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Abstract Under extreme climate conditions, such as heavy precipi-
tation, glacial lake outbursts, and ice and snow melting, the long
runout flow-like landslide with mixed solid-liquid two-phase has
become one of the most disastrous types in the world. Numerical
simulation is one of the most important means in disaster preven-
tion and mitigation work for this type of landslide. In this study,
a new full three-dimensional landslide post-failure numerical
platform (LPF®") was proposed. This method serves as a bridge
between continuum-medium algorithms and discrete-medium
algorithms based on the same theoretical numerical framework
of smoothed particle hydrodynamics (SPH). This computational
model employs an elastic-viscoplastic constitutive law and basal
resistance of frictional model for the solid grain phase, and the
fluid phase is treated as a Newtonian fluid. A drag law describes the
interaction stress between fluid and grain. The boundary normal
forces were applied using the penalty function method to ensure
the stability of the algorithm. Comparison analyses of small-scale
flume experiments and realistic-scale landslide cases and different
numerical methods were performed to show that this numerical
modeling is capable of simulating mixed two-phase flow. This new
method realizes the actual physical and mechanical action process
of mixed two-phase flow with higher computational efficiency, and
is an appropriate benchmark for the post-failure risk forecasting
and assessment of long runout flow-like landslide.

Keywords Long runout landslide - Flume experiments - Mixed
two-phase flow - Drag force - LPF*"
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p Momentum transfer coefficient between the fluid and solid
Cp,  Traction coefficient

He Fluid viscosity
dp Particle size of the solid
Py Fluid density

& Fluid volume fraction
Re,  Relative Reynolds number
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r Radial vector
A The area of boundary grain
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Introduction

Long runout flow-like landslides with mixed solid-liquid two-
phase often present a great danger to human life and property
safety (Iverson 1997; Takarada 1999; Yin et al. 2011, 2016; Xing
et al. 2017; Fan et al. 2019). Historically, this type of landslide
has occurred many times around the world, such as the Yungay
landslide in Peru in 1970 (Plafker and Erichsen 1978), the Kolka
landslide in Russia in 2002 (Evans et al. 2009), the Leyte landslide
in Philippines in 2007 (Evans et al. 2007), the Sanxicun landslide
in Sichuan, China in 2013 (Yin et al. 2016; Gao et al. 2017), and the
Shuicheng landslide in Guizhou, China in 2019 (Gao et al. 2020).
Sliding main body is mixed by solid debris grains and ice/snow
melt water or heavy precipitation leads to abundant surface runoff.
Some good evidence has been obtained that single-phase dry debris
avalanches can transform into mixed two-phase debris flows, and
the involvement of fluid phase is critical in the long runout motion
process (Voight et al. 1983; Iverson and LaHusen 1997; Mothes et al.
1998; Takarada et al. 1999). Risk forecasting and assessment have
become the subject of considerable attention in the geological
hazard research field, and numerical simulation methods play a
significant role to solve this issue.

A series of mathematical and dynamics models were recorded
involving open-channel mixed grain-liquid flows (Pudasaini
and Mergili 2019; Liu et al. 2020, 2017; Shu et al. 2020; Shen et al.
2022; Yin et al. 2023; Singh et al. 2023). Two-phase flow analyzing
problems are commonly described using either the mixture
theory or the two-fluid theory (Ishii 1975). (i) The mixture theory
provides a means for studying motions of bodies made up of
several constituents by generalizing the equations and principles
of the mechanics of a single continuum (Truesdell 1984; Bowen
1980; Johnson 1990; Kafui et al. 2002; Topin et al 2011). It more
focused on the selection of the basal resistance model which
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depends on the rheological parameters of the different material
types (Savage and Hutter 1989, 1991; Iverson 2001; Pastor et al.
2015; Hungr 1995; Hungr and McDougall 2009; Voellmy 1955).
The role of the fluid phase shows contribution mainly through
the reduction of the friction coefficient at the substrate (Mencl
1966; Habib 1975; Sassa 1989, 1994; Savage and Iverson 2003;
Iverson 2012). However, in fact the two-phase flow motion is an
interaction process between the fluid phase and the solid phase,
which have their respective physical and mechanical significance.
(ii) The two-fluid theory considers the microscopic interactions
between the two phases and derives the basic control equations
for each phase, in which consists of two sets of conservation
equations that govern the mass, momentum, and energy balance
of each phase. It is important to provide a correlation for the
interfacial force for the two-fluid theory (Ishii and Zuber 1979).
Compared with the gas, the liquid affects the landslide movement
more significantly. The existence of liquid leads to a decrease
in the friction between solid grains, and causing the grains
to enhance the mobility of sliding main body with the water
pressure and interphase forces. A large number of studies have
shown that the interphase forces between the solid phase and the
fluid phase mainly include water pressure, drag forces, additional
mass forces, Basset forces, etc., of which the water pressure is
particularly critical (Stokes 1851; Ishii and Zuber 1979; Khan and
Richardson 1987; Iverson 1997; Pudasaini 2012; Lee and Huang
2018; Tayyebi 2021; Tayyebi 2022; Gao et al. 2022).

To assess the risk quantitatively of long runout flow-like land-
slides post failure process, numerical methods are an efficient tool.
Currently, a large number of studies have been carried out on dif-
ferent material types of sliding main body by discrete-medium
methods and continuous-medium methods. These are summarized
as follows: (i) Discrete medium methods have been used to simu-
late solid grain, such as discrete element method (DEM), which are
mainly based on Newton’s laws of motion and inter-grain contact
models (e.g., EDEM and MatDEM) (Liu et al. 2017; Zhao et al. 2020).
This type of method can visualize the interactions between parti-
cles, which has a simple theory and few assumptions. However, due
to the large number of particles in a real particle flow problem, the
amount of computation and the computation time required are
enormous. (ii) In terms of continuous medium methods, grid algo-
rithms and particle algorithms have been developed to study the
fluid mobility by Euler and Lagrangian continuum fluid algorithms
(e.g., finite volume method (FVM), smoothed particle hydrody-
namics (SPH), lattice Boltzmann method (LBM), and material point
method (MPM)). Continuous medium methods can calculate the
state of motion as a whole, but each particle or particle-particle
interaction cannot be accurately described in macro mechanical
parameters. (iii) In order to explore the disaster motion process
between different phases, it is necessary to adopt a multi-algorithm
coupling method to complete this work. The coupling method of
discrete-medium and continuous-medium algorithms is mostly to
simulate the motion characteristics of the multi-phase flow, such
as DEM-FVM and DEM-SPH coupling (Canelas et al. 2016; Shan
et al. 2014; Tan and Chen 2017; Tan et al. 2018; Jing et al. 2019; Gao
et al. 2022). Current two-phase coupling simulation methods can
theoretically reflect the movement mechanism of solids and fluids
better, but the number of particles required to ensure the accuracy
of the simulation is high and the simulation efficiency is low.
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In this study, a full three-dimensional numerical simulation
method was established for the coupled two-phase flow-like land-
slide. This method serves as a bridge between continuum-medium
algorithms and discrete-medium algorithms based on the same
numerical theoretical framework of smoothed particle hydrody-
namics (SPH). The smoothed discrete particle hydrodynamics
(SDPH) method was used to simulate discrete medium grains, and
the smoothed particle hydrodynamics (SPH) method was used
to simulate continuous medium fluids, such as water and slurry.
A novel and high-efficiency software platform was proposed by
the first author and his team, called the three-dimensional land-
slide post-failure (LPF*®) method. The numerical modeling was
verified using flume experiments and realistic landslide case and
comparison of different numerical methods, and simulation results
were consistent with the experiment and landslide case data. This
method involving mixed two-phase flow dynamics modeling
reflects the actual physical and mechanical action processes of long
runout flow-like landslides, and it can be applied for post-failure
risk forecasting and assessment.

Computational model

In this paper, smoothed particle hydrodynamics (SPH) and
smoothed discrete particle hydrodynamics (SDPH) were used to
solve the fluid and grains separately under the same theoretical
numerical algorithm framework. The rheological and constitutive
laws were based on an elastic-viscoplastic model for dense granular
flow, and the interstitial fluid is treated as a Newtonian fluid. The
drag force needs to focus on interphase action of mixed flow. The
boundary forces were applied using the penalty function method to
ensure the stability of the algorithm. A landslide post-failure soft-
ware platform (LPF?") was developed. LPF*" couples solid particles
and fluids in full three-dimensional based on the macroscopic con-
tinuous medium algorithm framework (SPH), which features high
computational efficiency and accuracy. The aim is able to simulate
the post-failure process of different types of landslides.

Continuous phase

Researchers have proposed several Lagrangian particle meth-
ods (Lucy 1977; Gingold and Monaghan 1977). SPH is a complete
Lagrangian particle method and offers excellent advantages in the
simulation and mobility of fluid phase.

Conservation equations for the continuous phase
The mass and momentum conservation equations for the continu-
ous phase f are, respectively, as follows:

d
5 &pr) +V - (&) =0, @

0
= (&ppve) + V- (Eppvyvy) = =E VP +V -1, + R, +Epsg. (2)

where &, p;, and v, are the volume fraction, density, and velocity
of the fluid, respectively; Ry, is the interaction force between solid
and liquid phases;P; is the pressure of the dispersed phase; and 7,
is the continuous phase viscous stress tensor.



Rheological and constitutive laws

This constitutive model is used to simulate water and high-
concentration fluids based on weakly compressible fluid model
(Monaghan 1994). The relationship between the fluid density and
pressure P is.

Y
r=elG) -1 g

where Py = pycl /7, p,is the initial density of the fluid, y is related to
the compressibility of the fluid (herein, y = 7), and ¢, is the initial
speed of sound. In order to ensure compressibility of the fluid, ¢,
should be in the range of 10v,,,, is the maxi-
mum velocity of the fluid.

For Newtonian fluids, the viscous shear stress 7 is proportional
to the shear strain rate £ and the fluid viscosity coefficient 4.7 and
€ are defined as follows:

—40v,,,., where v, .

T = Ky (4)
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where for non-Newtonian fluids, the viscosity coefficient y is a
function of the shear strain rate. & is the unit tensor.

Discrete phase

Numerical method-smoothed discrete particle hydrodynamics (SDPH)
Solving for the discrete grain phase has been improved as
smoothed discrete particle hydrodynamics (SDPH), in which
the new physical quantities characterized by one SDPH parti-

cle are added to traditional SPH parameters (Chen et al. 2017).
The Lagrangian smoothed particle hydrodynamics method is

SPH particle Fluid

/

m;, pi, Vi, X;, Pf: =

(a) Traditional SPH

based on macroscopic continuum mechanics, and SDPH method
employs the Lagrangian particle method to obtain discrete solu-
tions. Each individual particle can be traced with this approach,
and its information can be obtained with low computational cost.
In this paper, discrete particles as pseudo-fluids do not just con-
sider the difference between the constitutive equations, and the
pseudo-fluid region is also discretized.

The traditional continuum method of SPH was transformed
into the discrete method of SDPH based on the volume fraction
of the effective density in the macroscopic continuum algorithm
framework (Pihtz et al. 2019; Kim and Kamrin 2020; Chen and
Yan 2021). SDPH grains not only had various physical properties,
such as masses, densities, velocities, and accelerations, but also
various grain properties, such as grain sizes and volume fraction
(Fig. 1). In this study, the grains were treated as a quasi-fluid of
dense granular flow. The coupled numerical modeling of SPH
and SDPH is better simulation in the pseudo-fluid regions based
on volume fraction.

The relationship between the profiles of SPH particles and
those of the discrete particles are also presented as follows:

Pspr = P = SpPps (6)

where pg,py, ap, and p,, are the effective density of the SPH fluid,
the volume fraction, and true density of the grain phase, respec-
tively. If particles are found in the flow field, the average volume
and mass are V,, and M,, respectively, and the total volume of the
space is V,,. Thus,

Pspy = SpPp = ——Pp = . @)
sei = opPp = T mhp =
The pseudo-fluid domain is discretized and solved for a series

of particles using the SDPH method. The estimated value of the
function f(r;) and its spatial derivative V - f(r,) for particle i are

Discrete particle SPH particle

‘ m,p,v,x,P,a,0,d,o,n

i pr T pTp

(b)SDPH

Fig. 1 Characteristics of smoothed particle hydrodynamics (SPH) particles in smoothed discrete particle hydrodynamics (SDPH) and tradi-

tional SPH
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where m, p, and r denote the mass, effective density, and spatial
position vector, respectively. W;; = W(r; — r;, h) is either a smooth-
ing or kernel function. In this study, the cubic spline kernel func-
tion was used. Here, & is the smoothing length, the value of #is 1.3
times the initial particle spacing in this study.

Conservation equations for the discrete grain phase
The mass and momentum conservation equations for the discrete
phase p are, respectively, as follows:

d
5 (&pr) + V- (rapvy) =0, (10)
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(11)
where Eo P> and v, are the volume fraction, density, and velocity
of the solid grain, respectively; P, is the pressure of continuous
phase; 7, is the discrete phase viscous stress tensor; and R, is the
interaction force between the solid and liquid phases. The role of
the drag force was mainly focused on, and the lift and virtual forces
were not considered.

Rheological and constitutive laws

The granular flow materials are described as incompressible fluids.
An elastic-viscoplastic constitutive model is used for the contact
model of the grain-grain interactions. The hydrostatic pressure P
is calculated directly from the granular constitutive equation using
the standard definition of the mean stress, expressed as.

1 X ¥4

P=—§(0' +0’ +0°), (12)
where 6%, 6”7, and o* are the components of the stress tensor in the
X, y,and z directions, respectively. When a grain is in a quasi-static
state, the grain as a whole experiences mainly elastic deformation.
At elastic stage, the stress—strain relationship can be calculated
according to the linear elastic model (Hooke’s law):

6 =2Ge + Kééb, (13)

where 6 is the incremental stress component tensor, G is the shear

modulus (G = —£—), K is the elastic bulk modulus (K = —£—),
[2(14+0)] [3(1-20)]

E is the elastic modulus (i.e., Young’s modulus), v is Poisson’s ratio,
and e is the partial shear strain rate tensor (¢ = &€ — £9) The strain
rate tensor is defined as ¢ = %(V v+ V - vT). This theory applies
concepts in Drucker-Prager yield criterion. When the material
yields, the constitutive law adopts the viscoplastic law.

At viscoplastic stage, numerous scholars have attempted to
establish a viscoplastic continuum theory for dense granular media.
At viscoplastic stage, the internal stress tensor can be given by the
following relationship:

\ Landslides

oc=-Pé+r, (14)
7 is the deviatoric stress component, defined as follows:
HDP
T= . £, 1
B (15)

where |£]is the second invariant, £ is the strain rate tensor, which
varies with the friction or viscosity coefficient of pseudo-fluid
grains u(I), and I is the inertia constant. This implies that there
is a monotonic dependence of the volume fraction on the inertia
constant. u(I) is defined as.

(llz_ﬂp)
(’—“+ 1) ’ (6)
1

where tests and numerical simulations have shown that in the u(I)
formula, the minimum value y, for a very low inertia constant I
(quasi-static) gradually increases to a finite value y, with increas-
ing I (Jop et al. 2006). I, is a constant, and the parameters in the
formula depend on the material properties. For example, the typical
values are y, = tan(21°), u, = tan(33°), and I, = 0.28 (MiDi 2004).
I is defined as follows:

u = pp +

_ _leld
(ﬂ)O.S :
pp
where the inertia constant expresses the ratio between the iner-

tial time scale (alpzpp/P)Q5 and the macroscopic deformation time
scale (1/]€]).

(17)

Solid-fluid two-phase coupling

Numerous studies have shown that the coupling algorithm
between the grain and fluid in two-phase flow is very important
(Iverson and Denlinger 2001; Pudasaini 2012; Pitman and Le 2005;
Chen et al. 2017; Pastor et al. 2021; Tayyebi et al. 2022). The inter-
phase forces play a key role in the coupling between the continuous
fluid phase and the discrete solid phase. The interactions between
components of one phase are also driven by the drag force of the
other phase. Therefore, the grain phase data interacts with the
continuous phase data in the process of calculating the internal
stress, and the exchanged data includes the drag force and pres-
sure. For both SPH and SDPH, the adjacent particle information is
obtained using the proximity particle search method, so that the
adjacent particle updates the main particle and the virtual particle
information of the other phase. The simulation of the drag force
requires the background particle bearing at the same position, and
the interpolation obtains the velocity value of the other phase at
this position, thereby allowing the drag force to be obtained. The
time step of the coupling method is determined by the minimum
time step of the SPH and SDPH methods. The simulation flowchart
is shown in Fig. 2.

A review of the existing constitutive relations for the interaction
forces was presented by Johnson (1990). The drag force of the fluid
plays an important role in mixed fluids (Fig. 3a),and the lift and addi-
tional forces on the grains are negligible (Pudasaini and Hutter 2007;
Si et al. 2018; Gao, et al. 2022). A drag law describes the interaction
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Fig.2 Schematic diagram of the SPH-SDPH coupling algorithm

between the interstitial fluid and the grains. The method proposed
by Gidaspow was used, where the Ergun equation was used for the
simulation of the dense phase and the Wen-Yu equation was used for
the simulation of the dilute phase (Gidaspow 1994; Ergun 1952; Wen
and Yu 1966):
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where f is the momentum transfer coefficient between the fluid and

solid; Cj, is the traction coefficient; &, and &; volume fractions of

the solid and the fluid, respectively; , is fluid viscosity coefficient;

dp is the diameter of the discrete particles; p; is the fluid density;

v, and v, represent the velocity of the fluid and solid, respectively.
The drag force coefficient C, is.
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Fig.3 Schematic diagram of the two-phase interactions: a interactions between fluid and solid grains and b Interactions between sliding

main body and boundaries
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The relative Reynolds number Re, is defined as.

r”fdP"’f - "p|
Hy .

(20)

Re, =

In order to eliminate the discontinuity between the two equa-
tions, a relaxation factor was introduced to smooth the momentum
exchange coefficient in the transition zone:

arctan[lSO X 1.75(0.2 - ép)]

T

+0.5. (21)

P =
Therefore, the momentum exchange coefficient § can be
expressed as.

ﬂ = (1 - (pr)ﬂErgun + waﬁWeanu' (22)

Thus, the drag force R, per unit mass of the grain can be cal-
culated as follows:

R B (v = Vp)‘

T p (23)

where v, and v, are the velocities of the solid and the fluid, respectively.

Boundary conditions

In response to the full three-dimension numerical algorithm
boundary forces are particularly critical and affect the particle fail-
ure. The forces between the grains and the boundary were decom-
posed into a normal force f" and a tangential force f* (Fig. 3b).
The boundary normal force is applied Penalty function formula
(Eq. 24), which the repulsive force is directly applied on the bound-
ary particles. The penalty parameter was modified to make it pro-
portional to the distance and velocity between the particles and
the boundary (Li and Liu 2002). 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.

Normal force
For the normal force, the contact condition was defined by the pen-
alty function equation:

1
£ —co2hi2jeB<m(vi - VJB) . anijAjnj> vim <0 ’

0 vion; 20

(24)
where o is the penalty parameter, r; is the radial vector between
grain i and grain j, v, is the velocity vector of grain i,v® is the veloc-
ity vector of boundary grain j,n;is the normal vector of boundary
grain j, W;; is the kernel function between grain i and grain j, and
Ajis the area of boundary grain j.

Tangential force
The frictional model of the solid is as follows:

\ Landslides

fr=o(1-r,)tang, (25)

where o is only a function of the total normal stress at the bottom,
r, is the pore pressure coefficient, and @ is the friction angle. The
value of the friction coefficient can be calculated from tan®.
The laminar model of the fluid is as follows:
_ 3vu

ff==

T (26)

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

Numerical modeling verification

The LPF?® can realize the high-efficiency and high-precision solu-
tion of complex dynamic problems of long-runout flow-like landslide
with solid-liquid mixed two phases. There are mainly several aspects
merit as follows: (i) solves the problem of calculating discrete par-
ticles in continuum medium, improves the simulation accuracy by
comparing the discrete element method; (ii) can solve efficiently to
the dynamics process of three-dimensional complex solid-fluid cou-
pling problems under the same numerical algorithm framework; (iii)
compared with the selection of empirical parameters based on depth
integration method, the selection of material numerical parameters
can be more consistent with mechanical parameters of the realistic
material; (iv) some progress has been made in geometric modeling,
dynamic boundary mechanics application, and maximum number of
particles that is 600,000. Comparison analyses of small-scale flume
experiments and realistic-scale landslide cases and different numeri-
cal methods were performed to show that this numerical modeling
is capable of simulating mixed two-phase flow.

Flume experiment of two-phase flow

In this paper, small-scale flume experiments were carried out on
solid-fluid mixed material. In order to ensure that the fluid content
in the two-phase flow was consistent with that in actual conditions
and to compare the effect of the fluid on the solid grains for dif-
ferent volume fractions, experiments were carried out under three
conditions: I. dry grains only, II. dry grains mixed with clear water
with a 30% volume fraction, and III dry grains mixed with clear
water with a 70% volume fraction. The experiment purpose is to
check the numerical model and algorithm parameters. (i) In flume
experiment. The flume is made up of chute (length x width x heigh
t=300 cm X 50 cm X 50 cm), slide hopper (length x width x height
=50 cm X 50 cm X 50 cm), and bottom plate (length x width=600 ¢
m X 240 cm) (Fig. 4a). The angle of inclination is uniformly selected
as 20°. The solid material in the flume experiment was limestone
gravel grains and selected 2-10 mm particle size. The fluid mate-
rial adopted clear water. Both solid and fluid materials are fully
mixed in the hopper. (ii) In numerical simulation. The physical and
mechanical parameters of the material and SPH algorithm param-
eters in experimental are shown in Table 1. The motion process
and deposition shape of the fluid and solids were back analysis
using the LPF?", and the imaginary speed of sound, artificial heat
quantity (a/B/m), artificial viscosity (a/p/n), etc., for algorithm
parameters were confirmed.
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In the working condition I of only dry grains, the mass of the
grains was 100 kg. The friction coefficient of the boundary condi-
tion was particularly critical to ensure the simulation results were
consistent with the test. Through multiple trial and error simula-
tions, the friction coefficient of 0.8 was found to be the most appro-
priate for dry grains. In the simulation of working conditions I and
I11, the friction coefficient between the grains and the boundary
layer was also selected as 0.8. In the analysis of the latter two con-
ditions, the drag force and water pressure were important in the
coupled simulation.

In working condition II of grains mixed with 30% volume frac-
tion of water, dry grains were mixed with 30% water and slid down
along the flume. The mass of the grains was 100 kg, and the mass
of the water was 23.1 kg. Four time stages, 0.5, 1, 2, and 5 s, were
chosen to represent the entire motion process of the simulated
mixed two-phase. From the deposition results, it can be seen that
the coupled grains with water moved and deposited on the bottom
plate, and the travel distance was about 5.2 m (Fig. 4a). Figure 4b
shows the simulation results in the LPF?® software. At 0.5 s, the

mixture slid out of the starting area and reached the bottom plate
at 2 s. The simulation results were able to reconstruct the motion
process under condition II. The velocity difference between the
fluid and the solid grains was a key influencing factor of the drag
force. Figure 4b shows the velocity contour map of the fluid-grain
phase at the four time points. After sliding main body releasing, the
solid grains slide down along the flume. Although the solid veloc-
ity is higher than fluid at the leading edge in the initial stage, the
fluid velocity exceeds the solid velocity in the deceleration stage.
And the fluid dragged solid grains to continue in motion due to
the solid-liquid velocity difference. In this paper, the fluid pressure
gradient force was used to reflect the fluid pressure distribution
acting on the solid. The fluid pressure gradient force on the solid
grains is normal direction of the motion path. From the top view
of the pressure gradient force on the grains, it can be seen that the
value of the pressure gradient force is larger at the sliding source
area of hopper, the exit terrain turning position of the chute, and
the leading edge of the sliding main body (Fig. 4¢). From the side
view of the pressure gradient force, the water pressure gradient

Landslides |
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Table 1 LPF3D simulation parameters of two-phase flow flume experimental simulation
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force increases the uplift pressure of solid grains. The fluid pressure
gradient force due to the up and down surface pressure difference
of the solid grain is greater when solid particles are located on the
fluid surface.

In working condition IIT of grains mixed with 70% volume frac-
tion of water and slide down the same flume, the mass of the grains
was 100 kg and the mass of the water was 53.8 kg. Also four time
points, 0.5,1,2,and 5 s, were chosen to represent the entire motion
process of the simulated debris flow. From the deposition results, it
can be seen that the grains coupled with water moved and depos-
ited on the bottom plate, and the deposition at the exit of the flume
was dense, while that in the front was relatively loose. The travel
distance reached about 8.2 m (Fig. 5a). Figure sb shows the simula-
tion results from the LPF*® method. The mixture slid out of the
starting area at 0.5 s and reached the bottom plate at 1 5. The simula-
tion results were able to reconstruct the motion process under con-
dition IIL. The velocity difference between the fluid and the solid
grains is a key influencing factor of the drag force. Figure 5b shows
the velocity contour map of the fluid-solid phase at the four time
points. Compared to working condition II, when the fluid volume
fraction is larger, the leading edge velocity of the fluid is larger
than the solid in the initial stage, and the fluid dragged solid grains
throughout the motion process. The initial volume fraction of the
fluid is very important for its influence on the drag force and depo-
sition shape feature. The fluid pressure gradient force distribution
is consistent with working condition II.

Based on the velocity curves of the grains, the larger the fluid
volume fraction was, the faster the grain velocity was. Moreover,
the velocity variation of the grains was basically the same as that
of the fluid. The results showed that the travel time and movement
velocity of the mixed sliding body changed significantly compared
with those of the pure dry grains, indicating a significant dragging
effect of the fluid on the solid grains (Fig. 6a). When the fluid vol-
ume fraction is low, the leading edge velocity of the fluid is smaller
than the solid that appears in the initial stage. But the overall aver-
age velocity of the fluid is larger than the solid (Fig. 6b). The aver-
age velocity of fluid is higher than solid. The average velocity of
the solid particles and the fluid are shown in Fig. 6b. The average
velocity of fluid is higher than solid. The solid mass is consistent,
the larger the fluid volume fraction, the larger the solid veloc-
ity. Figure 6c shows the larger the fluid volume fraction was, the
stronger the drag force acting on the solid grains. Moreover, due to
the presence of fluid, the friction energy consumption between the
solid grains decreased. As a result, the grain motion became more
consistent with the fluid motion, and the drag force led to increased
grain motion. The full three-dimensional accumulation results are
relatively better restored to the actual flume experimental results
except for some local differences (Fig. 6d).

Landslide case study-Sanxicun landslide

To verify the effectiveness of LPF3® for realistic landslide scale
simulation, the Sanxicun landslide was selected for simulation
validation. On July 10, 2013, Sanxicun long runout flow-like
landslide, Dujiangyan City, Sichuan, resulted in 166 deaths. The
landslide involved displaced material from the source area of
1.9 million m? and about 0.30 million m? in front of the sliding
main body to form a debris flow. The runout of debris flow had
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a horizontal extent of 1200 m and a vertical extent of 400 m, and
covered an area of 0.2 km* (Yin et al. 2016; Gao et al. 2017). The
sliding main body is mostly bedrock, including sandstone and
mudstone, and mixed with the ground surface runoff under heavy
participates, then translated into debris flow, resulting in long
runout disasters (Fig. 7).

To ensure more finely restore the local terrain accuracy in
three dimensions, a high precision terrain of 1:2000 was used in
Sanxicun landslide. The physical and mechanical parameters of
the sliding body were based on actual measurements. The solid
grains parameters were used by sandstone and mudstone grains,
and the fluid was used by slurry. The influence of the fluid on
the landslide was mainly through the pore water pressure and
interphase interaction forces. For the purpose of comparison,
four working conditions were analyzed: I. Dry grain numerical
test and II. basal lubrication. When water is mixed in the sliding
main body, the basal boundary has a certain lubrication. The tan-
gential friction resistance will be reduced. This working condi-
tion II is used as the comparison sample for analyzing boundary

tangential resistance. The drag force is also key to the landslide
mobility in different volume fractures of fluid in three dimen-
sions. The tangential friction coefficient of working conditions
III and IV is consistent with the working condition II, and the
initial fluid volume fractions were set to 30% and 60%, respec-
tively. The sum of the fluid volume fraction and the grain vol-
ume fraction was equal to 100% in the two-phase coupling state.
In the numerical simulation, the basal friction coefficient was
critical to the traveling distance of the landslide. The volume of
the landslide body is also a key factor in determining to friction
coefficient. Small-scale rockslides have a coefficient of friction
between 0.6 and 0.7, while large thick-layered rockslides can be
less than 0.3 (Yamada et al. 2018). The volume of the sliding main
body is 0.30 million m?, so the friction coefficient is set to 0.6.
The pore pressure coefficient of r, is 0.4 in Eq. (25). The move-
ment distance, accumulation range, and accumulation thickness
of the landslide are taken according to field site observation. The
algorithm parameters are consistent with the flume experiment.
The specific parameters are shown in Table 2.
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The results of the four conditions, which are shown in Fig. 8,
are summarized as follows: Working condition I: It is like a rock
collapse. The travel distance under the dry grains was the smallest.
Working condition II: When low friction lubrication on the sub-
strate boundary was considered, the travel distance of the landslide
increased, but it still did not cause the whole sliding mass to slide
down. Working condition III: When the fluid volume fraction was
30%, due to basal lubrication and the interphase forces between
the fluid and grains, the traveling distance of the sliding main body
increased significantly, but it was quite different from that of an
actual landslide. Working condition IV: When the fluid volume frac-
tion was 60%, the result was almost consistent with the realistic
landslide. When the influences of the sliding main body are domi-
nated by bedrock with a large porosity and abundant ground sur-
face runoff, the fluid volume fraction and interphase forces should
be considered to explore the mobility of long runout landslides.
Figures 9,10, and 11 show the numerical simulation results of Sanxi-
cun landslide in working conditions IV.

After the Sanxicun landslide was activated, the rock mass
quickly collapsed and fragmented to form a debris avalanche, and
solid grains mixed with the abundant ground surface runoff gen-
erated by the heavy rainfall formed a debris flow. After hitting the
mountain on the right, the debris flow turned from northeast to
northwest, damaging and burying farm buildings along the way,
and then it finally stopped. The simulation results showed that the
Sanxicun landslide lasted about 8o s (Fig. 9). After the landslide
started moving at a high elevation, the speed increased rapidly after
passing through the steep terrain, and the speed reached 25 m/s
at 10 s. Afterward, due to the narrowness of the channel, the fluid
velocity further increased, resulting in an increase in the velocity of
the solid grains. Around 20 s, the landslide body hit the mountain
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on the right, and the solid velocity increased to a peak value of
31 m/s. Then, due to the terrain of the channel, the rock and soil
mass collided with the mountain, and the main sliding direction
changed by 350°. At T=40 s, most of the rock and soil mass reached
the channel deflection area, and the velocity dropped to 12 m/s. As
the direction of the rock and soil mass was changed, the solid-fluid
mixture traveled to a relatively broad and flat terrain, and the speed
gradually decreased. At about 80 s, the landslide stopped.

The distribution of the drag force on solid grains is shown in
Fig. 10. The dark blue grains represent fluids, and the rest are solid
grains. The color gradients represent the magnitude of the drag force
per unit mass of solid grains. In the landslide motion process, when
the fluids and the solid grains mixed and moved together, the solid
grains were significantly affected by the drag force of the fluid. The
magnitude of the drag force was mainly determined by the velocity
differences between the fluid and solid phases. The arrows are the
drag force vectors of the solid grains. Figure 11 shows a contour map
of the deposition thickness during the Sanxicun landslide. The red
line represents the actual range of the landslide, and the red, yellow,
and blue colors reflect the changes in the deposition thickness. During
the landslide motion process, the debris flow moved in the northeast
direction and then changed to the northwest direction after passing
through the channel deflection area. The area with a large deposition
thickness was located in the middle of the landslide. When the grains
stopped moving, the front edge of the landslide deposited in the chan-
nel. The maximum travel distance of the landslide was 1200 m, and the
maximum deposition thickness reached about 12 m. The deposition
result was consistent with the actual field observations.

The velocity difference between the slurry flow and the solid
grains is a key influencing factor of the drag force. In order to
further understand the influence of drag development on the
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from the debris flow

movement of solid grains in the Sanxicun landslide, two velocity
curves were selected for comparison. Figure 12a shows the lead-
ing edge velocity of the sliding main body under the four condi-
tions. In the initial sliding and acceleration stages, the veloci-
ties of the solid grains and slurry flow were similar. Due to the
larger fluid volume fraction in condition IV, the friction between
solid grains and the slurry flow was reduced, and there was less
energy loss. Thus, the velocities of the solid grains in condition

Table 2 LPF3D numerical simulation parameters of Sanxicun landslide

IV were greater than those in condition III. As the landslide
collided with the mountain on the right, the velocity fluctuated
significantly. The velocity of the slurry flow was always greater
than that of the solid grains. Figure 12b shows the average veloc-
ity curves for all solid grains and fluid under four working con-
ditions. The maximum average velocity of the fluid is 31 m/s
and the maximum average velocity of the solid grains is 22 m/s.
The presence of fluid in sliding main body increased velocity

Grain phase Fluid phase (slurry)
Density (kg/m?) Grain Friction Basal pore Density (kg/m?) Viscosity Volume
diameter coefficient  pressure coefficient fraction of
(m) coefficient (Pa-s) fluid
I 2600 0.5 0.6 o - = o
Il 2600 0.5 0.6 (o} - - o
1l 2600 0.5 0.6 0.4 1300 0.2 30%
I\ 2600 0.5 0.6 0.4 1300 0.2 60%
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Fig. 8 Comparison of numerical simulation results of the Sanxicun landslide under four working conditions
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Fig. 10 Fluid drag force distribution during motion process of the Sanxicun landslide

and mobility of the solid grains, due to the basal lubrication
and fluid drag forces. Under the same physical and mechani-
cal parameters, the larger the fluid volume fraction, the higher
the average velocity of the solid grains. Fluid drag force plays a
significant role in solid-liquid two-phase landslides.

Comparison and discussion of different numerical methods

It is important to compare different numerical methods with the
same geometric model, same mechanical model, and same dynam-
ics parameters. In the comparative analysis, three numerical meth-
ods are mainly used for comparison: DEM-FVM coupling method,
DAN3D equivalent fluid method, and LPF?P method. The applicabil-
ity of LPF? is proved by comparing the numerical results with the
realistic landslide accumulation results.

Model and parameter selection

The simulation case selects the Xianchi reservoir long runout flow-
like landslide. At 22:00 pm on September 1, 2014, a catastrophic
landslide occurred in the Yunyang area of Chonggqing City, causing
508 persons evacuations and the burying or damage of 23 buildings
(Fig.13). From August 31 to September 2, 2014, a 50-year heavy rain-
storm hit the Northeastern Chongging area, China. Xianchi station
in Yunyang County experienced the most concentrated rainfall,
with a daily rainfall of 403.4 mm/day (Li et al. 2022). The landslide
involved displaced material from the source area of 1.44 million
m?. The runout of debris flow had a horizontal extent of 1600 m
and a vertical extent of 400 m, and covered an area of 0.142 km?.
The 1:2000 terrain and sliding main body geometry model were
based on topography contour data, and the physical and mechani-
cal parameters were based on previous research literature (Gao

Landslides |
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Fig. 11 Deposition thickness distribution contours during motion process of the Sanxicun landslide

et al. 2022). The specific parameters are shown in Table 3. For the simulation results were analyzed by EDEM-Fluent (DEM-FVM
purpose of comparison, the physical model, mechanical model, coupled method), LPF3D (SDPH-SPH method), and DAN3D (SPH
and simulation parameters are all consistent, and three numerical ~equivalent fluid method of depth averaged).
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Fig. 13 Remote sensing diagram and photograph of the September 1, 2014, Xianchi reservoir landslide in Yunyang, Chongging, China. This
landslide belongs to long runout flow-like landslide with solid-liquid two-phase, and then developed into debris flow under heavy rain-
fall. The sliding main body was approximately 1.44 million m>. This was equivalent to a fahrbdschung angle of 14° and covered an area of

0.142 km?

Comparison of numerical simulation results comparison with
equivalent fluid numerical model (DAN3D)

In the comparative analysis of the same geometric model, same
mechanical model, and same dynamics parameters, the DAN3D
simulation software was used to compare different landslide types.
The sliding main body was considered to be debris avalanche, and
the friction model was selected for the basal resistance model. Then,
the sliding main body was considered mud flow, and Newton lami-
nar flow model was used as the basal resistance model. Under the
same simulation parameters, the accumulation results for the above
two cases were almost consistent with the LPF?® results. Hence, the
numerical simulation result respectively verified the reliability of
LPF®® for single-phase flow (Fig. 14). At the same time, this method
is a full three-dimensional simulation, which has better advantages
in reproducing the internal action and local motion detail of sliding
main body. Detailed result data are shown in Table 4. Heavy rainfall
plays a key role in the long runout motion process of two-phase
flow-like landslide. The sliding main body hardly moves in the dry
condition, but under the action of heavy rainfall, the fluid and solid
particles are coupled to generate a long runout motion distance
(Fig. 15a). Numerical simulation results of LPF3® demonstrate the
importance of interaction force between fluid and solid phases.
Figure 15b shows that the fluid drag force acts on the solid along
the direction of motion. In the acceleration stage of the landslide,

this effect is more significant. Figure 15c shows that the fluid pres-
sure gradient force acts on the solid along the vertical direction of
motion, and the value is correlated with the solid normal stress.
This value is larger at certain positions, such as the turning point
of the terrain, the leading edge of the sliding main body, and the
solid large packing thickness position.

Comparison with mixed two-phase flow numerical model
(DEM-FVM)

The coupled algorithm has more advantages for model and param-
eter selection than the single phase. The parameters for a single-
phase solid grain or fluid are relatively easy to obtain. However, if
the mixture of solid grain and fluid is equivalent to a single fluid,
the selection of parameters is random and mostly depends on the
experience of geologists. For example, in DAN3D simulation, the
results of high coincidence can also be achieved by adjusting the
parameters for multiple trials and errors. Mixed two-phase method is
advantageous for parameter acquisition. Under the same model and
dynamics parameters, both DEM-FVM (EDEM-fluent) and SDPH-
SPH (LPF®") coupling methods can better reproduce the motion pro-
cess and final accumulation range of the Xianchi reservoir landslide
(Fig.16). However, from the perspective of computational efficiency,
DEM-FVM will consume more time, which took more than 20 h to
simulate the motion of 3000 particles, while the SDPH-SPH coupling

Landslides |



| Technical Note

Table 3 Numerical simulation parameters of Xianchi reservoir landslide under different numerical methods

Solid phase Fluid phase
Boundary Grain size Dynamic  Density Poisson ratio Boundary Density Viscosity
model (m) friction (kg/m?3) model (kg/m3) factor (Pa-s)
factor
EDEM-fluent Frictional 3 0.3 2100 0.25 Newtonian 1100 0.017
(coupled DEM- fluid
FVM)
LPF3P 3 03 2100 0.25 1100 0.017
(coupled SPH-
SDPH)
Numerical Equivalent fluid
modeling N . . N 3 5
Material Boundary model Dynamic friction factor Density (kg/m°) Viscosity
factor (Pa-s)
DAN3D Grain Frictional 0.3 2100 =
(SPH/depth- Slurry Newtonian laminar - 1100 0.017
averaged)

(w) ssouyory g,
(w) ssouyory |,
(w) ssauyory ],
(w) ssauyoly ],

(a) DAN3D (b) LPF3D (¢) DAN3D (d) LPF3D
(Single-phase grain) (Single-phase grain) (Single-phase fluid) (Single-phase fluid)

Fig. 14 Comparison between full three-dimensional single-phase fluid (LPF3°) and equivalent fluid model (DAN3D) by depth integration
method

Table 4 Comparison of the single-phase flow simulation results and data

Numerical Material Boundary model  Grainsize = Maximum velocity Maximum Maximum Number Result
modeling (m) (m/s) distance  thickness (Numerical

(m) (m) particles)
DAN3D Dry grain Frictional = No movement 20 3000 Figure 14(a)
(SPH)
LPF3D Dry grain Frictional 3 Local movement 30 8032 Figure 14(b)
(SDPH)
DAN3D Slurry fluid ~ Newtonian fluid - 21 1750 20 2000 Figure 14(c)
(SPH)
LPF3D Slurry fluid ~ Newtonian fluid = 46 1800 13.9 8032 Figure 14(d)
(SPH)

\ Landslides
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Fig. 16 Comparison of numerical simulation results of different coupling methods

Table 5 Comparison of the solid-liquid two-phase flow simulation results and data

Numerical modeling Grain size(m) Maximum velocity

(m/s)

(m)

Maximum
distance

Maximum
thickness

(m)

Number Computing time
(Numerical (h)
particles)

Mixed two-phase flows

LPF3D 3 24.6 1550 24.6 16,064 35
(SPH-SDPH)

EDEM-fluent - 1380 - 3000 20
(DEM-FVM)

Actual landslide 1.2-4 - 1600 28 -

method only used 3.5 h to complete the simulation of 16,000 par-
ticles, and the calculated results were basically consistent with the
actual accumulation range (Table 5). This method serves as a bridge
between continuum-medium algorithms and discrete-medium
algorithms based on the same numerical theoretical framework of
smoothed particle hydrodynamics (SPH), combines the advantages
of granular flow and equivalent fluid algorithms, and improves the
simulation efficiency while ensuring accuracy.

Conclusions

Under extreme climate conditions, such as heavy precipitation, gla-
cial lake outbursts, and ice and snow melting, large surface runoff
is formed on the motion path of a landslide post-failure. The long
runout flow-like landslide has become one of the most disastrous
types in China. In this study, a full three-dimensional landslide post-
failure numerical computing platform (LPF*®) was proposed. This
serves as a bridge between continuum-medium algorithms and dis-
crete-medium algorithms based on the same numerical theoretical
framework of smoothed particle hydrodynamics (SPH). This method
solved the problem of calculating discrete particles in continuum
medium, improved the simulation accuracy by comparing the dis-
crete element method, and can efficiently solve the dynamics process
of three-dimensional complex. Solving for the discrete grain phase
has been improved as smoothed discrete particle hydrodynamics

\ Landslides

(SDPH), which employs the Lagrangian particle method to obtain
discrete solutions with low computational cost.

A back-analysis of small-scale flume experiments and landslide
cases was performed to verify this numerical modeling of mixed
two-phase flow. The parameters and algorithm of numerical mode-
ling were calibrated by experiment results, and the numerical results
were almost consistent with the realistic results. Numerical simu-
lation results of LPF*” demonstrate the importance of interaction
force and the initial volume fraction of fluid. This water pressure
gradient force value acting on solid is larger at certain positions,
such as the turning point of the terrain, the leading edge of the slid-
ing main body, and the solid large deposition thickness position.
Coupled two-phase method of DEM-FVM, equivalent fluid method
of DAN3D, and LPF*® method are used for comparative analysis
for Xianchi Reservoir landslide case. Comparison results of differ-
ent numerical methods show the following: (i) compared with the
equivalent fluid method, the simulation results of the motion pro-
cess and accumulation range of single-phase materials are consist-
ent, and the full three-dimensional details processing accuracy is
higher; (ii) compared with coupled two-phase method, the simula-
tion of the motion process and accumulation of two-phase material
coupling is basically consistent, and it is less time cost; (iii) LPF3"
method combines the advantages of the two algorithms and each
individual particle can be traced for force process in this approach.



The numerical computing platform of three-dimensional landslide
post-failure (LPF*®) was proposed, which establishes new numerical
modeling for solving the two-phase coupling of fluid and solid grains.
The new method of LPFP involving solid-liquid coupling dynamics
modeling reflects the actual physical and mechanical processes of
long runout landslide motion, and it can be applied for risk assess-
ment and mitigation in the mixed two-phase-flow landslide post-
failure (i.e., debris avalanche, debris flow, and debris flood).
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