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A TWO-PHASE SPH MODEL FOR MASSIVE SEDIMENT MOTION IN

FREE SURFACE FLOWS
Huabin Shi', Pengfei Si*, Ping Dong’, Xiping Yu*

Abstract

Massive sediment motion in water with a free surface is an important kind of geophysical
flows such as hyper-concentrated sediment laden river flows discharging into estuarine delta
and turbidity currents generated by subaqueous landslides. One of the key and common
characteristics of such flows is that interactions between water and sediment as well as those
among sediment particles are equally important in affecting the sediment motion and the fluid
flow. This paper presents a numerical model that builds on and extends an earlier two-phase
SPH model based on a continuum deseription formulation of solid-liquid mixtures [Comput.
Phys. Commun. 221 (2017) 259] to provide a unified description of aceeunt—for massive
sediment motion in free surface flows. In the model, a constitutive law based on the rheology
of dense granular flow is introduced to express the intergranular stresses while the interphase
drag force is determined by combining the Ergun equation for dense solid-fluid mixtures and

the power law for dilute suspensions. Fhe—medelcan—thus—representnot—onlysediment

nduced-underwater—granularflows: The proposed

model is firstly applied to the study of collapse of loosely or densely packed granular columns
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submerged in water. The computed surface profiles of the granular column are found to be in
good agreement with the experimental data. It shows that the loosely packed and the densely
packed columns behave rather differently due to the differences in water-sediment interaction
processes. The model is then used to simulate a dam-break flow over a mobile sediment bed.
The computed configurations of the flow and the movable bed also agree well with the
measured data. The predicted position on the leading edge of the flow has a mean error of
0.8% while the mean error for the maximum bed height is 12.9%. To further identify the
dynamic processes involved, effects of water-sediment interactions on the motion of bed
materials are investigated by examining the spatial and temporal variations of pressure and
flow velocity. As shown in the applications, the proposed two-phase SPH model can
successfully represent both the gravity-driven underwater granular flows and the shear flow
driven intense sediment transport, implying its potential use in practical scenarios in which
the two kinds of flows exist simultaneously, such as landslides triggered by storm in shallow

sea and flows resulted in barrier or dam breaks.

Keywords: Two-phase SPH model; Sediment motion; Water-sediment interactions;

Underwater granular column collapse; Dam-break erosion

1 Introduction

Massive sediment motion in free surface flows often occurs in nature. One example is the
large-scale submarine landslide which has been reported to be the main cause of several
destructive tsunamis (Keating and McGuire, 2000; Lynett and Liu, 2002). The rapid erosion
of riverbed by dam-break flow, which may result in significant morphological changes of the
channel system and increased flooding risk, is another typical case (Capart and Young, 1998;
Wu and Wang, 2007). Consequently, accurate prediction of massive sediment motion in free
surface flows is essential in disaster prevention and mitigation as well as in infrastructure
safety assessment.

Massive sediment motion in free surface flows, including the gravity-induced
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underwater granular flow and the shear flow driven intense sediment transport, is
characterized by the high concentration of the particle phase. Although the flows may be
different in driving forces, the stresses generated by interphase and intergranular interactions
within the solid-liquid mixtures are intrinsically the same and play a similarly important role
in the flows Beth-interphaseforces—and-intergrantlarstresses—are—thus—impeortant (Dong and
Zhang, 2002; Shi and Yu, 2015; Lee and Huang, 2018). In some situations, the large
deformation of free water surface may also occur (Spinewine, 2005). Therefore, a unified
numerical model for different types of massive sediment motion is required to accurately
describe the interactions not only between water and sediment but also among sediment
particles at a wide range of sediment concentration and to be capable of capturing the
complex deformation of the free water surface.

This i1s however not an easy task. As most of the available numerical models for
sediment motion adopt mesh-based Eulerian approach, they have difficulties in simulating the
complicated deformation and fragmentation of free water surface (Fu and Jin, 2016). At a
more fundamental level, it requires improved understanding and formulations of intergranular
stresses and interphase forces (Bakhtyar et al., 2010; Chauchat, 2018) with a two-phase model
in which the primary flow variables of both water and sediment are fully resolved (Dong and
Zhang, 1999; Bakhtyar et al., 2010).

Mesh-free particle methods, such as the Smoothed Particle Hydrodynamics (SPH) and
the Moving Particle Semi-implicit (MPS) methods, have proven to be powerful in tracking the
violent motion of free water surface (Gotoh and Khayyer, 2018), and have also been
introduced to the simulation of sediment laden flows (Ulrich et al., 2013; Fourtakas and
Rogers, 2016; Nodoushan et al., 2018). However, most of the existing particle models for
sediment motion are not formulated strictly in the two-phase framework. Instead, they treat
clear water and sediment-water mixture as two immiscible fluids and represent the two phases
by different sets of SPH/MPS particles. The sediment phase considered in these models is a
mixture of water and sediment, and variables of the mixture rather than those of each
individual phase are solved. As a result, they are unable to address directly the intergranular

stresses and the interphase forces. Furthermore, suspended load cannot be rigorously resolved

3
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by these two-immiscible-fluid models and it was just approximated by a kernel-averaged
volumetric sediment concentration (Ulrich et al., 2013; Zubeldia et al., 2018). Only a few
attempts (Bui et al., 2007; Wang et al., 2016; Pahar and Dhar, 2017; Shi et al., 2017) have
been made to develop a complete two-phase particle method for liquid-solid mixtures, all of
which, however, contain some questionable assumptions. For instance, the variation of
sediment concentration was ignored in Pahar and Dhar (2017); idealized constitutive laws for
intergranular stresses, i.e., the elastic-perfect plastic model was assumed in Bui et al. (2007).
Shi et al. (2017) recently presented a two-phase SPH model for suspended sediment motion in
free surface flows, which performed well both in idealized and in practical problems with
suspended load. However, the formulations for intergranular stresses and interphase drag
force in the model are not sufficiently accurate under high-concentration conditions.

In this paper, the two-phase SPH model developed by the authors (Shi et al., 2017),
which is formulated strictly in a two-phase framework, Shi-etal—204+7 is extended to
describe massive sediment motion. It is aimed to give a unified description of gravity-induced
underwater granular flows and intense sediment transport by flowing water. represent-net-only
- The

structure of the model remains unchanged, but a number of substantial improvements have
been introduced to better describe the underlying physics of dense sediment motion.
Specifically, a constitutive law based on the rheology of dense granular flows is used to
represent the intergranular stresses. To estimate the interphase drag force in both high- and
low-concentration regimes, the Gidaspow (1994) formula is adopted, which combines the
Ergun equation for dense solid-fluid mixtures and the power law for dilute suspensions. The
proposed model is applied to the study of collapse of underwater granular columns and bed
erosion by dam-break flows. In the former case, the flow is driven by the falling of sediments
into still water, while in the latter the falling water causes rapid erosion of the mobile
sediment bed and strong near-bed sediment suspension. The computed surface profiles of both
loosely and densely packed granular columns submerged in still water with a free surface are
compared with experimental data. Effects of water-sediment interactions on the collapse of

loosely/densely packed columns are examined. The fluid flow within the granular material is

4
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simulated and the evolution of water vortex in the process of granular column collapse is
discussed. For the dam-break induced erosion problem, the computed configurations of the
free water surface and the movable bed are compared with experimental results. The effects of
water-sediment interactions on both the motion of bed materials and the bed erosion process
are investigated.

The rest of the paper is organized as follows. The governing equations of the two-phase
model and their SPH formulations are described in Section 2. Applications of the model to
underwater granular column collapse and sediment transport by dam-break flow are presented

in Sections 3 and 4, respectively. Finally, conclusions are drawn in Section 5.

2 A two-phase SPH model for intense sediment transport
2.1 Governing equations for the two phases

The continuum description of a sediment-water mixture flow is based on the assumption
that water and sediment are coupled two phases within the domain of interest. Both phases are
governed by the conservation laws for mass and momentum. The general two-fluid form of
continuity and momentum equations for two-phase flows originally derived by Drew (1983)
are employed in this study. To deal with the turbulence of the two phases, the sub-particle
scaling technique (Dalrymple and Rogers, 2006; Mayrhofer et al., 2015) is applied. The
governing conservation equations are then spatially filtered by virtue of the Favre averaging

(Shi et al., 2017). The filtered continuity equations are

o(a,p;) s oa,pu,,) ~0 (1)
ot axj

o(a,p,) s o(a.pu,,) _0 (2)
ot axj

in which, ¢ is the time; x is the coordinate, and i, j=1,2,3 represent the coordinate
directions, for which the summation convention is valid; the subscripts f and s represent
the water phase and the sediment phase, respectively; « 1is the volume fraction, and

a,+a,=1; p isthedensity; u is the velocity.
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The filtered momentum equations for the two phases are written as

a(“f/’f”f,f) a(afpf”f,i”f,j) 3 &, a[af (T(f)u +7p, )]
a o a aw ox, st O
o axj s ox, axj P& i

where, p is the pressure; 7| is the viscous stress of the water phase, while 7! is the

0
;
intergranular stress of the sediment phase; 7' is the sub-particle scale (SPS) stress; g is the
gravitational acceleration; F is the force on the solid phase by water excluding the
pressure-gradient-related buoyancy, which is a part of the first terms on the right side of the

momentum equations. F is formulated in the subsection on two-phase interactions.

The viscous stress rof and the intergranular stress t. are determined by

2
T?u = pf‘/; (2Sf,ii _gsf,llai/j (5)
2
T‘?,y' = ,OSVS (ZSS,{'/ _ESs,llé‘ijj_psé‘ij (6)
1{ Ou,, ou,,;
S, == ——+—L 7
o 2{ ox, O )

in which, k= f,s; Sk’l.j are the rate-of-strain tensors of the two phases; v‘} and Vf are

the kinematic viscosities; p_ is the intergranular pressure of the sediment phase, resulting

from enduring contact, collision, and friction between the solid particles. The viscosity v’
and the pressure p_ are estimated by a rheology-based constitutive law for the sediment

phase in the following subsection.

The SPS stresses T, are modelled based on Boussinesq hypothesis:
t t 2
Trii = PV 2Sk,g/ _ESk,llé‘gj (8)

where, v, (k=f,s) are the eddy viscosities of the two phases. The well-known

Smagorinsky model (Smagorinsky, 1963) is utilized to determine v,, but a modification is

made to consider the turbulence damping by sediment particles (Chen et al., 2011):
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t_ 2 _a '
v =(CA) |sk|(1 » j 9)

sm

in which, A is the characteristic length of filter, which is set to be the initial particle size in a
SPH model; S is the rate-of-strain tensor, and its norm |S k| = m ; a, 1s the
maximum sediment volumetric concentration, at which the turbulence is assumed to be totally
suppressed; n 1is a coefficient; C is Smagorinsky constant. In this study, «,, is set to be
equal to the jamming volume fraction defined in the following subsection, at which the dense
sediment phase is in static. As in Shi et al. (2017), n=5 and C,=C =0.1.

In the present study, the weakly compressible SPH (WCSPH) approach is adopted.
Specifically, the water phase is assumed to be weakly compressible, and the water density o,

is thus a variable. The equation of state (EOS) proposed by Shi et al. (2017) is utilized to

compute the fluid pressure p, in the sediment-water mixture:

2 ¢
_ Pro€o ¥ Pr %Py [afpf—i_aspfOJ _1 (10)

! ¢ APy Pro

where, £=7; p,;,=1000 kg-m™ is the reference water density at p; =05 ¢, is the
sound speed in water at the reference density, which is usually set to be ten times the

maximum water velocity in the problem of interest.

2.2 A rheology-based constitutive law for intergranular stresses

A constitutive law based on the rheology of dense granular flows (Lee et al., 2016;
Chauchat, 2018) is employed to represent the intergranular stresses of the particles phase in
sediment-water mixture flows. This law depends on the frictional characteristic of granular
materials, i.e., the shear stress components are related to the pressure. It has been successfully
applied to bedload transport (Chiodi et al., 2014), sheet flows (Lee et al., 2016), and
underwater granular column collapse (Lee and Huang, 2018).

In the constitutive law, the sediment pressure p, has two components, a

shear-rate-dependent component p! for the rheological characteristics of the bulk granular
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materials and a shear-rate-independent component p° for the enduring elastic contact

N

between the solid particles:
p=pot D (11)

Boyer et al. (2011) and Trulsson et al. (2012) carefully investigated the rheological
characteristics of the dense granular materials in an interstitial fluid. It is found that the
rheology of dense granular materials is dominated by both inter-particle forces and viscosity
of the interstitial fluid. According to their results, the shear-rate-dependent component p!

can be evaluated by

S

SS

)

where, «, is the jamming volume fraction, which is the maximum packing fraction of the

s (12)

2

c,a

ro_ 1 0 2

ps _(—S] (pfvf +C2psds
asO _as

sheared granular particles; d

s

is the diameter of sediment particles; ¢, and ¢, are model
parameters. On the other hand, when the packing fraction o, increases to the random
loose-packing concentration ¢,, the component p: comes into play. As the volume fraction
increases further to the random close-packing concentration «, the granular materials
present a transition from fluid-like to solid-like behavior (Johnson and Jackson, 1987).
Following Hsu et al. (2004) and Lee et al. (2016), the shear-rate-independent pressure p; is

estimated by
0 a <a

— - 13
Py K(a,-a,) |:1+Sin[72' %~ —EH a, za (13)

a —a, 2 '

in which, K is a coefficient related to the Young’s modulus and the Poisson’s ratio of the
solid material; » 1is a model parameter. Generally, the parameters ¢, =0.75~1.00 ,
¢, =0.01~1.00,and y=1.5~35.5 (Trulsson etal., 2012; Chiodi et al., 2014; Lee and Huang,
2018; Chauchat, 2018), and in the present computations their values as well as that of K are
determined based on sensitivity studies. In the applications, values of «,,, «,,and " are
set depending on the specific solid materials.

Relating the viscous stress of sediment phase to the inter-granular pressure according to

the frictional law and introducing the Papanastasiou regularization technique (Papanastasiou,
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1987) to avoid singularity in the expression for viscosity, we obtain

v =;‘—pss(1—emss) (14)

s

where, u is the friction coefficient of the assembly of sediment particles, varying with the
inertia number /; m is a parameter for regularization. Fourtakas and Rogers (2016) had
examined the effect of m on the sediment stresses, and accordingly m 1is set to be 50 in the
present study, a value at which the effect of regularization on sediment transport is negligible.
Following Boyer et al. (2011) and Trulsson et al. (2012), the friction coefficient u 1is

estimated by
H, — K
= +——= 15
H=pr I (15)

and the inertia number / is determined by

1:[—“30_0“] (16)

cl as

where, x4 =tang is the friction coefficient when /=0 and the assembly is in static, with
¢ being the internal friction angle of the solid particles; , 1is the friction coefficient when
I approaches infinite and the sediment moves extremely rapidly; /, is a model parameter;
¢, is the same parameter as in Eq. (12). In general, u, =tang~1.0 and \/Z:O.l~ 0.3
(Lee et al., 2016), and in this paper the values are determined according to a sensitivity
analysis.

The present constitutive law can provide information on the pre-yield and post-yield
regimes of the sediment phase, and thereby avoids the need of special technique for yield
judgment (Pahar and Dhar, 2017; Zubeldia et al., 2018). When the assembly of solid particles
is in quasi-static or static state, the stress related to the shear-rate-independent pressure p;
plays a similar role to the yield stress in Bingham and Herschel-Bulkley models (Fourtakas
and Rogers, 2016). For unyielded sediment, the viscosity calculated by Eq. (14) is particularly

large due to its zero shear rate, which then keeps the solid phase static.

2.3 Two-phase interactions
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In the proposed model, the two-phase interactions are formulated in terms of the primary
flow variables of the two phases. The pressure-gradient-related buoyancy on the solid
particles is taken into account by the first term on the right side of Eq. (4), and other
interphase forces are included in the term F, in the momentum equations. Generally, F
consists of drag force, virtual-mass force, lift force, etc (Drew, 1983). In a problem with high
sediment concentration, the drag force is predominant (Hsu et al., 2004; Wang et al., 2016;
Lee and Huang, 2018), and hence, for simplicity, here only drag force is considered.
Assuming the drag force to be proportional to the relative velocity between the two phases,

we have
F=ya,(u,,~u,,) (17)

in which, the coefficient » can be estimated based on the formula proposed by Gidaspow

(1994):
-, —u
EC,J'Of"—sa;‘-“ a, <0.2
4 d.
y= 0 ‘ (18)
a.pv u, —u,
15022 4y 7528 TR, S0
a/»ds .

where, C,, is the drag coefficient for solid particles in an infinite fluid; u| is the norm of

the velocity vector; C, is a function of the particle Reynolds number

Re, =a, ‘uf —u |d, / v_? and can be determined by the well-known Schiller and Naumann

(1935) formula:

£(1.0+0.15Ref'687) Re, <1000

C, =<Re, (19)

0.44 Re >1000
Note that Eq. (18) is considered to be more robust than the power law for » used by
Shi et al. (2017), which is based on the study of sediment settling in still water by Richardson
and Zaki (1954) and is not valid for «, 20.4 (Yin and Koch, 2007; Lee and Huang, 2018).
The Gidaspow (1994) formula combines Wen and Yu (1966)’s power law for dilute
suspensions and the Ergun equation, originally obtained by Ergun (1952) for pressure drop in

the flow through packed columns and valid for dense solid-fluid mixtures. This formula has

10
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been well validated and widely applied to the study of intense sediment motion (Neri et al.,
2003; Liet al., 2018; Si et al., 2018).

It is necessary to point out that, in the present model, the interphase momentum transfer
term —( }/V; oa, | Ox, ) / (afSc) in the governing equations in Shi et al. (2017), which is due to
the SPS turbulence and results from the Favre averaging in the spatial filtering, is neglected as
it was found to play a negligible role in the simulations of both underwater granular column

collapse and bed-erosion by dam-break flows.

2.4 Governing equations in Lagrangian form

The solid-liquid two-phase system is discretized into a single set of SPH particles, which
move with the water velocity and carry properties of both phases. Hence, the substantial

derivative of a physical quantity ¢ associated to a SPH particle is expressed as

o _00,, 9 20)
dt ot 7 ox,

Note that the water is assumed to be weakly compressible, while the sediment is
incompressible. Thus, the water density p, is an unknown, while the sediment density p,
is a constant with dp,_/dt =0. Rewriting the Eulerian form of the conservation equations (1)
- (4) into Lagrangian form by virtue of Eq. (20), the governing equations for water density,
sediment concentration, water velocity, and sediment velocity carried by a SPH particle are

obtained as

dla,p, ou, .
( dft ./):_(afpf) a)(l;,] (21)
da, _ —a. My _ 6[% (us’j A )] (22)
dt ox, ox
duy, 1 p, 1 o(a,p,Ty) s (y,—u,) (23)
dt Pro Ox,  a.p, ox; Cap

du, 1 ap; 1 a(aspsTs,g/) 4 3 B ou,

dr o, Ox.  a.p, x, le,oY (uf’ u”) (us’j uf’j) ox; @4)

11
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where, T, =(z},+7},)/p, (k=f.5).

The equation for the water density, i.e., Eq. (21), comes from the continuity equation for
the water phase and describes the evolution of «,p, due to the volume change of the SPH
particle. For the sediment concentration «,, the continuity equation for the sediment phase is
rewritten into Eq. (22), with the first term on the right side representing the contribution of the
volume change of the SPH particle and the second term representing the effect of the
inter-particle sediment mass flux. Note that as the velocities of the two phases are different,
there may be mass and momentum fluxes of sediment among different SPH particles. Egs. (23)
and (24) are derived from the momentum conservation equations of the water and the
sediment phases, respectively. The first four terms on the right side of the equations represent
the effects of the fluid pressure, the viscous and turbulence stresses, the gravity, and the
interphase drag force. The last term on the right side of Eq. (24) is a convection term for the
inter-particle sediment momentum flux and is also a result of the relative velocity between the

two phases.

2.5 SPH formulations

The detailed SPH formulations of the proposed two-phase model can be referred to Shi
et al. (2017). Here, for completeness, a short description as well as some improvements in the
discretizations of fluid stress term and inter-particle flux terms are presented. In a SPH model,
the value of a physical quantity ¢ carried by SPH particle a, i.e., ¢,, is approximated by
the summation over all neighboring particles in the supporting domain of the kernel function
/8

20= 20N, (25)

in which, ¢, is the value of ¢ carried by the neighboring particle b; ¥, is the volume of

particle b defined by

V,= (26)
Py ),

with m, being the water mass carried by the particle, which remains constant during the

12
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simulations; W, :W(|xa -X, ,h), where x, and x, are the positions of particle a and
b, respectively; & is the smoothing length of the kernel function W, and is set to be 1.3
times the initial particle spacing. In the present model, the quintic kernel function proposed by
Wendland (1995) is utilized.

The volume of sediment phase carried by particle a, (VS )a, is given by

)1 (o), | l<as>a o

APy

where, V, is the volume of particle a. As time runs, the water mass m, of particle a
keeps constant, while the sediment mass (m,) = p, (V,) is variable. According to Egs. (21)
and (22), the volume of sediment carried by a SPH particle varies as a consequence of the

inter-particle fluxes of sediment mass.

The divergence of the water velocity at particle a 1is discretized as
ou, .
fd|
[ ~ j J = Z[(”f} )b —(uf,j )a }(VaWab )j v, 28)
i), b

in which,

v, =W %%

alab T 81’

(29)

Xa_xb|

a " ab

and (V W, )j is its component in j-direction.

The symmetric scheme utilized in Violeau and Rogers (2016) which conserves
momentum is adopted to formulate the fluid pressure terms, i.e., the first terms on the right
side of Eqgs. (23) and (24). Attention should be paid to the formulation of the shear stress
terms, as ¢, in the denominator may vanish when dealing with possible concentration
discontinuity (Shi et al., 2017). In Eq. (30), the shear stress term is separated into a gradient
term of stress and a gradient term of concentration. Replace [8(% Py )/ ox; } / (a,p.) by
oln(e,p, )/6xj, which is a preferable form to increase the robustness of the model for
problems with discontinuity of sediment concentration. Then, the symmetric scheme proposed

by Ren et al. (2014) is applied. Hence,
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1 8 akpk kj Tkj 6 akpk) _ aTk,ij 4T aln(O(k/Ok)
a,p, ak o Ox, . Ox; wi Ox; .
(30)
1 (20)
= 1 In——=2(V.WwW,) V
;[( kJ) ( >b:||: +2 (akpk)a:|( a ab)j b

An upwind scheme is proposed for the formulations of the inter-particle sediment mass
flux term, i.e., the second term on the right side of Eq. (22), and sediment momentum flux

term, i.e., the fifth term on the right side of Eq. (24):

{ 8[0@ (., —uy, )}}
ox,
- —Z{(as ), max| (v, —u, ) (VJ,),,0]+(a,), max| (u,-u,,) (VH,),,0] (3D

b

+(a,),min (u,,—u, ) (V7). 0}+(as)bmin[(us’j—uf,j)b(VaWab)j,O}}Vb
o) 2| =) o) {52,

(32)
+m1n[(u o) U, /) (VaWab)j, OJ}Vb
Finally, the discretized SPH equations for sediment-water mixture flows become
d(x,
(;;_)a =(u,), (33)
dloa,.p
( Cjit - )a - _(afpf )a ;[(“// )b _(uf,j )a}(vaVVab )j Vb (34)




331

332

333

334

335

336

337

338

339

340

341

342

343

S CARIURN e AW oo

(2, —u,). (37)
+Zb:[(”w‘ )a - (us’i )b]{min [(us’j —u, )a (VaWab )j , OJ
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with the following EOS for the water pressure
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Note that Eq. (33) determines the position of the SPH particle.

2.6 Time integration and Shepard filtering

The predictor-corrector scheme of Monaghan (1989) is adopted to integrate Eqs. (33) -
(37) with respect to time. The time step is variable and restricted by the numerical sound
speed, the maximum inertia forces, and the viscous forces of the two phases through the CFL
conditions (Ulrich et al., 2013; Shi et al., 2017).

The strategy of Shepard filtering proposed by Shi et al. (2017) is utilized to damp the
pressure oscillation in the sediment-water mixture. The filtering is performed every 20 time

steps by reinitializing the water density of each particle according to
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Both the water mass and the sediment mass carried by a SPH particle are conserved in the

Shepard filtering, resulting in
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2.7 Boundary conditions

In SPH models, free water surface can be naturally tracked by particles but special
attention should be paid to the solid wall boundaries. In the present model, the dynamic
boundary condition proposed by Crespo et al. (2007) is employed to avoid the kernel
truncation near the solid boundaries. The solid boundary is represented by allocating three
layers of SPH particles along it, which satisfy the same equations as those for the fluid
particles but do not move in response to the computed forces exerted on them. They keep
fixed in position for immobile boundaries or move according to externally imposed trajectory

for prescribed moving boundaries.

2.8 Numerical implementations

The proposed model is implemented on the basis of the open-source SPH package
GPUSPH, which was originally developed by Hérault et al. (2010). GPUSPH is programmed
with CUDA and C++, and conducts parallel computations on Nvidia CUDA-enabled Graphics
Processing Units (GPUs). The numerical computations in the present study are carried out on

an Nvidia Tesla K40c GPU with 2880 processor cores.
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3 Collapse of underwater granular columns

Collapse of a submerged granular column under gravity is a classical problem of massive
sediment motion in free surface flows, which occurs in a variety of natural and hazardous
processes such as underwater landslide and submarine avalanches (Rondon et al., 2011). It has
also been widely used as a benchmark problem for validation of numerical models for dense
granular motion in fluid (Meruane et al., 2010; Savage et al., 2014; Wang et al., 2017a; Si et
al., 2018). However, the relevant collapsing process is still not well understood. During
collapse, the sediment phase may be fluid-like, solid-like or in a transition state according to
its shear rate, which makes modelling the behavior of the granular column very difficult. The
solid-fluid interactions make the situation even more complicated. The variation of the fluid
pressure in the porous material can either stabilize or destabilize the assembly of particles
(Iverson et al., 2000), and the drag force between the solid particle and the fluid may resist or
accelerate the collapsing process of the granular column depending on the relative velocity
between the two phases (Si et al., 2018). The initial volume fraction of the solid phase plays a
very important role in the phenomenon (Rondon et al., 2011; Wang et al., 2017b). In this
section, the proposed two-phase SPH model is carefully validated and employed to
investigate the effects of water-sediment interactions on the collapse of loosely/densely
packed granular columns submerged in still water. Effects of the free surface motion are
discussed as well.

Rondon et al. (2011) had conducted a well-known experimental study on the role of
initial porosity in the case of a granular column collapse in a viscous fluid. Due to the large
fluid viscosity and the low ratio of the column height to the fluid depth in Rondon et al.
(2011), the motion of the free surface resulting from the granular column collapse was
negligible. Following Rondon et al. (2011), Wang et al. (2017b) performed a similar
experiment with a larger granular column size and using water as the ambient fluid. In this
experiment, the fluctuation of free water surface was visible, though not significant. In the
present study, the proposed two-phase SPH model is applied to the experiment of Wang et al.
(2017b).

The experiment of Wang et al. (2017b) was conducted in a rectangular tank of
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50cm-long, 10cm-wide, 15cm-high as shown in Figure 1. A granular column was initially
confined at the left end of the tank by a removable gate. The horizontal and the vertical
directions are defined as x (i.e., x, in the governing equations) and z (i.e., x, in the
equations) directions, respectively. L is the distance from the left end of the tank to the front
of the granular avalanche, and H is the height of the column at x=0. The particles used
were glass beads of density p, =2500 kg/ m’ and mean diameter d, =300 um, with an
internal friction angle of ¢=25"+£0.4". The granular column was prepared in both
loose-packing and dense-packing state. In the loose-packing case, the glass beads were gently
poured into the space delimited by the wall and the gate, resulting in an initial shape of
LxH=6cmx8cm granular column. The initial sediment volume fraction of the
loosely-packed column was ¢, =0.53+0.005. In the dense-packing case, the tank was gently
tapped and an initial solid volume fraction of o, =0.57+£0.003 was obtained. The initial
length of the column L was 6cm, and the initial height of the column H was reduced to
7.8cm . The granular column was submerged in 10-cm-deep water (with fluid density
p, =1000 kg/m’ and viscosity v =10 m*/s). The time period taken to remove the gate
was shorter than 0.1 s and its influence on the column collapse could be ignored (Wang et al.,
2017b). Once the gate was removed, the column collapsed and the final deposition of the
granular mass was reached in just a few seconds.

The physical problem as described above can be treated as a two-dimensional problem.
To simulate such a problem with a three-dimensional numerical model, the computational
conditions are kept the same as those in the experiments, except in the width direction of the
tank (p direction), for which a periodic condition is imposed and a minimum 4 layers of
SPH interpolating particles are arranged. The initial size of SPH interpolating particles is set
to be 0.002 m according to a convergence study, and in the present simulations, the solid-fluid
mixture is discretized into a set of 250x50x4 =50000 SPH particles. Besides, the dynamic
boundary condition is applied to the bottom and the sidewalls in x direction, with three
layers of fixed SPH particles representing the solid boundaries. Hence, in each computation, a
total of 50000 interpolating particles for the two-phase mixture and 4464 particles for the

solid boundaries are used. Figure 2 shows the particle configuration at #=0s after removal
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of the gate in the loose-packing case, in which the red particles are those carrying the initial
sediment volume fraction 0.53 and represent the saturated granular column. Values of the
model parameters and some physical quantities of the solid material used in the present
simulations are summarized in Table 1. The sensitivities of the granular avalanche front
position L at ¢ = 0.5 s in the loose-packing case and the column height H at 1 = 4.0 s in the
dense-packing case to model parameters are shown in Table 2. It is seen that the numerical
results are not significantly affected by a variation of the parameters as long as the variation is
limited in the specified range. The parallel computations are carried out on an CUDA-enabled
Nvidia Tesla K40c GPU, and it requires about 25 minutes of computational time to simulate 1

second of the physical experiment.

3.1 Model validations

Figures 3 and 4 show the comparisons of the computed profiles of the granular column
by the present model with the experimental data for the loose-packing and dense-packing
cases, respectively. Results of the earlier two-phase SPH model developed by Shi et al. (2017)
are also presented. The predictions by the present proposed model are generally in good
agreement with the experimental data in both cases and are much more accurate than those by
the model of Shi et al. (2017). Small discrepancies are observed at #=0.5s in the
loose-packing case and at #=1.0s in the dense-packing case, but they are still acceptable.
For the loosely-packed column, upon the removal of the gate, the whole upper part falls
immediately, leading to a thin surge of solid materials at the front of the granular mass. The
flow front moves quickly and stops at x=22.0cm with a long runout distance L .
Simultaneously, the grains in the main body of the column flow down the surface, and a
triangular final deposition profile is reached in 2.5 seconds. For the dense-packing case, a
very different collapsing process is observed. Once the gate is removed, particles at the upper
right corner and on the lateral surface fall freely, resulting in a steep profile with a round
corner before ¢ =1.0s. The left upper part of the column keeps unmoved at the initial stage

and assumes a plateau-like shape. As time goes on, the erosion propagates inward, and the
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plateau is eroded gradually. The flow front stops at x=18.0cm in 1.5 seconds, with a
shorter runout distance than that in the loose-packing case. A bump is formed behind the flow
front, and the concave region between the column body and the bump is filled gradually by
the particles falling down from the top of the column. This so-called “hydraulic-like granular
jump” behavior shown in the experiment (Wang et al., 2017b) is captured by the proposed
model. The final deposition profile of the initially densely packed column is obtained after 4.0
seconds, implying a longer collapse duration than that in the loose-packing case.

Figures 5 and 6 show the sequential configurations of the free water surface for the
loose-packing and the dense-packing cases, respectively. Compared with the observed surface
motion in the original video records (available from the web version of Wang et al. (2017b)),
the simulated fluctuations of the free water surface are consistent with the experimental
results. Also as expected, the water surface fluctuation in the dense-packing case is smaller
than that in the loose-packing case due to a slower collapsing process. Specifically, at the
initial stage, the collapsing column pulls down the water surface. The free surface is thus
disturbed and the wave propagates back and forth in the tank until it dissipates due to the fluid
viscosity.

The evolutions of the solid volume fraction carried by the SPH particles in the two cases
are shown in Figures 5 and 6. For the loose-packing case, as shown in the dark-colored zone
at the lower left corner of the granular pile, the maximum solid volume fraction of the column
increases from the initial value of 0.53 to about 0.55 in the early collapse stage and keeps
increasing gradually as time goes on, indicating a contraction behavior of the loosely-packed
column. On the contrary, for the dense-packing case, the value decreases from 0.57 to 0.56 in
the initial stage, presenting a dilation behavior of densely packed materials. The result of the
contraction/dilation of the granular column is consistent with that found in Rondon et al.
(2011), Wang et al. (2017b), and Lee and Huang (2018), further validating the present
two-phase SPH model. In addition, the suspension of solid particles around the flow front is
well captured by the present model, as shown in Figures 5(b) and 6(b). The particles are
suspended by the water vortices when rapid collapse occurs in the early stage of the process,

and soon settle down as the granular flow propagates. This phenomenon is clearly shown in
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the original video records as shown in Figure 7.

3.2 Water-sediment interactions

Figure 8 shows the distributions of the fluid pressure of the SPH particles in both the

early and the final collapse stages for the loose-packing case, and Figure 9 for the
dense-packing case. Note that the initial hydrostatic water pressure at the bottom of the tank is

p,gh=981Pa ¢

the-bettomof-the-bank. For the loose-packing case, the fluid pressure in the lower part of the
column increases due to the contraction of the granular material in the early stage of the
collapse, with a maximum value of 1200 Pa reached. The high pressure disperses with the
spreading of the granular mass. However, for the dense-packing case in Figure 9, a large
low-pressure zone is observed in the column at the initial collapse stage, and it lasts for quite
some time. It should be pointed out that fully restoration of the water pressure to the
hydrostatic condition is not pursued in the present simulations due to a considerable increase
of the computational efforts. It is shown that the numerical results of the fluid pressure are
consistent with those of Wang et al. (2017b) and Si et al. (2018). The gradient of the fluid
pressure field produces a force on the solid phase. High pressure within the column in the
loose-packing case then leads to an outward force on the solid phase that accelerates the
collapse, while low pressure in the densely packed column leads to an inward force that helps
to stabilize the granular column. Note that in Figure 8(a), due to lowering of the free water
surface, the fluid pressure within the upper column becomes smaller is—tewer than the
hydrostatic value at the same height. This result is physically more realistic than that of Si et

al. (2018) and Lee and Huang (2018), in which the rigid-lid hypothesis is imposed on the
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water surface and thus the motion of the free surface is neglected.

Effects of the interphase drag force on the granular column collapse are presented in
Figures 10 and 11. The distributions of the computed drag force at representative times in the
two cases are shown in Figure 10. F, =ya, (uf —us), and its norm |Fd| is normalized by
p,g - In both cases, at the initial collapse stage, the water is pulled down from a static state by
the grains that are about to crush. This in turn exerts a strong drag force on the solid particles,
which points inward to the core of the column and hinders the collapse. The magnitude of the
drag force near the column surface where the particles move rapidly is generally larger than
that in the inner zone. At the initial stage of collapse, the magnitude of the drag force in the
densely packed column (with a maximum value of about 0.30 p g ) is much larger than that
in the loosely packed one (with a maximum value of 0.14 p g ), resulting in a more stable
state of the granular mass in the dense-packing case. Besides, in the later stage when the
magnitude of the drag force decreases with the deceleration of the collapse, the drag force in
the main part of the densely packed column at #=2.4s is still stronger than that in the
loosely packed material at #=1.0s. Notably, different from the situation in the main body of
the column where the interphase drag helps to stabilize the granular column, in the flow front
the drag force on the solid particles may show a positive effect and drive the granular flow, as
shown in the zoomed-in view in Figure 10(b). Due to the stronger effect of the drag force in
the flow front, the granular flow in the loose-packing case has a longer runout distance than
that in the dense-packing case.

To further identify the effects of the interphase drag force, more simulations of the
collapse are carried out using the present model but excluding the drag force. y =0 is set,
while the values of all the other parameters and coefficients are kept the same as in the above
computations. Figure 11 shows comparisons of the computed sequential profiles of the
granular column with and without the formulation of the drag force. In both the loose-packing
and the dense-packing cases, when ignoring the drag force, the columns move faster at the
initial collapse stage, with a wider spread of the particles and a smaller column height H at
the left end of the tank. However, in the later stage, for the loosely packed column the drag

force on the solid particles drives the front part of the granular flow, as shown in the
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comparisons at t=1.0s and ¢#=2.5s in Figure 11(a). The situation is different for the
dense-packing case where the positive effect of the drag force is insignificant. In almost the
entire period of the collapse, the column simulated without the drag effects has a larger runout
distance than that including the interphase drag. Neglect of the drag force results in a longer
duration of collapse in both cases. The computed profiles of the deposit without the drag force
for both loose and dense packing cases are quite similar as shown in Figures 11(a) and 11(b),
which demonstrates that the importance of the initial solid volume fraction on column
collapsing process can be revealed only when the water-sediment drag is properly taken into

account.

3.3 Evolution of wetervortices generated by granular column collapse

The simulated evolutions of vortices generated by the granular column collapse are

shown in Figures 12 and 13. Well representation of the dynamic process of these vortices is an
advantage of the present numerical model. It is shown that at the initial stage of the collapse, a
large vortex is induced by the movement of the solid grains. For the loose-packing case, the
vortex core is around the upper right corner of the column, and the water velocity in the whole
upper column is notable, as shown in Figure 12(a). On the other hand, for the dense-packing
case in Figure 13(a), the vortex core is around the right-side surface of the column, implying
that the column collapse starts from the right side of the surface and propagates inward. The
moving layer of the water flow within the granular mass in the loose-packing case is much
thicker than that in the dense-packing case. During the later stage of the collapse process in
both cases, the vortex propagates and grows with the acceleration of the collapse as shown in
Figures 12(b) and 13(b). Once the front of the granular flow stops, the vortex moves upward
and finally disappears due to the fluid viscosity.

The vortex can induce suspension of solid particles. The areas encircled in Figures 5(b)
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and 6(b) for the particle suspension are in the core of the vortices, as shown in Figures 12(b)
and 13(b). The vortex may also be affected by the fluctuation of free water surface. In Figure
12(a), the vortex is restricted by the free surface, and the sinking of the surface increases the
velocity of the water flowing into the upper part of the porous material, resulting in a

downward drag force on the solid particles in the upper column as shown in Figure 10(a).

4 Sediment transport by dam-break flows

Dam break over a movable bed may cause a significant amount of sediment to be eroded
and transported, leading to substantial changes of the downstream river morphology and
possible damages to infrastructures. It has long been the subject of many experimental and
numerical studies in hydraulic and river engineering (Capart and Young, 1998; Ran et al.,
2015). It is also a test case for meshless numerical models of sediment transport (Shakibaeinia
and Jin, 2011; Ulrich et al., 2013; Pahar and Dhar, 2017; Zubeldia et al., 2018). However, due
to the violent free-surface motion and the complex bed-erosion process, development of a
comprehensive numerical model for detailed description of the dam-break erosion is still very
challenging (Shakibaeinia and Jin, 2011). In this section, the proposed two-phase SPH model
is applied to the massive sediment transport caused by dam-break flows to assess its
predicative capability.

The case considered is the two-dimensional experiment of dam break over a mobile-bed
carried out by Spinewine (2005), which has been widely used to validate numerical models
for bed erosion caused by dam-break flows (Ran et al., 2015; Pahar and Dhar, 2017). The
experiment was conducted in a 6-m-long flume, where the bottom was covered by a layer of
saturated movable sediment material. As shown in Figure 14, a clear water column with a
height 4, of 0.40 m was initially blocked by a gate located at the middle of the flume. The
initial thickness of the saturated sediment directly below the clear water was £ ,=0.07 m,
while that of the saturated bed on the downstream side of the gate was /4 _,=0.12 m. Thus, an
upward step made up of movable sediment particles was assumed. The bed material was

cylindrical PVC pellets, which had a median equivalent spherical diameter of 3.9 mm, a
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specific density of 1580 kg/m’, a friction angle ¢ of 38°, and no cohesion. Before lifting the
gate, the PVC pellets were initially compacted to the random close-packing concentration "
equal to 0.58.

The computational conditions except those in the width direction of the flume are the
same as those in the experiment. Similar to the simulations of the two-dimensional
underwater granular column collapse, the periodic boundary condition is imposed in the width
direction, and 4 layers of SPH interpolating particles are initially placed along the flume
width for the three-dimensional computations. The dynamic boundary condition is applied to
the bottom and the sidewalls in x direction, and three layers of SPH particles are fixed to
represent the solid boundaries. The initial size of the SPH interpolating particles is 0.01 m,
and a total of 79272 particles are utilized in the whole computational domain. The initial
sediment volume fraction carried by the SPH particles in the movable bed is set to be the
experimental value. The gate is instantaneously removed, and the effect of the time to remove
the gate is neglected. A sensitivity study on the dam-break flow leading position at t = 0.50 s
is conducted as shown in Table 2. Values of the model parameters used in the present
simulation are summarized in Table 1. The GPU-based parallel computation takes about 90
minutes to simulate 1 second of the physical experiment, with a variable time step of about

4x10°s.

4.1 Model validations

Figure 15 shows the comparisons between the computed and the observed interfaces

separating the three characteristic flow regions: a clear water layer, a moving bed layer with

intense sediment transport and the static sediment bed. preftes-ofthefree-watersurface-and

the—eroded-bed-atrepresentative—times: General agreement between the numerical and the
experimental results of all the interfaces beth—the—water—surface—andthesediment-bed is

reasonable, especially for the water surface and the surface of the moving bed in the regions

near the gate, such as at x=0-0.6 m in Figure 15(b) and at x=0-1.0m in Figure 15(d).
At the front of the dam-break wave, the simulated interfaces eemputed-profiles-ofthe—water
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surface-and-the sand-bed are also broadly comparable to the experimental results. However, at
t =0.25s, a comparatively large error appears in the profiles of both the water surface and the
moving bed layer granwlar-bed, which is believed to be caused by the neglect of the effect of
gate removal. Fortunately, the gate removal effect diminishes rapidly with the propagation of
the dam-break wave, as shown in Figures 15(b)-15(f) (Fu and Jin, 2016). On the movable bed,
both humps and troughs are well captured, which supports the rheology-based constitutive

law used in the model.

Numerical results for the leading position of the flow and the maximum bed height at typical

instants of time are compared with the experimental data in Table 3 Fable2. It is shown that
the model accurately predicts the leading position of the dam-break flow at all the typical

instants except at ¢ =0.25s, with a mean error of 0.8%. Prediction of the maximum bed

height is also reliable with a mean error of 12.9%;-even-theugh-the-aceuracyistower-thanthat
4l Licted fAow leadi 1 ion.

For a further verification of the present model, a flat bed case, i.e., a case in which the
thickness of the saturated bed is the same on both upstream and downstream side of the gate,
or, h,=h,=0.12m, is simulated. In the experiment, the initial height of the clear water
column is 4, =0.35m. The vertical profiles of the longitudinal velocity are measured in the
range from x=-0.95m to the wave front with a spacing of 0.1 m. Similar to the results
shown in Figure 15, the computed interfaces at all the typical instants are in good agreement
with the experimental data, except at ¢#=0.25s. A similar presentation of figures is thus
omitted for concision. In Figure 16, comparisons of the horizontal velocity are made while the
computed interfaces are also plotted. Generally, the computed velocity profiles agree very
well with the measured data except at certain positions close to the wave front. In the clear
water layer, the horizontal velocity is shown to be rather uniform, and in the moving bed layer,
it decreases nearly linearly with depth and becomes zero at the top of the static bed. Evolution

of the movable bed is also well represented by the proposed numerical model.
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4.2 Two-phase interactions during bed erosion

In this subsection, to study the water-sediment interactions and further reveal the
underlying—mechanisms—in—thebed—ereston,—numerical results on fluid pressure, sediment

concentration, velocities of the two phases and interphase drag force at three different stages
of dam-break erosion, namely, the initial stage, the intermediate stage and the final stage, are
discussed for a better understanding of the water-sediment interactions and the underlying

mechanisms in the bed erosion.

4.2.1 Initial stage

Figure 17 46 is the snapshot of particle configuration, along with the distribution of
sediment concentration carried by the SPH particles, and the pressure at 1 =0.15s. Even
though the computed bed profiles before ¢#=0.25s are not accurate enough due to the effect
of the gate removal, which is neglected in the numerical model, the numerical results are still
indicative of the dynamics of bed erosion at the initial stage. Figure 18 47 shows the
distributions of the water velocity in the fluid column and in the granular material, the
sediment velocity over the granular bed, and the drag force on the solid phase. The dotted line
in Figure 17(b) +6(b) and the dashed lines in Figure 18 +7 represent the top of the moving bed
layer the-bed-surfaee, obtained according to the particle configuration in Figure 17(a) +6(a).

Immediately after the gate is removed, the water in the upper part of the column falls
down and the toe of the water column moves with a maximum velocity of 2.5 m/s. The water
pushes the solid particles on the bed surface to move forward, and pulls the particles and the
fluid in the granular material upward. The bed particles are washed out with a maximum
particle velocity of 2.1 m/s, and the velocity of the fluid flow in the granular material is
notable as well. Note that before removing the gate, the hydrostatic fluid pressure in the bed
on the upstream side of the gate is much larger than that in the bed downstream. This
discontinuity of pressure at the gate position disappears rapidly once the gate is removed. This
process is well simulated by the present model as shown in Figure 17(b) +6(b)}, where the
computed fluid pressure across the dotted interface is continuous with no apparent fluctuation,

which demonstrates the capability of the present SPH model in predicting fluid pressure
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The interphase drag and the fluid pressure play an important role in the bed erosion.
Figure 18(b) +#b} marks the region in which the magnitude of the dynamic pressure force
‘—aSVp‘;‘:‘—a‘Yfo+aspsg‘ is larger than 0.6 p g (g 1s the gravitational acceleration).
The vector in Figure 18(c) +#e} represents the drag force, while the contour stands for the
ratio of the magnitude of the drag force to that of the dynamic pressure force. The contour line
of |Fd | / ‘—aSVp‘;‘ =1 1is drawn to show the area where the interphase drag is stronger than the
dynamic pressure force. It shows that at the initial stage of the dam-break erosion, the
magnitudes of the drag force and the dynamic pressure force are quite large, with a value
more than 0.5p g near the gate position. The drag force plays a greater role near the bed
surface at the toe of the water column, while the dynamic pressure force is more important at

the leading edge of the dam-break wave.

4.2.2 Intermediate stage

Figure 19 +&-shows the particle configuration and the computed pressure at 1 =0.70s,
and Figure 20 19 presents the distributions of water velocity, sediment velocity, and
interphase drag force. The lines, marks, and contours are included with the same meanings as
in Figures 17 16 and 18 +7. Mere-information-can-be-found-inthe-abovesubsection-

In Figure 19(a) +&a), humps and troughs on the granular bed are formed. Sediment
suspension is observed mainly on the lee side of the humps. In Figure 19(b), 4+8(b} a high
pressure zone is observed at the leading edge of the flow, which is a result of the dam-break
wave impacting on the granular bed. It is noticed that the bumps in the pressure distribution
fall behind the humps on the bed, implying the push of water on the humps. The dam-break
flow propagates with more water involved. At #=0.70s, a massive amount of water pours
downstream with a maximum velocity larger than 2.5 m/s. It is shown in Figure 20(a) +9¢&)
that the velocity in the free-water layer above the bed in the downstream region (x >0 m) is
almost invariant in the vertical direction vertically-econstant, consistent with the results of Ran
et al. (2015) and Spinewine and Capart (2013). Inside the granular bed, the water velocity

decreases rapidly towards the bottom. In addition, the streamlines have a similar shape of the
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interface between the water and the moving bed layer bed-surface. Bed materials flow with
the water, and the magnitude of the sediment velocity on the lee side of the hump seems to be
larger than that on the front side.

It is shown in Figures 19(b) +8(b} and 20(b) +9¢b} that the impact on the bed by the
dam-break wave results in a notable region where the dynamic pressure force plays a
significant role. In Figure 20(c) +9¢¢}, the magnitude of the drag force is not as large as that in
Figure 18(c) +#¢e). The regions encircled by the contour line where the drag force is greater
than the dynamic pressure force are located mainly in the troughs, where an active sediment
suspension exists. Inside the granular bed, it seems that the dynamic pressure force plays a

more important role than the interphase drag force.

4.2.3 Final stage

Figures 21 26 and 22 24 show the results of dam-break erosion at #=1.50s, i.e., in the
final stage. In Figure 21(a) 20¢a), more sediment is suspended especially in the front part of
the flow, consistent with the observed turbidity above the bed in the experimental flow. The
bed particles are washed away, and the humps are eroded. The computed pressure is
continuous and reasonable. Some high-pressure zones occur at the leading edge of the
dam-break flow as it can be seen in Figure 21(b) 26(b} and similarly large-dynamic pressure
force zone is marked in Figure 22(b) 2Hb).

The water velocity in the front part of the dam-break flow is still quite large, and it is the
same for the sediment velocity near the leading edge of the flow. Similar to the situation in the
intermediate stage, the interphase drag force is weak inside the granular material but quite
strong near the moving bed surface. The regions where the magnitude of the drag force is
larger than that of the dynamic pressure force are corresponding to the regions where active

sediment suspension exists.

S Conclusions
An improved two-phase SPH model based on the continuum formulation deseriptiern of

solid-liquid mixtures is proposed for massive sediment motion in free surface flows,
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providing a unified description of gravity-induced subaqueous granular flows and shear flow
driven intense sediment transport. A constitutive law based on the rheology of dense granular
flows for the intergranular stresses of the solid phase and a drag force formula that combines
the power law for dilute suspensions and the Ergun equation for dense solid-liquid mixtures
are adopted. For numerical solutions, the governing equations are solved in a distinctive
two-phase SPH framework diseretized—with—the—wealkly—ecompressible—SPH formulation
sehemes, and the numerical model is implemented in CUDA and C++. The parallel
computations are conducted on CUDA-enabled GPUs.

The model is employed to investigate the collapses of both loosely and densely packed
columns in water. The computed profiles of the granular columns during the entire collapsing
process are in very good agreement with the experimental data, and the computed
distributions of sediment concentration are also consistent with the experimental observations.
The behaviours of the loosely packed and the densely packed columns are found to be
significantly different and, based on the computed results of fluid pressure and interphase
drag force along with the evolution of water vortices, it is shown that a much lower pressure
and a stronger interphase drag force in the densely packed column lead to a more stable state
of the granular mass in the dense-packing case.

In the case of dam-break flows, the computed profiles of the free water surface and the
movable bed as well as the numerical results for the leading position of the flow and the
maximum bed height are compared with the measured results. It is shown that the numerical
results are in good agreement with the experimental data. Furthermore, to study the
water-sediment interactions during the bed erosion process, the water pressure, sediment
concentration, velocities of the two phases, and interphase drag force in the early,
intermediate, and final stages of the dam-break erosion are computed. The numerical results
indicate that at the initial stage of erosion, the interphase drag plays a greater role near the bed
surface at the toe of the water column, while the dynamic pressure force is more important at
the leading edge of the dam-break flow. In the intermediate and the final stages, the drag force
is greater than the dynamic pressure force in the regions where active sediment suspension

exists, while inside the granular bed, the dynamic pressure force seems to play a more
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important role.

In summary, it is shown that the proposed two-phase SPH model successfully describes
both the gravity-induced underwater granular flows and the intense sediment transport by
flowing water and reasonably represents the physics of massive sediment motion in water.
Further applications of the model to certain practical scenarios in which the two kinds of
flows exist simultaneously such as landslides triggered by storm in shallow sea and flows

resulted in barrier or dam breaks are thus highly possible.
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Figure Captions

Figure 1. Sketch of underwater granular column collapse in Wang et al. (2017b).

Figure 2. Particle configuration at # = 0 s after the gate removal in the loose-packing case. The
red particles are those carrying the initial sediment volume fraction «, =0.53 and
represent the granular column.

Figure 3. Comparisons between numerical and experimental results of granular column
profiles for the loose-packing case. Some results computed by the earlier two-phase
SPH model of Shi et al. (2017) are also presented.

Figure 4. Comparisons between numerical and experimental results of granular column
profiles for the dense-packing case. Some results computed by the earlier two-phase
SPH model of Shi et al. (2017) are also presented.

Figure 5. Computed sequential configurations of free water surface and distributions of solid
volume fraction carried by SPH particles for the loose-packing case. In (b), the
region where solid grains are suspended is highlighted with an ellipse.

Figure 6. Computed sequential configurations of free water surface and distributions of solid
volume fraction carried by SPH particles for the dense-packing case. In (b), the
region where solid grains are suspended is highlighted with an ellipse.

Figure 7. Snapshot of the granular columns in the experiment at about # = 0.6 s. The figure is
captured from the original video records of the collapse process on
https://doi.org/10.1063/1.4986502.2. The arrows roughly represent the direction of
the motion of the suspended solid particles in the front part of the granular flow. Top:
the loose-packing case; bottom: the dense-packing case.

Figure 8. Fluid pressure of the SPH particles in the loose-packing case.

Figure 9. Fluid pressure of the SPH particles in the dense-packing case.

Figure 10. Distributions of the computed drag force in the loose-packing case at (a) t = 0.2 s
and (b) £ = 1.0 s, and the dense-packing case at (¢c) t = 0.3 s and (d) t = 2.4 s. The
drag force on the solid particles F, =ya, (u P _“5) , and its norm |Fd| is
normalized by p.g.

Figure 11. Comparisons of the simulated sequential profiles of the granular columns with and
without the drag force for (a) the loose-packing case and (b) the dense-packing case.

Figure 12. Evolution of the water vortex induced by the collapse of the loosely packed
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granular column.

Figure 13. Evolution of the water vortex induced by the collapse of the densely packed
granular column.

Figure 14. Set-up of the dam-break erosion experiment of Spinewine (2005).

Figure 15. Comparisons between the computed and the measured interfaces separating the
clear water layer, the moving bed layer with intense sediment transport, and the
static sediment bed profiles-ofthefree-watersurface-and-the-movable-bed at (a) 1 =
0.25s,(b) t=0.50s,(c) t=0.75s,(d) t=1.00s, (e) t=1.25s, and (f) t = 1.50 s.
The “water” in the legend is for the free water surface, while the “moving bed” and
the “static bed” represent the top of the moving bed layer and that of the motionless
sediment bed, respectively.

Figure 16. Comparisons between numerical (red solid lines) and experimental (black dots)
profiles of longitudinal velocity at (a) £ =0.60 s, (b) t=1.00 s, and (¢c) t=1.40 s in
the flat bed case. The black lines are the computed profiles of the free water surface
(solid lines), the top of the moving bed layer (long dashes), and the top of the static
bed (short dashes).

Figure 17. Simulated (a) particle configuration and sediment concentration, and (b) pressure
field at # = 0.15 s. The dotted line in (b) is obtained according to the particle
configuration in (a) and represents the bed surface.

Figure 18. Computed distributions of (a) water velocity in the fluid column and in the
granular material, (b) sediment velocity inside the granular bed, and (c) drag force
on the solid phase at # = 0.15 s. The red dashed lines represent the surface of the
moving bed. The marked region in (b) is where the magnitude of the dynamic

is larger than 0.6 p,g. The contour

pressure force ‘—aSVpﬂ = ‘—aSVp/v +a.p.g
plot in (c) is for the ratio of the magnitude of the drag force |Fd| to that of the
dynamic pressure force. The contour line of |F | | / ‘—aSVpﬂ =1 isdrawn in (c).
Figure 19. (a) Particle configuration and sediment concentration, and (b) pressure field at ¢ =
0.70 s. The high-pressure region due to the wave impact at the leading edge of the
dam-break flow is highlighted in (b).
Figure 20. Same as Figure 18 but for the results at t = 0.70 s.

Figure 21. (a) Particle configuration and sediment concentration, and (b) pressure field at ¢ =
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1.50 s.

Figure 22. Same as Figure 18 but for the results at # = 1.50 s.

Table Captions

Table 1. Model parameters used in this study.

Table 2. Analysis on the sensitivities of granular avalanche front position and column height
in underwater granular column collapse and flow leading position in dam-break

erosion to model parameters in the constitutive law for sediment phase.

Table 3. Comparisons between numerical and experimental results of dam-break flow leading

position and maximum bed height at typical instants of time.
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971  Table 1. Model parameters used in this study

972
Cases ¢ ¢ n oa, ¢ ¢ o K a. o« X I,
Underwater
granular column (0.1 0.1 5 060 1.0 0.1 0.60 3X10°Pa 045 0.62 1.5 0.85 0.1
collapse
Sediment transport
by dam-break 0.1 0.1 5 058 1.0 05 0.58 10°Pa 048 058 2.5 0.82 0.1
flows
973
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974  Table 2. Analysis on the sensitivities of granular avalanche front position and column height
975  in underwater granular column collapse and flow leading position in dam-break erosion to

976  model parameters in the constitutive law for sediment phase.

977
Sediment transport by
Underwater granular column collapse
dam-break flows
Varying Varying Front position L at Column height H at . .
. : Flow leading position at
parameters ranges t=0.5 s in the t=4.0 s in the £ = 0.50
=0.50s
loose-packing case dense-packing case
(m)
(cm) (cm)

y78 tang ~1.0 121 ~11.7 7.0~72 1.16 ~ 1.03

I, 0.01 ~0.09 11.8~12.0 72~7.0 1.09 ~ 1.11

G 0.75 ~1.00 11.6 ~11.8 7.1~72 1.12 ~ 1.09

c, 0.01 ~ 1.00 11.9~11.6 7.1~73 1.14~1.03

K 10*~ 10° 11.1~153 74~56 1.01 ~ 1.09

Y4 1.5~5.5 11.8~10.5 7.1~7.7 1.03 ~1.14
978
979
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980  Table 3. Comparisons between numerical and experimental results of dam-break flow leading

981  position and maximum bed height at typical instants of time.

982
Leading position of Maximum bed
dam-break flow (m) height (cm)
Exp. Comp. Exp. Comp.
t=025s 0.56 0.69 5.7 7.4
t=0.50s 1.16 1.15 8.2 8.0
t=0.75s 1.74 1.75 11.6 8.9
t=1.00s 2.17 2.15 8.2 7.8
t=1.25s 2.54 2.54 7.4 6.1
t=150s 2.93 2.98 5.5 6.4
983
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Figure 1. Sketch of underwater granular column collapse in Wang et al. (2017b).
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988  Figure 2. Particle configuration at ¢ = 0 s after the gate removal in the loose-packing case. The
989  red particles are those carrying the initial sediment volume fraction «, =0.53 and represent

990  the granular column.
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volume fraction carried by SPH particles for the loose-packing case. In (b), the region where

solid grains are suspended is highlighted with an ellipse.
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Figure 6. Computed sequential configurations of free water surface and distributions of solid

volume fraction carried by SPH particles for the dense-packing case. In (b), the region where

solid grains are suspended is highlighted with an ellipse.
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Figure 7. Snapshot of the granular columns in the experiment at about # = 0.6 s. The figure is
captured from the original video records of the collapse process on
https://doi.org/10.1063/1.4986502.2. The arrows roughly represent the direction of the motion
of the suspended solid particles in the front part of the granular flow. Top: the loose-packing

case; bottom: the dense-packing case.
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Figure 10. Distributions of the computed drag force in the loose-packing case at (a) t=0.2 s

and (b) = 1.0 s, and the dense-packing case at (c) t= 0.3 s and (d) = 2.4 s. The drag force on

the solid particles F, = yo, (uf —u, ), and its norm |Fd| is normalized by p g.
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1031  Figure 11. Comparisons of the simulated sequential profiles of the granular columns with and

1032 without the drag force for (a) the loose-packing case and (b) the dense-packing case.
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Figure 12. Evolution of the water vortex induced by the collapse of the loosely packed

granular column.
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Figure 15. Comparisons between the computed and the measured interfaces separating the
clear water layer, the moving bed layer with intense sediment transport, and the static
sediment bed prefles-ofthefree-water surface-and-the movable bed at (a) t=0.25 s, (b) t =
0.50s,(c)t=0.75s,(d)t=1.00s, (e) t=1.25 s, and (f) t = 1.50 s. The “water” in the legend
is for the free water surface, while the “moving bed” and the “static bed” represent the top of

the moving bed layer and the motionless sediment bed, respectively.
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Figure 16. Comparisons between numerical (red solid lines) and experimental (black dots)
profiles of longitudinal velocity at (a) t = 0.60 s, (b) t=1.00 s, and (c) t = 1.40 s in the flat bed
case. The black lines are the computed profiles of the free water surface (solid lines), the top

of the moving bed layer (long dashes), and the top of the static bed (short dashes).
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(a) particle distribution

1059 x (m)

1060  Figure 17. Simulated (a) particle configuration and sediment concentration, and (b) pressure
1061  field at #=0.15 s. The dotted line in (b) is obtained according to the particle configuration in

1062  (a) and represents the bed surface.
1063

58



1064

1065

1066

1067

1068

1069

1070

1071
1072

............
..............

(a) water velocity

....................

Figure 18. Computed distributions of (a) water velocity in the fluid column and in the
granular material, (b) sediment velocity inside the granular bed, and (c) drag force on the solid
phase at = 0.15 s. The red dashed lines represent the surface of the moving bed. The marked
region in (b) is where the magnitude of the dynamic pressure force

‘—aSVp‘;‘ = ‘—%fo +a, psg‘ is larger than 0.6 p g . The contour plot in (c) is for the ratio of
the magnitude of the drag force |Fd| to that of the dynamic pressure force. The contour line

of |F, |/ ‘—aSVp‘;‘ =1 is drawn in (c).
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1074  Figure 19. (a) Particle configuration and sediment concentration, and (b) pressure field at t =
1075 0.70 s. The high-pressure region due to the wave impact at the leading edge of the dam-break

1076  flow is highlighted in (b).
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Figure 20. Same as Figure 18 but for the results at = 0.70 s.
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1082  Figure 21. (a) Particle configuration and sediment concentration, and (b) pressure field at ¢ =

1083 1.50 s.
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1086  Figure 22. Same as Figure 18 but for the results at = 1.50 s.
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