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The recognition, repetition and prediction of the post-failure motion process of long-runout landslides
are key scientific problems in the prevention and mitigation of geological disasters. In this study, a new
numerical method involving LPF3D based on a multialgorithm and multiconstitutive model was proposed
to simulate long-runout landslides with high precision and efficiency. The following results were ob-
tained: (a) The motion process of landslides showed a steric effect with mobility, including gradual
disintegration and spreading. The sliding mass can be divided into three states (dense, dilute and
ultradilute) in the motion process, which can be solved by three dynamic regimes (friction, collision, and
inertial); (b) Coupling simulation between the solid grain and liquid phases was achieved, focusing on
drag force influences; (c) Different algorithms and constitutive models were employed in phase-state
simulations. The volume fraction is an important indicator to distinguish different state types and
solid‒liquid ratios. The flume experimental results were favorably validated against long-runout land-
slide case data; and (d) In this method, matched dynamic numerical modeling was developed to better
capture the realistic motion process of long-runout landslides, and the advantages of continuum media
and discrete media were combined to improve the computational accuracy and efficiency. This new
method can reflect the realistic physical and mechanical processes in long-runout landslide motion and
provide a suitable method for risk assessment and pre-failure prediction.
� 2024 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Long-runout landslides are among the most spectacular and
catastrophic natural events, and they affect landscapes, pop-
ulations, and infrastructure in mountainous areas worldwide
(Voight and Pariseau, 1978; Cruden and Varnes, 1996; Evans and
DeGraff, 2002). The recognition, repetition and prediction of the
post-failure motion process of long-runout landslides are key sci-
entific research areas in the prevention andmitigation of geological
disasters. These types of landslides exhibit the characteristics of
having an immense volume, high-speed, and long-runout distance.
In the post-failure motion process, the phase state of the sliding
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main body is random and variable, including multistate transitions
and solid‒liquid coupling. This phenomenon can hardly be
captured in the field and is difficult to restore in physical modeling
experiments due to size limitations. However, long-runout land-
slides should be quantitatively analyzed.

In recent years, geological, dynamic and numerical models have
been rapidly developed, and their purpose is to accurately assess
motion processes. Currently, most numerical simulation techniques
tend to use a single phase-state algorithm. Based on the macro-
scopic physical-mechanical state of the sliding main body, the main
methods can be classified into the following three kinds: (a) The
movement of a sliding main body is simplified to a solid block. This
modeling has been employed to analyze deformation between the
sliding main body and the underlying surface (Heim, 1932;
Scheidegger, 1973). The finite element method (FEM) was used at
the slope instability stage, but this method cannot be adopted to
effectively simulate large deformation and velocity gradient
changes. The discrete element method (DEM) (the Hertz‒Mindlin
solideliquid modeling of motion process of long-runout landslide,
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model with bonding or linear cohesion modeling) and discontin-
uous deformation analysis (DDA) can be used to simulate a solid
sliding block and the disintegration process (Hrennikoff, 1941;
Courant, 1943; Shi, 1992; Banton et al., 2009; Wu and Wong, 2014;
Zhang et al., 2012) but are computationally inefficient; (b)
Following the pioneering work of Bagnold (1954), granular flow
modeling without the need for interstitial fluid has become an
important research area, and this type of modeling distinguishes
between frictional and collision regimes (Melosh, 1986; Campbell,
1989). Granular flow simulation mainly uses the discrete media
of the DEM. The Newtonian law of mechanics and the interparticle
contact model have been applied to calculate friction and collision
processes (partial flow code (PFC) and matrix computing of the
DEM (MatDEM)) (Cundall and Strack, 1979; Liu et al., 2017). This
modeling can meet the calculation accuracy requirements, but the
calculation efficiency is low, and the actual number of landslide
particles can hardly be simulated; and (c) The concept of equivalent
fluid modeling, which was introduced by Hungr (1995), expresses
the movement characteristics of rapid and long-runout flow-like
landslides, and the basal friction resistance and flow mass lateral
pressure greatly contribute to the motion process (Erismann and
Abele, 2001; Crosta et al., 2009; Sassa et al., 2010). These
methods are mainly based on Eulerian and Lagrangian computa-
tional fluid dynamics. This type of modeling mainly involves
meshless particle and grid methods (smoothed particle hydrody-
namics (SPH), lattice Boltzmann method (LBM), and material point
method (MPM)) (Gingold and Monaghan, 1977). This modeling
approach provides high computational efficiency, but the compu-
tational accuracy is relatively low and greatly depends on the
parameter experience of geologists. The natural motion process of
the sliding main body is random and variable and reflects the
multiphase state. The single-phase state exhibits certain limitations
in fully capturing the realistic physical mechanic process of long-
runout landslides.

In the post-failure motion process, fragmentation and spreading
of the sliding main body cause a change from a rockslide to a debris
avalanche. Under high-rainfall conditions, debris grains are mixed
with ground surface runoff and are converted into a solid‒liquid
mixed flow, such as a debris flow or debris flood. Numerical algo-
rithms for the single-phase state must be studied in more detail
toward the multiphase state. Presently, multiphase-state simula-
tion methods mainly include the following: (a) In continuum the-
ories of granular flow, the fluctuation energy is regarded as an
independent state variable (Haff, 1983; Hutter and Rajagopal, 1994;
Louge and Keast, 2001; Louge, 2003). Algorithmic conversion
techniques have also gradually been developed to accurately
simulate the dynamic processes of long-runout landslides, such as
the static solid to dynamic granular flow transition in the FEM-DEM
algorithm (Feng et al., 2014); and (b) Multiphase flow is generally
simulated using DEM-computational fluid dynamics (DEM-CFD)
and DEM-SPH coupling algorithms (Shan and Zhao, 2014; Tan and
Chen, 2017; Tan et al., 2018; Jing et al., 2019; Yang et al., 2020;
Morikawa and Asai, 2022). In regard to mixed two-phase flow
landslides, not only fluid and solid dynamics but also the in-
teractions between these two phases must be considered (Kelfoun
et al., 2010). The DEM-CFD coupling model has been used to study
the mechanical and fluid behavior of liquid‒solid fluidized bed
systems, airegrain mechanical systems, and liquidegrain subma-
rine landslides (Zbib et al., 2018; Drame et al., 2021). In existing
simulation methods that span multiple states, numerical calcula-
tions are used for coupling purposes. However, these methods
cannot accommodate the selection of various macroscopic me-
chanical constitutive and simulation parameters in different phase
states. The DEM must be calibrated to match the macroscopic
mechanical constitutive model, while the macroscopic continuous
Please cite this article as: Gao Y et al., Multistate transition and coupled
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medium algorithm based on hydrodynamic equations is insuffi-
cient for calculating collision and friction. Numerical modeling
must be adjusted to suit the actual landslide movement process.
This can be achieved by incorporating different algorithms and
constitutive models in phase-state simulations.

In this study, a multistate transition and solid‒liquid coupling
dynamics modeling technique was developed, including a new
numerical simulation method for long-runout landslides. The
proposed method could overcome the high computational
complexity and the inability to obtain macroscopic characteristics
of traditional versions of the DEM, and full three-dimensional
simulations could be realized to improve efficiency and accuracy.
Based on the transition and coupling between different algorithms
(SPH, smoothed discrete particle hydrodynamics (SDPH), and DEM)
and different constitutive models (fluid mechanics model, elastic‒
viscoplastic model, Hertz‒Mindlin contact model, and kinetic
model of granular flow), the landslide post-failure process in a
three-dimensional computing platform (LPF3D) was proposed.
Flume experiments with dry granular flow and mixed solideliquid
flow conditions were used to verify the dynamic numerical
modeling results and validate the algorithm parameters. The long-
runout landslide cases in the southwest mountainous area of China
were selected to demonstrate that the developed numerical
simulationmethod can efficiently and accurately simulate the post-
failure motion process. This new method could reflect the physical
and mechanical processes in long-runout landslide motion and
provide a suitable method for risk assessment and pre-failure
prediction.

2. Geological mechanics model

The material type of the sliding main body plays a crucial role in
landslide classification and post-failure motion processes (Varnes,
1958, 1978; UNESCO, 1981, 1993; Hungr et al., 2014). In the nu-
merical simulation of long-runout landslides, it is necessary to
choose different algorithms and constitutive models according to
the different material types and motion states. Therefore, long-
runout landslides can be divided into three main types from a
numerical simulation perspective according to the deposition
characteristics, material types, and material components (Coussot
and Meunier, 1996; Takahashi, 2007; Gusman et al., 2009; Zhou
et al., 2020; Yin et al., 2023). The aim was to develop a better-
matched algorithm and a more similar constitutive model to
landslides and to apply the numerical simulation method more
reasonably.

2.1. Dry granular flow

Dry granular flows are the most frequently occurring type of
long-runout landslide, including debris and rock avalanches
(Perinotto et al., 2015; Deng et al., 2020). The occurrence of debris
avalanches has led to the exploration of the possibility that land-
slides can travel as granular flows without the need for interstitial
fluid (Melosh, 1986; Straub, 1996). Dynamic fragmentation often
causes an overall volume increase, and the bulking coefficient
measures the increase in volume based on the initial and final
deposition volumes (Bradley, 1986; Gusman et al., 2009). On June 5,
2009, the catastrophic Jiweishan landslide occurred in Wulong,
Chongqing. The sliding main body comprised 500 � 104 m3 of
material, which continuously collided with the surrounding
mountain and rapidly disintegrated to form a debris avalanche. This
landslide resulted in 74 fatalities (Fig. 1a) (Yin et al., 2011; Gao et al.,
2016). On August 28, 2017, an approximately 50 � 104 m3 landslide
produced a debris avalanche and killed 35 people in Nayong and
Zhangjiawan, Guizhou Province (Fig. 1b) (Fan et al., 2019).
solideliquid modeling of motion process of long-runout landslide,
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Fig. 1. Typical rapid and long-runout landslides in China: (a) Field photo of the Jiweishan landslide in 2009, (b) UAV image of the Zhangjiawan landslide in 2018, (c) UAV image of
the Shenzhen “12.20” landslide in 2015, and (d) UAV image of the Shuicheng “7.23” landslide in 2019.
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With the development of video and test technology, through
repeated observation of videos of past landslides and physical
flume models, the grain state and dynamic mode of action during
granular debris movement generate steric effects that always vary
with the movement position and time (MiDi, 2004; Armanini et al.,
2008; Forterre and Pouliquen, 2008; Bryant et al., 2015; Pähtz et al.,
2019; Kim and Kamrin, 2020). According to the concentration de-
gree of debris grains, the material state can be mainly divided into
dense, dilute and ultradilute states, in which the grains interact by
shear, collision and friction, and inertia, respectively, and follow the
viscoplastic model, kinetic model of granular flow, and Hertz‒
Mindlin contact model, respectively. From the perspective of the
spatial distribution, the bottom and middle of the granular debris
body occur in the dense state, the surface and peripheral margins
occur in the dilute state, and discrete rolling particles exhibit the
ultradilute state. From the perspective of the temporal process, the
initial slidingmass and final accumulationmass mainly occur in the
dense state, while the movement process mostly exhibits the dilute
state (Fig. 2). The volume fraction is an important indicator to
distinguish the different states.
2.2. Hyperconcentrated flow

Hyperconcentrated flows occur more frequently in landslides in
which the body exhibits a smaller particle size under fully or nearly
fully saturated conditions. Hyperconcentrated flow landslide de-
posits can be distinguished by their longer runout distance, smaller
thickness, and smoother surface. Regarding material flows
involving small grain size, low bulking factors, and high water
content, such as earth, peat and mud flows, the landslide fluidized
mobility is higher. Hyperconcentrated flows obey fluid viscous
Please cite this article as: Gao Y et al., Multistate transition and coupled
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shear models, such as the plastic model and Bingham model
(Hutchinson, 1989; Vallance and Scott, 1997). On December 20,
2015, a mudflow occurred in Guangming District, Shenzhen,
Guangdong Province, with a volume of 275 � 104 m3 and an
equivalent friction coefficient of only 0.1. This landslide caused 77
fatalities and destroyed 33 houses (Fig. 1c) (Gao et al., 2019).
2.3. Mixed flow

Under heavy rainfall and snow and ice melt water, high-flow
ground surface runoff can be formed, and a two-phase mixed
flow can be generated upon particle mixing. It is therefore neces-
sary to consider the interaction force between the fluid and grain
phases. Because landslides can travel longer distances than ex-
pected, many researchers have hypothesized that fluids greatly
contribute to long-runout landslides (Pudasaini, 2012; Gao et al.,
2022). On July 23, 2019, a catastrophic debris flow occurred in
Shuicheng, Guizhou Province, China. In this case, basalt debris
grain-phase and slurry liquid-phase materials were fully mixed to
produce a rapid and long-runout landslide; this debris flow killed
51 people and destroyed and buried 21 houses (Fig. 1d) (Gao et al.,
2020). The sliding main body contains two-phase media
comprising freely moving fluid and grains, and the fluid is mainly
clear water or a slurry composed of water and fine particles. This
landslide type mostly includes landslides induced by heavy rainfall
and glacial meltwater, and the movement deposition characteris-
tics fall between those of single-phase dry debris grains and fluids
(Iverson, 1997; Takarada et al., 1999; Handwerger et al., 2019).

These classifications of long-runout landslides are helpful in
numerical algorithm selection. The discrete media algorithm is
suitable for dry granular flows, and the continuousmedia algorithm
solideliquid modeling of motion process of long-runout landslide,
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Fig. 2. Schematic diagram of the motion state distribution of dry debris grains. Dense grain state of the sliding main body at the post-failure startup stage, dilute grain state and
ultradilute grain state of the sliding main body at the rapid mobility stage, and predominant dense state before and after the cessation of clastic body motion: (a) Flume test result
(Bryant et al., 2015), and (b) Generalized figure of multistate motion process (Gao et al., 2023; Yin et al., 2023).
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can be applied to hyperconcentrated flows. Mixed flows exhibit an
intermediate state and are influenced by the coupling between the
grain and fluid phases.
3. Dynamics algorithm

Based on multistate transition and solid‒liquid coupling dy-
namics modeling, a new numerical simulation method of the LPF3D

computing platformwas established. This method does not require
a mesh and is more computationally efficient than the DEM. The
LPF3D method can yield high-efficiency and high-precision solu-
tions of complex dynamic problems under different landslide types,
including debris avalanches, mud flows, debris flows, and debris
floods.
3.1. Governing equation

The governing equations for the materials in the sliding main
body in different states are dominated by the principles of mass and
momentum conservation given by Eqs. (1) and (2), respectively. In
the dilute state, the kinetic model of granular flow can be used as
the governing equation, which is the energy equation (Eq. (3)). In
this study, the physical units in all equations are international units.
The " ¼ " above the symbol denotes a tensor, and the " / " above
the symbol denotes a vector:
Please cite this article as: Gao Y et al., Multistate transition and coupled
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where r is the material density; v! is the velocity; t is time; x is the

Cartesian component; f
!

is the other external forces (e.g., gravita-
tional and interaction forces); and d=dt is the total derivative,
which describes the conservation relationship of the granular
pseudo-temperature q ¼ CC2D=3 (i.e., the particle’s velocity fluctu-
ation); C is the fluctuation velocity of the particles, kPVqP is the
energy dissipation term, kP is the energy dissipation coefficient,
and NcqP is the energy dissipation term produced by the collisions
between discrete grains (Chen and Yan, 2021).

The total stress tensor s
═
is typically divided into two parts: the

isotropic hydrostatic pressure P and the deviatoric friction stress s.
These can be combined as follows:
solideliquid modeling of motion process of long-runout landslide,
/10.1016/j.jrmge.2023.12.001



Y. Gao et al. Journal of Rock Mechanics and Geotechnical Engineering xxx (xxxx) xxx 5
s
═ ¼ � Pdþ s (4)

where d is the Kronecker delta tensor.
The traditional continuum method of SPH can be transformed

into the discrete method of SDPH based on the volume fraction and
the effective density in a macroscopic continuum algorithm
framework. In the SDPH method, grains not only have various
physical properties, such asmass, density, velocity, and acceleration
but also have various grain properties, such as grain size and vol-
ume fraction. Conservation equations were used for the continuous
and discrete phases, as described in previous studies (Chen et al.,
2017; Cui et al., 2021; Chen and Yan, 2021). The relationship be-
tween the profiles of SPH and discrete particles can be obtained
with Eq. (5), which can be expressed as follows:

rSPH ¼ r ¼ aprp (5)

where rSPH, ap, and rp are the density of the SPH fluid, volume
fraction and density of the grain phase, respectively.

3.2. Constitutive model

Different constitutive models were chosen for the different
states in themotion process of a long-runout landslide. Themethod
mainly uses a particle searchmethodwith a smoothing radius of 1.3
times the initial grid spacing.

3.2.1. Fluid constitutive model
This constitutive model is mainly adopted for pure aqueous and

concentrated fluids. The relationship between the fluid density and
pressure P is as follows (Monaghan, 1994):

P ¼ P0

��
r

r0

�g

� 1
�

(6)

where P0 ¼ r0c
2
0=g, r0 is the initial density of the fluid, g is related

to the compressibility of the fluid with g ¼ 7, and c0 is the initial
velocity of sound (to ensure the compressibility of the fluid, it is
generally assumed that c0 ¼ 10vmaxw40vmax, where vmax is the
maximum velocity of the fluid).

For a Newtonian fluid, the viscous friction stress s (Eq. (7)) is
proportional to the friction strain rate ε (Eq. (8)), and the scaling
coefficient is the viscosity coefficient m. For a non-Newtonian fluid,
m is a function of the friction strain rate:

s ¼ mε (7)

ε ¼ V � v!þ V � v!T � 2
3
�
V � v!�d (8)

where V � v! is the divergence of velocity, and the other parameters
are the same as those in Eq. (3).

3.2.2. Dense state of grainseviscoplastic constitutive model
The hydrostatic pressure can be directly calculated from the

granular constitutive equation using the standard definition of the
mean stress as follows:

P ¼ � 1
3
ðsxx þ syy þ szzÞ (9)

where sxx, syy, and szz are the components of the stress tensor
along the x, y, and z directions, respectively. In a quasistatic state,
the particles mainly generate elastic deformation. At this stage, the
Please cite this article as: Gao Y et al., Multistate transition and coupled
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stress‒strain relationship of the particles can be obtained accord-
ing to Hooke’s law:

_s ¼ 2G _eþ K _εd (10)

where _s is the incremental form of the stress component, G is the
friction modulus (G ¼ E

½2ð1þyÞ�), K is the elastic modulus (K ¼
E

½3ð1�2yÞ�), E is Young’s modulus, and _e ¼ _ε� _εkkd
3 is the deviatoric

friction strain rate tensor (strain rate tensor: _ε ¼ 1
2 ðV � v! þ

V � v!TÞ):

s ¼ mðIÞP
j _εj ε (11)

where s is the deviatoric stress component, j _εj is the second
invariant, and ε is the strain rate tensor, which can be defined ac-
cording to the law of the friction coefficient mðIÞ. This also suggests
that the volume fraction monotonically depends on the inertia
constant:

mðIÞ ¼ mP þ
ðm2 � mPÞ�

I0
I þ 1

� (12)

In this study, experiments and numerical simulations were con-
ducted, and it was found that in the function mðIÞ, the minimum
value mp for a very low inertia constant I (quasistatic) gradually
increased to a finite value m2 with increasing I value. I0 is a constant,
and the parameters in the equation depend on the material prop-
erties. For example, typical values are mp ¼ tan 21�, m2 ¼ tan 33�,
and I0 ¼ 0:28 (MiDi, 2004).

I ¼ j _εjdP�
P
rp

�0:5 (13)

where the inertia constant is the ratio between the macroscopic
deformation time scale (1=j _εj) and the inertial time scale

ðdp
2rp=PÞ0:5，in which dp is the particle size, and rp is the particle

density.
3.2.3. Dilute state of grainekinetic modeling of the granular flow
constitutive model

In particle dynamics modeling, the sliding main body refers to a
macroscopic continuum comprising particles. The normal stress P
includes collision and kinetic pressure, which can be obtained as
follows:

P ¼ r
�
1þ2ð1þ eÞapg0

	
q (14)

where ap is the volume fraction of particles and g0 is the collision
recovery coefficient of the particles, which can be calculated as
follows:

g0 ¼
2
41�

 
ap

ap;max

!1
3

3
5�1

(15)

where ap ;max is the maximum volume fraction of the granular

material under compressible conditions.
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q ¼ 1
3
ðv� vÞ2 (16)

where v is the particle instantaneous velocity and v is the particle
average velocity.

The friction stress s can be calculated as follows:

s
═ ¼ 4a2prpdpg0ð1þ ePPÞ

3

ffiffiffiffiffi
qP
p

r
V � v!

þ 2

2
644a2prpdpg0ð1þ ePPÞ

5

ffiffiffiffiffi
qP
p

r

þ 2 5
ffiffiffi
p

p
96 rpdp

ffiffiffiffiffi
qP

p
g0ð1þ ePPÞ

�
1þ 4

5
apg0ð1þ ePPÞ

�2
3
75 (17)

where ePP is the collision recovery coefficient, representing the
energy loss during the collision and is equal to 1 in a completely
elastic collision.
3.2.4. Ultradilute state of the grain-Hertz‒Mindlin contact model
The DEM can be separately described by Newton’s second law,

which can be expressed as follows:

mi
dvi
dt

¼
Xki
j¼1

�
Fc;ij þ Fd;ij

�
þmig (18)

wheremi and vi are the mass and velocity of particle i, respectively,
mig is the particle gravity, Fc;ij and Fd;ij are the contact and viscous
contact damping forces, respectively, between particles i and j, and
ki is the total number of particles in contact with another particle.
The contact force between particles i and j can be divided into
normal and friction contact forces. The contact model is the Hertze
Mindlin model.

The normal force FHertz can be calculated as follows:

FHertz ¼ kndn (19)

where dn is the overlap of particles at the contact; and kn ¼
4
3E

*
ffiffiffiffiffiffiffiffiffiffi
R*dn

p
, is the normal stiffness, and this equation illustrates that

the model is nonlinear and elastic, in which E* is the equivalent
Young’s modulus ( 1E* ¼ 1

Ei
þ 1

Ej
, where Ei and Ei are the Young’s

moduli of two impact particles), and R* is the equivalent radius
( 1R* ¼ 1

Ri
þ 1

Rj
, where Ri and Rj are the contact radii of two impact

particles).
The friction contact force FMindlin is a function of the friction

overlap dt:

FMindlin ¼ ktdt (20)

where kt ¼ 8G*
ffiffiffiffiffiffiffiffiffi
R*dt

p
is the friction stiffness and G* is the equiv-

alent friction modulus ( 1G* ¼ 1
Gi
þ 1

Gj
).

Collisions between particles are often accompanied by energy
loss, and the normal and friction damping forces can be expressed
as follows:

Fdn ¼ � 2

ffiffiffi
5
6

r
b
ffiffiffiffiffiffiffiffiffiffiffiffiffi
knm *

p
vn

rel
!

(21)
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vt
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!

(22)

where b ¼ lneffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln2ePPþp2

p , and vn
rel
!

and vt
rel
!

are the normal and

friction components of the relative velocity, respectively.

3.3. Transition and coupling

3.3.1. Dense grainedilute grain transition
The transitional regime remains poorly understood, and the

extent to which the simulation results are applicable to real gran-
ular systems is unknown. In simulations of debris avalanches, the
volume fraction and constitutive model have been used to obtain
solutions for the different states of the sliding main body. There are
fourmotion states of the slidingmain body: dense grains, transition
between dense and dilute grains, dilute grains, and ultradilute
grains. Their constitutive models are the viscoplastic constitutive
model, kinetic model of granular flow, and DEM constitutive model
(Fig. 3).

When using the algorithm for translation of the dense grain
state into the dilute grain state, the physical parameters of the
particles should initially remain unchanged, and the main differ-
ence lies in the interaction force between the particles. The elastic
normal stress of a dense grain flow translates into the frictional
normal stress of a dilute grain flow:

P ¼ Pfriction ¼ Fr

�
ap � ap;min

�n�
ap;max � ap

�m (23)

Where Pfriction is the normal friction stress. Fr, n, and m are
empirically determined material constants of 0.5, 2, and 5,
respectively (Johnson et al., 1990). The normal stress value can be
obtained by friction according to the change in the volume fraction
aP. The tangential stress s can be calculated using Eq. (11). At the
beginning of the transition process, the pseudo-temperature is
calculated from zero, and the normal and friction stresses gener-
ated by the collision gradually increase until the entire transition
zone is transformed into the particle dynamics model.

3.3.2. Dilute grainedense grain transition
In the transition from the dilute grain state to the dense grain

state, the physical parameters of the particles also remain un-
changed, and the main difference lies in the interaction force be-
tween the particles. The pseudo-temperature of the dilute grains
decreases from the transition zone, and the collision stress gradu-
ally decreases. However, the frictional normal stress Pfriction grad-
ually increases, and the friction increases. The rheological friction
stress equation was used in the simulations until the dilute grain
state was transformed into the dense grain state. At this time, with
decreasing friction force, the elastic friction force gradually
increased, the particle velocity gradually decreased, and the vol-
ume fraction gradually increased until a quasistatic state was
reached.

3.3.3. Dense grainedilute grain interaction
When dense and dilute grain flows occur concurrently, inter-

action ensues between the particles in these two states. When the
particles in these two states are adjacent, it is necessary to deter-
mine their involvement in the simulation of the stress and velocity
with respect to each other. When the dilute grains are active par-
ticles and the dense grains are passive particles, the dense grains
solideliquid modeling of motion process of long-runout landslide,
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Fig. 3. Schematic diagram showing the transition of the state of the grains. During motion, the sliding main body can be classified into dense, dilute, and ultradilute states, and the
volume fraction is used as a criterion to discriminate the grain state.
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participate in the simulation of the velocity gradient of the dilute
grains. Conversely, when the dense grains are active particles and
the dilute grains are passive particles, the dilute grains do not
participate in the simulation of the velocity gradient of the dense
grains.
3.3.4. Two-phase coupling
The continuous fluid phase and discrete solid phase were

simulated using the SPH and SDPH methods, respectively. Inter-
phase forces play a key role in the coupling between the continuous
fluid phase and the discrete solid phase. The interaction between
these two phases is also driven by the drag force of another phase.
Therefore, the grain phase interacts with the continuous phase,
affecting its internal force, and the exchanged interactions produce
the drag force and pressure. The time step of the coupling method
is determined by the minimum time step between the SPH and
SDPH methods.

The drag force per unit mass R
!

fP can be expressed as follows:

R
!

fp ¼
bfp

�
v!f � v!p

�
aprp

(24)

where v!f and v!p are the solid and fluid velocities, respectively.
The interaction between particles and fluid in two-phase flow

proposed by Gidaspow (1994) was specifically used in this study.
The Ergun equation was used for dense phase simulation purposes,
and the Wen-Yu equation was used for dilute phase simulation
purposes (Ergun, 1952; Wen and Yu, 1966):

Here, the momentum transfer coefficient between the fluid and
solid b can be defined as follows:

bfp ¼
�
1� 4fp

�
bErgun þ 4fpbWen�Yu (25)

b ¼

8>>>>><
>>>>>:

bErgun ¼ 150
a2pmf

afd2p
þ1:75

aprf
dp

���� v!f � v!p

����;af< 0:8

bWen�Yu ¼ 3
4
CD

apafrf
dp

���� v!f � v!p

����a�2:65
f ;af� 0:8

(26)
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where bErgun and bWen�Yu respectively denote the momentum
transfer coefficients defined by Ergun and Wen-Yu, CD is the drag
force coefficient, mf is the fluid viscosity,

To eliminate the discontinuity between these two equations, a
relaxation factor was introduced to smooth the momentum ex-
change coefficient in the transition region:

4fp ¼ arctan
�
150� 1:75

�
0:2� ap

�	
p

þ 0:5 (27)

CD can be defined as follows:

CD ¼

8><
>:

24
afReP

½1þ 0:15
�
af ReP

�0:687�
;ReP< 1;000

0:44;ReP� 1;000

(28)

The relative Reynolds number ReP can be defined as follows:

ReP ¼
rfdp

���� v!f � v!p

����
mf

(29)
3.4. Basal boundary force

Boundary forces were applied using the penalty function
method, and the forces between the grains and boundary were

decomposed into a normal force f
!n

and a tangential force f
!s

. The
boundary normal force is applied to the penalty function formula,
in which the repulsive force is directly applied to the boundary
particles. The penalty parameter was modified to make it propor-
tional to the distance and velocity between the particles and the
boundary. The boundary tangential force was selected according to
the material properties of the sliding body, and different resistance
models were used for the fluid and the solid.

Regarding the normal force, the contact condition was defined
using the penalty function method (Qiang et al., 2011) as follows:
solideliquid modeling of motion process of long-runout landslide,
/10.1016/j.jrmge.2023.12.001



f
!n

¼

8>>>>><
>>>>>:

�u2hi
X
j˛B

0
B@ 1���� r!ij

����
�
v!i � v!B

j

�
, n!jWijAj n

!
j

1
CA �

v!i � v!B
j

�
, n!j < 0

0
�
v!i � v!B

j

�
, n!j� 0

(30)
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where u is the penalty parameter, r!ij is the radial vector between

grains i and j, v!i is the velocity vector of grain i, v!B
j is the velocity

vector of boundary grain j, n!j is the normal vector of boundary
grain j,Wij is the kernel function between grains i and j, and Aj is the
area of boundary grain j.The repulsive force is directly applied on
the boundary particles. The penalty parameter was modified to
make it proportional to the distance and velocity between the
particles and the boundary (Li and Liu, 2002).

The tangential substrate resistance force between the sliding
main body and the boundary layer was selected according to the
material properties of the sliding body, and different resistance
models were used for the fluid and grains (Hungr et al., 2001, 2002).

The frictional model of the solid can be expressed as follows:

f
!s

¼ sð1� ruÞtan F (31)

where s is a function of only the total normal stress at the bottom,
ru is the pore pressure coefficient, and F is the friction angle.

The laminar model of a fluid can be expressed as follows:

f
!s

¼ 3vm
H

(32)

where m is the dynamic viscosity coefficient, v is the velocity of the
fluid, and H is the fluid depth.

4. Flume experiment validation

To ensure the applicability of the numerical models at different
scales, small-scale experiments were performed to validate the
multistate transition modeling results for dry grain material and
coupling modeling results for mixed solid‒liquid material.

4.1. Experimental design

In this study, a flume test was conducted to verify the dynamic
modeling and algorithm numerical parameters. The experimental
setup consisted of a hopper in the sliding source area, a flume in the
circulation area, and a bottom plate in the accumulation area. The
size of the experimental equipment is designed mainly considering
the influence of the site, and the sample is selected mainly
considering the operability. The size of the flume was
3m� 0.5 m� 0.5 mwith an inclination angle of 20�, and the size of
the hopper was 0.5 m � 0.5 m � 0.5 m. The hopper was watertight
and was used to prepare and store the initial sliding body material.
Transparent glass on both sides of the flume was used to observe
the movement of the sliding main body and to measure the
thickness. The size of the bottom plate was 2.4 m � 4.8 m (Fig. 4).
The solid material used to simulate the sliding body in this flume
experimentwas limestone crushed gravel. First, a certain amount of
limestone was obtained on site and crushed into gravel-sized par-
ticles, after which the gravel particles were sieved to a 10e30 mm
Please cite this article as: Gao Y et al., Multistate transition and coupled
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grain size. The slurry was a viscous fluid with a density of 1570 kg/
m3 comprising fine-grained soil (clay with a particle size ranging
from 0.005 to 0.05 mm) and water. Specific sliding main bodies
were prepared for the different conditions by mixing gravel parti-
cles with mud and water (Table 1). The test was mainly designed to
capture three working conditions: (I) dry grains; (II) dry grains
mixed with a 30% slurry by volume; and (III) dry grains mixed with
a 70% slurry by volume. The multistate transition and solid‒liquid
coupling dynamics model and parameters were each validated via
three sets of trials. The sliding main body slides along the flume,
assuming that the effect of the complex terrain on its movement is
not accounted for. During the testing process, it is necessary to
control the mixing ratio of the landslide material and slurry to
ensure the comparability of the experiments and the accuracy of
the results.
4.2. Numerical model and parameter selection

The parameters of the materials used in the simulation were
consistent with those in the flume test (Tables 1 and 2). Under
working condition I, multistate transition theory was used to
simulate the motion process of dry grains. The critical volume
fractions of particles in the dense, dilute and ultradilute states were
60% and 2%, respectively. Regarding the selection of the critical
volume fraction value, some literature uses several physical and
numerical experiments to compare and verify that friction and
collision are the main action modes affecting the motion state of
the sliding main body. The set volume fraction is used as the critical
value of the interval range, and then the critical volume fraction is
employed to discriminate the state of the grains, i.e., which of the
dense, transitional, dilute, and ultradilute states it belongs to.When
the collision effect is smaller and the friction-dominated volume
fraction of dense-state particles is more than 50%e60%, the mac-
romechanical constitutive is obeyed. When the friction effect is
smaller, the dilute state dry debris body dominated by the collision
effect is suitable for the kinetic theory of granular flow (KTGF)
calculation, with a particle volume fraction of smaller than 50%e
60%. In the ultradilute state, when a particle volume fraction is
smaller than 2%, the grains obey Newton’s second law without
considering particle‒particle interactions, realizing the minimum
number of grains to achieve high computational efficiency
(Mezhericher et al., 2011). Under working conditions II and III, a
solid‒liquid coupling model was used to simulate the motion
process of the sliding main body with different volume fractions of
mixed slurry and grains. The initial volume fractions of liquid were
30% and 70%, and the sum of the volume fractions at the location of
solid and liquid mixing was 1.

The friction coefficient and pore pressure coefficient are
important parameters that affect the basal tangential force (Larcher
et al., 2007; Pudasaini and Miller, 2013). In the numerical simula-
tion process, the trial and error method was used to determine the
friction coefficient at the boundary between the flume and sliding
body material under working condition I. The pore pressure at the
solideliquid modeling of motion process of long-runout landslide,
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Fig. 4. Experimental and simulation results of the three working conditions of the flume experiment, including the grain state at different moments and the vector of fluid drag
force on solid grains at different moments: (a) Dry grains, (b) Two phase flow (30% slurry), and (c) Two phase flow (70% slurry).
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Table 1
Material parameters for the flume experiment.

Parameters Limestone grain Slurry

Density (kg/m3) 2600 1570
Viscosity coefficient (Pa�s) 1570 0.018
Quality (kg) 100 0/36.3/84.5
Grain size (m) 0.02 e

Elastic modulus (MPa) 5 � 104 e

Poisson’s ratio 0.28 e

Internal friction angle (�) 20 e
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basal boundary varied at different locations. After analysis of the
relevant literature, it was concluded that the pore pressure coeffi-
cient for a flume model of the same size varies between 0.4 and 0.8
(Reid et al., 2008; Iverson et al., 2010; Kaitna et al., 2016; Zhou et al.,
2019). In our study, several back-simulations were performed to
determine the pore pressure parameters in the boundary resistance
model, with the employed parameters presented in Table 2.

4.3. Result analysis

4.3.1. Motion process
Fig. 4 shows a comparison of the simulated motion process

between the three working conditions and the test at different
moments. In the posttreatment, different particles in yellow and
blue were used to represent solid grains and fluid, respectively. The
leading edges of the yellow and blue particles are the leading edges
of the solid and fluid. Under condition I, most of the dry grains
remained in the flume, and a small number of gravel grains were
discharged from the flume and stopped at the bottom plate. Fig. 4a
shows the change in the volume fraction during the movement of
dry grains in the numerical simulation process. The results
captured the distribution of particles in the dense, transition and
dilute states at the different motion stages and positions. Under
condition II, the 30% slurry mostly occurred in a state of integral
motion and eventually produced a fan-shaped accumulation at the
bottom plate. Vector diagrams of the interphase forces showed
clear solid‒liquid interactions of the drag force (Fig. 4b). Under
condition III, when the 70% slurry occurred in a state of overall
movement and the grains were uniformly distributed between the
flume and at the bottom plate, the liquid imposed a drag effect on
the solid grains (Fig. 4c). In summary, the numerical simulation
results from initiation to final material accumulation better simu-
lated the motion process of dry granular flows and solid‒liquid
two-phase flows, and the motion process was highly consistent
with the experimental process.

Fig. 5 shows a comparison of the experimental and simulation
accumulation results and the velocity profiles of the leading grains.
The yellow line denotes the accumulation results for dry grains, the
blue line indicates the fluid accumulation results, the solid line
denotes the experimental results, and the dashed line indicates the
numerical simulation results. Under condition I, except for a small
number of grains that moved to the bottom plate, most grains were
evenly distributed in the flume, and the distance traveled reached
approximately 2.7 m. Moreover, the movement velocity initially
increased and then decreased, with a maximum velocity of 2.3 m/s,
which is essentially the same as the maximum test velocity. Under
condition II, in both the simulation and experiment, the grains were
evenly distributed in the flume and at the exit of the flume, and the
accumulation pattern resembled a fan. The distance traveled was
approximately 3.7 m, and the maximum velocity reached 1.7 m/s,
which is very similar to the maximum test velocity. Under condi-
tion III, the accumulation state of grains in the simulation and
experiment were similar to those under condition II, but the
simulation result was closer to ideal, with a symmetrical accumu-
lation pattern and a distance traveled of approximately 7.7 m. The
maximum velocity was 3.7 m/s, which is very similar to the
maximum test velocity.

4.3.2. Accumulation shape and velocity
Considering the numerical simulation results of the motion

process, accumulation range, velocity curve, and the numerical
results were generally consistent with the experimental results.
The applicability of the multistate transition and solid‒liquid
coupling dynamics modeling was verified. In the numerical flume
experiment, the algorithm parameters were assessed (the
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imaginary sound speed, artificial viscosity, and artificial stress) to
achieve the optimal simulation results. By comparing the selected
microscopic parameters of grains (grain quantity and contact pa-
rameters), this numerical method could efficiently and realistically
simulate the landslide post-failure process based on realistic
physical and mechanical parameters.
5. Case studies

Through the physical model and numerical simulation of the
flume test, LPF3D can be employed to suitably reduce and analyze
small-scale cases based on multistate transition and solid‒liquid
coupling theory. To verify the effectiveness and applicability of
LPF3D based on realistic landslide and field data, two cases
(Zhangjiawan debris avalanche and Shuicheng debris flow) were
simulated and analyzed.
5.1. Case study of the Zhangjiawan landslide

On August 28, 2017, a large-scale mountain rock avalanche
occurred in Nayong County, Guizhou Province, China. The rock
mass with a volume of 49.1 �104 m3 moved down and scraped the
original loose deposits and finally formed deposits of 82.3�104 m3,
which destroyed parts of Pusa village, resulting in 35 deaths (Fan
et al., 2019). After the mountain was destabilized, the sliding
main body was rapidly broken, disintegrated, and moved at high
speed. Along the way, it scraped the original loose material on the
slope surface, and the volume continued to increase until the
movement was blocked by the buildings in Pusa village. In the
motion process, the landslide eventually generated deposition
bodies, with an average thickness of 4 m, a longitudinal length of
approximately 840 m, and a total volume of approximately
82.3 � 104 m3.

Terrain and landslide models were created using 1:2000 con-
tour data. According to the field survey results, the volume of the
sliding main body was 49.1 � 104 m3. The average grain size was
approximately 3 m. The critical values for the critical volume
fractions of particles in the different states were set to 60% and 2%.
The height difference (H) between the trailing edge and front edges
is approximately 305 m, and the maximum displacement distance
(L) reaches 840 m, with an equivalent coefficient friction of
approximately 0.3. The value was determined based on the equiv-
alent friction coefficient in this study. The physical and mechanical
parameters of the landslide materials used are provided in Table 3.

Fig. 7 shows the post-failure motion process based on initial
startup, potential/kinetic energy conversion, and final deposition.
The red dotted line in Fig. 7a indicates the landslide deposition
range. The maximum velocity of individual particles at the front
edge of the landslidewas 21m/s, and the overall averagemaximum
velocity of the landslide was approximately 12 m/s. The maximum
horizontal movement distance was 830 m, which is 10% less than
the actual landslide. The maximum deposition thickness was
solideliquid modeling of motion process of long-runout landslide,
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Table 2
Numerical simulation parameters of LPF3D for the flume experiment.

Parameters Working
condition-I

Working
condition-II

Working
condition-III

Friction coefficient
(Limestone grain)

0.8 0.8 0.8

Pore pressure coefficient
(Flume)

0 0.5 0.5

Pore pressure coefficient
(Bottom plate)

0 0.6 0.85

Fluid volume fraction (%) e 30 70
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12.7 m behind the hillslope. The deposition features were the same
as those of the landslide (Fig. 7b).

Fig. 7c shows the distribution of the SPH particle volume frac-
tion during landslide movement. The dense state is shown in red,
yellow indicates the transition state from the dense to dilute states,
green indicates the dilute state, and blue denotes the ultradilute
state. The initial volume fraction of the sliding main body grains
was set to 70%. In the simulation process, the SPH particle mass
Fig. 5. Comparison of the experimental and simulation accumulation results and velocity pr
and the velocity comparison profile is on the right: (a) Dry grains, (b) Two phase flow (30%
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remained constant and equal to the total mass of the particle group.
When the particle volume fraction decreased, the particle size
accordingly increased. The SPH particles are shown in different
colors based on the particle state or volume fraction (Fig. 7c). The
change in the volume fraction distribution in the tail landslide
movement process showed that the slide occurred in the dense
state at the initial stage after landslide instability, and the grains
gradually transitioned to the dilute state in the acceleration pro-
cess. When the sliding main body impacted the surrounding stable
mountains, the collision led to an increase in the grain velocity
followed by another decrease in the volume fraction. After the
Zhangjiawan landslide disintegrated and moved down, the grains
did not present an ultradilute state because the terrain it passed
through was relatively flat and the sliding main body did not
exhibit very intense movement. At the final accumulation stop
stage, most of the bottom grains of the accumulation body returned
to the dense state. The simulation results based on multistate
transition and solid‒liquid coupling dynamics modeling were
generally consistent with the physical and mechanical motion
characteristics of a debris avalanche.
ofiles of the leading grains. The accumulation comparison profile is located on the left,
slurry), and (c) Two phase flow (70% slurry).
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Table 3
LPF3D simulation parameters for the Zhangjiawan landslide.

Parameters Value

Density (kg/m3) 2400
Cohesion (kPa) 5
Internal friction angle (�) 24
Friction coefficient 0.24
Grain diameter(m) 3
Numerical particle number 51897
Debris grain number 24324
Dense/dilute/ultradilute critical volume fraction (%) 60/2
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According to measured section M-M’ (Fig. 8), the simulation
results matched the landslide deposition features (Fig. 6). Moni-
toring points were set at horizontal distances of 190 m, 340 m and
685 m in the section depicted in Fig. 10 to illustrate the changes in
the motion velocity during the conversion of the potential kinetic
energy. Based on the monitoring data, the sliding main body grains
showed an overall trend of rising and then decreasing for a short
period. After crossing the hillslope, the grains located at the rear
continued to transfer energy to the grains at the front, resulting in a
slight fluctuation in the velocity recorded at monitoring point C and
a prolonged deceleration time. According to kinetic energy theory,
the velocity changes agreed with the landslide field landform.
Furthermore, the feasibility of the proposed numerical simulation
method was demonstrated.
Fig. 6. Characteristics of the Zhangjiawan long-runout landslide deposits: (a) Remote sensin
view of the source area before the avalanche, (d) Front view of the source area after the av
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In this work, we selected monitoring grains at the leading and
trailing edges in the motion process and obtained velocity and
displacement curves (Fig. 9). The overall acceleration stage
occurred before 10 s, and the deceleration stage occurred after 10 s.
Between 10 s and 16.5 s (Stage 1), the leading-edge velocity
declined due to the impact of a hillslope on the movement path.
The maximum speed of the trailing edge grains was 7 m/s, and the
maximum movement distance reached 230 m. The maximum
speed of the leading-edge grains was 21 m/s, and the maximum
movement distance reached 830 m.
5.2. Case study of the Shuicheng landslide

On July 23, 2019, a long-runout landslide induced by extremely
heavy rainfall occurred in Jichang town, Shuicheng County, Guiz-
hou Province, China. Under the influence of a short-duration heavy
rainfall event, a high-position sliding main body detached from a
relatively steep slope and was converted into a rapid and long-
runout debris flow. This flow traveled along two diversion gullies
and washed out and buried houses on both sides of the valley,
eventually destroying 21 houses, burying 77 people, and causing 51
deaths (Gao et al., 2020; He et al., 2022). The lithology of the rock
mass was basalt. After instability occurred, the sliding main body
gradually disintegrated to form basalt debris grains, which formed
a two-phase mixed flow landslide through mixing with runoff. In
the landslide motion process, the two-phase mixed flow was
g full view of the Zhangjiawan landslide, (b) Deposits at the accumulation area, (c) Front
alanche; and (e) Photos of dry debris grains.
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Fig. 7. Simulation results for the motion process of the Zhangjiawan landslide: (a) Profile of grain velocity variation at different moments, (b) Profile of the variation in accumulation
thickness at different moments. The maximum accumulation thickness is located behind the hillslope, and (c) Graph of solid volume fraction results showing the state of the
particles at different stages of motion.
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shunted along the N5�E and N34�E directions due to obstruction by
underlying microgeomorphological ridges. The deposits formed
covered a maximum distance of 1340 m, with a total coverage area
of 33 � 104 m2 and a total volume of approximately 200 � 104 m3

(Fig. 10).
The model establishment process was consistent with that of

the Zhangjiawan landslide. The simulation parameters for the
sliding main body material were defined based on the field pa-
rameters, the particle material was basalt debris, and the fluid was
described by slurry parameters. In the two-phase coupled simula-
tion process, the sum of the fluid and particle volume fractions
equaled 100%, and the initial volume fraction of particles and fluid
in the Shuicheng landslide was 50%. The influence of the fluid in the
two-phase mixed flow landslide mainly included the pore water
pressure and the interaction force. In the Shuicheng landslide
simulation process, four working conditions were designed for the
postfailure motion process (Table 4). The kinetic parameters of fluid
and particle motion were determined according to landslide and
field survey data (Gao et al., 2017, 2020).

The results for the four working conditions are listed in Table 5.
The accumulation results for dry debris grains are shown in Fig.11a.
According to the effective stress principle, the pore water was
rapidly dissipated during basalt debris particle movement.
Although the landslide movement distance increased under the
Please cite this article as: Gao Y et al., Multistate transition and coupled
Journal of Rock Mechanics and Geotechnical Engineering, https://doi.org
influence of the pore water pressure at the basal resistance
boundary, it was insufficient to cause sliding at all times (Fig. 11b).
Based on the fluid and solid grain interaction forces, the motion
distance was significantly increased (Fig. 11c). Due to the influences
of the pore water and interaction force, the simulated deposition
closely approximated the landslide result (Fig. 11d). For bedrock
debris grains with large voids, simulation of the motion process
should focus on the influence of the interaction force. Based on
multistate modeling and the LPF3D computing platform, the post-
failure motion process of the Shuicheng landslide was modeled.
The maximum velocity of individual particles at the front edge was
38 m/s. The maximum horizontal movement distance was 1360 m,
which is consistent with the actual landslide. The deposition fea-
tures were the same as those of the landslide (Fig. 12).

The results for the four working conditions demonstrated the
important influence of the fluid on the granular flow. Fig. 13a shows
a comparison of the curves of the particle velocity at the leading
edge of the landslide under the four working conditions. Under the
influence of the pore water and interaction force, there was a sig-
nificant increase in the movement velocity of the solid particles.
When the fluid was involved in the motion process, the fluid
viscous force caused a more stable movement of the solid particles.
Thus, the fluid deceleration phase was shorter than that of the solid
particles. Fig. 13b shows a comparison of the velocity curves of the
solideliquid modeling of motion process of long-runout landslide,
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Fig. 8. Deposition section M-M0 and velocity monitoring curve for the Zhangjiawan landslide. The particle velocity at monitoring points A and B initially rose and then rapidly
decreased. The velocity of the particles at monitoring point C first rises and then slowly decreases within 20 s.

Fig. 9. Velocity and displacement curves of the grains at the leading and rear edges of the Zhangjiawan landslide.
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solid particles and their surrounding fluids at the leading edge of
the landslide under working conditions III and IV. During the initial
phase, the fluid and particle velocities were the same from 0 to 10 s.
Thus, the sliding main body was more notably influenced by the
pore water than by the interaction forces. At the later stage, the
difference between the grain and fluid velocities generated the
interaction force, affecting the final movement distance.
6. Discussions

6.1. Experiments and landslide cases

Physical models also suffer limitations in terms of the size effect
and similarity criterion. Landslides can hardly be replicated in lab
experiments, but experiments provide the following trend discus-
sion advantages: (a) In multistate transition dynamics modeling,
the numerical parameters were based on the experimental mate-
rial, which can be defined regardless of the test and landslide scales,
and the repetition of the motion process and accumulation condi-
tions was very high. The only uncertain parameter was the friction
coefficient because the volume of the sliding main body greatly
affects this variable (Yamada et al., 2018). (b) In solid‒liquid phase
coupling, we also encountered problems in the repetition of the
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experimental scale. The interaction model (Eq. (29)) could effec-
tively replicate the numerical simulation results of the landslide
scale, and the drag force unit mass ranged from 1 to 10 m/s2.
However, in the flume test, due to the small scale of the experi-
mental device, the drag force per unit mass calculated by the nu-
merical simulation was very small, and the experimental results
could not be replicated. The repetition degree of themotion process
and accumulation conditions was very high when the drag unit
mass force was increased to 1e10 m/s2. In summary, multistate
transition and solid‒liquid coupling could greatly contribute to the
analysis of the landslide motion process. The numerical results
were suitably validated against the flume test results and long-
runout landslide cases based on LPF3D.
6.2. Comparison of different numerical methods

The long-runout landslidemotion process is extremely complex,
and the sliding main body comprising different materials usually
behaves like a solid granular flow, hyperconcentrated flowormixed
flow. Therefore, single-state constitutive models and single-phase
material can hardly capture landslide movement. While a single-
phase simulation model can also reproduce this process, the ac-
curacy of this method mostly depends on the empirical equation
solideliquid modeling of motion process of long-runout landslide,
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Fig. 10. Situation of the Shuicheng landslide: (a) Full view of the Shuicheng landslide, (b) Image of solid materials mainly composed of basalt debris of 0.1e0.3 m in diameter, and (c)
Image of liquid materials mainly composed of slurry mixed with fine grain soil and ground runoff.

Table 4
LPF3D simulation parameters of the Shuicheng landslide.

Working conditions Grains phase Fluid phase (Slurry)

Density (kg/m3) Grain diameter (m) Friction coefficient Pore pressure ratio Density (kg/m3) Viscosity coefficient (Pa�s) Fluid volume fraction (%)

I 2800 0.3 0.5 0 e e e

II 2800 0.3 0.5 0.2 e e e

III 2800 0.3 0.5 0 1200 0.2 50
IV 2800 0.3 0.5 0.2 1200 0.2
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and parameter adjustments implemented by geologists. In this
work, numerical simulation analysis of Zhangjiawan landslide and
Shuicheng landslide was conducted based on different software
packages and algorithms (DAN3D, MatDEM and LPF3D), and the
simulation results are listed in Table 6 (Zhu et al., 2019; Luo et al.,
2020; Zhang et al., 2020; Xia et al., 2021). Although each simula-
tion method could be made more consistent with the landslide
cases via parameter adjustment, multistate transition and solid‒
liquid coupling dynamics modeling more closely captured the
physical process overall with over 90% accuracy using the realistic
landslide parameters, and fewer particles were used to simulate
realistic particle numbers, thus improving the computational
efficiency.

A comparison of the results showed the following: (a) Simula-
tion efficiency. The equivalent fluid model can attain the highest
simulation efficiency, while the discrete element model attained
the lowest simulation efficiency since excessive particles led to
higher computer hardware requirements. The multistate transition
Please cite this article as: Gao Y et al., Multistate transition and coupled
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model (LPF3D) improved the simulation efficiency accuracy when
the accuracy and stability were guaranteed; (b) Simulation result.
The discrete element model focused on the collision and friction
action, the motion range was dispersed, and the equivalent fluid
model mainly considered the depth average false 3D simulation of
the substrate shear resistance model, thereby ignoring slide inter-
nal collision, friction, and inertia. The multistate transition and
solid‒liquid coupling dynamics modeling method combined the
advantages of the first two methods (Fig. 14); (c) Volume fraction.
The multistate transition and solid‒liquid coupling numerical
modeling controlled the grain state through the volume fraction
and reflected the internal force between grains and between pha-
ses, and the results were the closest to the landslide features. The
volume fraction in this modeling is an important parameter to
distinguish the grain state and solid‒liquid ratio; and (d) Simula-
tion parameters. The LPF3D algorithm relied on the physical and
mechanical parameters of the slidingmain bodymaterial. Although
there are many algorithm parameters in the SPH method, they can
solideliquid modeling of motion process of long-runout landslide,
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Table 5
Data from the actual results and simulation results of the Shuicheng landslide.

Working
conditions

Maximum velocity (m/
s)

Deposition area
(km2)

Center of gravity distance (m) Maximum movement distance
(m)

Maximum deposition thickness
(m)

I 14 0.11 300 600 24
II 25.5 0.21 500 850 21
III 32 0.26 650 1000 23
IV 38 0.32 760 1360 21
Actual landslide 35 0.33 770 1340 20
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be obtained through numerical tests. The physical and mechanical
parameters and dynamic parameters must only be entered into the
simulation model.
Fig. 11. Simulation results for the different working conditions shown in Table 4: (a) Deposit
pressure of the boundary layer, (c) deposition result of mixed material with 50% volume frac
of the slurry and pore water pressure of the boundary layer.

Please cite this article as: Gao Y et al., Multistate transition and coupled
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6.3. Simulation advantage

The LPF3D computing platform provides a new numerical
simulation method to solve the multistate transition between the
ion result of dry debris grains, (b) deposition result of dry debris grains with pore water
tion of the slurry, and (d) deposition result of mixed material with 50% volume fraction

solideliquid modeling of motion process of long-runout landslide,
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Fig. 12. Simulation results for the Shuicheng landslide motion process: (a) The deposition distribution results of the solid are shown in green, and the slurry is shown in blue, (b)
Velocity contour map during the motion process, and (c) Deposition thickness contour map.

Fig. 13. Changes in the velocity of the grains at the front edge of the landslide under different working conditions: (a) velocity plot of basalt grains, and (b) comparison of velocity
curves in conditions III and IV.
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Table 6
Simulation results of the actual landslide with different numerical methods.

References Method Grain size
(m)

Number (numerical
particles)

Maximum velocity (m/
s)

Computational efficiency Maximum distance
(m)

Maximum thickness
(m)

Zhangjiawan landslide

This study LPF3D 3 51897 44 CPU (24 core)- 12 h 830 12.5
Luo et al. (2020) MatDEM 10 e 40 e 650 e

Zhu et al. (2019) DAN3D e 2000e4000 40 e 670 12
Actual landslide e 840 e

Shuicheng landslide
This study LPF3D 0.3 8860 38 CPU (52 core)-90 min 1360 21
Xia et al. (2021) MatDEM 3.1e4.46 261700 44 GPU (Tesla P100)-

1080 min
1358 50

Zhang et al.
(2020)

DAN3D e e 40 CPU-10 min 1250 24

Actual landslide e 1360 20

Fig. 14. Comparison diagram of the deposition extents of the Zhangjiawan landslide and Shuicheng landslide under different algorithm methods. The LPF3D method combines the
advantages of a discrete media algorithm and a continuummedia algorithm to improve computational accuracy and efficiency. The numerical simulation results are most consistent
with the field data: (a) Zhangjiawan landslide, and (b) Shuicheng landslide.
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dense, dilute and ultradilute states to achieve solid‒liquid coupling,
which can avoid high computational requirements, low accuracy,
and difficulty in obtaining macroscopic mechanics parameters. The
Please cite this article as: Gao Y et al., Multistate transition and coupled
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depositional results simulated are closest to the realistic landslide
features in the multistate modeling. In terms of parameter effects,
multistate transition simulations mitigated the issue of constant
solideliquid modeling of motion process of long-runout landslide,
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parameters and improved the mechanical constitutive model,
resulting in higher velocities and larger movement distances
(Legros, 2002). This method could be used to solve the complex
dynamic problems of long-runout landslide simulations with high
efficiency and high precision.
7. Conclusions

The purpose of this study is to develop a multistate transition
and solid‒liquid coupling dynamics model for long-runout land-
slides and to provide a new numerical simulation platform (LPF3D)
for the post-failure process of long-runout landslides. The following
conclusions were obtained.

(1) The motion process of a long-runout landslide entails
disintegration and gradually spreading mobility with steric
effects, and states mainly include dense, dilute, and ultra-
dilute. The main macroscopic internal force in the dense
state is provided by the shearing dynamic regime, that in the
dilute state is provided by the collision and friction dynamic
regime and that in the ultradilute state is provided by the
inertial mobility dynamic regime. The dense, dilute, and
ultradilute states of the granular body followed the visco-
plastic constitutive model, kinetic model of granular flow,
and Hertz‒Mindlin contact model, respectively. The volume
fraction is an important indicator to distinguish the different
state types. Multistate transition and solid‒liquid coupling
dynamics modeling could be used to simulate the postfailure
motion process with improved simulation accuracy and
efficiency.

(2) A solid‒liquid coupling model between the fluid phase of
SPH and the grain phase of SDPH, with the simulation of the
drag force between these two phases due to the velocity
difference and the fluid viscosity, was built, and a fluid‒solid
coupling numerical simulation method was established. The
volume fraction is an important indicator of the solid‒liquid
ratio. Numerical algorithms for the single-phase state must
be used inmore detailed studies of multiple-phase states and
could reflect the physical and mechanical processes in debris
flows.

(3) The LPF3D numerical simulation platformwas established by
combining various continuous and discrete media algo-
rithms based on multistate transition and solid‒liquid
coupling theory. Similar to the single continuous media al-
gorithm, LPF3D can be used to simulate the particle flow
collision and friction action process with higher computa-
tional accuracy. Similar to the single discrete media algo-
rithm, LPF3D can attain higher computational efficiency and
accuracy. The simulation results were validated against
flume experimental results and two typical long-runout
landslide cases. The results effectively replicated the mo-
tion process and accumulation conditions, indicating that the
proposed method can be applied to determine the landslide
deposition range and evaluate the impact energy.

In multistate transition and solid‒liquid coupling dynamics
modeling, the LPF3D numerical simulation platform combined
different algorithms and constitutive models to reflect the physical
and mechanical processes of long-runout landslide motion, which
could provide an accurate and efficient quantitative method for
landslide prefailure prediction and risk assessment. The LPF3D
numerical simulation platform cannot simulate and analyze the
landslide scraping process. Later, the landslide scraping process will
be restored utilizing the FEM.
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List of symbols

r density
v velocity
v average velocity
f other external forces
kP energy dissipation coefficient
NcqP energy dissipation term produced by the collisions

between particles
a volume fraction
aP volume fraction of the particles
af fluid volume fraction
s total stress
P normal stress
s friction stress
c0 initial velocity of sound
ε friction strain rate
m viscosity coefficient
_s incremental form of the stress component
G friction modulus
K elastic modulus
E Young’s modulus
_e deviatoric friction strain rate tensor
_ε strain rate tensor
rP particle density
g0 collision recovery coefficient of the particles
dP diameter of the particles
ePP collision recovery coefficient
m mass
t time
Fc contact force
Fd viscous contact damping force
ki total number of particles in contact with another particle
dn overlap of particles at the contact
kn normal stiffness
E Young’s moduli
R radius
dt friction overlap
kt friction stiffness
epp collision recovery coefficient
b momentum transfer coefficient between the fluid and

solid
CD traction coefficient
4P internal friction angle of the solid
mf fluid viscosity
rf fluid density
ReP relative Reynolds number
u penalty parameter
r radial vector
Wij is the kernel function between grains i and j
Aj the area of boundary grain j
ru pore pressure coefficient
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F friction angle
H fluid depth
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