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A B S T R A C T

Debris flows are a common type of geological hazard. They move down slopes at rapid speeds, causing
severe damage to buildings and humans. It is of great significance to study the development and movement
characteristics of debris flows. In this study, we developed a numerical method of simulating the movement
of debris flows. The phase fraction was used to represent the contents of the debris flow components. The
Herschel–Bulkley–Papanastasiou model was used to simulate the movement of the fine particle–water mixture
in the debris flow, and the pressure-dependent Coulomb viscoplastic model was used to describe the movement
of the gravel-size particles. The interface between the debris flow and the air was obtained using the volume of
fluid method. The above models were implanted in OpenFOAM. Finally, indoor experimental data were used
to verify the numerical method developed in this study, and the experimental and simulation results were
found to be in good agreement. The proposed method was then applied to debris flow prediction in the Aiwa
Watershed, Beijing. The homogeneous flow model developed in this study can significantly reduce the number
of calculations required and can be used for the three-dimensional simulation of large-scale debris flows.
1. Introduction

Debris flows are a very common type of geological disaster in
mountainous areas. They are composed of coupled fluid–solid materials
and are the result of rainfall confluence. They move down slopes at
fast speeds until they reach the accumulation area, causing significant
damage to buildings and structures (Jeong and Lee, 2019). Due to
their fast flow velocity, large flow volumes, sudden occurrence, and
severe destructive power (Guzzetti et al., 2008; Benn et al., 2012;
Allstadt et al., 2018; Shen et al., 2020; Song et al., 2021), once a
debris flow is formed, it can reach the downstream area in a very short
period of time, resulting in a very limited response time for the people
living downstream. Debris flows can suddenly cause high casualties and
property loss in downstream villages. The formation of debris flows
is complicated as it is difficult to predict and is affected by various
factors, such as geological structures, meteorology, hydrology, topog-
raphy, and human activities. Because of their clustered occurrence and
periodic characteristics, debris flows have received extensive attention
worldwide.

Previous studies of debris flows have mainly focused on the for-
mation conditions, movement characteristics, and development trends
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of debris flows. In particular, studying the movement characteristics
and development trends of debris flows is of great value. Indoor ex-
periments have often been used in these studies (Toniolo et al., 2004;
Lu et al., 2016; Goodwin and Choi, 2020; Walczak et al., 2021), yet
the scale of these experiments is often limited. Due to the size effect
of indoor experiments, whether they can reflect the actual movement
of a debris flow is still unknown (von Boetticher et al., 2016). In
addition, the measurement method used in indoor experiments is also
limited. Only macroscopic data such as the movement speed, form, and
height of the granular column can be measured, and it is impossible
to characterize the internal interactions. Compared with experimental
methods, numerical simulations are more advantageous in investigating
the movement characteristics and development trends of debris flows. It
is possible to obtain detailed information using numerical simulations
that cannot be obtained from experiments. Moreover, the cost of nu-
merical simulations is much lower than that of experiments. However,
numerical simulations are not without limitations. First, the simulation
is greatly dependent on the values of the relative parameters, such
as the physical parameters, rheological model, and topographic data.
The accuracy of these parameters directly affects the quality of the
vailable online 8 February 2022
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simulation results. Moreover, numerical simulations of debris flows on
the actual scale can result in a massive calculation cost. Thus, the depth-
averaged method is often used to simplify the flow equation, and only
1-D (Imran et al., 2001) or 2-D (Li et al., 2013; Qian and Das, 2019;
Takebayashi and Fujita, 2020) problems are simulated. However, these
models are one-dimensional or two-dimensional simplifications of the
Navier–Stokes-type equations and neglect the nonlinear behaviour of
the debris flow in the depth direction (Han et al., 2015b). By assuming
that a debris flow is a Bingham body, Huang and García (1997) derived
the motion equation for a one-dimensional debris flow. It was also
found that it is not appropriate to assume that a debris flow is a
Newtonian fluid. Based on this model, Imran et al. (2001) studied the
influences of the initial column on the velocity and distance of a 1-D
debris flow.

To acquire a full description of the debris flow, full 3-D modelling
is suitable, even though it has a high computational cost (Adebiyi
and Hu, 2021). Zhang et al. (2021c) used a eulerian–eulerian three-
dimensional two-phase model to describe the motion of submarine
debris flows, in which the kinetic theory of granular flow is employed
for the solid stress and viscosity. The smoothed particle hydrodynamic
(SPH) (Tayyebi et al., 2021) method is another approach for 3-D
debris flow modelling, in which the continuum fluid is treated as a
set of discretized particles (Liang et al., 2015). However, the SPH
method is not suitable when the topography changes abruptly, such
as flow obstacles. It is also less valid when there are strong gradients
in the debris flow, such as flow initiation and deposition. A coupled
computational fluid dynamics and discrete element method (CFD-DEM)
has also been used to study the motion of debris flows, such as the
impact of the solid fraction (Li and Zhao, 2018; Lee et al., 2019; Li
et al., 2020b; Fang et al., 2021; Kong et al., 2021). Since it takes
a long time to track particles using this method, the computational
requirement is expensive. Therefore, it is not suitable for the simulation
of actual three-dimensional debris flows. The components of a debris
flow usually include clay, silt, sand, gravel, and interstitial water.
When the gravel content is small, a large amount of clay results in
a high viscosity, and the equivalent fluid assumption can be used.
The volume of fluid (VOF)-based method has also been used in 3-D
debris flow modelling. Usually, the debris flow is seen as a uniform
mixture. For example, Zhao et al. (2021) investigated the effect of
submarine debris flow on pipelines, where the debris flow is set as
slurry. Zhang et al. (2021b) proposed a VOF-based model for three-
dimensional debris flow, where the debris flow mixture is also regarded
as slurry. Similar work is also taken by Yu et al. (2020). von Boetticher
et al. (2016) developed a VOF model for three-dimensional debris flow
by considering the different materials in a debris flow mixture, such
as the granular component and interstitial fluid component. However,
for the considerations of computational efficiency, they neglected phase
interactions.

Generally, when the concentration of solids in a debris flow is
greater than 10%, the debris flow will exhibit non-Newtonian fluid
characteristics (Pastor et al., 2014; Song et al., 2017; Li and Zhao, 2018;
Yu et al., 2020). Several studies have regarded debris flows as uniform
non-Newtonian fluids based on the equivalence assumption and have
used the Bingham model or Herschel–Bulkley (H–B) model to describe
the rheological properties (Dai et al., 2014; Han et al., 2015a; Song
et al., 2017; Kang and Kim, 2017; Pang et al., 2018; sen Guo et al.,
2019; Zhang et al., 2021c). However, when the gravel content of the
debris flow is large, the equivalence hypothesis can produce larger
errors (von Boetticher et al., 2016; Yang et al., 2020). Therefore, the
gravel in the debris flow should be considered separately. In this study,
we mainly focused on the movement characteristics of debris flows with
large gravel contents. The mixture of interstitial water and soil (clay,
silt, and sand) was regarded as a slurry and was described using the
H–B model. The gravel was described using the pressure-dependent
Coulomb viscoplastic model (Domnik et al., 2013). Considering the
2

calculation cost and accuracy of the movement characteristics of debris
flows, the homogeneous flow model was used to simulate a debris flow;
that is, the phase fraction was used to represent the content of each
component of the debris flow (slurry phase and gravel phase). The
interaction between the slurry and the gravels, such as the drag force,
is considered based on the velocity slip between the two phases. The
interface between the debris flow and the air was defined as a free
interface, and the VOF method was used to capture the free surface.
The amount of computation required for this method is moderate; thus,
it is suitable for the numerical simulation of the three-dimensional
movement of large-scale debris flows. The models were implanted
in OpenFOAM as a new solver 𝑖𝑛𝑡𝑒𝑟𝐷𝑒𝑏𝑟𝑖𝑠𝐹𝑜𝑎𝑚 and then applied to
experimental cases for model verification. The model was also applied
to a field case in the Longtangou Watershed, Beijing, to study the
motion of a large-scale debris flow.

2. Methods

𝐼𝑛𝑡𝑒𝑟𝐹𝑜𝑎𝑚 (Duy et al., 2021) is a well-established solver for simula-
tions of flows in which two immiscible fluids are present. A distinct sur-
face interface can be defined based on the VOF method in OpenFOAM,
which is a free, open-source, parallel processing software backed by a
large user-driven support community (Jasak et al., 2007; Zhang et al.,
2021e). The different phases are represented in the domain in terms of
their phase fractions using the VOF method. The VOF method can sig-
nificantly lower computational costs. However, some field information
about the two-phase flow is lost by averaging the phases (Friedemann
et al., 2021). An algebraic VOF method is used in the 𝑖𝑛𝑡𝑒𝑟𝐹𝑜𝑎𝑚 solver,
which is a modified version of the traditional VOF method of Hirt
and Nichols (1981). 𝐼𝑛𝑡𝑒𝑟𝑀𝑖𝑥𝑖𝑛𝑔𝐹𝑜𝑎𝑚, which was inherited from the
original 𝑖𝑛𝑡𝑒𝑟𝐹𝑜𝑎𝑚 solver, is a solver for three incompressible fluids,
two of which are miscible, that uses the VOF method to capture the
interface (Xu et al., 2016). For example, slurry and gravels are mixed
in debris flows, and there is an interface between the mixture and
air. Therefore, 𝑖𝑛𝑡𝑒𝑟𝑀𝑖𝑥𝑖𝑛𝑔𝐹𝑜𝑎𝑚 is more suitable. However, there is no
suitable constitutive model in OpenFOAM to describe the movement
of a slurry and gravels, so it is necessary to embed algorithms. The
equations, algorithm, and constitutive model used in this study are
presented below.

2.1. Model equations

According to Bohorquez (2012), Damián and Nigro (2014), the
mixture model or the algebraic slip mixture model is a multiphase
model for 𝑛 interpenetrated phases based on the multifluid model (Li
et al., 2019b). The continuity equations in the multifluid model for each
phase are

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝜕𝛼a𝜌a
𝜕𝑡 + ∇ ⋅

(

𝛼a𝜌a𝐔a
)

= 0
𝜕𝛼g𝜌g
𝜕𝑡 + ∇ ⋅

(

𝛼g𝜌g𝐔g
)

= 0
𝜕𝛼s𝜌s
𝜕𝑡 + ∇ ⋅

(

𝛼s𝜌s𝐔s
)

= 0

, (1)

where 𝛼a, 𝛼g, and 𝛼s are the volume fractions of the air, gravels, and
slurry, respectively, which satisfy the relationship 𝛼a+𝛼g+𝛼s = 1. 𝜌a, 𝜌g,
and 𝜌s are the densities of the air, gravels, and slurry, respectively. 𝐔a,
𝐔g and 𝐔s are the velocities of the air, gravels, and slurry, respectively.
Dividing the three equations in Eq. (1) by the phase density and adding
the three resulting equations yields

∇ ⋅ 𝐮 = 0, (2)

here 𝐮 = 𝛼a𝐔a + 𝛼g𝐔g + 𝛼s𝐔s is the volumetric velocity.
The momentum balance equations of each phase can be written as

⎧

⎪

⎪

⎨

⎪

⎪

𝜕𝛼a𝜌a𝐔a
𝜕𝑡 + ∇ ⋅

(

𝛼a𝜌a𝐔a𝐔a
)

− ∇ ⋅
(

𝛼a𝜏a
)

= 𝛼a𝜌a𝐠 − ∇𝑃a
𝜕𝛼g𝜌g𝐔g

𝜕𝑡 + ∇ ⋅
(

𝛼g𝜌g𝐔g𝐔g
)

− ∇ ⋅
(

𝛼g𝜏g
)

= 𝛼g𝜌g𝐠 − 𝛼g∇𝑃g − 𝐅
𝜕𝛼s𝜌s𝐔s + ∇ ⋅

(

𝛼s𝜌s𝐔s𝐔s
)

− ∇ ⋅
(

𝛼s𝜏s
)

= 𝛼s𝜌s𝐠 − 𝛼s∇𝑃s + 𝐅

, (3)
⎩

𝜕𝑡
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where 𝑃a, 𝑃g, and 𝑃s are the phase pressure of the air, gravels, and
slurry, 𝜏a, 𝜏g, and 𝜏s are the shear stress of the three phases, 𝐠 is the
acceleration due to gravity, and 𝐅 is the interaction force between the
slurry and the gravels. Adding the three equations in Eq. (3) yields
𝜕𝜌𝐔
𝜕𝑡

+ ∇ ⋅ (𝜌𝐔𝐔) − ∇ ⋅
(

𝝉 + 𝝉𝐦
)

= −∇𝑃 + 𝜌𝐠 , (4)

where 𝜌 = 𝛼a𝜌a+𝛼g𝜌g+𝛼s𝜌s is the mixture density, 𝐔 is the mass-average
velocity

𝐔 = 1
𝜌
(

𝛼a𝜌a𝐔a + 𝛼g𝜌g𝐔g + 𝛼s𝜌s𝐔s
)

= 𝐮 + 𝛼g
(

1 − 𝛼g
)
𝜌g − 𝜌s

𝜌
𝐔gs ,

(5)

where 𝐔gs is the relative velocity of the gravels with respect to the
slurry, which can be expressed as Damián and Nigro (2014)

𝐔gs = 𝐔r
(

1 − 𝛼g
)𝑎 (6)

where 𝐔r and 𝑎 are constants. 𝐔r can be regarded as the average settling
velocity of solid particles in still liquid

𝐔r =
𝑑2

18𝜇s
(1 − 𝛼g)5(𝜌g − 𝜌s)𝐠 , (7)

where 𝑑 is the particle diameter and 𝜇s is the slurry viscosity. 𝑃 is the
mixture pressure, which is given by

𝑃 = 𝑃a + 𝑃g + 𝑃s , (8)

𝜏 is the bulk stress tensor

𝜏 = 𝛼a𝜏a + 𝛼g𝜏g + 𝛼s𝜏s , (9)

𝜏m is the tensor representing the interaction due to the relative motion
of gravels with respect to the slurry

𝜏m = −𝛼g
(

1 − 𝛼s
)
𝜌s𝜌g
𝜌m

𝐔gs𝐔gs , (10)

where 𝜌m = 𝛼g𝜌g + 𝛼s𝜌s is the mixture density of the gravels and the
slurry.

The mixture pressure consists of two parts: the static pressure and
the dynamic pressure. When a large static pressure exists in a certain
physical problem, the calculation may produce a false velocity due to
hydrostatic pressure. Moreover, it is complicated when defining the
boundary conditions under which the boundary pressure changes with
height. Therefore, the pressure gradient term in Eq. (4) is changed to
the following form (Berberović et al., 2009):

𝑃 = 𝑃rgh + 𝜌𝐠 ⋅ 𝐡 , (11)

∇𝑃 = ∇𝑃rgh + 𝐠 ⋅ 𝐡∇𝜌 + 𝜌𝐠 , (12)

where 𝑃rgh is the dynamic pressure and 𝐡 is the position vector. By
substituting Eq. (12) into Eq. (4), we obtain (considering the surface
tension force)
𝜕𝜌𝐔
𝜕𝑡

+ ∇ ⋅ (𝜌𝐔𝐔) − ∇ ⋅ (𝝉 + 𝜏m) = −∇𝑃rgh − 𝐠 ⋅ 𝐡∇𝜌 + 𝜎𝜅∇𝛼 . (13)

he viscosity stress tensor term in Eq. (13) can be written as follows:

⋅ 𝝉 = ∇ ⋅
(

𝜇
(

∇𝐔 + ∇𝐔T)) = ∇ ⋅ (𝜇∇𝐔) + ∇𝐔 ⋅ ∇𝜇 , (14)

where the superscript T denotes the transpose. By substituting Eq. (14)
into Eq. (13), we obtain
𝜕𝜌𝐔
𝜕𝑡

+∇⋅(𝜌𝐔𝐔)−∇⋅(𝜇∇𝐔)−∇𝐔⋅∇𝜇−∇⋅𝜏m = −∇𝑃rgh−𝐠⋅𝐡∇𝜌+𝜎𝜅∇𝛼 . (15)

Dividing the continuity equation of the air in Eq. (1) by 𝜌a yields
𝜕𝛼a
𝜕𝑡

+ ∇ ⋅
(

𝛼a𝐔a
)

= 0 . (16)

Because the air is immiscible with respect to the mixture of slurry and
the gravels, 𝛼a defines the interface between the air and the mixture
(gravels and slurry). The volumetric velocity can be rewritten as
3

𝐮 = 𝛼a𝐔a + (1 − 𝛼a)𝐮m , (17) 𝜌
where 𝐮m = 𝛼g𝐔g+𝛼s𝐔s is the volumetric velocity of the mixture of the
gravels and the slurry. Only the interaction between the slurry and the
gravels is considered. As a results, it is assumed that 𝐮m = 𝐔a. Eq. (16)
an be written as
𝜕𝛼a
𝜕𝑡

+ ∇ ⋅
(

𝛼a𝐮
)

= 0 . (18)

The value of the phase fraction of the air should be 0 or 1. The method
proposed by Weller (2002) was implemented in OpenFOAM. Specifi-
cally, an artificial convection term was added to squeeze the phase
fraction near the interface to counteract the ambiguity of the phase
interface caused by numerical dissipation. The artificial convection
term must be zero outside of the phase interface. Therefore, the VOF
model of the air phase can be expressed as (Albadawi et al., 2013)
𝜕𝛼a
𝜕𝑡

+ ∇ ⋅
(

𝛼a𝐮
)

+ ∇ ⋅
(

𝛼a(1 − 𝛼a)𝑐|𝐮|
∇𝛼a
|∇𝛼a|

)

= 0 , (19)

here 𝑐 is a controllable compression factor; when 𝑐 = 0, there is
o compression. The larger 𝑐 is, the faster and more obvious the
ompression is. In addition, the boundedness of the volume fraction
s guaranteed by the Multidimensional Universal Limiter with Explicit
olution (MULES) algorithm, which is a flux corrected transport-based
cheme (Zalesak, 1979). Detailed descriptions of the numerical schemes
nd the implementation of the MULES algorithm in the 𝑖𝑛𝑡𝑒𝑟𝐹𝑜𝑎𝑚
rogram in OpenFOAM can be found in Deshpande et al. (2012) and
guyen Duy and Hino (2020).

The gravels velocity 𝐔g can be derived as

g = 𝐮 + (1 − 𝛼s)𝐔gs , (20)

imilar to the continuity equation of the air, dividing the continuity
quation of the gravels in Eq. (1) and considering the diffusion between
he gravels and slurry yields
𝜕𝛼g
𝜕𝑡

+ ∇ ⋅
(

𝛼g𝐮
)

+ ∇ ⋅
[

𝛼g(1 − 𝛼g)𝐔gs
]

−𝐷gs∇2𝛼g = 0 . (21)

here 𝐷gs is the diffusion coefficient between the slurry and the gravel
hases, and a small value (1 × 10−6) was used in this study. By solving
qs. (16) and (21), the phase fractions of the air and gravels can be
btained. Then, according to 𝛼s = 1 − 𝛼a − 𝛼g, the phase fraction of
he slurry is obtained. A cell-centre-based finite volume method (FVM)
ncorporating the finite volume approximation of the transport equa-
ions was used in this study. The transient terms were evaluated using
he first-order implicit Euler scheme, and the convective and diffusion
erms were discretized using a second-order resolution scheme. The
ressure was coupled with the velocity using the pressure implicit with
plitting of operators (PISO) algorithm (Issa et al., 1986). The Courant
umber was set to less than 1 to prevent numerical errors.

.2. Solution procedure

The normal flux of 𝛼a and 𝛼s at cell face is

a =
(

𝛼a𝐮 + 𝛼g𝛼a𝑐|𝐮|
∇𝛼a
|∇𝛼a|

+ 𝛼s𝛼a𝑐|𝐮|
∇𝛼a
|∇𝛼a|

)

𝑓
⋅ 𝐒𝑓

= 𝛼a𝑓𝜙u + 𝛼g𝑓𝛼a𝑓𝜙r + 𝛼s𝑓𝛼a𝑓𝜙r ,
(22)

s =
[

𝛼g𝐮 + 𝛼g(1 − 𝛼g)𝐔gs
]

𝑓 ⋅ 𝐒𝑓
= 𝛼g𝑓𝜙u + 𝛼g𝑓 (1 − 𝛼g𝑓 )𝜙gs

(23)

here 𝜙u = 𝐮𝑓 ⋅ 𝐒𝑓 is the normal flux of the volumetric velocity 𝐮,
r = 𝑐|𝐮|( ∇𝛼a

|∇𝛼a|
)𝑓 ⋅ 𝐒𝑓 , 𝜙gs = 𝐔gs ⋅ 𝐒𝑓 , 𝐮𝑓 is the volumetric velocity at

he cell face 𝑓 , 𝐒𝑓 is the exterior normal vector of the cell face, and
ubscript 𝑓 represents the value at the cell face. Eqs. (19) and (21) can
e solved based on the MULES algorithm. The normal mass flux at the
ell face can be calculated by

𝜙 = 𝛼 𝜙
(

𝜌 − 𝜌
)

+ 𝜙
(

𝜌 − 𝜌
)

+ 𝜙 𝜌 , (24)
a a a s s g s u s
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where 𝜙 is the normal flux of the mass-average velocity 𝐔. The
semi-discretized form of the momentum equation (15) can be written
as Zhang et al. (2021d)

𝐴𝑃𝐔∗
𝑃+

∑

𝐴𝑁𝐔∗
𝑁 − 𝑆𝑛

𝑃 = 𝐂(𝑃rgh,𝑃𝑃rgh,𝑁 ) + 𝐄𝑃 , (25)

where 𝐴𝑃 is a coefficient related to the current element 𝑃 , 𝐴𝑁 is
a coefficient related to the adjacent element 𝑁 , 𝐔∗

𝑃 is the predicted
mass-average velocity at the centre point of element 𝑃 , the superscript
𝑛 denotes the 𝑛th time step, ∗ is the momentum prediction, and the
subscripts 𝑃 and 𝑁 denote the two elements. 𝐂(𝑃rgh,𝑃 , 𝑃rgh,𝑁 ) denotes
the discrete form of the pressure gradient term, and 𝐄𝑃 is the discrete
form of the volume force and the surface tensor term. By solving
Eq. (25), the predicted mass-average velocity can be obtained, but it
does not satisfy the continuity equation. Based on the convergence
situation, Eq. (2) is discretized as follows:
∑

(

𝐮𝑛+1𝑓 ⋅ 𝐒𝑓
)

= 0 , (26)

where 𝐮𝑛+1𝑓 is the volumetric velocity at the cell face 𝑓 at time 𝑛 + 1.
According to Eq. (5), Eq. (26) can be rewritten as
∑

[

𝐔𝑓 ⋅ 𝐒𝑓 − 𝛼g(1 − 𝛼g)
𝜌g − 𝜌s

𝜌
𝜙gs

]

= 0 (27)

At convergence, Eq. (25) can be written as

𝐴𝑃𝐔𝑛+1
𝑃 +

∑

𝐴𝑁𝐔𝑛+1
𝑁 − 𝑆𝑛

𝑃 = −∇𝑃 𝑛+1
rgh,𝑃 − 𝐠 ⋅ 𝐡∇𝜌𝑛+1𝑃 + 𝜎𝜅∇𝛼𝑛+1𝑃 , (28)

et

𝐛𝐲𝐀𝑛+1
𝑃 = 1

𝐴𝑃

(

−
∑

𝐴𝑁𝐔𝑛+1
𝑁 + 𝑆𝑛

𝑃

)

. (29)

It follows that Eq. (28) can be rewritten as

𝐔𝑛+1
𝑃 = 𝐇𝐛𝐲𝐀𝑛+1

𝑃 − 1
𝐴𝑃

(

∇𝑃 𝑛+1
rgh,𝑃 + 𝐠 ⋅ 𝐡∇𝜌𝑛+1𝑃 − 𝜎𝜅∇𝛼𝑛+1𝑃

)

, (30)

where 𝐇𝐛𝐲𝐀𝑛+1
𝑃 is the finite volume representation of the spatial con-

vective and diffusive fluxes of the phase momentum (Jasak, 1996).
According to Rhie–Chow interpolation (Rhie and Chow, 1983), the
velocity on the cell face 𝑓 is

𝑛+1
𝑃 ,𝑓 = 𝐇𝐛𝐲𝐀𝑛+1

𝑃 ,𝑓 − 1
𝐴𝑃 ,𝑓

(

∇𝑓𝑃
𝑛+1
rgh,𝑃 + 𝐠 ⋅ 𝐡∇𝑓 𝜌

𝑛+1
𝑃 − 𝜎𝜅∇𝑓𝛼

𝑛+1
𝑃

)

, (31)

y substituting Eq. (31) into Eq. (27), we obtain
(

𝐇𝐛𝐲𝐀𝑛+1
𝑃 ,𝑓 + 1

𝐴𝑃 ,𝑓

(

𝜎𝜅∇𝑓𝛼
𝑛+1
𝑃 − 𝐠 ⋅ 𝐡∇𝑓 𝜌

𝑛+1
𝑃

)

)

⋅ 𝐒𝑓

−
∑

𝛼g(1 − 𝛼g)
𝜌g − 𝜌s

𝜌
𝜙gs =

∑ 1
𝐴𝑃 ,𝑓

(

∇𝑓𝑃
𝑛+1
rgh,𝑃

)

⋅ 𝐒𝑓 .
(32)

Eq. (32) is the Poisson pressure equation. The convergent pressure can
be obtained by solving this equation. After Eq. (32) is solved, 𝜙u can
be updated as

𝜙u = 𝜙 − 𝛼g(1 − 𝛼g)
𝜌g − 𝜌s

𝜌
𝜙gs . (33)

2.3. Rheological behaviour of the slurry

In this study, the slurry was regarded as a non-Newtonian fluid,
and its rheological properties can be described by the H–B model,
which is characterized by a nonzero shear stress when the strain rate
is zero (Han et al., 2015a; Kang and Kim, 2017). The H–B model can
be represented by the following constitutive equation:

𝜏s = 𝜏0 + 𝑘 × 𝛾̇𝑛 , (34)

where 𝜏0 is the yield stress, which is defined as the minimum shear
stress required to initiate flow, 𝑘 is the consistency index of the slurry,
and 𝑛 is the flow index of the slurry. 𝑛 ≥ 1 gives a shear-thickening
4

slurry, while 𝑛 ≤ 1 corresponds to a shear-thinning slurry. 𝑛 = 1 leads
to the Bingham model (Pang et al., 2018). 𝛾̇ is the shear rate, which is
a function of the second invariant of the deformation tensor 𝐃:

𝛾̇ =
√

2𝐃 ∶ 𝐃 , (35)

= 1
2
(

∇𝐔 + (∇𝐔)T
)

. (36)

he apparent viscosity of the slurry can be expressed as follows:

s,app =
𝜏0
𝛾̇

+ 𝑘 × 𝛾̇𝑛−1 , (37)

Based on Eq. (37), when the shear rate 𝛾̇ is close to 0, the apparent
viscosity of the slurry tends to infinity. This means that from the
physical perspective, the slurry does not deform in the nonregional
area. However, it causes divergence or even crashes during the solution
procedure in the numerical calculation (Han et al., 2019). To solve this
problem, an upper limit of the apparent viscosity of the slurry is usually
set, i.e., 𝜇max (Huang et al., 2012), such that

𝜇s,app =

{ 𝜏0
𝛾̇ + 𝑘 × 𝛾̇𝑛−1 𝜇s,app < 𝜇max

𝜇max 𝜇s,app ⩾ 𝜇max
. (38)

owever, the selection of the value of 𝜇max is a problem. Thus, this
ethod has limitations. To accurately describe the movement of a
ebris flow under a large strain while avoiding the limitations of the
–B model, the model proposed by Papanastasiou (1987) was used to
escribe the rheological properties of the slurry. The model is referred
o as the Herschel–Bulkley–Papanastasiou (H–B–P) model in this paper.
hus, the apparent viscosity of the slurry can be expressed as:

s,app =
𝜏0
𝛾̇

[

1 − exp(−𝑚𝛾̇)
]

+ 𝑘 × 𝛾̇𝑛−1 , (39)

where 𝑚 (constant) is the stress growth parameter. As a result, when the
shear rate is small, the shear stress 𝜏 is allowed to exceed the yield stress
𝜏0. When 𝛾̇ is 0,

[

1 − exp(−𝑚𝛾̇)
]

∕𝛾̇ in Eq. (39) is close to 𝑚, and when 𝑚
is close to infinity, the Herschel–Bulkley–Papanastasiou (H–B–P) model
is fully equivalent to the ideal H–B model. Fig. 1 shows the influences
of parameters 𝑚 and 𝑛 in Eq. (39) on the H–B–P model, where 𝜏0 = 20
Pa, 𝑛 = 2, and 𝑘 = 1 Pa ⋅ s. The H–B–P model converges to a certain
value when the shear rate is low, and thus, there is no numerical
divergence. Moreover, the H–B–P model is smooth and continuous. The
convergence value and convergence speed of the apparent viscosity are
determined by the value of 𝑚. The larger the value of 𝑚 is, the faster the
convergence is. When the value of 𝑚 is large, the H–B–P model is close
to the H–B model (Fig. 1(b)). The H–B–P model avoids the problem that
the apparent viscosity tends to infinity when the shear rate is small. In
summary, 𝑚 in the H–B–P model mainly controls the rate of change of
the shear stress in the plastic yield transition section with shear rate,
as well as the convergence speed and value of the apparent viscosity at
small shear rates. 𝑛 mainly controls the nonlinear relationship between
the shear stress and the shear rate under large deformations. The H–B–P
model has good convergence performance and can more comprehen-
sively reflect the complex relationship between the shear stress and
the shear rate under large deformations. The regularized H–B–P model
without numerical divergence was implemented in OpenFOAM.

There are four parameters in the H–B–P model that need to be
determined: the yield stress 𝜏0, consistency index 𝑘, flow index 𝑛, and
stress growth parameter 𝑚. The H–B parameters of the slurry can be
linked to the properties of the slurry, such as the solid volumetric
concentration, the clay percentage, and the clay type, which can be
measured via geotechnical tests. The materials in a debris flow were
tested by Coussot et al. (1998). They found that 𝑛 = 1/3 for the
different mixtures, while 𝑘 and 𝜏0 increase roughly proportionally as
the concentration of the solids increases. Nguyen et al. (2018) showed
that when the clay fraction of the slurry is less than 30%, the slurry can
be described by the Bingham model, that is, 𝑛 = 1. In addition, based

on physical experiments, they determined the relationship between the
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Fig. 1. (a) Influence of 𝑚 on the stress in the H–B–P model. (b) Influence of 𝑚 on the apparent viscosity in the H–B–P model. 𝜏0 = 20 Pa, 𝑛 = 2, and 𝑘 = 1 Pa⋅s.
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yield stress 𝜏0 and the clay fraction and water content in the Bingham
model.

𝜏0 = 3.504 exp
(

2327.2
𝐶F

𝑤2.78

)

, (40)

here 𝐶F is the clay fraction, which ranges from 5% to 30%, and 𝑤
s the water content. Considering the simplicity of the model proposed
y Nguyen et al. (2018), this model was used in this study. As seen
rom Fig. 1, when 𝑚 ≥ 5, the H–B–P model is close to the H–B model.

.4. Rheological behaviour of the gravel

In the previous section, the rheological behaviour of the slurry (a
ixture of fine particles and water) in the debris flow was analysed,

nd the values of the model parameters were given. In this section,
e introduce the rheological behaviour of gravel. When there is much
ravel in the debris flow, the equivalence hypothesis is not reasonable,
nd the gravel in the debris flow needs to be considered separately (von
oetticher et al., 2016; Yang et al., 2020). Since there is no cohesion
etween gravel particles, it can be regarded as granular flow. The
otion and settling of dry granular materials can be described well by

iscoplastic constitutive laws (Jop et al., 2006; Forterre and Pouliquen,
008; Domnik and Pudasaini, 2012). Domnik et al. (2013) developed
full two-dimensional Coulomb-viscoplastic model, which includes the
asic features of granular flow, such as the exhibition of a yield strength
nd a nonzero slip velocity. The frictional nature of granular materials
s accounted for by the pressure-dependent yield strength, which is
elated to the internal friction angle of the materials. The stress tensor
or a viscoplastic flow can be written as:

𝑔 = −𝑃 𝐈 + 2𝜇g,eff𝐃 , (41)

here 𝑃 is the mixture pressure, 𝐈 is a unit tensor, and 𝜇g,eff is the
pparent viscosity of the gravel, which can be expressed as:

g,eff = 𝜇g +
𝜏′0
‖𝐃‖

, (42)

′
0 = 𝑃 sin(𝜃) , (43)

here 𝜇g is the constant dynamic viscosity, 𝜏′0 is the yield stress of the
ravel, ‖𝐃‖ =

√

2𝑡𝑟(𝐃2) is the norm of the deformation tensor, and 𝜃
s the internal friction angle of the gravel, which describes the friction
etween the gravels. The gravel acts as a Newtonian fluid when 𝜏′0 = 0.
he yield stress 𝜏′0 is significant to the transition of the gravel between
he solid state and the fluid state in response to the flow initiation
nd deposition processes. The pressure dependence of the yield stress
Eq. (43)) causes higher resistance against deformation in high-pressure
egions. Similar to the H–B model, when ‖𝐃‖ is close to 0, 𝜇g,eff tends to
nfinity, leading to calculation divergence. Therefore, a method similar
5

o that used in the previous section was adopted (Papanastasiou, 1987),
nd an exponential growth parameter 𝑠 with a dimension of time was
ntroduced in this study:

g,eff = 𝜇 +
𝑃 sin(𝜃)
‖𝐃‖

[

1 − exp(−𝑠‖𝐃‖)
]

, (44)

Eq. (44) is uniform in the unyielding and yielding regions, and the
transition between these regions is smoother for smaller values of
𝑠 (Papanastasiou, 1987). Fig. 2 shows the influences of parameters
𝑠, 𝑃 , and 𝜃 in Eq. (44) on the Coulomb-viscoplastic model, where
𝜇 = 0.01Pa ⋅ s. As the norm of the deformation tensor increases, the
apparent viscosity of the gravel decreases significantly. The greater the
pressure is, and the smaller the normal vector of the deformation tensor
is, the larger the apparent viscosity is. That is, at places close to the
wall, because the pressure is large and ‖𝐃‖ is small, the velocity of
the column will be more likely to decrease, causing the debris flow to
stop, which is consistent with the actual situation. However, when the
shear rate is large, the apparent viscosity of the gravel is small; thus,
the contribution of the gravel in the debris flow is reduced, and it is
carried forward by the slurry. In addition, the internal friction angle
also has a significant effect on the apparent viscosity. The larger the
internal friction angle is, the larger the apparent viscosity of the gravel
and the faster the convergence of the Coulomb-viscoplastic model. The
internal friction angle can be obtained through experiments. Generally,
the internal friction angle of gravel is approximately 30◦. According to
Fig. 2(c), as 𝑠 increases, the apparent viscosity decreases when ‖𝐃‖ <
10. When ‖𝐃‖ ≥ 10, the apparent viscosity remains constant. The value
of 𝑠 is set as 1.0 to ensure that, in the absence of shear, the apparent
viscosity will achieve a viscosity representing Coulomb friction with a
sole dependence on the normal pressure.

3. Numerical verification

In this section, three examples are used to verify the effectiveness
of the proposed method (𝑖𝑛𝑡𝑒𝑟𝐷𝑒𝑏𝑟𝑖𝑠𝐹𝑜𝑎𝑚). First, the flow between
two parallel plates was tested to validate the implementation of the
H–B–P model in the present work in OpenFOAM. Then, a granular
column collapse experiment was carried out to verify the applicability
of the Coulomb-viscoplastic model. Finally, the applicability of the
entire method was verified using a debris flow experiment.

3.1. Flow between two parallel plates

As shown in Fig. 3, there is flow between two plates. The flow is
described by the Bingham model (𝑛 = 1 in the H–B model). When
the pressure difference is known, the velocity distribution of the flow
between the plates is (Gopala et al., 2011)

𝑈 (𝑦) =

{

𝛥𝑃𝐻
2𝑘𝐿

(

𝑦 − 𝑦2

𝐻

)

− 𝜏0𝑦
𝑘 0 ≤ 𝑦 ≤ ℎ

1 , (45)

𝑈 (ℎ) ℎ < 𝑦 ≤ 2𝐻
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e

Fig. 2. The change in the apparent viscosity 𝜇g,eff with the norm of deformation tensor ‖𝐃‖, (a) effect of pressure 𝑃 , (b) effect of internal friction angle 𝜃, and (c) effect of
xponential growth parameter 𝑠.
Fig. 3. Schematic diagram of the flow between two plates.

Table 1
Rheological parameters of the simulated H–B–P fluid.

Parameters SCC Grout

Density (kg/m3) 2200 1900
Yield stress 𝜏0 (Pa) 131 2
Consistency index 𝑘 (Pa⋅s) 44.9 11
Flow index 𝑛 1 1
Stress growth parameter 𝑚 (s) 5 5

where 𝐿 is the length of the plates, 𝐻 is the clearance between the
plates, ℎ is the height below the plug zone, 𝑘 is the consistency index
in Eq. (38), and 𝛥𝑃 is the pressure difference. The size of the plug
between the two plates is calculated as 2𝜏0𝐿∕𝛥𝑃 (Gopala et al., 2011).
The ℎ = 0.5(𝐻−2𝜏0𝐿∕𝛥𝑃 ). In this study, a two-dimensional plate with a
length of 𝐿 = 2 m and a height of 𝐻 = 0.1 m was modelled. The shape
of the plate was the same as in Fig. 3. The numbers of elements in the 𝑥
and 𝑦 directions were 150 and 25, respectively. The fluid velocity at the
upper and lower walls was 0 m/s, the pressure gradient was 0 Pa/m,
the velocity at the left entrance was 0.069 m/s (Gopala et al., 2011),
with a pressure gradient of 0 Pa/m, the velocity gradient at the right
exit was 0 (m/s)/m, and the pressure was 0 Pa. In the beginning, the
field was filled with fluids with a velocity of 0 m/s. Two types of fluids
were used in the simulation, namely, a self-compacting cement (SCC)
mixture and grout. The parameters of the two fluids were the same as
those used by Gopala et al. (2011), as shown in Table 1.

Fig. 4 shows the velocity (along the 𝑥 direction at the cross-section
of the 𝑥 = 1 m) distribution calculated using the proposed method
and that obtained from Eq. (45). It was found that the results are in
good agreement. The width of the plug area (𝐻 − 2ℎ) of the SCC is
approximately 0.04 m, and that of the grout is approximately 0.01 m.
Therefore, the velocity profile of the SCC is very different from that of
the grout. This is due to the greater strength of the SCC. The shear rate
in the middle region is small, the SCC has not reached its yield limit,
and the movement will be in a solid state.

3.2. Granular column collapse process

Through indoor experiments, Lacaze et al. (2008) investigated the
influence of the initial aspect ratio on the collapse morphology of the
particles in air, and they used the discrete element method (DEM) to
6

reconstruct the granular collapse process. One group of experimental
data and the DEM results of the process obtained by Zhang et al.
(2021a) were used for comparison in this study. The particles initially
accumulated on one side of a two-dimensional rectangular slot, with
dimensions of 300 mm × 300 mm × 3 mm. The initial column width
was 40 mm, and the height was 240 mm. A vertical gate was used
to hold the column still. At the start of the experiment, the gate was
pulled away instantaneously to allow the column to collapse freely. The
particle density was 2650 kg∕m3, and the particles were approximately
the same size, with a diameter of 2.5 mm. In this study, the internal
friction angle was 30◦. A 1:1 two-dimensional numerical model was
created based on the experimental design. First, particles of approxi-
mately the same size were deposited on one side of the rectangular area.
The remaining part of the area was air, and the ground of the area was a
no-slip boundary. The left and right sides were free-slip boundaries with
a pressure gradient of 0 Pa/m. The top velocity gradient was 0 (m/s)/m,
and the pressure was 0 Pa. Fig. 5 shows the results of the column
morphology at four moments, i.e., 0.15 s, 0.30 s, 0.45 s, and 0.60 s. The
results of the Coulomb-viscoplastic model used in this study produced
a slightly larger column height in the initial period compared with the
experimental value. In the second half of the period, the column height
was slightly lower than the experimental value. This may be due to the
large internal friction angle of the particles. Fig. 6 shows the velocity
map of the particles and air at different times (0.15 s, 0.30 s, 0.45 s, and
0.60 s), which divides the collapse process into several stages. Under
the initial condition, the pressure at the bottom part (due to the weight
of the mass above) is large, and the shear rate inside the particles is
small. The apparent viscosity of the column at the bottom is large. Due
to no block on the right, the upper and front part of the granular column
move to the lower right (0.15 s). Then, the granular column changes
to the B stage. Similarly, the apparent viscosity of the column at the
bottom is large. The upper and front part of the column move to the
lower right. Eventually, the column tends to the be static (D stage). In
this study, we also present the results of the DEM simulation (Zhang
et al., 2021a). The results show that the Coulomb-viscoplastic model
was very close to the results of the DEM method. However, since the
DEM method needs to simulate the collision between particles and track
their positions, the corresponding calculation cost is large (Sundaresan
et al., 2018; Li et al., 2020a). Although the results of the DEM are more
accurate, it is unrealistic to apply it to three-dimensional numerical
simulations of large-scale debris flows. In comparison, the proposed
method balances the accuracy of the calculation and the amount of
computation required and can be applied to the simulation of actual
scale debris flows.

3.3. Debris flow simulation

The above two examples verified the effectiveness of the H–B–P
model and the Coulomb-viscoplastic model. In this section, a three-
phase flow example is used to verify the effectiveness of the
𝑖𝑛𝑡𝑒𝑟𝐷𝑒𝑏𝑟𝑖𝑠𝐹𝑜𝑎𝑚 solver. Hürlimann and Rickli (2015) studied the influ-
ence of soil water content, grain-size distribution and initial volume on
the runout characteristics of hillslope debris flows based on laboratory
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Fig. 4. Comparison between the numerical simulation results and the analytical solution: (a) SCC, and (b) Grout.
Fig. 5. Variation in the collapse height with time, (a) t = 0.15 s, (b) t = 0.30 s, (c) t = 0.45 s, and (d) t = 0.60 s. The grey box represents the initial state of the granular column.
Fig. 6. The velocity map of the particles and air at different times (0.15 s, 0.30 s, 0.45 s, and 0.60 s).
experiments. The experimental hillslope is shown in Fig. 7, which
consisted of four parts: (a) a 0.54 m long and 0.4 m wide head box, (b)
a 4.46 m long and 1.2 m wide steep runout zone with an inclination of
30◦ (c) a 2.5 m long and 1.2 m wide lower-angle runout zone with
a slope of 10◦ and (d) retention basin. Laser devices were used to
determine the flow depth along the slope. The materials of the debris
flow consisted of clay, silt, sand, gravel, and water. The water volume
fraction is approximately 53%, and the clay fraction is approximately
7.5%. The initial volume of the debris flow mixture was 0.012 m3, with
the gravels accounting for 17%. The density of the slurry was set as
1400 kg∕m3. The density of the gravels was 2700 kg∕m3. The gravel
friction angle was 36◦. The free surface tension of the mixture and
air was 𝜎 = 0.07 N/m. The constant 𝐔r was set as −0.003 m/s in the
vertical direction. The constant 𝑎 was set as 0.5.

Fig. 8 shows the comparison between the simulated flow depth
and the laser data (laser 1 and laser 2) in the experiment. The flow
depth at the two laser locations presents a state of increasing first,
then decreasing, and finally gradually stabilizing. This is because the
flow head reaches the laser first with the maximum depth in the head.
After the flow head moves downward, the rear part of the debris flow
tends to be stable. However, the simulated flow depth is larger than
the laser measurement data, which is evident at laser 2. In addition,
7

Fig. 7. Laboratory setup for the hillslope debris flow experiments. The two laser
devices are used to determine the flow depth.

the simulated results are smoother than the measured data. This may
result from the disturbance of the gravels in the laser measurement.
Comparisons between laser data and the simulated results at such small
scales are only approximate due to the surface disturbance by the
gravels. The arrival time, the maximum depth, and the depth trend are
more suitable for comparison. From this point of view, the model in
this paper can reproduce the movement characteristics of debris flows.
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Fig. 8. Simulated flow depth and the laser measurement flow depth over time.
Fig. 9. Location of Miyun district.

4. Application to predicting the debris flow in the Longtangou
Watershed

In 2011 and 2012, heavy rainfall triggered debris flows in the
Pinggu and Miyun Districts of Beijing, damaging multiple bridges, caus-
ing direct economic losses of tens of billions of Yuan, and displacing
nearly 6000 people (Li et al., 2019a). The Miyun District is located
in the northeastern part of Beijing (Fig. 9). It is one of the high-risk
areas for debris flows in the mountainous area of Beijing. In 1989,
1991, 2011, 2013, and 2016, severe mountain torrents and debris
flows occurred in this area (Ma et al., 2016, 2018). The Longtangou
Watershed is located in Taishitun Town in the northeastern part of
the Miyun District, and it is a transition zone between the mountains
and plains. In the Longtangou Watershed area, the mountains are
steep, with an average slope of 42.1◦. The terrain is undulating; it is
high in the southern and central parts and low in the northwest. The
highest elevation is 903 m, and the lowest is 255 m, with an elevation
difference of 648 m. Due to the steep terrain, there is an obvious
development of fractures and folds, as well as outcrops of ancient
strata. Mountain torrents and debris flows occurred in the Longtangou
Watershed in 2011, 2013, and 2016. Since the area is located to the east
of the Miyun Reservoir, debris flows can threaten the safety of the cities
and towns downstream and the water quality of the Miyun Reservoir.
Preliminary remote sensing image data reveal that since 2012, the areas
of the material source bodies in two ditch channels have increased
rapidly, and it would be very easy for mountain torrents and debris
flows to occur again. In this paper, based on the proposed numerical
model, we explored the dynamic characteristics of the debris flow in
the Longtangou Watershed in an attempt to provide a reference for the
safe management of downstream towns and reservoirs.

The Longtangou Watershed contains several branches, among which
the Aiwa Watershed has experienced the most severe debris
flows (Zhang et al., 2018). The debris flows in the Aiwa Watershed pose
8

great threats to the downstream roads (Fig. 10). The debris flows in
2011 and 2016 caused traffic disruptions. The valley of the watershed
is shaped like a gravel leaf, and the watershed area is less than 1 km2.
The smaller area significantly increases the possibility of debris flows
(Table 2). The elevation difference of the ditch is 0.44 km, and the drop
in the ditch bed profile is larger than 30%. The Aiwa Watershed has a
wide variety of material sources. The main materials include collapse
deposits, channel slope deposits, channel bed deposits, and old debris
flow deposits. Among them, collapse deposits are the main material
source in the Aiwa Watershed (50%), and the diameter of the collapse
deposits is 30?0 mm. The structure is complex, with large pores and
low stability. Remote sensing images show that the area of the material
sources in the Aiwa Watershed has increased from 1674 m2 in 2012 to
20284 m2 in 2016 (Zhang et al., 2018). Currently, the material source is
rich in this area, providing the necessary conditions for the occurrence
of more debris flows.

Zhang et al. (2018) sampled the deposits in the Aiwa Watershed
and analysed their density and composition. During sampling, the top
10 cm on the surface of the deposits was removed first, and the under-
lying debris flow deposit in the lower part was collected. The samples
were screened using a 60 mm steel sieve to remove the large gravel.
Samples with a particle size of less than 60 mm were included in this
study. The samples were sealed and brought back to the laboratory to
measure their weights and volumes. It was calculated that the densities
of the large debris flow and solid samples (> 20 mm) were 1900
kg∕m3 and 2500 kg∕m3, respectively, the clay fraction was 5%, and
the water content was 15%–30%. In this study, the water content was
taken as 22.5%. The volume fraction of the gravels in the sample is
approximately 0.17. The constant 𝐔r was set as −0.5 m/s in the vertical
direction. The constant 𝑎 was set as 0.5.

4.1. Numerical setup

In the numerical simulation of a debris flow, one of the most
important factors is to determine the terrain of the debris flow area
in the computational domain. The terrain has a significant influence on
the debris flow velocity, runout path, and distance due to the variations
in the gradient of the terrain. The fine terrain, which is closer to the real
landform, has more obvious topographic fluctuations than the coarse
terrain, making the numerical simulation results more in line with a
realistic debris flow. Another key factor is the initial volume of the
debris flow, which also directly affects the flow characteristics of the
debris flow, such as the runout distance, the affected area, the velocity,
and the depth of the deposit. Thus, a reasonable initial debris flow
volume estimation is essential.

The topographic boundaries of the Aiwa Watershed were con-
structed using a digital elevation model. According to the location of
the Aiwa Watershed in Fig. 10(a), the elevation data were obtained
from the public digital elevation model data, which were then imported
into ANSYS SCDM to generate the calculation domain. The domain was
meshed in FLUENT Meshing, and then OpenFOAM was used for the
numerical simulation. Fig. 11(b) shows the meshed Aiwa watershed
area shown in Fig. 10(a). In total, the mesh contains approximately 6
million cells when the mesh size is 2 m in all directions. The ground of
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Table 2
Topographic parameters of the Aiwa Watershed.

Basin area Channel length Relative elevation Longitudinal gradient Slope gradient
(km2) (km) (km) (%) (◦)

0.34 1.13 0.44 32.3 23.5
Fig. 10. (a) Location of the Aiwa Watershed and (b) elevation map of the Aiwa Watershed.
Fig. 11. (a) Topographic map of the Aiwa Watershed and (b) meshing of the Aiwa Watershed calculation domain.
the calculation domain is the 1:1 terrain surface of the Aiwa Watershed,
and a no-slip boundary condition was used; the velocity was 0 m/s, and
the pressure gradient was 0 Pa/m. The four sides were free-slip bound-
aries. The pressure gradient was also 0 Pa/m, the ground pressure was
0 Pa, and the velocity gradient was 0 (m/s)/m. Furthermore, the travel
distance and extent of a debris flow are affected by the rheological
properties of the slurry and gravel. According to the discussion in the
previous section, the density of the slurry was set to 1900 kg∕m3, and
the density of the gravel was set to 2500 kg∕m3. The yield stress of
the slurry was obtained from Eq. (40), 𝜏 = 26.58 Pa, flow index 𝑛 =
1, consistency index 𝑘 = 8.86 Pa⋅s, stress growth parameter 𝑚 = 5 s,
internal friction angle of gravels 𝜃 = 30◦, 𝑠 = 1.0 s. According to the
geological survey of Tu (2017), the volume of sediment supplements
in the Aiwa Watershed is approximately 143300 m3. Hence, a certain
amount (approximately 0.14 km3) of debris flow was set at the top
of the slope, the volume fraction of the slurry was 0.83, the volume
fraction of the gravel was 0.17, and the remaining part was air, with
a volume fraction of 1. Finally, the associated fields were decomposed
into multiple blocks using the decomposePar tool, and each separate
block in the decomposed fields was run on the cluster of the BeiJing
High Performance Computing (HPC) with 64 AMD EPYC 7452 CPU
2.35 GHz and 256 GB RAM using OpenMPI (an implementation of
the standard message passing interface). The simulation calculation
was conducted based on OpenFOAM with a computation time of
approximately 12.5 h.
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Fig. 12. Comparison between the simulation results and the geological survey data of
the flow velocity. The distance indicates the difference between the 𝑥-coordinates of
debris front.

4.2. Results and discussion

First, we verify the optimized model in the field case. The debris
flow in 2016 in the Aiwa Watershed is simulated. The initial volume
of the debris flow is approximately 38540 m3 (Zhang et al., 2018).
The debris flow velocity at different places of the Aiwa Watershed
was obtained based on a geological survey method. Fig. 12 shows the
comparison between the simulation results and the geological survey
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Fig. 13. The evolution of the volume fraction of the gravels with space and time for (a) 𝑡 = 0 s, (b) 𝑡 = 20 s, (c) 𝑡 = 40 s, (d) 𝑡 = 60 s, (e) 𝑡 = 80 s, and (f) 𝑡 = 120 s. The base
map is a satellite image.
data. The simulation result is close to the geological survey result, and
the trend of the flow velocity is the same as the geological survey result.

Then, the optimized method was used to simulate the movement
and accumulation of the debris flow, which may occur in the future.
The Aiwa Watershed’s ditch is approximately C-shaped, and there is a
topographic transition at approximately 𝑥 = 400 m. We analysed the
movement of the Aiwa Watershed debris flow at 10 s intervals. Fig. 13
gives the evolution of the volume fraction of the gravels with space
and time. The simulation results based on the method proposed by von
Boetticher et al. (2016) are also shown in Fig. 14. At the beginning,
the slurry and the gravels are uniformly mixed. After it began to move
down the slope, the gravels settled to the bottom of the mixture due to
the density difference between the slurry and the gravels. The gravels
moves faster than the slurry. As a result, the gravels go to the flow front,
making the volume fraction of the gravels at the front of the debris
flow larger than 0.17 (with a maximum value of approximately 0.3).
However, the volume fraction of the gravels from the method of von
Boetticher et al. (2016) shows uniform distribution characteristics over
time (Fig. 14). This is because the method of von Boetticher et al.
(2016) does not consider the interaction between slurry and gravels.
The two phases have the same velocity and pressure in each calculating
cell. However, the method in the present paper considers the velocity
slip (or two-phase interaction) between the slurry and the gravels. The
gravels and slurry have different moving velocities around space and
time. In addition, comparing Figs. 13(e) and 14(c), the running distance
in the present simulation at 80 s is the same as the method of von
Boetticher et al. (2016) at 100 s. This means that the flow velocity
obtained based on the method of this work is larger than the method
proposed by von Boetticher et al. (2016), which results from the gravels
moving to the flow front. More gravel at the flow front will increase
the flow velocity. In addition, an important difference between the
two simulation results is the distribution form of the debris flow. More
debris flows are distributed at the front in this paper, while in the
method of von Boetticher et al. (2016), the entire debris flow is evenly
distributed and presents an approximate rectangle.

Fig. 15 shows the velocity and morphology of the debris flow at
different moments (t = 10 s, 30 s, and 100 s). The movement boundary
of the debris flow was determined by the free surface (isosurface of
𝛼a = 0.5). Fig. 16 gives the change in the volumetric velocity of the
front edge of the free surface with time. Once the debris flow started
to move, the gravitational potential energy of the debris flow was con-
verted into kinetic energy, causing the velocity to increase gradually,
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with a maximum velocity magnitude of approximately 10 m/s. The
maximum velocity of the debris flow occurred near its front edge.
Subsequently, it took approximately 10 s for the debris flow to travel
approximately 200 m and reach the bend (point A in Fig. 16) in the
Aiwa Watershed, with a velocity of approximately 10 m/s. The flow
velocity significantly decreases due to bend hindrance. Once a large-
scale debris flow is formed, it will cause strong erosion of the banks on
both sides of the bend and wash away the material sources in the foot
area. Moreover, landslides easily occur on the erosion bank, blocking
the channel and forming a blocking-collapse debris flow, which will
increase the severity and scale of the debris flow. The accumulation
area is relatively flat and open, and the pressure of the debris flow on
the bed is small. Since there are residential areas and roads along the
Aiwa Watershed, the occurrence of debris flows seriously threatens the
lives and property of local residents. Therefore, proper measures should
be taken to prevent large-scale debris flows from causing damage.

Subsequently, the debris flow flowed through a 500 m linear sec-
tion. The velocity of the debris flow increases slightly under the action
of gravity due to the straightening of the slope (point B in Fig. 16).
However, due to the decrease in the slope and the friction of the
channel, the velocity of the debris flow decreases near the smoother
mouth area of the ditch, and the debris flow gradually accumulates in
this area. Moreover, as the velocity decreases, the internal shear rate
decreases, and the viscosity of the slurry and gravels increases rapidly,
which further reduces the velocity of the debris flow (points C to D in
Fig. 16). At point D (Fig. 16), there is a steep drop. Hence, the flow
velocity increases slightly. Finally, at approximately 120 s (point E in
Fig. 16), it flowed into villages and onto the roads in the eastern part of
the Aiwa Watershed, with an average velocity of approximately 4 m/s,
and the total travel distance was approximately 800 m. Such a velocity
would cause huge damage to the buildings and roads in this area and
could even result in casualties. Furthermore, due to geographic factors,
the flow velocity of the debris flow rapidly decreased. In conclusion, the
simulation results show that a debris flow in the Aiwa Watershed could
severely impact the downstream area. Thus, preventative measures are
needed.

Limited by the topography of the Aiwa Watershed, the debris flow
mainly flowed along the Aiwa Watershed channel. To study the sec-
tional morphological changes in the debris flow, a height map of the
debris flow at different moments (t = 40 s, 80 s, and 120 s) is shown
in Fig. 17. The thickness of the debris flow is directly related to the
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Fig. 14. The evolution of the volume fraction of the gravels with space and time for (a) 𝑡 = 10 s, (b) 𝑡 = 50 s, and (c) 𝑡 = 100 s based on the method proposed by von Boetticher
et al. (2016). The base map is a satellite image.
Fig. 15. The time sequence of the numerical simulation results of the debris flow in the Aiwa Watershed for (a) 10 s, (b) 30 s, and (c) 100 s. The base map is a satellite image.
The colour map of the simulation results was mapped using the free surface and the magnitude of the velocity.
Fig. 16. Change in the volumetric velocity of the front edge of the free surface of the
debris flow with time.

topography of the channel. The highest section was located at the front
part of the debris flow, and the height in the second half of the channel
remained the same. This is because this part of the Aiwa Watershed is
straight, and the depth is fairly uniform. Thus, the debris flow reached
a stable state in this part of the channel. When the debris flow reached
the bottom, the debris flow expanded into a fan shape, and it gradually
accumulated in this area, causing the height of the debris flow to
increase. From the numerical simulation results of the debris flow in
the Aiwa Watershed, it can reasonably be concluded that the proposed
method can be used to represent the entire movement pattern of a
debris flow on actual terrain.

Finally, to improve the appreciation of the present model’s free
parameters, the effects of two factors (the initial volume fraction of
the gravels and water content) on the predicted flow dynamics of the
debris flow are given. The initial volume fraction of the gravels is set
as 0.6, 0.4, and 0.17. The water content of the slurry is set as 20%
(𝜏0 = 58.7 Pa, 𝑘 = 19.4 Pa), 22.5% (𝜏0 = 26.6 Pa, 𝑘 = 8.9 Pa), and
25% (𝜏0 = 15.9 Pa, 𝑘 = 5.3 Pa), respectively. All other parameters
are the same as the former setting in the debris flow in the Aiwa
Watershed. Fig. 18 shows the flow velocity with time at different initial
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volume fractions of the gravels and water contents. The flow velocity
increases significantly with the increase in the initial volume fraction
of the gravels and the water content. More gravels cause the density of
the mixture to increase, and the acceleration of downward movement
is also greater. In addition, more gravels moving to the front of the
debris flow will further increase the velocity. When the water content
increases, the yield strength of the slurry decreases, and the fluidity
of the debris flow becomes stronger, resulting in an increase in the
movement velocity.

5. Conclusions

Debris flow can potentially cause great damage to buildings and
people downstream, and thus, it is of great significance to study the
movement characteristics and development trends of debris flows. The
topic of debris flow disaster prevention has been discussed exten-
sively in government departments. The movement characteristics of
debris flows are complex and are affected by various factors, such
as the composition, water content, slope and roughness of the ter-
rain, and material sources. In this study, we developed a numerical
method to simulate the 3D movement and development of a real
debris flow. The Navier–Stokes equations, the H–B–P model, and the
pressure-dependent Coulomb viscoplastic model were introduced into
the OpenFOAM framework, a free, open-source, parallel processing
software backed by a large user-driven support community. To verify
the performance of the method, the numerical method was tested in
some cases. The flow between two parallel plates was used to verify the
H–B–P model implanted in OpenFOAM, and a granular column collapse
experiment was conducted to verify the pressure-dependent Coulomb
viscoplastic model. In addition, a three-phase debris flow experiment
was used to verify the effectiveness of the interDebrisFoam solver.

This method was also used to predict the route and impact area of
a debris flow across the Aiwa Watershed. To construct a wide range of
detailed downstream terrain in the Aiwa Watershed, digital elevation
model data were used to sample the surface information. In addition,
a parallel technique was applied to simulate the complex problem and
attain reasonable debris flow predictions. The results show that a debris
flow in the Aiwa Watershed would flow at a maximum speed of 10 m/s
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Fig. 17. Change in the height of the debris flow in the Aiwa Watershed with time: (a) 𝑡 = 40 s, (b) 𝑡 = 80 s, and (c) 𝑡 = 120 s. The base map is the satellite image. The colour
map of the simulation results was mapped using the free surface and the debris height.
Fig. 18. Flow velocity of the debris flow with time at different (a) initial volume fractions of the gravels and (b) water contents.
and could cause severe damage to the villages and roads downstream.
Thus, preventative measures are needed. In conclusion, the proposed
numerical method is an effective approach for modelling debris flows,
estimating hazard intensity, and designing protective measures.
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