant deformation in densely vegetated, high-
altitude landslide areas went unrecognized, resulting in tragic loss of
life and extensive property damage (Scaringi et al., 2018a; Zhao et al.,

2021). Therefore, comprehensive identification and detailed analysis of
geo-interfaces are essential for predicting and mitigating geological
hazards, designing safe and efficient geotechnical structures, and ensur-
ing the long-term stability of engineering projects.

Over the past few decades, extensive theoretical and experimental
studies have been conducted on geo-interface behaviors, particularly in
slope stability analysis and underground engineering. Various method-
ologies have been developed, such as block theory (Goodman and Shi,
1985), preferred plane theory (Luo et al., 2003) for rock engineering,
and the method of slices for analyzing soil slope stability (Bishop, 1955;
Duncan, 1996). Despite these advancements, a complete theoretical
framework that fully elucidates the complexities of geo-interfaces is
still lacking. In terms of experimental studies, scholars have conducted
numerous investigations on the mechanical and hydraulic properties of
various geo-interfaces through pull-out, direct shear, simple shear, and
ring shear tests (Frost and Han, 1999; Chu and Yin, 2005; Zhu et al.,
2011; Scaringi et al., 2018b). These investigations have systematically
examined multiple factors that influence the interface shear strength
and deformation patterns. Employing advanced testing and monitoring
techniques such as X-rays, computed tomography (CT) scans, scanning
electron microscopy (SEM), digital image correlation (DIC), distributed
fiber optic sensing (DFOS), and the use of transparent synthetic soil, re-
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Fig. 1. Photographs of typical geo-interfaces: (a) Exposed sliding surface of the Daguangbao landslide (adapted from Hu et al. (2019) with permission from Else-
vier); (b) rescue scene of the Xinmo landslide (adapted from Scaringi et al. (2018a) with permission from Springer); (c) soil cracking interface (adapted from Tang et
al. (2021) with permission from Elsevier); and (d) dam failure (adapted from Ettema et al. (2024)).

searchers have achieved detailed visualization and analysis of interface
characteristics at micro-to macro-scales (DeJong et al., 2006; Paniagua
et al., 2013; Huang et al., 2015, 2021; Hu et al., 2019; King et al., 2019;
Wang et al., 2021a, 2024a, 2024b; Ye et al., 2024; Wu et al., 2023).
However, a limitation of these studies is that their findings typically ap-
ply only to homogeneous or artificially made geo-materials, with fail-
ure surfaces often predetermined rather than occurring along the natu-
rally weakest zones. Moreover, discrepancies between laboratory re-
sults and field conditions can arise from boundary effects, stress con-
centrations during loading, and difficulties in controlling drainage con-
ditions, among other factors.

Numerical analysis, validated by experimental and field monitoring
data, plays an essential role in deciphering the complexities of geo-
interface behaviors. The development of numerical methods such as the
finite element method (FEM) and the discrete element method (DEM)
has been transformative, offering profound insights into the prediction
and comprehension of geo-interface dynamics. Among these advance-
ments, the material point method (MPM) stands out as a powerful hy-
brid approach (also considered a point-based or meshless approach by
many researchers, e.g., Coetzee et al. (2005), Beuth et al. (2011),
Ceccato and Simonini (2017), and Liang et al. (2020)). It is specifically
designed to address large deformation coupling problems involving
soil, rock, water, and structures. The ability of the MPM to accurately
model extensive and non-uniform deformations makes it a preferred
tool for simulating geo-interface behaviors.

Although the principles and applications of the MPM in geotechni-
cal engineering have been discussed by several researchers (e.g., Soga
et al., 2016; Yerro et al., 2022; Ceccato et al., 2024; Zheng et al., 2024),
few studies have focused specifically on MPM-based geo-interface mod-
eling. This paper, based on a comprehensive review of the literature, ex-
amines recent advances in the MPM for geo-interface simulation. This
review provides a detailed classification of geo-interfaces and eluci-
dates the advantages of the MPM in addressing complex geo-interface

challenges. The effectiveness of the MPM in simulating large deforma-
tions and failures within geo-interfaces is discussed, and some recom-
mendations are provided to improve the modeling performance and ac-
curacy. The relevant research outputs have profound significance for
enhancing the effectiveness of geological disaster forecasts and optimiz-
ing geotechnical engineering design.

2. Numerical modeling of geo-interfaces

2.1. Classification of geo-interfaces

The geo-interface refers to the contact surfaces between multiple
media within geological strata, as well as the transition zones that regu-
late the migration of three-phase matter, changes in physical states, and
the deformation and stability of rock and soil masses (Zhu, 2023). They
are categorized into three types: the material interface, the state inter-
face, and the motion interface, as illustrated in Fig. 2. Material inter-
faces include contact surfaces between geo-materials and man-made
continua (e.g., anchors, piles, tunnels, pipelines, retaining walls) and
boundaries between adjacent soil and rock layers. State interfaces are
characterized by abrupt changes in phase or state parameters (stress,
moisture, temperature, etc.), such as wetting fronts generated during
rainfall infiltration. Motion interfaces refer to the development of visi-
ble failure surfaces or cracks within geo-materials, such as multiple slid-
ing surfaces in a landslide. These geo-interfaces are inherent to geotech-
nical systems and crucial for engineering safety and stability. They tran-
sition from small to large deformations, involve multiple thermal-
hydrologic-mechanical factors, and exhibit complex failure modes. Ac-
curately modeling these interfaces poses significant scientific chal-
lenges because of their dynamic characteristics and the complexity of
their environmental impacts. To mitigate and prevent geological disas-
ters, properly understanding the physical and mechanical properties of
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Fig. 2. Schematic diagram of three types of geo-interfaces.

geo-interfaces, along with their catastrophic dynamics, is highly impor-
tant.

2.2. Comparison of geo-interface modeling approaches

Different numerical methods adopt distinct modeling approaches to
analyze geo-interfaces. The FEM and finite difference method (FDM)
have been utilized to examine the failure mechanisms of geo-interfaces
under various conditions (Chaloulos et al., 2015, 2017; Roy et al.,
2018). However, simulating problems involving large deformations
poses significant challenges when conventional mesh-based Lagrangian
methods are used. Under large deformations, these methods often result
in terminated numerical simulations or inaccurate outcomes due to ex-
cessive mesh distortion (Wang et al., 2016c; Bisht et al., 2021; Zhao et
al., 2022b, 2023a). To address the challenges posed by mesh distortion,
various approaches have been employed, such as the coupled Eulerian-
Lagrangian (CEL) method, the smoothed particle hydrodynamics (SPH)
method, the particle finite element method (PFEM), the DEM, and the
MPM. Each of these advanced approaches offers unique benefits and
limitations (Chen et al., 2017; Ceccato et al., 2018b; Yuan et al., 2019a;
Onyelowe et al., 2023), as summarized in Table 1. Since the MPM is ca-
pable of simulating both quasi-static problems and large deformation
failures and provides multi-field data, including displacement, velocity,
and stress information, this approach has garnered significant attention
in the field of geotechnical engineering. Moreover, the MPM can simu-
late geological disaster chains induced by rainfall, earthquakes, and
other factors, effectively capturing failure mechanisms and post-failure
behaviors. Consequently, the MPM is recognized as one of the most ef-
fective approaches for simulating the evolution of geo-interfaces.

3. Material point method

3.1. Historical development and scientometric analysis

The history of the MPM is shown in Fig. 3. Over the past three
decades, the utilization of MPM has increased significantly in the fields
of geotechnical and geological engineering for studying soil-water-
structure problems (Coetzee et al., 2005; Phuong et al., 2016; Kiriyama

Table 1
Summary of the numerical methods used to model geo-interfaces.
Method Advantage Limitation Example of

application

FEM Capable of
incorporating soil
constitutive models to
simulate changes in
stress and deformation
at geo-interfaces

Hard to simulate large
deformations and post-
failure behaviors of geo-
interfaces due to mesh
distortion

Pipe-soil interaction
(Yimsiri et al., 2004);
Sliding surfaces in
slopes (Kalantari et
al., 2023)

CEL Suitable for handling
large deformations at
soil-structure interfaces
and fluid-solid
interactions (Qiu et al.,
2011)

Numerical accuracy at
geo-interfaces is affected
by Eulerian mesh
coarseness (Soga et al.,
2016)

Soil-structure
interaction (Chen et
al., 2019); Sliding
surfaces in slopes
(Chen et al., 2021)

SPH Capable of simulating
fluid-solid interactions
and analyzing complex
catastrophic behaviors
at geo-interfaces
(Pastor et al., 2018)

Requires special
boundary approaches at
geo-interfaces and low
computational efficiency
due to searching particles
(Qin et al., 2022)

Infiltration front
(Zhang et al.,
2016a); Mudflow
interface (Pastor et
al., 2021)

PFEM Suitable for handling
large deformation
problems and fluid-
solid coupling at geo-
interfaces (Chen et al.,
2017)

Requires special contact
approaches at geo-
interfaces (Soga et al.,
2016)

Fluid-structure
interaction (Yuan et
al., 2019b); Pipe-soil
interaction (Yuan et
al., 2021)

DEM Useful for simulating
the microstructure and
dynamics of geo-
interfaces

Requires many
assumptions and is
computationally
expensive when
simulating complex geo-
interfaces (Zhao et al.,
2021; Qin et al., 2022)

Sliding surfaces in
slopes (Xia et al.,
2021); Soil cracking
interface (Le et al.,
2022)

MPM Suitable for simulating
large deformation
problems with complex
geo-interfaces (Soga et
al., 2016)

Numerical errors may
occur at geo-interfaces
due to the cell-crossing
noise (Soga et al., 2016;
Qin et al., 2022)

Sliding surface in
slopes (Ceccato et
al., 2024); Soil-water
interaction
(Martinelli et al.,
2020); Pipe-soil
interaction (Zhang et
al., 2022a, 2023a)

and Higo, 2020; Acosta et al., 2021a; Li et al., 2021b; Zhang et al.,
2022b; Chen et al., 2023; Tu et al., 2023). By combining the benefits of
the Eulerian and Lagrangian methods, the MPM can achieve accurate
numerical solutions for various geotechnical issues without mesh dis-
tortions. An increasing number of boundary conditions and coupling al-
gorithms have been developed to increase the accuracy of geo-interface
MPM modeling (Shen and Chen, 2005; Beuth, 2012; Al-Kafaji, 2013;
Liang and Zhao, 2019; Chen et al., 2023; Yu et al., 2024). To better
demonstrate the development of MPM, a scientometric analysis was
conducted using specific keywords in the Web of Science database. The
procedures for conducting scientometric analysis generally follow those
elucidated in Hosseini et al. (2018), Tariq et al. (2021), and Huo et al.
(2023). Following the completion of the bibliometric search and scien-
tometric analyses, there were 680 publications in the field of engineer-
ing in total, of which 312 were related to geo-interfaces (Fig. 4). While
constraints such as search methods, keywords, and database limitations
might have excluded some related publications (Zhang et al., 2023c),
this statistic provides useful insights into the development trend of
MPM within the geo-engineering field, particularly highlighting the
rapid advancement in geo-interface modeling.

3.2. Computational principles and applications

In the MPM calculation process, the continuum is discretized into a
series of material points (MPs). Each MP represents a material subdo-
main and contains all pertinent physical information, such as density,
velocity, stress, and material parameters (Zhang et al., 2016b; Fern et
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Fig. 3. Brief history of the MPM.

Fig. 4. Annual distribution of research publications related to the MPM (Database: Web of Science Core Collection; Keywords: Material Point Method or MPM in the
title of publications; Research Area: Engineering).

al., 2019; Nguyen et al., 2022; Yildizdag, 2023). The background mesh
covers the entire computational domain, not only the shape of the mod-
eling body. The information carried by these MPs is mapped to the
Eulerian background grid, which is used to solve the field balance equa-
tions (Yang and Qiu, 2020; Ceccato et al., 2024). Fig. 5 shows a
schematic diagram of the MPM computational steps. The time incre-
ment in the MPM typically involves four calculation steps (Xie et al.,
2023, 2024a; Zhu et al., 2023). First, all the material information is
mapped to the Eulerian background grid via the shape function. Sec-
ond, nodal momentum equations are formulated and solved to obtain
new physical variables. Third, the state variables are mapped back to
the MPs, and the accelerations and velocities of the MPs are updated.
Finally, the positions of the MPs are updated, and the mesh is restored
to its original configuration. Since the focus of this review is on MPM
modeling of geo-interfaces, the governing equations and fundamental
principles of the MPM algorithm have been omitted. Detailed informa-
tion on these topics can be found in the literature (Al-Kafaji, 2013;
Zhang et al., 2016b; Fern et al., 2019; de Vaucorbeil et al., 2020).

Fig. 6 depicts the solution of a representative geotechnical issue in-
volving a large deformation slope collapse, as analyzed using both the
traditional FEM and the MPM. The comparison suggests that the FEM

experiences significant mesh distortions, whereas the MPM allows for a
more comprehensive simulation of slope collapse (Llano-Serna et al.,
2016; Li et al., 2016; Yerro et al., 2016; Shi et al., 2018, 2019; Conte et
al., 2019, 2020; Lee et al., 2019a, 2019b, 2021; Cuomo et al., 2021c,
2023; Ying et al., 2021; Liu et al., 2021, 2022; Ceccato et al., 2024).
Furthermore, considering that many geotechnical applications involve
multi-phase interactions and geological activities, such as rainfall-
induced landslides (Wang et al., 2016a, 2016b, 2018; Liu et al., 2020;
Cuomo et al., 2021c; Liu and Wang, 2021; Feng et al., 2021; Zhu et al.,
2022; Lu et al., 2023), embankment collapses due to seepage or wetting
(Zabala and Alonso, 2011; Fern et al., 2017; Martinelli et al., 2017a),
and seismic slope failures (Bhandari et al., 2016; He et al., 2019), the
MPM has substantial applications in the analysis of two- or three-phase
large deformation simulations, particularly in scenarios involving
phase transitions at geo-interfaces (Yerro et al., 2015, 2022; Bandara et
al., 2016; Martinelli, 2016; Dong et al., 2017b, 2020a; Martinelli et al.,
2017b; Li et al., 2022; Liang et al., 2022, 2023a; Monzer et al., 2023;
Zhan et al., 2023). When combined with specific contact algorithms,
the MPM can also be extended to address large deformations and dy-
namic contact behavior at soil-structure interfaces, such as pipe-soil in-
teractions (Zhang et al., 2022a, 2023a; Zhu et al., 2023; Xie et al.,
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Fig. 5. Schematic illustration of the MPM.

Fig. 6. Comparison of geo-interface simulations between the FEM and MPM.

2024a), landslide-structure interactions (Mast et al., 2014; Dong et al.,
2015, 2017a, 2020b; Dong, 2020; Li et al., 2020; Acosta et al., 2021b;
Cuomo et al., 2021a, 2021b, 2022; Perna et al., 2022a, 2022b; Vicari et
al., 2022), and soil-tunnel interactions (Xie et al., 2022; Li et al., 2023b;
Tu et al., 2023).

Table 2 summarizes the common categories and variations of the
MPM with respect to basis/shape functions, time integration schemes,
and mesh type. When MPs cross grid boundaries, the standard MPM
suffers from cell-crossing instability. In an attempt to remedy this issue,
researchers introduced several advanced approaches based on different
grid basis functions, such as the generalized interpolation material
point (GIMP) method (Bardenhagen and Kober, 2004), in which the
characteristic function was introduced to construct the particle do-
main; the B-spline material point method (BSMPM) (Steffen et al.,
2008; Zhang et al., 2023a), in which higher-order nodal shape func-
tions were adopted; the convected particle domain interpolation
(CPDI) (Sadeghirad et al., 2011, 2013; Kiriyama and Higo, 2020), in
which the shear and rotational deformation of the control domains
could be considered; and the dual domain material point (DDMP)
method (Zhang et al., 2011), in which the gradient of the shape func-
tions was modified and smoothed.

The MPM can be categorized into explicit, implicit, and semi-
implicit forms on the basis of different time integration schemes (Fern
et al., 2019). The explicit MPM is efficient for dynamic simulations but
is limited by stringent time-step requirements (Bandara and Soga,
2015). The implicit MPM allows for larger time steps and enhanced sta-
bility but requires solving large systems of equations at each step, in-
creasing computational complexity and cost, which can potentially

pose convergence challenges (Guilkey and Weiss, 2003). The semi-
implicit MPM combines the advantages of explicit and implicit meth-
ods, offering larger time steps and improved computational stability
while reducing computational costs, making it increasingly favored by
researchers (Liang et al., 2023a). Furthermore, a Cartesian grid (e.g. a
regular/structured tetrahedral mesh) is usually used in the MPM to
eliminate the need for computationally expensive neighborhood
searches during particle-mesh interactions (Zhang et al., 2022a). In
contrast to the Cartesian grid, searching for which element contains a
given particle in an unstructured grid is very time-consuming. How-
ever, the use of an unstructured grid facilitates the enforcement of com-
plex boundary conditions (i.e. boundary conditions on curved surfaces)
(de Vaucorbeil et al., 2020).

3.3. Geo-interface modeling challenges

In modeling geo-interfaces with the MPM, accurately handling con-
tacts between different bodies and imposing appropriate boundary con-
ditions are key challenges. Compared with the MPM, the mesh structure
of the FEM provides a clear representation of boundaries, making the
application of boundary conditions more straightforward. However, the
treatment of boundary conditions in the MPM often involves mapping
between the mesh and MPs, which necessitates the adoption of special
strategies to simulate complex boundary conditions. To address these
issues, researchers have proposed a variety of approaches. Zhao et al.
(2023c) leveraged the level set method to address geo-interface issues
with complex shapes and combined it with the barrier method to simu-
late contact (Zhao et al., 2022c). This ensured that the particles could
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Table 2
Overview of several common MPM variants.
Classification MPM variant Source Description

Basis/shape
functions

Standard
MPM

Sulsky et al. (1994) Suffers from the cell-
crossing instability

GIMP Bardenhagen and
Kober (2004);
Andersen and
Andersen (2010)

An effectively remedy for
the cell crossing issue;
Specific calculation domain
may lead to the GIMP
suffering from low accuracy

B-splines
MPM

Steffffen et al.
(2008); Zhang et al.
(2023a)

Another popular approach
to reduce the cell-crossing
error

CPDI Sadeghirad et al.
(2011, 2013);
Kiriyama and Higo
(2020)

Enhances the accuracy of
the GIMP under arbitrary
deformations

DDMP Zhang et al. (2011) Not necessary to construct a
new basic shape function;
Not easy to converge when
the number of particles is
small

Time
integration
schemes

Explicit MPM Bandara and Soga
(2015); Conte et al.
(2020)

The most common scheme
of the MPM;
Easy to implement, efficient
and stable for short
duration dynamic problems

Semi-implicit
MPM

Liang et al. (2023a);
Yuan et al. (2023)

Allows for larger time steps
and more convenient
stability properties

Implicit MPM Guilkey and Weiss
(2003); Acosta et al.
(2021a)

Suitable for low strain rate
and quasi-static problem;
Computationally expensive

Grid types Cartesian grid Zhang et al.
(2022a); Xie et al.
(2024b)

Reduces the computational
cost of neighborhood
searches during particle-
mesh interaction

Unstructured
grid

Więckowski (2004);
Zhu et al. (2023)

Time-consuming;
Facilitates the enforcement
of complex boundary
conditions

not penetrate the mesh throughout the simulation process. This ap-
proach has been verified and demonstrated to be effective in simulating
geo-interface issues, where soils interact with complex rigid bodies.
However, when the level set method is used in conjunction with an im-
plicit integration scheme in the MPM, it may increase the complexity
and cost of calculations. To address the misalignment between material
boundaries and mesh boundaries in the MPM, Liang et al. (2023b) and
Given et al. (2024) employed the virtual stress boundary (VSB) method
to impose nonconforming Neumann boundary conditions. This ap-
proach transforms the original boundary traction problem into an
equivalent problem featuring a virtual stress field, thereby eliminating
the need for explicit boundary positions. Note that both the level set
method (Zhao et al., 2023c) and the VSB method can address noncon-
forming boundaries under different circumstances. The level set
method is suitable for fixed surface boundaries within the mesh domain
(i.e., the material domain may not always be in contact with some fixed
interface, such as fixed background terrain), whereas the VSB method is
designed for adaptive surface boundaries where the virtual stress field
is applied to all surface materials within a specified bounding box (i.e.,
the traction changes with the geometry, such as in hydrostatic pressure
scenarios). When the VSB method is employed, the magnitude of stress
errors decreases with mesh refinement, but the rate of convergence
tends to stagnate (Steffen et al., 2008; Charlton et al., 2017). Future re-
search should prioritize enhancing numerical accuracy and gaining a
deeper understanding of the factors contributing to stagnating conver-
gence rates.

Additionally, traction loads can be applied to either the element
boundaries or the MPs in the MPM. The first option is applicable when
the boundary of the body remains aligned with loaded element bound-

aries throughout the computation (Yerro et al., 2022). This typically ne-
cessitates the use of a moving mesh technique to ensure that the bound-
ary of the physical domain remains aligned with the computational
mesh. Note that in the more general case of MPM interfaces, the contact
interface can remain constant in terms of the nodal definition within a
fixed mesh, without always being in contact with the material domain
boundary. The second option involves storing the load on selected MPs
that move through the mesh. This load is mapped from boundary MPs
to all nodes of the element where they are located using shape functions
(Yerro et al., 2022). However, this approach requires mesh refinement;
otherwise, it may adversely affect MPs that are not located on the
boundary (Fern et al., 2019). Moreover, this approach has a notable
drawback: when MPs move a long distance from their original posi-
tions, it may become inappropriate for them to have boundary condi-
tions applied (Yerro et al., 2022).

In numerical simulations involving wave propagation problems, the
use of finite boundaries leads to wave reflection when the waves reach
the boundaries of the mesh. These reflecting waves are numerical arti-
facts and are not physical. Therefore, attenuating wave reflection is
necessary in problems where there are artificial boundaries (Al-Kafaji,
2013). One of the most common approaches to address this issue is the
implementation of absorbing boundaries. The absorbing boundary is
implemented by applying viscous damping forces (dashpots) along the
artificial boundary (Lysmer and Kuhlemeyer, 1969; Fern et al., 2019).
Al-Kafaji (2013) improved this method in MPM by replacing dashpots
with Kelvin-Voigt elements to control creep at the boundaries. Addi-
tionally, periodic boundary conditions help reduce artificial wave re-
flection in numerical simulations and can be used to simulate the co-
seismic site response and slope instability (Alsardi and Yerro, 2023).
However, owing to the requirement for a smaller element size, the use
of periodic boundaries may require a trade-off between computational
accuracy and computational cost.

Notably, the MPM also encounters numerical challenges such as vol-
umetric locking and the implications of various smoothing methods.
However, a detailed discussion of these issues is beyond the scope of
this work, which focuses on illustrating the applicability of the MPM in
geo-interface simulations.

3.4. Geo-interface modeling hybrid methods

Although the MPM has proven effective for modeling a wide range
of large deformations, various solution variants have been proposed
and developed in conjunction with other numerical discretization
schemes (e.g. FEM (Higo et al., 2010; Zhu et al., 2022), DEM (Wang et
al., 2022a; Liang et al., 2023a; Li et al., 2024), SPH (Raymond et al.,
2016), computational fluid dynamics (CFD) (Tran et al., 2024), peridy-
namics (PD) (Zeng et al., 2022), molecular dynamics (MD) (Wang et al.,
2023b), and discontinuous deformation analysis (DDA) (Hashimoto et
al., 2022)), driven by considerations of efficiency, accuracy, and applic-
ability. In this section, two hybrid methods, the MPM-DEM and the
MPM-FEM, are described in detail.

As a hybrid continuum-discrete approach, the MPM-DEM offers
greater robustness and efficiency for modeling solid-granular interac-
tions compared to pure continuum or discrete methods. The key to
MPM-DEM coupling is accurate detection and calculation of the contact
force between the MPs and DEM particles. Liu et al. (2018) proposed a
method in which MPs are attached to DEM particles, and both contact
detection and contact forces are performed using a pure MPM contact
algorithm (Bardenhagen et al., 2000). However, this coupling method
still inevitably suffers from a dependency on a grid system for contact
calculations within pure MPM schemes. Jiang et al. (2020) proposed a
different approach for contact computation. This method uses the Eu-
clidean distance between particle centroids and positions to detect con-
tact relationships and directly calculates contact forces based on the
DEM contact model. The MPM-DEM formulation was further enhanced
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by introducing a barrier method that rigorously couples MPs and dis-
crete elements, preventing any interpenetration under high impact
loads (Jiang et al., 2022). This method shows great promise for accom-
modating highly complex solid-granular interactions.

The domain decomposition-based MPM-FEM hybrid scheme has
been extensively studied over the last decade for various application
scenarios involving multi-material simulations or strongly heteroge-
neous deformations. In the coupling MPM-FEM system, FEM vertices
are commonly treated as MPM particles and embedded into the MPM
grid (Lian et al., 2011), ensuring that grid-based MPM contact charac-
teristics are naturally inherited for handling multi-material interac-
tions. However, the grid-based MPM-FEM coupling strategy also inher-
its the premature contact issue and requires that the FE boundary ele-
ment size be close to the MPM background size to ensure contact accu-
racy. Accordingly, Cheon and Kim (2018) introduced distributed inter-
action nodes on the contact faces of an FE mesh to increase the resolu-
tion and computational efficiency of contact calculations. They also
adopted a weighted distance method to eliminate early contact nodes
and improve detection precision. Furthermore, most MPM-FEM cou-
pling frameworks have been designed for explicit time integration,
which poses challenges when the associated inequality constraints need
to be enforced simultaneously by solving the nonlinear system of equa-
tions in implicit time integration. In recent years, Li et al. (2022a) pro-
posed a novel monolithic approach that couples the MPM with the FEM
through barrier energy-based particle-mesh frictional contact, employ-
ing a variational time-stepping formulation. The proposed coupling
scheme can be viewed as a contact method. It imposes separable fric-
tional motion boundaries when all nodal displacements within the FEM
domain are subjected to Dirichlet boundary conditions.

Overall, the application of the MPM in modeling geo-interfaces,
while challenging, can effectively enhance the accuracy and efficiency
of simulations by employing appropriate methodologies and strategies.
The different MPM approaches for modeling material interfaces, state
interfaces, and motion interfaces are discussed in the following sec-
tions.

4. Modeling of the material interface

Material interfaces refer to the contact surfaces between media with
distinct physical and mechanical properties (Zhu, 2023), such as the in-
terfaces between rock and soil, soil and concrete, or concrete and steel.
Failures at these interfaces often result from load transfer and stress
concentrations due to disparities in the modulus (Zhao et al., 2022a).
Numerical methods provide a powerful approach for investigating the
mechanical behavior of material interfaces (Nayroles et al., 1992). Vari-
ous numerical techniques have emerged and can be classified into three
primary categories: continuum elements, contact approaches, and in-
terface elements (Zhang and Zhang, 2009; Saberi et al., 2018).

4.1. Continuum element

The first type of numerical technique for simulating the material in-
terface involves continuum elements with standard constitutive laws.
This method applies the constitutive model of soil directly to the soil-
structure interface (Reissner, 1936; Zdravković, 1999; Zhang et al.,
2023c). Nevertheless, by treating the soil as an idealized material, the
behavior of the continuum element can be oversimplified (Gazetas and
Tassoulas, 1987; Zhang and Zhang, 2009). Consequently, the stress-
strain relationship of the soil-structure interface must be thoroughly
evaluated when the continuum element is employed, particularly in sit-
uations with significant deformation (Luco, 1998). In the MPM, the de-
fault contact between different bodies is considered a nonslip contact,
given that their velocities belong to the same vector field (Beuth et al.,
2011; Talmon et al., 2019; Ceccato et al., 2020; Martinelli and Galavi,
2021, 2022; Zhao et al., 2021; Galavi and Martinelli, 2024). In other
words, to prevent relative motion, friction across the contact area can
be considered to approach infinity. This characteristic makes the MPM
well suited for simulating non-slipping adhesive contacts, such as the
bearing capacity of rough strip footings (Gao et al., 2023; Xie et al.,
2023), rock layer compression and folding (Lenardic et al., 2000), and
the collapse of sand columns (Shi et al., 2018). Conversely, for scenar-
ios involving slipping or separation, the use of contact algorithms or in-
terface elements becomes necessary.

4.2. Contact approach

The second type of numerical technique for modeling material inter-
faces is the contact approach, which is based on contact mechanics
(Zhang and Zhang, 2009). This method establishes contact equations
for stress transfer by directly defining the interfacial mechanical trans-
fer laws between different media. These equations are subsequently re-
solved via specialized contact algorithms. Many algorithms, including
Lagrange methods and penalty function methods, have been developed
to analyze the behaviors of material interfaces (Ma et al., 2014; Fern et
al., 2019; de Vaucorbeil et al., 2020). In the MPM, contact algorithms
are commonly employed to simulate the material interface (Al-Kafaji,
2013; Chen et al., 2023; Zhao et al., 2023b; Cuomo et al., 2024; Xie et
al., 2024b). For example, the friction contact algorithm is widely used
in soil-structure interactions (Bardenhagen et al., 2000; Bardenhagen,
2001; Yang and Qiu, 2020; Li et al., 2023b; Tu et al., 2023). As illus-
trated in Fig. 7, the initial prediction of nodal velocities occurs in the
Lagrangian phase. Thereafter, the friction contact algorithm is utilized
to compute the corrected nodal velocities and accelerations. These up-
dated nodal accelerations are then employed to calculate the velocities
of the MPs, further updating their positions, strains, and stresses in the
convective phase (Coetzee et al., 2005; Zhu et al., 2023).

Moreover, conventional friction contact algorithms (Sulsky et al.,
1994; York et al., 2000; Bardenhagen et al., 2000) have been enhanced
with a novel approach termed ‘geo-contact’ (Ma et al., 2014). This algo-
rithm configures two Eulerian meshes for the soil and the structures, fa-

Fig. 7. Flow chart of the friction contact algorithm.
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cilitating a multi-valued nodal velocity field. Furthermore, within the
standard multi-field velocity adjustments between the soil and rigid
structures, a penalty function is introduced to adjust the relative veloci-
ties, thereby ensuring a relatively stable reaction force. Using the ‘geo-
contact’ method, the impact forces that landslides exert on structures
can be accurately predicted (Dong et al., 2017a, 2020b). In summary,
the contact approach in the MPM can handle complex contact issues
such as interactions between different material interfaces. It is particu-
larly effective for addressing challenges associated with large deforma-
tions. However, the computational cost can significantly increase when
a large number of MPs are involved. Under extreme conditions, such as
very high-speed collisions or interactions over very small contact areas,
MPM contact algorithms may suffer from numerical instabilities. These
can manifest as penetration or oscillatory problems.

4.3. Interface element

The third type of numerical technique used in material interface
analysis is the interface element. This method has garnered attention
for its ability to accurately model the mechanical behavior of material
interfaces, particularly given the thinness of the interface and the sub-
stantial constraints imposed by the surrounding structures (Zhang and
Zhang, 2009; Dhadse et al., 2021, 2023). Both the type of element cho-
sen and its corresponding constitutive model are pivotal factors influ-
encing the accuracy of the interface element in numerical simulations.
Interface elements can be broadly classified into two categories: zero-
thickness elements, as introduced by Goodman et al. (1968), and thin-
layer elements, as proposed by Desai et al. (1984). Further elaborations
are presented in the following subsections.

4.3.1. Zero-thickness element
To address a jointed rock mass, Goodman et al. (1968) proposed a

specialized element known as the zero-thickness or Goodman contact
element. This element has subsequently been further developed and ex-
tensively employed in soil-structure contact problems (Bojanowski,
2014; Wang et al., 2015, 2022b; Liao et al., 2020). As depicted in Fig. 8,
numerous tiny orthogonal springs are spread across the contact surface
between the two materials (Goodman et al., 1968). The zero-thickness
element accurately models displacement discontinuities at the contact
interface, thereby enabling an effective representation of phenomena
such as dislocation slippage, expansion of the contact area, and nonlin-
earities in contact surface deformation. Nonetheless, using the Good-
man contact element requires consistent upper and lower meshes,
which adds complexity to the computations (Desai et al., 1984). Addi-
tionally, because the stiffness of the interface greatly exceeds that of the
corresponding soil part, this may lead to potentially inaccurate predic-
tions of normal stresses. As noted by Pande and Sharma (1979), Day
and Potts (1994), and Zdravković (1999), the zero-thickness element
generally provides a conservative estimate of the soil-structure inter-
face.

4.3.2. Thin-layer element
Given the challenges associated with the zero-thickness interface el-

ement, Desai et al. (1984) introduced a thin-layer element method as a
viable alternative. Notably, the thin-layer element can revert to the
Goodman contact element if the thickness of the interface is set to zero.
Desai et al. (1984) reported that the interface between the soil and
structure is thick. This interface exhibits behavior that differs from that
of adjacent soils. Several studies offer suggestions for selecting the
thickness, specifically within the range of (0.01–0.1)D, where D repre-
sents the average size of the adjacent element (Uesugi et al., 1988; Frost
et al., 2002, 2004; Hu and Pu, 2004; DeJong et al., 2006). The thin-
layer element can transmit force and represent contact behaviors, in-
cluding bonding, slipping, gapping, and reclosing, as shown in Fig. 9.
This element has received increasing attention for its accurate modeling
of the normal and tangential stress-strain relationships of the interface
(Zhang and Zhang, 2009).

In the MPM, interface elements can also simulate large deformations
at material interfaces. Vermeer et al. (2009) and Wang et al. (2017)
used interface elements to investigate penetration problems, such as
screwpile installation. However, using interface elements in MPM re-
mains challenging due to the non-coincidence of the grid domain and
the material domain. Consequently, contact approaches are still widely
used in MPM to model sliding contacts between different contacting
bodies. Nonetheless, interface elements can enhance contact simula-
tions in complex scenarios. This is especially useful in geotechnical
structure joints, which require detailed consideration of interface inter-
actions. Therefore, future research could focus on integrating more in-
terface elements into the MPM framework to better simulate challenges
associated with large deformations at material interfaces.

5. Modeling of state interface

The state interface denotes the interface where the state parameters
involving moisture, stress, or temperature in geo-materials exhibit sud-
den transitions (Zhu, 2023). Many studies have demonstrated that fac-
tors such as rainfall infiltration, groundwater level fluctuations, and
pore pressure are the main causes of landslides (Andersen and
Andersen, 2010; Liu et al., 2019; Yerro et al., 2019), levee failures
(Zabala and Alonso, 2011), and water‒soil gushing in shield tunnels
(Xie et al., 2022). Owing to its algorithmic similarities with the well-
studied FEM, the MPM is highly effective at capturing hydro-
mechanical behavior in large deformation analyses, particularly with
the use of appropriate soil constitutive models. Currently, the MPM in-
cludes formulations such as two-phase single-point, two-phase double-
point, and three-phase single-point methods for soil-water coupling.
The details of various MPM numerical approaches are illustrated in Fig.
10 and are further elaborated in the following subsections.

Fig. 8. (a) 2D Goodman contact element model and (b) 3D Goodman contact element model.
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Fig. 9. Thin-layer element and deformation modes at the interface (adapted from Desai et al. (1984)).

Fig. 10. Scheme of different MPM numerical approaches depending on the number of phases and the number of MP sets (adapted from Yerro et al. (2015)).

5.1. Single-point approach

Recent developments in the MPM for studying multi-phase prob-
lems can be categorized into two approaches: using either one or two
layers of MPs to describe the response of distinct phases (Jassim et al.,
2013; Soga et al., 2016; Zheng et al., 2024). In the two-phase single-
point approach depicted in Fig. 11, the MPs contain all the soil and wa-
ter phase information. Soil particles are described via material coordi-
nates in the Lagrangian formulation, whereas pore water is modeled via
the Eulerian formulation with spatial coordinates (Chen et al., 2017;

Conte et al., 2020; Shi et al., 2020). However, it is important to note
that this approach may not effectively address high-frequency issues in-
volving rapid deformations (Soga et al., 2016; de Vaucorbeil et al.,
2020).

Considering gas in unsaturated soils, Yerro et al. (2015) presented a
three-phase single-point MPM formulation, as shown in Fig. 12. This
approach derives its governing equations from the balance of momen-
tum and mass of the solid, liquid, and gas phases, taking into considera-
tion a non-zero gas pressure. In addition to the three-phase single-point
approach, the two-phase single-point approach with suction is also em-
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Fig. 11. Schematic diagram of the two-phase single-point MPM approach (adapted from Soga et al. (2016)).

Fig. 12. Schematic diagram of the three-phase single-point MPM approach (adapted from Yerro et al. (2015)).

ployed to simulate the capabilities of unsaturated soils (Bandara et al.,
2016; Martinelli et al., 2020; Cuomo et al., 2021c).

5.2. Double-point approach

As illustrated in Fig. 13, the coupled MPM can also employ two sets
of Lagrangian MPs to account for solid and liquid materials
(Wieckowski, 2013; Bandara and Soga, 2015; Martinelli, 2016; Liu et
al., 2017; Tran and Sołowski, 2019; Monzer et al., 2023). Employing
two layers of MPs, one each for the solid and liquid phases, effectively
ensures mass conservation for both phases and accurately captures their
interactions (Soga et al., 2016; Ceccato et al., 2020). Using two MP lay-

ers offers significant advantages in modeling soil–water interaction
problems, such as submarine landslides, dike erosion, and surge
processes (Martinelli et al., 2017a, 2017b; Liang et al., 2020; Du et al.,
2021, 2023; Monzer et al., 2023). However, using two layers of MPs sig-
nificantly increases computational expenses and leads to numerical in-
stabilities, thereby restricting its practical application (Soga et al.,
2016; Ceccato et al., 2018a; Fern et al., 2019; Zheng et al., 2024). No-
tably, neither the coupled MPM for the three-phase double-point ap-
proach nor the three-phase three-point approach has been developed.
This is because implementing two or three sets of MPs involves substan-
tial computational costs (Yerro et al., 2015; Soga et al., 2016; Sołowski
et al., 2021). For further details, the interested reader can find insight-

Fig. 13. Schematic diagram of the two-phase double-point MPM approach (adapted from Soga et al. (2016)).
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ful comparisons between these multi-phase MPM formulations in litera-
ture reviews (Yerro et al., 2022; Ceccato et al., 2024; Zheng et al.,
2024).

6. Modeling of the motion interface

The motion interface is where macroscopic deformation and failure
occur within rock and soil masses or at the interface between the soil
and adjoining structures (Zhu, 2023). These interfaces often manifest as
shear zones or slip surfaces. As previously mentioned, the MPs in the
MPM can cross the background mesh. Therefore, it is crucial to track
MPs at each time step before computing the mapping functions to en-
sure accuracy (Bisht et al., 2021; Feng and Xu, 2021; Baumgarten and
Kamrin, 2023). As shown in Fig. 14, maintaining computational accu-
racy is essential when simulating penetration problems such as pile dri-
ving and shallow foundation issues. Mesh refinement near the soil-
structure interface, where variations in the solution can occur rapidly,
has proven effective (Chen et al., 2019; Wang et al., 2021b).

To maintain a consistently fine mesh around the structure, the mov-
ing mesh approach is employed (Al-Kafaji, 2013; Phuong et al., 2016;
Ceccato et al., 2016, 2020). The computational domain is divided into
moving and compressed mesh zones (as depicted in Fig. 15). During the
penetration process, the moving mesh zone moves at the same velocity
as the structure without requiring mapping between the MPs and nodes
(Ceccato et al., 2016; Martinelli and Galavi, 2021, 2022; Yost et al.,
2022, 2023; Galavi and Martinelli, 2024). Unlike the fixed shape of the
elements in the moving mesh zone, the grid in the compressed mesh
zone undergoes deformation. Compression is distributed linearly with
depth, resulting in nodes at the top of the compression zone displacing
identically to the structure, whereas nodes at the bottom remain sta-
tionary (Beuth et al., 2011; Bisht et al., 2021). A key benefit of the mov-
ing mesh approach is its ability to maintain the soil-structure interface
without requiring reidentification, thus avoiding inaccuracies (Soga et
al., 2016; Ceccato and Simonini, 2017). Notably, some studies on
soil‒structure interactions have utilized only a moving mesh, eliminat-

Fig. 14. Mesh refinement and moving mesh: (a) Before penetration, and (b) Af-
ter penetration.

Fig. 15. MPM model of rainfall-induced slope failure (reproduced from Wang et
al. (2023a) with permission from Elsevier).

ing the need for a compressible mesh (Talmon et al., 2019; Zwanenburg
et al., 2023).

Furthermore, the use of the MPM to simulate motion interfaces pre-
sents significant challenges due to the non-coincidence of the mesh and
material domains, particularly when boundary conditions are imposed.
For fixed rigid boundaries, such as landslides on bedrock, unstructured
triangular meshes prove effective in addressing these complexities
(Fern et al., 2019). Additionally, for moving contact interfaces, contact
distance criteria can also be integrated to identify these interfaces (Ma
et al., 2014; Nakamura et al., 2021; Chen et al., 2023; Liang et al.,
2023a). These methods offer effective solutions for simulating motion
interfaces in the MPM.

7. Geo-interface analysis using the MPM

MPM analysis plays a crucial role in investigating large deformation
problems at geo-interfaces and their implications for engineering struc-
tures. This section explores the utilization of the MPM in simulating
such deformations, including slope collapse and landslide dynamics,
soil-structure interactions, and failure mechanisms of human-induced
geologic hazards. These applications reveal complex behaviors at vari-
ous geo-interfaces. Through a series of case studies, this section aims to
highlight the effectiveness of the MPM in simulating the evolution of
geo-interfaces, providing insights crucial for disaster prevention and
mitigation in geotechnical engineering.

7.1. Slope collapse and landslide dynamics analysis

Slope collapse and landslides triggered by rainfall and earthquakes
pose significant threats to human safety, ecosystems, and the security of
geotechnical structures (Saito et al., 2014; Bandara et al., 2016;
Martinelli et al., 2020; Cuomo et al., 2021c). Owing to climate extremes
and earthquakes, the frequency of slope collapse and landslides has in-
creased (Kirschbaum et al., 2010; Zhao et al., 2023b). Understanding
the mechanisms of slope failure and conducting quantitative risk assess-
ments for landslides have become crucial. Therefore, employing ad-
vanced numerical methods is essential for accurately modeling the evo-
lution of large deformations at geo-interfaces.

7.1.1. Rainfall-induced slope collapse
To investigate the influence of different rainfall intensities on slope

failure processes, Wang et al. (2023a) simulated rainfall-induced slope
failure using the single-point multi-phase MPM. The Drucker-Prager
(DP) constitutive model with suction-dependent reduction (Yerro et al.,
2015) was introduced to capture the evolution of the state interface and
motion interface. Furthermore, GPU acceleration techniques have been
used to increase simulation efficiency (Dong et al., 2015). The top sur-
face of the slope was subjected to a rainfall infiltration boundary condi-
tion, with a prescribed rainfall intensity represented by w (where
w = 0 mm/h for non-rainfall conditions). The model was discretized
using 6500 MPs, with a grid size of 0.1 m and 8 MPs per element. Ini-
tially, the stress and suction fields reached equilibrium under gravity.
The top elements of the slope registered a suction (pf) of 12 kPa, as illus-
trated in Fig. 15.

The prescribed rainfall intensity w was subsequently increased to
initiate the rainfall simulation process. Throughout the simulation, the
evolution of the state and motion interfaces becomes apparent with
changes in rainfall intensity. As depicted in Fig. 16, the migration of the
state interface reduces the effective stress within the soil, weakening
the stability of the slope. When the rainfall intensity is low, the motion
interface progresses deeply and then extends to the slope toe, leading to
significant bulk failure of the slope. Conversely, with high rainfall in-
tensities, the motion interface is more likely to occur near the shallow
slope surface. These observations confirm that variations in rainfall in-
tensity directly affect the evolution of geo-interfaces, thereby influenc-



CO
RR

EC
TE

D
PR

OO
F

12 T. Xie et al. / Journal of Rock Mechanics and Geotechnical Engineering xxx (xxxx) 1–22

Fig. 16. Different failure patterns induced with different rainfall intensities (reproduced from Wang et al. (2023a) with permission from Elsevier).

ing the stability and failure behavior of slopes. Therefore, understand-
ing the relationship between rainfall intensity and geo-interfaces is cru-
cial for the effective prediction and management of slope failure.

7.1.2. Earthquake-induced landslides
In the MPM, dynamic boundary conditions can be applied to simu-

late the complex geo-interface transformation process. To understand
the mechanisms of failure initiation, the runout process, and the af-
fected areas of the Daguangbao landslide, Fernández et al. (2023) de-
veloped the MPM-PUCRio code (Fernández et al., 2020) to model this
earthquake-induced landslide in three dimensions. As depicted in Fig.
17, the model was constructed via 3D elevation data from the landslide
region. The simulation was divided into an initial geostatic stage and a
subsequent dynamic failure stage. First, the elastic and elastoplastic be-
havior of the material was considered in the quasi-static analysis. Then,
the seismic load was applied to the bottom boundary particles, while

the model lateral sides were imposed with lateral and non-reflecting
boundary conditions. This work modified the equation of motion within
the MPM framework to include a viscous force term, enhancing the
non-reflecting boundary conditions that dissipate seismic wave energy.
Frictional contact algorithms model the material interface between the
soil and base rock. The simulation parameters were based on laboratory
tests reported by He et al. (2019). An adjustment analysis was used to
determine the friction angle at the interface between the landslide body
and its base, ensuring equilibrium and alignment with observed post-
landslide topographical changes. The strain-softening Mohr-Coulomb
(SSMC) model was introduced to capture the evolution of the motion
interface. The computational mesh, with a side length of 50 m, com-
prises 8 MPs, i.e., 2 MPs in each coordinate direction.

Fig. 18 illustrates the motion interface evolution process of the
landslide. The development of the motion interface begins with the
elastoplastic response of the soil. As seismic loads persisted, the mo-

Fig. 17. Topography of the landslide and 3D MPM model: (a) topography of the landslide, (b) numerical model, (c) 3D view of the MPM model, and (d) sectional
view of the MPM model (reproduced from Fernández et al. (2023) with permission from Springer).
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Fig. 18. Runout evolution of landslides (reproduced from Fernández et al. (2023) with permission from Springer).

tion interface expanded across the slope surface and into deeper lay-
ers. The interface reached full activity when the entire landslide mass
was mobilized, leading to significant displacement and the formation
of a landslide dam. The total affected area, as determined by the MPM,
aligned closely with the observed data, with an error of approximately
0.4 %. Additionally, the shape of the affected area remained consis-
tent, with a maximum width error of 11 % and a length error of 9 %.
These results demonstrate that the MPM is an effective tool for simu-
lating large-scale landslides and capturing the complex evolution of
three-dimensional large deformations of geo-interfaces. Furthermore,
Shi et al. (2019) used the MPM to study the motion interface of the
Shenzhen landfill landslide, further underscoring the critical role of
the motion interface in the dynamic evolution of landslides.

7.2. Analysis of the soil-structure interaction

In the field of geotechnical engineering, analyzing soil-structure in-
teractions is crucial for assessing potential soil failure modes and the
safety of geotechnical structures. The complex behaviors at geo-
interfaces include the evolution of motion interfaces in the soil, the mi-
gration of state interfaces, and variations in stress across the material
interfaces of structures. Therefore, it is essential to employ advanced
numerical methods to capture the detailed processes of evolution at
these geo-interfaces.

7.2.1. Uplift failure of buried pipes
Uplift failures of underground pipelines typically arise from natural

hazards (O’Rourke, 2010; Sim et al., 2012). Furthermore, human activi-
ties such as aquifer over-pumping (Wols and van Thienen, 2014), urban
tunneling (Wang et al., 2011), and deep excavation contribute to these
failures. These failures lead to complex changes in the motion interfaces
of the pipe-soil system. Zhang et al. (2023a) employed the open-source
code MPM3D-F90 (Zhang et al., 2016b) to simulate the uplift failure of
buried pipes. The non-associative Mohr-Coulomb (MC) model and
SSMC model were utilized to capture the behavior of the motion inter-
faces. Fig. 19 shows the geometric characteristics and initial MPs of the
MPM model. The pipe was modeled as a rigid cylinder with an outer di-
ameter D (the green zone in Fig. 19).

Fig. 19. MPM numerical model (reproduced from Zhang et al. (2023a) with
permission from Elsevier).

Fig. 20 shows the evolution of the motion interface for H/D = 3,
which is characterized by the formation and transformation of shear
bands. Initially, shear bands form with specific angles reflecting the
peak soil dilation angle. As uplift progresses, these shear bands may
rotate and decrease in inclination, indicating a reduction in soil resis-
tance, particularly under shallow conditions. The motion interfaces
captured by the SSMC model are influenced primarily by three factors:
the soil wedge size, the shear resistance along the shear bands, and the
flow-around mechanism. However, the shape of the motion interfaces
captured by the MC model remains essentially constant because of the
use of a constant effective dilation angle. In addition to analyzing
pipeline uplift failure, the MPM also assesses motion interfaces during
downward and lateral pipe movements (Zhang et al., 2023a; Xie et al.,
2024b). In studying pipeline vertical downward relative offsets, Zhang
et al. (2023a) utilized the J2 deformation-type soil constitutive model
to investigate pipe-soil interactions and reported that this advanced
constitutive model can better capture motion interfaces, which are af-
fected by nonlinear stress-strain relationships and state-dependent di-
latancy (Fu et al., 2024). This is critical for understanding the dynamic
interactions at geo-interfaces and their implications for pipeline in-
tegrity and safety.
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Fig. 20. Shear band formation: (a–c) SSMC model and (d–f) MC model (reproduced from Zhang et al. (2023a) with permission from Elsevier).

7.2.2. Impact forces on pipelines caused by submarine landslides
Submarine landslides are among the most destructive submarine

geohazards, transporting heavy sediments at speeds of up to 20 m/s
(Jakob et al., 2012). These landslides can significantly affect the in-
tegrity and functionality of subsea pipelines, which are commonly used
to transport oil and gas, as well as to protect subsea cables. Therefore,
understanding the stress changes at the material interfaces between the
soil and the structure is crucial for ensuring the safety of these struc-
tures. Dong et al. (2017a) simulated the impact of a submarine land-
slide on a fixed subsea pipeline using the MPM-GeoFluidFlow program,
which is driven by multiple-GPU hardware (Dong et al., 2015). As de-
picted in Fig. 21, a rectangular soil block with height H and length L is
given an initial horizontal velocity v over a smooth rigid base. A par-
tially buried pipe with a diameter D is positioned directly in front of this
sliding mass. The material interface between the smooth pipe and the
soil is governed by the ‘geo-contact’ algorithm (Ma et al., 2014). The
sliding material was modeled using a simple total stress von Mises fail-
ure envelope, with the rate-dependent shear strength derived from the
Herschel-Bulkley (H-B) rheological model (Locat and Lee, 2002). Each
element contains 16 MPs to ensure higher accuracy in addressing the
dynamic problem.

A comprehensive analysis was conducted on 650 cases to investigate
various scenarios regarding the shape and characteristics of the sliding
material. The use of impact coefficients, which quantify the effect of dy-
namic loads transmitted through material interfaces, is particularly im-

Fig. 21. MPM model of a submarine landslide across a pipeline (adapted from
Dong et al. (2017a)).

portant. These coefficients provide a clear measure of how variations in
the velocity and mass of sliding debris influence the stresses experi-
enced by pipelines. The normalized impact pressures obtained via the
MPM are expressed as p/(ρv2):

(1)

where CD is the drag coefficient, Nc is the bearing capacity factor, Re is
the Reynolds number, Cγ refers to the static coefficient, and Fr is the
Froude number. Regression analysis was employed to fit the coeffi-
cients of the impact forces obtained by the MPM, as shown in Fig. 22.
This quantification is crucial for the design of structures. Through de-
tailed analyses of the material interface, the MPM not only facilitates an
understanding of the current structural responses but also aids in pre-
dicting future behaviors under similar or more severe conditions.

7.2.3. Water-soil gushing in tunnels
Water-soil gushing accidents in shield tunnels have been intermit-

tently observed (Cheng et al., 2020; Huang et al., 2020; Tan and Lu,
2017; Zhang et al., 2021). This phenomenon typically occurs at mater-
ial interfaces, such as joints and holes in prefabricated segment linings,
posing significant risks to the integrity of tunnels and the stability of the
surrounding soil. Therefore, understanding the evolution of motion in-
terfaces and the migration of state interfaces during water-soil gushing
events is crucial. Xie et al. (2022) utilized the open-source code
Anura3D (2020) to model water-soil gushing in tunnels. Fig. 23 shows a
schematic diagram of the MPM model and its boundary conditions. The
model employs a two-phase single-point approach and the MC model to
capture the behaviors of geo-interfaces. A contact algorithm was ap-
plied to model the tunnel-soil material interface. With respect to the
mesh configuration, the computation mesh primarily consisted of trian-
gular elements, each 0.75 m in size and initially containing 3 MPs.

Fig. 24 presents the behavior of geo-interfaces during gushing at the
tunnel crown. Initially, when water-soil begins to intrude into the tun-
nel through openings or joints, it disrupts the original equilibrium,
forming motion interfaces. These interfaces were initially localized but
became more pronounced as the water-soil gushing process developed.
As the system approaches a new equilibrium, the expansion of motion
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Fig. 22. Curves of impact pressure and fitted functions of CD, Nc, and Cγ (adapted from Dong et al. (2017a) with permission from Elsevier).

Fig. 23. Typical model configuration of the MPM numerical model for wa-
ter–soil gushing (reproduced from Xie et al. (2022) with permission from Else-
vier).

interfaces stabilizes. The area surrounding the tunnel was categorized
into three distinct zones according to the motion interface: the flow
zone, the disturbed zone, and the stationary zone. Each zone reflected
varying degrees of soil response to the gushing. Changes in the state in-

terface were evidenced by variations in the pore water pressure. Ini-
tially, the pore pressure was at a hydrostatic level, but it rapidly de-
creased near the opening as the gush began. This decrease led to pore
pressure dissipation, causing significant changes in the state interface.
The pore pressure eventually stabilized at a new equilibrium, indica-
tive of a consolidation phase. The observed similarities in the shapes of
the state and motion interfaces suggested dynamic interactions among
these geo-interfaces. Therefore, it is essential to implement comprehen-
sive measures, such as monitoring and reinforcement, to mitigate haz-
ards associated with these interfaces in geotechnical engineering.

In addition to the previously discussed examples, the MPM has been
applied to simulate soil-water-structure interactions during cone pene-
tration tests (CPTs). These studies effectively highlight how the MPM
captures the dynamic behavior of geo-interfaces, detailing the migra-
tion of the state interface and evolution of the motion interface during
penetration (Ceccato et al., 2016; Ceccato and Simonini, 2017; Yost et
al., 2022). Additionally, the MPM has been utilized to model the inter-
actions at the material interface during the pile installation process
(Phuong et al., 2016; Fu et al., 2024; Galavi and Martinelli, 2024). The
insights gained from these MPM applications highlight their efficacy in
addressing complex geotechnical problems and deepening our under-
standing of geo-interface behaviors.

7.3. Human-induced geologic hazards

Human activities have triggered numerous geologic hazards that
pose significant threats to human life and property. Among these fis-
sures, pumping-induced earth fissures have attracted particular atten-
tion from researchers. Numerous studies have shown that earth fissures
typically occur at the periphery of a basin (Budhu, 2008), atop a
bedrock ridge (Wang et al., 2016d), or near a buried fault (Peng et al.,
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Fig. 24. The behavior of the geo-interfaces during gushing: (a) soil displacement, (b) deviatoric strain, and (c) pore water pressure (reproduced from Xie et al. (2022)
with permission from Elsevier).

2020), thereby posing a significant threat to structures, underground
pipelines, and other essential infrastructure. These fissures demonstrate
complex geo-interface evolution, making them challenging to simulate
with traditional numerical approaches. Therefore, employing advanced
numerical methods in combination with mechanical theories is crucial
for understanding the failure mechanisms of these geologic hazards.

Li et al. (2021a) improved the quasi-static MPM to simulate vari-
ous behaviors of quasi-static cracks effectively in solid-phase materials
on the basis of fracture mechanics. Building on this work, Li et al.
(2023a) proposed a new approach to simulate earth fissures that con-
siders factors such as consolidation and the size disparity between the
fissure and the ground surface. Fig. 25 shows the MPM model along
with its adaptive mesh refinement scheme. Additionally, the modified
Duncan-Chang constitutive model was used to capture the motion in-
terface of the soil because of its effectiveness in representing minor de-
formations in large model dimensions.

As shown in Fig. 26, the decreasing water levels caused differential
subsidence. This led to a gradual concentration of tensile stress at the
ground surface, initiating the formation of motion interfaces. As the wa-
ter level continued to decrease, the area under tensile stress expanded.
The first fissure formed in the region of maximum tensile stress, directly
above the bedrock ridge, with the fissure line oriented nearly perpen-
dicular to the soil surface. This fissure interface dynamically propa-
gated, deepened and shifted in a zigzag pattern, driven by further re-
ductions in water levels and changes in stress. This propagation contin-
ued until the stresses rebalanced. Occasionally, smaller fissure inter-
faces appeared on either side because of unresolved tensile stress in the
surface soil. The fluctuations in groundwater levels critically influence
the propagation and stabilization of these motion interfaces. The MPM
effectively captures the complex interactions among changes in pore

Fig. 25. (a) MPM modeling for a laboratory experiment of earth fissures and (b)
three-level mesh refinement around fissure tips (adapted and reproduced from
Li et al. (2023a) with permission from ASCE).

water pressure, soil deformation, and the development of geo-
interfaces. This study provides a detailed quantification of the evolution
of the geo-interface and supports the use of fracture mechanics to pre-
dict fracture development. This comprehensive approach significantly
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Fig. 26. (a, b) Accumulated displacement distribution during the first fissure growth and (c) final morphological characteristics of three earth fissures (reproduced
from Li et al. (2023a) with permission from ASCE).

enhances the understanding of geo-interface behavior, which is crucial
for investigating the failure mechanisms of human-induced geologic
hazards.

8. Limitations and future research

8.1. Limitations

Despite significant advancements in the MPM for geo-interface
modeling, several limitations and challenges still need to be addressed
to further improve its simulation performance. Understanding these
limitations is crucial for improving the predictive capabilities of the
MPM and its practical applications in geo-interface modeling.

(1) In simulating material interfaces, many MPM applications
employ relatively simplistic treatments for soil-structure
interactions, which are primarily based on frictional contact
algorithms. These methods may not accurately simulate complex
geo-interfaces with varying material properties, limiting the
accuracy of the simulations. Furthermore, in real geological
structures, simulating material interfaces such as cracks and joints
requires very small mesh elements, where significant scale
differences pose modeling challenges.

(2) State interfaces often involve interactions among solid, liquid,
and gas phases, necessitating coupled simulations to handle
complex fluid-structure interactions. The MPM primarily uses
Darcy’s law to describe liquid motion within porous media, but
this assumption is inadequate for modeling high-velocity flow
conditions. Current MPM models also lack the ability to simulate
thermal transfer at state interfaces, which is relevant to scenarios

such as nuclear waste disposal or thermal effects in landslide
movements. Furthermore, these models frequently overlook gas
migration in unsaturated soil, which can significantly alter the
mechanical and hydraulic properties of geo-interfaces.
Neglecting these effects can lead to incomplete or inaccurate
simulation results.

(3) To perform high-fidelity modeling of motion interfaces, the
selection of appropriate constitutive models is crucial. At present,
relatively simple models such as the MC and DP models are
normally used in the MPM. Unfortunately, idealized constitutive
models often fail to describe nonlinear stress-strain relationships
and capture the complex evolution of motion interfaces, resulting
in less reliable predictions. Factors such as strain rate, strain
hardening/softening, and anisotropy significantly impact the
evolution of motion interfaces, particularly during transitions
between solid-like and fluid-like behaviors. In addition,
simulating interactions at interfaces, such as frictional sliding,
debonding, and rebonding, requires sophisticated contact
algorithms that can handle large displacements and rotations.

8.2. Future research

To overcome the limitations of the MPM in modeling geo-interfaces
previously discussed, future research should focus on enhancing the ap-
plicability of the MPM to complex geo-interface problems as follows:

(1) Combining the MPM with other numerical techniques, such as
the FEM, DEM, SPH, CFD, PD, MD, and DDA, holds significant
promise. These hybrid methods represent an area of ongoing
research. By integrating the strengths of each technique, this
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approach can facilitate multiscale and multiphysics simulations
of geo-interfaces, significantly advancing our understanding of
the evolution of various geo-interfaces.

(2) The incorporation of advanced constitutive models that account
for anisotropy, nonlinearity, and time dependence in the MPM is
particularly critical. These models can capture the evolution of
motion interfaces during large deformations with greater
accuracy. Furthermore, integrating the interface and structural
elements of the FEM into the MPM is essential for overcoming
the limitations of contact algorithms. This is necessary for
modeling the material interfaces between soil and structures (e.g.
piles, anchors, geogrids). These enhancements significantly
increase the applicability of MPM in addressing complex
geotechnical engineering challenges.

(3) Modeling air as a free-phase state is essential for detailed
simulations of phase interactions and transitions, such as drying
or wetting fronts in soil, landfill gas migration, and air expulsion
from dam foundations during rapid drawdown. Furthermore, the
rapid development of artificial intelligence (AI) techniques has
led many researchers to combine AI with numerical simulation
methods for studying geotechnical engineering problems
(Kounlavong et al., 2023; Lu et al., 2023; Nguyen et al., 2023;
Kim et al., 2024; Zhou et al., 2024). This technique can enhance
the predictive capabilities of geo-interface models and assist in
identifying patterns within large datasets, thus increasing the
accuracy and reliability of MPM simulations.

Advancing these research areas will significantly improve geo-
interface MPM modeling, leading to better predictions and manage-
ment of geological hazards and contributing to safer engineering prac-
tices.

9. Conclusions

Geo-interfaces and their interaction mechanisms play pivotal roles
in inducing various geological hazards. Simulating these interfaces is a
key scientific issue in the field of geohazard mitigation and prevention.
This review aims to provide a comprehensive overview of the basic con-
cepts, classifications, and primary characteristics of geo-interfaces,
along with the fundamental principles, various frameworks, limita-
tions, and future research directions of MPM modeling. Additionally,
this paper provides several applications of geo-interface analysis using
the MPM. The main conclusions of this review are as follows:

(1) The MPM has demonstrated promising capabilities in simulating
the behavior of geo-interfaces, primarily because of its significant
advantages in modeling large deformations. By simulating
different types of geo-interfaces (i.e. material, state, and motion
interfaces), the MPM has proven effective in modeling soil-
structure interactions and geohazards, such as landslides and
earth fissures. This makes it a powerful tool for predicting
geological disasters and enhancing risk assessment and
management.

(2) Although the MPM has achieved significant progress in
simulating the behavior of geo-interfaces, it still faces
challenges related to simulation accuracy, computational
efficiency, and multi-physics coupling. Current models are
limited in their ability to handle complex boundary conditions,
non-linear material deformations, and issues related to long
time scales. To address these challenges, future research should
focus on optimizing the MPM by introducing advanced
constitutive models, developing more efficient numerical codes,
and enhancing capabilities for multi-physics coupling.

(3) With the advancement of various numerical techniques,
integrating the MPM with other simulation methods can

significantly increase the accuracy and effectiveness of
modeling geo-interfaces. Furthermore, the incorporation of AI
techniques into MPM can optimize parameter selection and
result analysis, thereby significantly improving the efficiency of
predicting geo-interface behavior.
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