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equations with the w(I) rheology through an asymptotic analysis; under the hypothesis of
a one-dimensional flow, this model takes into account side walls friction; (ii) a multilayer
discretization following Fernandez-Nieto et al. (2016) [20]. In this new numerical scheme,

Keywords: we propose an appropriate treatment of the rheological terms through a hydrostatic
Multilayer model reconstruction which allows this scheme to be well-balanced and therefore to deal with
Granular flows dry areas. Based on academic tests, we first evaluate the influence of the width of the
Numerical simulation channel on the normal profiles of the downslope velocity thanks to the multilayer approach
Computational method that is intrinsically able to describe changes from Bagnold to S-shaped (and vice versa)
Rheology velocity profiles. We also check the well-balanced property of the proposed numerical

scheme. We show that approximating side walls friction using single-layer models may
lead to strong errors. Secondly, we compare the numerical results with experimental
data on granular collapses. We show that the proposed scheme allows us to qualitatively
reproduce the deposit in the case of a rigid bed (i.e. dry area) and that the error made
by replacing the dry area by a small layer of material may be large if this layer is not
thin enough. The proposed model is also able to reproduce the time evolution of the free
surface and of the flow/no-flow interface. In addition, it reproduces the effect of erosion for
granular flows over initially static material lying on the bed. This is possible when using a
variable friction coefficient @ (I) but not with a constant friction coefficient.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Granular flows have been widely studied in recent years owing to their importance in industrial processes and geophys-
ical flows such as avalanches, debris flows, etc. In particular, numerical models provide a unique tool to study the dynamics
of these very complex flows and to predict their behaviour in natural environments (see e.g. Delannay et al. [17] for a
review). Defining an appropriate rheological law to describe these flows is still a challenge. Currently, the most accepted

* Corresponding author.
E-mail addresses: edofer@us.es (E.D. Fernandez-Nieto), jgarres@us.es (J. Garres-Diaz), mangeney@ipgp.fr (A. Mangeney), gnarbona@us.es
(G. Narbona-Reina).

https://doi.org/10.1016/j.jcp.2017.11.038
0021-9991/© 2017 Elsevier Inc. All rights reserved.


https://doi.org/10.1016/j.jcp.2017.11.038
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/jcp
mailto:edofer@us.es
mailto:jgarres@us.es
mailto:mangeney@ipgp.fr
mailto:gnarbona@us.es
https://doi.org/10.1016/j.jcp.2017.11.038
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcp.2017.11.038&domain=pdf

E.D. Ferndndez-Nieto et al. / Journal of Computational Physics 356 (2018) 192-219 193

rheological law is the viscoplastic so-called w(I) rheology introduced by Jop et al. [26]. It considers a Drucker-Prager type
model with the friction coefficient
M2 — HUs
D= —,
pl) = ps + o1
where Iy and @y > s are constant parameters depending on the material properties and I is the inertial number defined
by

[ 2ds||D(w) ||
D/ Ps '

with u € R? the velocity field. D(u) = %(Vu—k(Vu)/) is the strain rate tensor and ||D| = +/0.5 D : D. As usual, p € R denotes
the pressure, ds the particle diameter and ps the particle density. Lagrée et al. [28] defined a viscosity with a regularization
of the w(I) rheology, in order to model granular flows using the full Navier-Stokes solver Gerris. Applications of this model
are presented in [44,45]. Following these works the i (I)-viscosity can be defined as

n— up
VID@)|2 + 82

where § is a regularization parameter (see e.g. [8,32]). Then, the total stress tensor is written 0 = —pZ + 7, where Z is the
3D identity tensor and 7 the deviatoric stress tensor given by T = nD(u).

By using a finite elements discretization and an augmented Lagrangian formulation, Ionescu et al. [23] and Martin et al.
[38] showed that the w(I) rheology reproduces laboratory experiments of granular collapses on horizontal and inclined
planes. Using an Arbitrary Lagrangian Eulerian (ALE) formulation for the displacement of the domain, Lusso et al. [32]
showed that similar results where obtained when using either a regularization method or an augmented Lagrangian formu-
lation in the case of the collapse and spreading of a granular column. These studies showed the difficulty of the ALE method
to deal with detailed description of the front propagation due to the deformation of the mesh and possible overturning of
the elements at the front, in particular when trying to simulate granular flows over an initial layer of material lying on the
bed. The w(I) rheology has also been implemented in a three-dimensional numerical model by Chauchat & Médale [16],
where they used a finite element method combined with the Newton-Raphson algorithm.

Nevertheless, 3D Navier-Stokes solvers have a high associated computational cost. In order to avoid solving these equa-
tions, granular flows has been studied through depth-averaged models (e.g. [43,24,36,35,33]), in particular for application
on natural geophysical flows on Earth and on other planets (e.g. [39,29,41,19,37,30]). Recently, Gray and Edwards [22] intro-
duced a depth-averaged model with the w(I) rheology by prescribing the well known Bagnold profile that is used in [18]
to reproduce erosion-deposition waves. However, depth-averaged models do not describe the change in time of velocity
profiles. Indeed, a given velocity profile or an asymptotic argument is assumed during the derivation of the equations.

To go beyond this limitation, Fernandez-Nieto et al. [20] derived a multilayer shallow model with the w(I) rheology
making it possible to recover the vertical structure of the velocity without prescribing a typical vertical profile (e.g. Bagnold
or S-shaped profile). In this approach the vertical direction is solved but the flow is still assumed to be shallow as was
also done in Lusso et al. [31,10]. Interestingly, these authors showed using analytical solutions that the flow/no-flow inter-
face evolution is related to the normal gradient of the velocity at this interface. As a result, describing erosion/deposition
processes related to static/flowing transition requires a model that is able to recover the time and space variation of the
velocity profile. However, the model proposed by Lusso et al. is restricted to uniform flows in the downslope direction and
does not take into account side wall friction.

We present here an extension of the multilayer shallow model [20] that describes granular flows in a rectangular channel
by including Coulomb friction at the lateral walls. This model is obtained by a dimensional analysis and the integration
along the transversal direction of the channel. Taberley et al. [46] and Jop et al. [25] showed the importance of side walls
friction for uniform flows in inclined channels. They proposed to model this effect by adding an extra term to u(I) for
the case of uniform flows. Jop et al. [27] used this additional term to simulate the transient normal profile of velocity
in narrow channels and compared their simulation with laboratory experiments. Recently, Baker et al. [7] extended the
depth-averaged model introduced in [22] to the two horizontal dimensions case for steady uniform flows between parallel
plates. They included a new viscous term for the side walls friction and studied the normal profiles of velocity in narrow
and wide channels, where these profiles are reconstructed by assuming a Bagnold profile. They compared the full and the
depth-averaged w(I) rheology and conclude that they cannot reproduce the different profiles of the velocity observed in
transient flows because of the prescribed vertical profile, in particular close to the lateral walls of narrow channels. On
the contrary, Capart et al. [11] prescribed a typical S-shaped profile for the downslope velocity, so that they were able to
reproduce velocity profiles when flow was decelerating but not the Bagnold profile observed in other regimes.

The numerical solution of the new multilayer shallow model is compared here to laboratory experiments [34,27] and
analytical solutions, showing that it appropriately reproduces the evolution of the shape of the normal velocity profile for
uniform flows. The other strong advantage of this multilayer shallow models is the low cost associated with the numerical
treatment of the free surface, and the exact conservation of mass, see [4,6,21,42]. Furthermore, contrary to ALE formulation,
the description of the front could be very precise because the number of layers in the direction normal to the slope does not

(1)
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Fig. 1. Sketch of the rectangular domain.

depend on the thickness of the flow and there is no deformation of the mesh. However, multilayer models could obviously
not describe overturning of the front that may occur in some specific situations [32]. Finally, multilayer discretization is well
adapted to describe erosion processes in a thin layer of erodible material because, again, the vertical discretization does not
depend on the material thickness and the numerical cost is quite low.

From a numerical point of view, many efforts have been devoted to the development of numerical schemes for depth-
averaged models verifying the well-balanced property and dealing properly with wet/dry fronts. For example, the hydrostatic
reconstruction method is a technique that allows to recover the well-balanced property for depth-averaged models of
avalanches by including wet/dry fronts (see e.g. [3,9,15]). Another numerical treatment to deal with dry areas was in-
troduced by Castro et al. [12], which was improved in [13]. Parés & Castro [40] investigated the well-balancing of the Roe’s
method for non-conservative hyperbolic systems.

In this paper we present a well-balanced discretization of the proposed multilayer shallow model with w(I) rheology
and lateral Coulomb friction. This discretization combines a particular hydrostatic reconstruction (see [9]) and a specific
treatment of wet/dry fronts for the elliptic part of the multilayer system. We present here several tests with dry areas, by
including a comparison with the laboratory data of [34] that includes wet/dry fronts.

The paper is organised as follows. Section 2 is devoted to the derivation of the 2D-model with the new approach to
account for the side walls friction. In this section we also present the multilayer discretization of the proposed model
(see [20]), and add the discretization of the side walls friction term. In section 3 we propose a numerical scheme for the
multilayer system, for which the well-balanced property is achieved as a consequence of the particular treatment of the
rheological and friction terms. In section 4 we present numerical tests, including the comparison with laboratory experi-
ments. The influence of the side walls effect on the velocity profile as a function of the width of the channel for a uniform
flow is also shown. Finally, some conclusions are presented in section 5.

2. A 2D-model including lateral walls friction

Let us consider tilted coordinates (x, y, z) € [Xq, Xp] X [-W /2, W /2] x R, with a constant slope 6. Here, W denotes the
channel width, and the channel length is x; — X4, see Fig. 1. Fernandez-Nieto et al. [20] showed that the multilayer shallow
model with the w(I) rheology is able to reproduce typical velocity profiles of granular flows in the presence of lateral walls.
In order to approximate lateral wall friction, they follow [25] where the flow is assumed to be one-dimensional and uniform
in the downslope direction x. In that case, side wall friction is introduced by adding a second term in the definition of the
() law:

zp+h—1z
_— 2
T ()

where u,, is the constant friction coefficient at the lateral walls, and z, + h is the level of the free surface. The coefficient
Jw is usually different and lower than the coefficient used to model friction at the bottom (see e.g. [7,11,23,38,26,27]). Let
us look for a one-dimensional model for non-uniform flow in the x-direction that takes into account the friction with the
lateral walls.

The three-dimensional Navier-Stokes system can be written as

(D) = (D) + fw

OxU + dyv + d,w =0,
P (0cu + udyu + v ayu + W dyu) + 0xp = —pgsinG + dxTux + dy Tuy + 02 Tuzs
P(8cv +udxv+ vy v+ wdv) +dyp = 0xTyx + 0y Tyy + 0;Tyz.

P (0w +udxw + vy w + W W) + 9,p = —pgcos O + dxTox + yTzy + 0, T2z,

where u = (u, v, w) is the velocity vector and p = ¢sps, @s being the solid volume fraction assumed to be constant. At
the free surface, we set the usual kinematic condition and we assume that the pressure vanishes. At the bottom, either the
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no-slip condition or Coulomb type friction can be considered. Moreover, we consider a Coulomb type friction at the lateral
boundaries, described as follows (see [38]):
u !
on” —((o nW)~nW)nW=<—Mme, 0, 0> , (4)

being n = (0, =1, 0)’ the normal vector at y = +£W /2, respectively.

To derive a multilayer shallow model from dimensional analysis (see [20]), we assume that the aspect ratio between the
characteristic height (H) and length (L),

H

£=—,
L

is small. Note that the influence of the lateral walls on the friction coefficient (2) is measured by the term w(zp +h—2z)/W.
The dimension of this term is H/Ly, where Ly is the characteristic width of the channel. Therefore, the lateral walls have a
higher influence on the flow when the characteristic width (Ly) of the channel is small in comparison with its characteristic
height (H). We would like to study the influence of this scale into the system, then, in order to take it into account in the
model we perform a dimensional analysis by also introducing the parameter
H
y

Notice that the higher the value of A, the more important the lateral friction becomes. Denoting the dimensionless variables

with the tilde symbol (7), we define

(x,y,z,t) = (IX, LyJ, HZ, (L/U)D), W =L, W,
(u,v,w):(Uﬁ,;UV,SUVv),
h=Hh, p=pop.
p=poU?P, n=poUHT, nm=poUHnn,
(Tws Tays Tyys Txzs Tyzs Tzz) = PoU? (6T, Ty, ETyys Taz, ETy7, £T27) - (5)

with pg the characteristic density. Note that since

2e0 Mgl + SO 05 + 25k
U1
Dw = o | Aoyl + S5V 26057 erdyi+ LoV |
O+ 20xW  eA0FW + F07V 280 W

we obtain by (5)

~ ~n ~ ~ 7 ~ 2 ~ ~ 7 ~ ~
Txx = 103U, Txy = g ()\3yu + %3}\/) ’ Txz = g (8211 + 828§W) )
Ty =005V, Tr=14 MW+ 1a7),  Tm=7%w.

Then, the system of equations (3) can be rewritten using the non-dimensional variables as (tildes have been dropped for
simplicity):

OxU +dyv + d,w =0,

1 1 A 1
P (Bcu + udyu + vayu + Wi u) + p = —2PEa tan @ + £0yTxx + gayrxy + gazrxz,

22 A 22 A (6)
P(3v+udev +vayv+wa,v) + S20yP = COkTyx+ 0y Tyy + Z0:Tyz,

1
pe*(Bew + udw +vayw+waw)+d,p= ~P53 + E0xTox + EADy Tzy + £0,T42,
where Fr denotes the Froude number,

U
JgHcoso'

We now assume that the flow is one dimensional (i.e. v =0) and keeping all the terms involving A, the previous system
reads

Fr=
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oxu + d,w =0,

1 )\2 1
p(atu+uaxu+wazu)+axp:—f,o > tan 9-1— (nayu)+£az (nd u) + O(e),
(7)
dyp =0(e),
2

9= 1+s
2D = pFTZ 2

dy (ndyw) + O(e).

Note that the term
22
2% (ndyu) (8)

is of the main order 1/¢ and collects the lateral friction effect on the momentum equation. Lateral walls friction has then a
high influence on the flow, both on the norm of the maximum velocity and on its normal velocity profile.

Moreover, this is the term that allows us to introduce the lateral Coulomb friction in the model, by integrating in the
horizontal transversal direction. To this aim, we define

w2 w2 w2 w2
1 1 1 1
U= — udy, w=— wdy, p=— dy, n1=— dv.
W / y W / Yy, P W / pay, n W / nay
-W/2 -w/2 -W/2 -W/2

We also assume that the perturbation with respect to the transversal averages are small, therefore we can approximate
fg by f g, for any two variables f, g. By integrating system (7) with respect to the transversal direction between —W /2
and W /2 we obtain

oxlU + o,w =0,
o _ 1 1 _ 0, A2
P (0T + UK + W) + 0xp = — P53 tan 6 4+ — 82 n— + —(778},u)|w/2 + O(e),

Diwp =DPl-wp +0(e),

_ 1 eA?
3,p = ey ((178yw)|w/2 - (nayw)liw/z) +0O().

In the previous equation we have supposed a symmetric profile of ndyu, ie, we assume that ndyuj_,, , = =03y ,-
Moreover, from lateral friction condition (4) it follows that
A (Qa u) =—wD s and  (noyw), = (noyw) =0 (9)
27 w2 wElw [u| w2 Y5 w2 Y w2 :

Note that thanks to the second equality of previous equation we obtain hydrostatic pressure p. Since we study the case of
a uniform flow along the y-direction, we consider py, , = p. In addition, we also suppose that the sign of the velocity at
the lateral walls coincides with the sign of the averaged velocity u, as usual in averaged models.

Therefore, to obtain the final model, we neglect terms of order ¢, leading to the first order model approximation

oxu +9,w =0,

. 1 1 _ou 2\ u
P (0:U + U0k + WU )—i—axp_——,o—tan@—i— 9 (71—
2 (10)

1

Bzﬁz— m

Going back to the dimensional variables, we get

oxu + 9,w =0,

P (0T + UK + W U) + 0xp = —p g Sin6 + 9, N ) =y HwP s

;D = —p gcosh.
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Hereafter bars are dropped by simplicity. We can find some similarities to previous models presented in the literature. In
order to make the comparison we must take into account that terms of order ¢ have been neglected to obtain the proposed
model (11). Thus, since ||[D(u)|| = |d,u| /2 + O(e), we obtain that model (11) matches with the one introduced in [38] for
hydrostatic pressure and neglecting also here terms in ¢.

In addition, if the horizontal velocity verifies that sign(u) = sign(d,u), which is usually the case, then it also coincides
with the model proposed in [25]. In [25] the lateral friction effect is defined for uniform flows, by adding an extra term to
the definition of w(I) (equation (2)). Let us see that in fact it is equivalent up to first order in ¢ to model (11), for flows
verifying sign(u) = sign(d;u) and not only for uniform flows.

We use (1) with § =0 and the previous approximation of ||D(u)| = |9;u|/2 + O(¢), then the viscous term in (11)
neglecting terms of order ¢ reads

9 (MU) p(2)

Y Rk aa
[ozu|

Since we have a hydrostatic pressure, p(z) = p g (zy + h — z), the second term in the previous equation can be rewritten as

u

(12)
|ul

2
8zu> W Hw p(2)

2 1
W Uw p g cosb (zp +h —2z)sign(u) =09, (W w P g cosO (zy+h— z)zsign (u)) =

=0, (MWW p(2)sign (u)) .

Therefore (12) yields

. zp+h—z .
0z (M(I) p(2)sign (d.u) + Hw = p(z)sign (u)) .
Now, if sign(d,u) = sign(u), we obtain
h-— S
0 <(uu> + MWMT") p@) sign(azm) =0 (1D p(sign(ow)) (13)

which is the viscous term resulting of considering the modified friction coefficient proposed in [25]. Then, we obtain that
the model (11) and the one proposed in [25] match in this case. o
Note also that the term on the right hand side of equation (13) is an approximation at order ¢ of div(u(I)p HgE—E;II)' For

example, these terms are equal in the case of a uniform flow. However, di v(;?(IJ)p %) cannot be rewritten as
diviuhp—2y = 2 )
D@’ w T )

which is the term that appears in the full model (see [23]). As a result, using ;?(1/) to describe side walls friction is not
correct in general in the full 3D model. It can be justified if we consider a model at first order in &, with hydrostatic
pressure, and sign(d,;u) = sign(u).

In the next subsection we present a multilayer discretization of the model (11).

2.1. A multilayer discretization
In this section we briefly describe the multilayer approach for the system (11) (see [20,21] for more details).

2.1.1. General description
We consider a vertical partition of the domain in N € N* layers of thicknesses hy (t,x) for « =1, ..., N, (see Fig. 2), and
therefore Y)/_, hy = h. In practice, we define the coefficients l, > 0 such that

N
hy =lyh fora=1,...,N: Zla =1.
a=1

These layers are separated by N + 1 smooth interfaces F(H% (t), whose equations are z = Zyi1 (t,x) for« =0,1,..,N. Note

that the fixed bottom and the free surface are respectively the first and last interfaces b=2z; and b+h =zy_ 1. Note that
2 2

Zg 41 =b+3 5 1hg and hy =z,

17 % 1 for « =1, ..., N. We consider the approximation of an arbitrary function f at
the interface I',, 41as fy +1- Finally, u, denotes the velocity in the layer «, that is,

Zg41/2

1
Uy (%) :=h— / u(x,z)dz.
alafl/z
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2 = ZN+1/2

Fig. 2. Sketch of the multilayer division of the domain.

Now, to be consistent with our model (11), we need to approximate the viscosity at the interface 1 neglecting the terms
of order ¢. In order to achieve this, we consider as before ||D(u)| = |d;u|/2 + O(¢g), so the approximation at z = Zy 41 is
given by

ID@lgyy ~ it 1| /2 (14)

Z,a+%

where L{g is introduced in order to approximate d,u in the multilayer framework, that is, the possible discontinuity in the
vertical profile of u. Then, Uz satisfies

Uz —d,u=0, with Uz=ul ul). (15)

. . ~ . . ~ _ _ H V
Firstly, we approximate u by u, a P;(z) interpolation such that u‘zz%(za_%ﬂw%) =1ug. Thus, L{Z(H% = (uZ.a+%’uZ,a+%)

is an approximation of Uz (i) at I‘(H%. We choose

Ug+1 — Uy
utt ==

1= s
Z0+; hot-&-%

for a=1,...,N—1, (16)

with ha+% the distance between the midpoints of layers o and « + 1. Note that L{g ; and Z/Ig Nt must be defined by the
¥ N+3

boundary condition at the bottom and free surface, respectively.
Therefore, the viscosity coefficient at the interface I' ;| 1 reads
2

MUy 1)Pgi1
H o+ a+
Mot =Nar Uz 1) = - 2 —. (a7)
H 2
UZY(H% /446
for @ =0,...,N — 1, and nn41,2 = 0 since we fix the atmospheric pressure, ps = 0. In (17) the pressure is assumed
hydrostatic, then
N ds Z/{H 1
Z.a+1 ds|u —u
2 S| a+1 0(| (18)

Pyy1 = pgcosd Z hg, Iy 1= = ,
: p=a+1 © o Par1/Ps haJr%\/(PsgCOS@ Zg=a+l hg

for « =0,...,N — 1. The definition of the viscosity at the bottom 71,2 is particularly interesting. It will depend on the
considered boundary condition, either no-slip or a Coulomb type friction. This will be discussed later.

Following the procedure presented in [20], the final w(I) rheology multilayer model at first order in ¢, including the
lateral wall friction, reads, for ¢ =1, ..., N,
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-G

1
a—3’

Nl—

la (Bth + 8x(hua)> =Gy,

la<p8t (huy) + pox (hué) + pg cosO hoy (zp +h)> :Kaf% —K(H%—k (19)

1 1
+ E’OGOH-% (Ug+1 + Ua) — E'OGa—% (U +Ug—1) + Mo, w,
where
zb=b+5; b=—xtand

is the bottom topography. G, 1 is the mass transference between the layers o and « + 1, written as

wh o +w”

1
Jrj 2

Ug + Ug+1 +3
Gth% = BtZaJr% + ——%zZ

2 Ot+%_w

atd where w,,
The vertical velocity is a piecewise linear function defined through its upper and lower limits at the interfaces. The limit at

the interface z = Zy1 verifies the jump condition
2
+

W o1
Ol+7

= W;+% + (Ua+1 — uoz)axZoH_%s
and by the linear profile of the vertical velocity inside layer & and the incompressibility condition we have

- +
w =w — hgOxlg.
a+% a—% aOxla

The side walls friction is taken into account through the term Mg, w. Following the multilayer procedure we obtain that

Za41/2
M 2 nw to pgcosb(zp+h—2)dz 2 n to p g cosé (2 +h _Z)Z]ZHW
W =- A7 v b - =T\ —— - 5
“ WY Jug| W ug| 2 Za1y2
Zg—1/2
After some algebra we get
N a—1
(zp +h —z)2 172 h h
R O T o e P D
Za=1/2 B=a+1 B=1
a—1 h
Therefore, denoting p, = pgcosé |z, +h— |z, + Zhﬂ + 7‘1 , the pressure in the midpoint of layer «, the lateral
B=1
walls friction term is written
2 Uy
M, =—lyh— —_—. 20
o, W o Wﬂwpa ity | (20)
Finally, the viscous term KaJr% is defined by
1 H H
Ka+%:_Ena+%(u2,a+%)uz,a+%’ a=1,...,.N—-1 (21)

for Mot ] defined in (17)-(18). The terms K% and KN+% are defined by the boundary conditions at the bottom and the free
surface, respectively (see section 2.1.2).

Model (19) has 2N equations and unknowns, however the continuity equations can be combined (see [21]) to achieve
a system with N 4+ 1 equations and unknowns: the total height and the discharge of each layer, i.e., (h,q1,...,qyN), where
go =hugy, for « =1,..., N. By defining the auxiliary coefficients

(1-th+-+l)y, ify<a,
o,y =
—( 4+, otherwise,

for o, y €{1,..., N}, the system (19)-(21) is rewritten as
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Toz,N+1/2 = 0

Z = ZN+1/2
oUN
:'Ta:z,a+1/2
Z = Za+1/2
Trz,0—1/2
: 2= Za-1/2
\_/?;1\/

= U1
W Tx2,1/2 = F’(I%)p% m

u. _ J—w ifnoslip
©= 1 0 if friction
Fig. 3. Sketch of the placing of the variables in the multilayer domain.

N
oth + 0y (Zlﬁ(]ﬁ) =0,

p=1

qZ h2
0tqa + Ox <F"‘ + gcos@;) + g cos@hdyzy, +
(22)

N
+Zl (Ao +da—1 a1,y — Gat1+ ) oy ) 0:dy =

~ 2hla o a—1)Sa—-1,y a+1 o)Sa,y x4y

1
=pTa<K“*%_K“+%+M""W a=1,...,N.

2.1.2. Boundary conditions
The boundary condition at the free surface is simply defined by taking into account that the atmospheric pressure is
neglected (ps = 0), therefore Ky 1= 0. The term Ki,, is defined by the boundary condition at the bottom. A difficult

task is to strongly impose the no-slip or Coulomb type friction boundary condition at the bottom in multilayer models.
A good way to impose strongly the no slip condition at the bottom would be to calculate the velocities at the vertical
interfaces I'y11/2. On the contrary, multilayer models calculate averaged velocities within the layer, which in turn is a
second order approximation of the velocity at the middle of the layer (see Fig. 3). As an example, in the first layer we have
uy =uh/2) + (’)(h%). As a result, we can only impose the boundary conditions in a weak sense and the no slip condition
is not exactly achieved, as it can be observed when looking in details the numerical results (see section 4.1).

Furthermore, we can not impose strongly a Coulomb type boundary condition since the unknowns of the system are the
velocities and not the stresses, contrary to Augmented Lagrangian method (see [23]), for example.

Let us propose simple ways to weakly impose no-slip and Coulomb type boundary condition. The key point is to approx-
imate d,u at the bottom. The value of L{g as an approximation of d,u at the bottom z =z;,, depends on the velocity in

the first layer uy. In general we assume the following approximation, Z/l; . % where ug represents the velocity in a
¥
fictitious layer under the bottom level.

If we consider a Coulomb friction law, the stress tensor must verify the condition

on’—((o nb).nb)nb:(uuyp%'%, 0)/, (23)

where n is the downward unit normal vector to the bottom. We can consider either a friction law with a constant param-
eter (M(I%) = W) as in [38], or given by the expression of the w(I) rheology. In this case, we consider the approximation

of d,u at the bottom considering that the velocity ug =0,
uq
utt, = —.
LAY
This makes it possible to obtain a non-zero velocity at the bottom.
Then, the term K% is given by condition (23),

ds |uq/hq]

J@sghcost

K =—pghcos«9u(ll)u—1, where [1 = (24)
27 |uq| 2

1
2
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If no-slip condition is considered then we must change the approximation M; ; because now the velocity must vanish at

2

Z =212, so we introduce ug = —u1. Hence we consider the approximation
21U,
utl | ==——.
Z3
Then Ky, is given by
Uy ds12uq/hy|
Ki=—-pghcosO u(I1)—, where [1 = —————. (25)
2 27 uq] 2 Jysghcoso

As a conclusion, the viscous term at the bottom (K1,2) defined from a no-slip condition only differs from the one when
considering a Coulomb friction law in the inertial number:

I%,No slip =2I%,Coulomb . (26)

In the next section we detail the numerical discretization of the proposed multilayer system (22).
3. Numerical approximation

In the literature, multilayer systems have been discretized by combining a usual finite volume method with a splitting
procedure [1,2,4-6,21]. Thus, authors usually separate the viscous terms, which are treated with a semi-implicit scheme. We
follow this structure in a particular way. One of the main contribution of our previous work [20] was to introduce a mul-
tilayer system with non-constant viscosity. Nevertheless, its numerical approximation was not explained. To our knowledge
it's the first time that a numerical scheme for a multilayer system with non-constant viscosity is exposed. These rheolog-
ical terms add new difficulties, namely when looking for a well-balanced scheme that was not achieved in [20]. Here we
consider a hydrostatic reconstruction in a finite volume method in order to ensure the well-balanced property.

Firstly, we can write the system (22) in matrix notation as

0tw + 0xF (W) + S(W)0dxzp + B(w)oyw = E(w) (27)

where w = (h, g1, q2, ..., qn)" € @ c RN*1 is the unknown vector, F(w) = (Foa(W))g=0,1,...,N is a regular function from RN+
to RN+1, B(w) = (By,p(W))a.p=0.1,...N is a regular matrix function from R¥N*1 to My11(R), S(W) = (S¢(W))a=0,1....N, and
E(w) = (Eq(W))y—o.1... N are vector functions from RN*! to RN+1,

Fy(w) and S, (w) are defined by the convective and pressure terms, respectively,

N
> lpap. if a=0, 0, if a=0,
Fy(w) = { p=1 Sq(w) =
qé h2 gcosbh, if a=1,...,N.

— cosf—, ifa=1,..N;
p T8ty

Note that the addition of convective and pressure terms can be written as

0xF (W) + S(W)odxzp = 0xFe(W) + S(W)dx(zp +h), with F¢(w)=F(w)— gS(w).

Then, Fc(w) contains the convective term and pressure terms are defined by S(w)dx(z + h). On the other hand, By g(w)
is defined in terms of the momentum transference terms,
0, if (w,B8)e{0}x{0,1,...,N}U{1,...,N} x {0},
BasW=1 L et L st F ) Ewp. i p=T1, . N
—_— _ 18— —— , ifa,B=1,..,N.
2hl, Qo + qa—1) Sa—1.8 20, Joa+1 T+ qa)Sa.p

The viscous terms are included in the definition of E,(w):

0, if x=0,

FalWi=1 1 K M if a=1,...N
— - ifa=1,...,N.
,OIa( a1 a+%+ a,W)» s ees
Next, we detail the two steps of the splitting procedure. In the first step we consider the hyperbolic system with the
non-conservative products, corresponding to the momentum transference terms between the vertical layers. In the second
step we deal with the viscous terms.
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Before describing these processes, let us focus on the treatment of the bottom condition because it plays a crucial role
in order to achieve the well-balanced property. The numerical discretization must solve two different difficulties related to
the well-balanced property. The first one is physical, i.e., the Coulomb friction at the bottom and the walls must behave as a
force which opposes the movement of the granular flow. When the total friction is greater than the sum of the other forces
acting on the system, then we should obtain u, =0 for « =1, ..., N. This effect is achieved in the second step, through
the discretization of the bottom friction term Ky/,. The second difficulty is a numerical issue. We use a Riemann solver in
order to solve the hyperbolic part of the system, which introduces numerical diffusion. This artificial diffusion must be zero
in order to ensure d:h =0 when the granular flow has stopped, i.e., when uy =0 for @« =1,..., N. Next, we describe the
two steps of the numerical approximation:

Step 1: Firstly, we do not consider viscous effects, that is, E(w) = 0. Then, we consider a finite volume solver to discretize
system (27). Namely, we consider a HLL type method defined as follows:

172
w?+/

At 1
=wi+ Ax < cic12 — Fliv1z + 5 (B?+1/2 + B+ Sk ‘*‘3;1—1/2)) ) (28)
with
1
Bli= g(B(W?H) +BwW))(Wiyy — wi),
and
1
12 = E(S(W?Jrl) +SWO) (M1 oy — hia /o)
where hii1/p+ is defined by the hydrostatic reconstruction introduced in [3]:

hit1/2- = max(0, hj — (AZit1/2)+);

(29)
hit1/2+ = max(0, hit1 — (=AZit1/2)+)s
where
(AZiv172)+ =max(0, zp i11 — 2p,i)- (30)
The numerical flux associated to the convective terms, F"

ci+1/20 18

1 1
Feiv1p= 5 (Fe(W}) + Fe(wi, ) — 5 i1/2:
where D?_H /2 is the numerical diffusion of the scheme. Let us remark that this method can be seen as a path-conservative
method with a second order approximation of the Roe matrix by setting the paths as segments (see [40]).

Thus, in order to define the numerical diffusion, we consider the HLL extension proposed in [14]. In this paper authors
proposed a general formulation of numerical methods where the numerical viscosity matrix is defined in terms of the
evaluation of a polynomial on the Roe matrix. In our case, taking into account that we use a second order approximation of
Roe matrix by segments and the fact that we introduce a well-balanced correction associated to the Coulomb friction term,
the numerical diffusion is defined as follows:

Div12 =00 (Wi — W}) + a1 (FC(W?+]) —Fe(w)) + Bl +3in+1/2)s (31)
with
a _ SRIStI=SuISrl ISRl —ISL]
T Sg=S. T Sg-=S.°

being S; and Sk approximations of the minimum and maximum wave speed. In practice, to defined S; and Sz we consider
a baroclinic approximation,

N N
Sy =min (Z lotiy, ; — /g cosOhY, Zlaugz,i+1/2 - /gcoseh?H/Z) )
a=1 a=1
N N
Sg = max (X:IO,LIEJ-Jrl +JgCosO? 1, > Clgul iy /gcos@h?H/Z) :
a=1 a=1
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In (31) we use the reconstructed states

W) = (hiv12—.4q1,is---, AN, W?H = (hiv124, 91,41, -- - ANi+1),
where fli+1/2i is defined by (29) taking in this case

(AZiz172)+ =max(0, zp i1 — 2p,i + ACiy1/2), (32)

with ACiy1/2 = — fit1/2AXi11/2 defined by considering the Coulomb (or no slip) friction term. Several definitions of fi 1,2
can be given (see [9]), in this work we set

(=81 +2zpip1—hi—2Zpi)  Upit1/2
; = —pro y — = — , 33
fiv12 I;Mﬂ] ( Ax At (33)
where
N
2 hg
/’LB:MS"‘Wﬂw Z hy+7
y=p+1
being 8 the lowest layer that is moving, i.e., u5| > 0. If all the layers are at rest then 8 = N. Moreover,
X if |1X|<gup;
roj(X) = X . 34
proj(X) supry I 1XI> g (34)

and ug jy1/2 is an average state of the velocity at layer 8. For example we can set the Roe average state

y vhiugi+/hiy1ugiq
B,i+1/2 = .
Vhi +/hig
In practice, this term is important when the granular flow is stopping. In general, upper layers are the last ones that stop in

granular flows, then we can also consider ug ;1,2 = up,i+1/2. Note that the first condition in (34) gives the well-balanced
property by ensuring that the numerical diffusion is zero when the velocity is also zero.

Step 2: Now, we must add the contribution of E(w). With this goal, a semi-implicit discretization is considered:

wit! = w'l.”]/2 + At E(w], with), (35)
where W?H/Z is the approximation (28). Note that the first component of E(w) is 0, therefore we clearly obtain h"t! =
h+1/2.

We get ¢! = (q’l'“, e q’l'\,“)i as solution of the N x N tridiagonal system

n+1 n+1 n+1 n+1
nt _ ontl/2 At (why et~ Bai (w" Ui — @ 1i ot (36)
Qoi =Yai ol na+% l') | pnt 770,,% l') | pht1 a, Wi |
o at+3"i a1

for« =2,...,N — 1, where Moyl is defined by (17). The lateral side walls friction terms approximation is

2 unfl
MZ';,H, =—ly h Wﬂw PZ,,- —a,; ) (37)
up ;| +62
with
a—1 n
phi=pgcosd | zp;+h} — zb,i+2h%’i+%’l , for a=1,...,N.
B=1

The equations for &« =1 and @ = N can be analogously obtained taking into account that nn41,2 =0 and the definition
of Ky 2. For the first layer we consider a regularization of (24)-(25), which can be written as follows:
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n+1 n+1 h™ cosO (I . n+1 n+1
ntl _ n+1/2+£ (Wn)uz,i Ui pEM M %,1) Ui — Ui 4 (38)
ql,i _ql,i ,Oll 77% i l3hr~1+l N 0 12 llhn+1 1w, |~
2! Uii — Yo 5 !
— g | 19
l1h]

taking into account the definition of Iy, (see (24)-(26)) and ug (see Fig. 3) depending on the bottom condition. This
formulation corresponds to approximating the friction condition at the bottom with a regularization method. It is consistent
with the definition of 77,2 given by (17). As a consequence, we cannot obtain exactly u =0 ms~! when a solution at rest is
expected. Actually, for the numerical tests presented in section 4 we get velocities of order 10~7 ms~!. Let us also remark
that with this formulation the friction conditions at the bottom and lateral walls are considered directly in the definition of
the linear system.

For the top layer, we consider

n+1 n+1
Uni —Un_1, (39)

nt _ ont1/2 At Mt
l 1hn+]
N—3"i

= . — wh
qN,l N,i ,OIN N,W 771\]7%( ,)

Note that the symmetric matrix associated to this linear system is a strictly diagonally dominant matrix, therefore the
system is well-conditioned. Finally, we use the Thomas algorithm to solve each tridiagonal system.

We consider two different hydrostatic reconstruction in the first step, which are defined by (29)-(30) and (29)-(32). In
the first one we deal with the change of the topography but the friction at the bottom is not taken into account. In the
second one, the friction condition is managed in order to achieve a well-balanced scheme. An important remark is that
the numerical treatment of the friction condition would not be consistent if we include the friction condition in the first
reconstruction. This is because in that case the friction at the bottom would be added twice in a time step.

The last consideration that we do is related with solving the linear systems. It corresponds with solving a vertical
diffusion in each cell. We only solve the linear system in the cell I; if the total height h?‘” is larger than &s. Otherwise, the
friction law at the bottom together with the lateral walls friction are considered as in the case of a single-layer model. The
friction term (bottom and side walls) is applied to the first layer and we neglect the vertical variations in those cell, i.e., we
set qg*’f =q']1171 foro=2,...,N.

Therefore, in those cells for which 0 < h?“ < &5 (or if we consider the single-layer model N = 1), we define

n+1
n+1/2 n+l,,n 21,0 . n+1/2 n,n+1
q,;: '~ — Atp g cosb h; —— if|q,; 7| > Ato.;
QZ-T — 1,i 2 i 'U“l,l q . 1,i c,i a=1,... N, (40)
s N
0, otherwise,
h?
being o/ = p gh™ " coso u ,, with pu ;= (I )+ W’,uw. where I’} is defined by (24) if we consider a Coulomb
5 ’ ’ 2 2

friction law, or by (25) for a no slip condition.
4. Numerical tests

In this section we show four numerical tests in order to validate the model and the numerical scheme presented in
previous sections. Firstly, in Subsection 4.1, we consider a uniform flow and investigate the influence of the lateral wall
friction on the vertical profile of velocity. We also study the evolution of two critical values of the channel width for dif-
ferent bottom slopes: (i) W, that is the first value for which all the granular mass is moving, i.e., if W > W, there is no
flow/no-flow interface; (ii) W} that is the first value for which the downslope velocity along the normal direction has a
Bagnold profile and not a S-shaped profile. Secondly, in Subsection 4.2, we perform a test focused on the well-balanced
property of the scheme, combined with the treatment of the wet/dry front. Third, in Subsection 4.3, we show that approx-
imating the side walls friction through a single-layer model could lead to non-physical solutions that strongly differ from
those computed with a multilayer model. Finally, in Subsection 4.4, we compare the results obtained with our model to
laboratory experiments of granular column collapse.

All the tests are computed over a reference inclined plane of angle 6 (tilted coordinates), specified for each test. As we
commented in previous section, for the tests where a solution at rest is expected, we cannot obtain exactly u =0 ms~!
because of the regularization method. However, we get velocities of order 107 ms~!, which can be considered as zero
without meaning a loss of accuracy in the results.

4.1. Uniform flow: influence of the channel width

In this test we consider a uniform flow of granular material, whose height is h = 50ds ~ 2.65 cm, which flows within
a narrow channel of width W and slope 6. The grain diameter is d; = 0.53 mm and the volume fraction is ¢s = 0.6. The
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Fig. 4. Normalized normal profiles of the downslope velocity (u) on a slope 6 =26.1° and for different channel widths (W), increasing from left to right
lines. (a) Solid lines correspond to the cases when the flow/no-flow interface exists and dashed lines are the cases when the flow/no-flow interface does
not exist; (b) circle-dotted lines correspond to the cases when the velocity profile is still S-shaped and cross-dotted lines are the cases when the velocity
follows a Bagnold type profile.

rheological parameters are (s = tan(20.9°), w2 = tan(32.76°), wy =tan(13.1°) and Iy = 0.279, which are typical values for
experiments with glass beads.

For the simulations, we impose no slip condition at the bottom and zero velocity at the initial time. The material starts
to flow because of the gravitational force. We use 50 layers in the multilayer discretization and consider the regularization
parameter § = 107> s~! in equation (37). The horizontal length of the domain is 1.1, which we discretize with 100 points.
We let the material flow until the uniform steady state is reached, then all the results will refer to this steady state.

First, we focus on the velocity profiles in the direction normal to the slope when going from a narrow to a wider channel.
Fig. 4 shows these profiles at a slope 6 = 26.1° for increasing channel widths W =9ds, 18dj, ..., 13176 d;. Note that in this
test the parameter A = H/L, take values in a range from 3 - 1073 to 5.5. In particular, the influence of the channel width
on the position of the flow/no-flow interface is shown. The thickness of the flowing layer increases as the width does
so. Moreover, all the granular layer flows when the thickness W > W, =117d; ~ 6.2 cm (see Fig. 4a). Fig. 4b shows an
S-shaped velocity profile until W > Wy = 425ds &~ 22.5 cm where the flow then exhibits a Bagnold profile. The critical
value W)y is measured by approximating the second derivative of the downslope velocity along the normal direction. Then
W), is the first value of W for which the second derivative changes its sign. Interestingly, an asymptotic velocity profile is
reached for values of W greater than 3 meters approximately (W = 6588ds). Then, the velocity profile is independent of
the channel width. Note that these values are related to the chosen thickness h = 50d; and slope angle 6 =26.1°.

Fig. 5 shows the influence of the channel width on the maximum velocity (i.e. the velocity at the free surface). We can
observe in this figure a nonlinear behavior of the maximum velocity in terms of the channel width. For small values of the
width upmgy scales approximately as (W /ds)3/? (see inset (a)). When the width increases the maximum velocity tends to the
velocity reached when the lateral friction term is not considered (i.e. W = o0). For Wy = 425ds ~ 22.52 cm, the maximum
velocity is still 1.3 times lower than for W = co.

Let us investigate how W, (minimum width for all the granular mass to flow) and W} (minimum width for the flow
to exhibit a Bagnold profile) vary with the slope angle for a given flow thickness h = 50ds ~ 2.65 cm (Fig. 6a). W, and
W), are calculated by increasing the width W in steps of 25ds =~ 1.33 cm for fixed slopes 6 = 22°, 24°, 26.1°, 28° and
30°. For small slopes, high values of W should be reached to get fully flowing materials with Bagnold velocity profile (i.e.
W¢~35.77 cm and Wj ~ 84.8 cm at § = 22°). The values of W, and W}, rapidly decrease with increasing slope angles and
reach almost constant values W, ~ 4 cm and Wj, ~ 20 cm. For example for a slope 6 = 24°, we see that all the material
flows for W > 9.28 cm and that the hypothesis of Bagnold profile is valid only when W > 33.12 cm. These results could
help choosing the good dimensions of the channel in laboratory experiments.

Another key issue in shallow depth-averaged models is how to relate the depth-averaged velocity calculated with these
models to the free surface velocity that is generally the one measured in laboratory experiments. Fig. 6b shows the differ-
ence between the maximum velocity and the velocity averaged along the normal direction, normalized by this maximum
velocity, for three different values of the width channel: Wog < W, W, and W}, (see Table 1). We see that this difference
is huge (greater than 75% of the maximum velocity) in the case of small widths. It is because in that case only the layers
close to the free surface are moving. This difference decreases for larger widths since all the granular layer is moving. Note
that for W = Wy, the difference is almost constant for all the slopes and still of about 43 % of the maximum velocity.

In these tests a no-slip condition was considered at the bottom. Fig. 7 shows the velocity profiles with both no slip and
friction condition, for a slope # =26.1° and three widths: W., W, and W = 7 m for which the influence of the side walls
is almost insignificant. We see that there is no difference between no-slip and basal friction conditions for the small width
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Fig. 5. Normalized velocity (solid black lines) at the free surface as a function of the channel width W. The inner figures are (a) the logarithmic scale;
(b) zoom of main figure for short widths W. Dashed-dot red line is the velocity at the free surface without side walls effect. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1

Values of the channel width: W, (minimum width for
which all the granular layer is moving), W, (minimum
width for which the velocity follows a Bagnold profile)
and Wy < W, as represented in Fig. 6.

0 (°) W (cm) We (cm) Wp (cm)
22 16 35.77 84.8
24 4 9.28 3312
261 33 6.2 22.52
28 2.6 5.3 18.55
100 T 90 — R S
(a) ——W. (b) —~—0 =22
0 =24
801, --u--W, < 80 6 =26.1°
3
S 70¢ 1
=
=
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35
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40 i i i i i i i i
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0 (degrees) W (cm)

Fig. 6. (a) Evolution of the threshold widths W (solid-circles blue line) and W}, (cross-dashed green line) as a function of the slope angle 6. (b) Relative
difference between the maximum and the averaged velocity for different slopes (represented by different colors) measured for widths Wy < W, W, and
W), in Table 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

W¢, and a slight increase of the velocity obtained with basal friction condition for larger widths. We have also checked that
the value of W, and W}, are almost the same in both conditions, for the slope 6 =26.1°.

4.2. Well-balanced test including dry areas: granular collapse over an arbitrary bottom

In this test we consider a granular collapse over an arbitrary topography. We show that the hydrostatic reconstruction
(29)-(34) is the key point making it possible to obtain the well-balanced property. By comparing the normal profiles of
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Fig. 7. Normalized vertical profiles of the downslope velocity (u) for different widths (W, = 117ds, W, =425ds; and W = 13176d;) of the channel and
6 = 26.1°. Solid lines (respectively symbols) correspond to the simulations with no slip (respectively friction) condition at the bottom. Dashed black lines
and blue crosses are the extrapolated velocities at the bottom. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

velocity at different times/points, we also show that our model produces results similar to the model considered in Jop
et al. [25].

We take the grain diameter d; = 0.7 mm and the solid volume fraction ¢; = 0.62, leading to an apparent flow density
o = 1550 kg m~3. The friction coefficients are s = tan(25.5°), @y = tan(36.5°) and Iy = 0.279. We also consider the
following topography (in m) over an inclined plane with slope 6 = 16° (see Fig. 8),

b(X) = 0.256750()‘*0-5)2 + 0.036750()‘70'75)2 )

1

The initial condition is given by g =0 m? s~! and

0.34 —b(x) if|x] <0.2;
hx) = [ 0 otherwise.

The length of the domain is 4 m and we take 400 points for the spatial discretization. The channel width is W =10
cm and the side walls friction is included through the proposed model with the friction coefficient w,, = tan(10.5°). We
use 50 layers in the multilayer system. Fig. 8 shows the evolution of the computed free surface with the multilayer model
with and without the hydrostatic reconstruction. The results are shown in cartesian (left) and local (right) coordinates.
We obtain similar profiles of the flowing mass in both cases at the first times. Nevertheless, when using the hydrostatic
reconstruction (29)-(34) the mass stops at the final time (t = 1.7 s), whereas it never stops if the hydrostatic reconstruction
for the Coulomb friction is not taken into account (see Fig. 8b for longer times). The hydrostatic reconstruction (29)-(34)
is thus a key ingredient of the well-balanced property of the scheme, since it allows to cancel the numerical diffusion (31)
when the velocities are close to zero (u = 0 is not exactly achieved due to the regularization method). In the following, we
will always use the hydrostatic reconstruction.

In Fig. 9 we show the results with and without wall friction for the monolayer and multilayer models. More difference
on the shape of the final deposit simulated with the two models is observed when wall friction is considered (left column
in Fig. 9). Note that introducing this friction term in the monolayer model adds a constant extra friction over the whole
granular layer whereas, in multilayer models, this terms introduces a friction starting from zero at the free surface and
increasing with the flow depth. This will be deeper investigated in subsection 4.3.

The ability of the model to capture the different shapes of the normal profile of the downslope velocity is shown in
Fig. 10. These profiles are shown at different times at two fixed points: the center of the initial released mass (x =0 m) and
the summit of the second bump of the topography (x = 0.75 m). With the proposed multilayer model we can reproduce
the Bagnold profile when the flow is accelerating as well as the S-shaped profiles corresponding to the stopping phase.
We also show the profiles obtained when including side walls friction in the same way as in Jop et al. [25]. We see that
the results of both models coincide. This is consistent with the remark in section 2, showing that both models match if
sign(u) = sign(o;u).
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Fig. 8. Left: representation in cartesian coordinates. Right: representation in local coordinates on the reference plane. (a) Free surface evolution during a
granular collapse at different times, computed with the multilayer model, taking into account the hydrostatic reconstruction for the Coulomb friction (solid
brown line) and without the hydrostatic reconstruction for the Coulomb friction (dashed blue line). (b) The free surface without taking into account the
hydrostatic reconstruction at larger times. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 9. Free surface evolution in local coordinates at different times, computed with the multilayer model (solid brown line) and the monolayer model
(dashed blue line), taking into account the side walls friction term (left hand side) and without this term (right hand side). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Vertical profiles of normal velocity measured at x=0 m and 0.75 m at times t = 0.4, 0.8, 1.3 s. The profiles are computed with the proposed model
(solid brown lines) and with the model proposed by Jop et al. [25] (symbols). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

4.3. Solutions at rest with lateral walls friction: multilayer versus monolayer

With this test we show that an appropriate vertical discretization is essential in order to properly take into account the
effect of the side walls friction.

We focus on the steady solutions of system (22), that is, we assume that u, = 0. For the monolayer model (N = 1) the
momentum equation in system (22) gives a solution at rest if the following condition is verified:

lox(b+b+h)| <

h
MS+MWW ,

where b = —x tané. Let us denote by S =b + h the free surface in local coordinates. Without loss of generality let us
suppose that its slope is negative and # > 0. Then, a solution at rest is defined by S, solution of the following differential
equation:

S(X) = tan b — jus — “WW (SX) —b(x)). (41)
By setting the initial condition S(xf) =z, for some constant values x; and zy, the solution reads
Xy
W w w W w
S@) = — (— s + | tan6]) — “—We—“w></b(s)e“w5ds+ (zf +— (s — |tan9|)) e~ W ), (42)
Hw w Hw
X

For the multilayer case, from the momentum equation in system (22) we deduce that a solution at rest is reached if
1
g cosOh (b+b+h)| < ‘pTa(K“—% —Kyyy + Ma,w)‘ fora=1,...,N.
From the definition of the Ky41,2 and Mg, w, the previous inequality reads

h
]8x(5+b+h)|§‘ﬂs + Catw 1 l

where

N
lo
Ca=2| Y Ig+ >
B=co+1
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Table 2
Errors and related order for the free surface computed with the monolayer model obtained by varying
the number of points in the x direction.

Nbr. points in x  L!-Error L'-Order  L2-Error L2-Order  L*-Error L*°-Order
50 7.02x1073 - 647x1073 - 9.86x1073 -

100 287x1073 129 244x1073 141 206x1073 225

200 1.82x1073 065 155x1073 065 126x1073  0.71

400 1061074 4.09 1.02x1074 392 2.06x107% 261

800 3.08x107° 179 267x107° 194 465x107> 215

1600 8.01x1076 195 6.86x1076 196 113x10™° 203

Then, the main difference between the solution at rest of a multilayer model (with N > 1) and the monolayer model is the
coefficient C, that multiplies . For the monolayer model this coefficient is 1.

As a consequence the solution (42) is not a steady solution of the multilayer model. This is because the pressure varies
with depth and therefore the friction is smaller for higher layers (that move) and gets bigger for lower layers (they can
eventually stop). For example, assuming an odd number of vertical layers, N=2n+1 and I, =1/N for ¢ =1, ..., N, then
Cq = %(N —a+ %). The only value of o that makes C, =1 is for « =n + 1, that is, the middle layer. The value of C, is
greater than 1 for lower layers (o <n + 1), so the friction is bigger and then the material does not move. On the contrary,
Cy < 1 for higher layers (o > n + 1) which induces a smaller friction and the material moves. Then, in the multilayer case,
the solution S defined by (42) is not a steady solution, since the upper part of the granular mass will flow.

The solution at rest of the multilayer model converges to the solution defined by the free surface

S=2zf+ (tanf — ) (X — Xf).

Let us perform a test showing that the analytical solution defined by (42) is preserved up to second order by the
proposed numerical method when we consider only one layer, N = 1. On the contrary, when imposing this solution as
initial condition in the multilayer model, the mass moves and the new simulated solution at rest is very different. For this
test, we assume a flow with the same material and rheological properties as in the previous subsection. We consider the
domain D = [0, 2] x [-0.05,0.05] x R, and a channel width W =10 cm. We also consider a bottom topography

b(x) = 0.1~ 100605 4 () 35,=100"

over a reference plane of angle 6 = 16°. As initial condition the velocities are set to zero and the initial thickness is given
by h =8 —b, where S is defined by (42), with x; =1 m and z; = b(xy).

In this test we consider 20 layers in the multilayer model and 200 nodes in the horizontal direction. Results are shown
in Fig. 11a for monolayer and multilayer solutions with side walls friction. Table 2 shows that the monolayer model keeps
the steady solution to second order accuracy whereas the solution for the multilayer model evolves in time to a different
deposit (Fig. 11a). We can observe that the slope of the final deposit obtained with the multilayer model is very close to
(tan(0) — ws) in local coordinates, that is the slope of the solution at rest at which the multilayer model converges. The line
with this slope is labeled as “Reference” in Fig. 11. Note that the slope of the computed deposit must always be lower than
the slope of this reference line, given by the angle of repose of the material. Note that the difference of runout distances
predicted by the monolayer and the multilayer models is close to 50% of the extension of the initial condition.

We also show that we cannot introduce the side walls friction effect by using a monolayer model, even taking a lower
friction coefficient /2, (w/3, etc. The deposit widely differs from the solution obtained with the multilayer model in
both, the shape and the runout. When the friction coefficient w,/2 is considered, the runout are 1.67, 2.15, 2.16 m in
cases (a), (b), (c) in Fig. 11 respectively, whereas by using the multilayer model the obtained runout are 1.48, 1.76, 2.1 m
respectively. Note also that despite the runout is larger, the height of the material in the initial part of the column is also
bigger than the obtained in the multilayer case.

Let us also remark that the bottom topography reduces the exponential shape of the free surface profile (see the influence
of b(x) in (42)). Therefore, the solutions with the multilayer and monolayer model are even more different in the case of
flat bottom (see Figs. 11b and 11c).

4.4. Laboratory experiments: dam break over rigid and erodible beds

We compare here our numerical simulation with the laboratory experiments of [34] in the case of a rigid bed (i.e. not
covered by a layer of erodible particles). This configuration was not investigated in our previous work [20]| due to the
difficulty to deal with dry areas (h = 0) from a numerical point of view. When numerical models cannot handle dry areas,
a thin layer of material is generally added on these dry zones. We will investigate here what is the error related to such
artificial thin layer. We also study the time evolution of the flow/no-flow interface with either a variable or a constant
friction coefficient.

We release a granular column of height h =14 cm and length 20 cm over an inclined plane of slope 6, confined in a
channel of W =10 cm. The granular material in the experiments is made of subspherical glass beads with the material and
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Fig. 11. Left column: evolution in time of the thickness profile for monolayer (dot-dashed blue line) and multilayer (solid brown line) models with the side
walls friction term. Right column: deposit obtained with the monolayer and the multilayer models. Solid black lines (solid red lines) represent the deposit
with the monolayer model taking a lower side walls friction coefficient 14y /2 (1w /3). As a reference of the theoretical solution for the multilayer model,
we plot a line (point-solid gold line) whose slope is (tanf — 1) in local coordinates. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

rheological properties described in previous section 4.2. For the numerical simulation, we use 20 layers in the multilayer
model.

In this test the friction with the lateral walls is modelled as in our previous work by adding 0.1 to the friction coefficient
s [20]. As discussed in [20], hydrostatic models are not able to reproduce the first instants of the granular collapse due to
the strong effect of non-hydrostatic pressure. Indeed hydrostatic models spread much faster than experiments at the begin-
ning [35]. As a result, side walls friction is not well approximated in such models because the flowing layer is overestimated
during the first instants. Despite this limitation, we compare our simulation with laboratory experiments with and without
taking into account the extra friction term on the lateral walls.
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Fig. 12. Thickness of the granular mass as a function of the position along the slope in the laboratory experiments (solid-circle blue line), with the
e (I)-multilayer model (solid green line), and the model adding the side walls friction term (u(I) — pw-multilayer, solid red line), for a slope (a) 6 = 0°,
(b) 6 =16° in the rigid bed case (without an erodible bed over the slope). Thin dashed lines are the flow/no-flow interfaces. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Figs. 12, 13 and 14 show the results with and without adding the side walls friction term for different slopes of the
inclined plane, § = 0°, 16°, 19°, 22°. We see that the new term increases the effective friction, and then the approximation
of the free surface improves at short times, while the runout in the final deposit decreases. The comparisons only make
sense at final times as consequence of the hydrostatic assumption. As the slope 6 increases, the flow gets thinner and the
downslope velocity gets higher compared to the velocity normal to the bottom. As a result, the hydrostatic approximation
(i.e. shallow flow approximation) is more correct for higher slopes. Indeed, we can see that the time evolution of the free
surface is close to the one obtained with the complete visco-plastic model of Martin et al. [38] where non-hydrostatic
pressure is taken into account (represented by gold squares in Fig. 14a). One of our objective here is to show that multilayer
models can be a powerful tool to approximate the flow/no-flow interface position. In order to compute this interface we
consider a threshold for flow, i.e. the material is assumed to flow if the velocity is higher than 1 cms~!.
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Fig. 13. Thickness of the granular mass as a function of the position along the slope in the laboratory experiments (solid-circle blue line), with the
e (D-multilayer model (solid green line), and the model adding the side walls friction term (u(I) — iy, -multilayer, solid red line), for a slope 6 = 19°. Thin
dashed lines are the flow/no-flow interfaces. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Figs. 15 and 16 show the distribution of the horizontal and vertical velocities, and the variable friction coefficient com-
puted with the w(I)-multilayer and the w(I) — @y -multilayer model for the slopes # = 0° and # = 16° at an intermediate
time. We see that the absolute value of the velocities (horizontal and vertical) computed with the w(I)-u, multilayer
model is lower close to the bottom due to the fact that the new friction term is greater there. This difference is more clear
in Fig. 16, corresponding to a non flat bottom. In both cases, we see that the variable friction coefficient is greater close to
the front since the strain rates are also greater and the pressure is small leading to high inertial number too. Note that this
friction coefficient is quite similar with both models in Figs. 15 and 16. In particular, this means that the difference between
the velocities for the two models is due to the lateral friction term in the w(I) -u-multilayer model.

Dealing with a rigid bed involving wet/dry fronts is usually hard numerically. Therefore, a thin layer of material is
sometimes added on the rigid bed to get rid from numerical issues while expecting to get similar result to the case of true
rigid bed. To quantify the error related to this artificial layer, we simulate here the collapse over a thin layer of material of
thickness h; of a mass with initial thickness:

14cm ifx<0;

h(x,0) = { h; otherwise, with h; =0, 0.014, 0.14, 1.4, 4.6 mm.

Fig. 17 shows the collapsing mass profiles and the deposits simulated for a slope 6 = 22°. We see that, when the layer is
thin enough (h; = 0.014 mm), the simulated mass profiles and deposit are similar to the case when h; =0 (true rigid bed).
Slight differences appear at h; = 0.14 mm and get stronger for larger thicknesses (h; = 1.4 mm). In this case, we observe an
increase of the runout distance and a different shape of the deposit, in particular near the front as shown in inset zooms in
Fig. 17 at intermediates times. Note that h; = 0.14 mm represents about 0.1% of the thickness of the initial granular column.

Fig. 18 shows the evolution of the flow/no-flow interface b(x, t) for the granular collapse over a slope 6 =22° at x =20
and x = 60 cm for flow over a rigid bed (left column) and over an erodible bed of thickness h; = 4.6 mm (right column).
The simulations are performed using the multilayer model (with 50 layers) with a variable friction coefficient w(I) or a
constant coefficient g, and adding or not the side walls friction term.

When the variable friction coefficient @ (I) is used (with and without the friction term at lateral walls) to simulate
granular collapse over a rigid bed, the flow/no-flow interface goes from the bottom to the top of the granular layer until
the whole thickness stops. For granular collapse over erodible bed, the flow/no-flow interface penetrates into the erodible
bed very rapidly (i.e. erosion of the granular bed), stays at the bottom for a while (i.e. the whole thickness is flowing)
and then goes up to the free surface. This qualitative behaviour is very similar to what is observed in experiments (see
e.g. [34,31]). Adding walls friction with the w(I) rheology makes the flow/no-flow interfaces go up earlier and change the
shape of its time evolution up to the free surface. With a constant friction coefficient s and no wall effects for flows
over a rigid bed, the mass moves all over the depth until all the granular thickness suddenly stops, contrary to what is
observed experimentally. When adding walls friction, the flow/no-flow interface propagates from the bottom to the top
due to increasing friction with depth. For flows over erodible bed with s, the flow/no-flow interface penetrates into the
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Fig. 14. Thickness of the granular mass as a function of the position along the slope in the laboratory experiments (solid-circle blue line), with the
e (D-multilayer model (solid green line), and the model adding the side walls friction term (u(I) — wy-multilayer, solid red line), for a slope 6 = 22° (a) in
the rigid bed case, (b) with an erodible bed h; = 4.6 mm. Thin dashed lines are the flow/no-flow interfaces and gold squares are the simulations of Martin
et al. [38], corresponding to t =0.32, 0.96, 1.76 s, based on a complete visco-plastic model (i.e. without the shallow approximation). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

erodible layer as rapidly as with @ (I) but then, again, goes abruptly up to the free surface. Adding walls friction in this case
drastically change the flow/no-flow behaviour that get closer to the results obtained with p(I).

Lusso et al. [31] investigated the evolution of the flow/no-flow interface b(t) through a simplified model which takes into
account the variation in the direction normal to the topography but not in the downslope direction. They compare their
results to what was measured experimentally in the well-developed shallow flow following granular collapse over a channel
of width W =20 cm and slope 6 = 22° covered by a static layer of thickness h; =5 mm. The configuration and material
properties of theses experiments are the same as those exposed previously. They compared the position of the flow/no-flow
interface at x =90 cm with analytical and numerical solution of the non depth-averaged shallow equations for uniform flow
in the downslope direction. The parameter and initial condition of the test are:
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Fig. 15. Free surface in the case # = 0° at time t =0.18 s computed with the p(I)-multilayer model (left hand side) and with the w(I)-pw-multilayer
(right hand side). Colors represent the distribution of horizontal velocities u (upper part), vertical velocities w (middle part) and variable coefficient of
friction w(I) (lower part).

Us =tan(26°), wy =tan(28°), ds;=0.7mm, ¢ =0.62, [o=0.279,
ho=h(t=0,x)=2cm, bg=b(t=0,x)=5mm.

The linear initial profile of velocity is assumed in the moving layer (bg < z < hg):

u(t=0,z)=70 (z—bg) m/s ifz>by; u(t=0,z)=0m/s ifz<bg.

This test is simulated here. In order to improve the precision 100 vertical layers are used. Fig. 19 shows the evolution
of the flow/no-flow interface b(t) computed with the variable coefficient of friction w(I) and the constant coefficient s,
including or not the side walls friction term. We see that our result without lateral wall friction agrees almost perfectly
with the ones presented in Lusso et al. [31] (see cases v =0 and v = v(Z) in figure 16 in [31]). By using the friction
constant coefficient the profile flow/no-flow interface evolution in time is a straight line, whereas the convex shaped profile
observed in experiments is reproduced for the variable friction w(I). Based on these results, Lusso et al. [31] suggested that
for uniform flows erosion (i.e. penetration within the erodible layer) can only be obtained for a variable friction coefficient
(called viscosity in their paper) and not for a constant friction coefficient . In the case of granular collapse presented
above, erosion is also obtained with s, certainly due to the non-uniformity of the flow and in particular to downslope
pressure gradients (see section 5 in [31]).

5. Conclusions

This work provides two main contributions. First, we have introduced a 2D-model that takes into account side walls
effect through the viscous term 9y, (nayu) and a Coulomb-type boundary condition. This model follows from a dimensional
analysis of Navier-Stokes equations and the hypothesis of a one-dimensional flow, that is, no transversal velocity (v = 0).
We have also shown that this model matches with the one proposed in [25] under some specific assumptions, which, in
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particular, are verified for uniform flows. In section 4.1 we show that both, Bagnold and S-shaped vertical profiles of velocity
can be automatically recovered by using the multilayer approach. This is not possible for the models proposed by Gray &
Edwards [22], Edwards & Gray [18] and Baker et al. [7] because of the prescribed Bagnold profile neither for the model
proposed by Capart et al. [11], which only deals with S-shaped profiles. We also quantified the influence of the lateral
friction term on the shape of the normal profiles of the downslope velocity and on the maximum velocity as a function of
the channel width W. In particular we were able to calculate what is the minimum channel width for which the granular
mass flows over its all thickness, the minimum width for which a Bagnold profile is obtained instead of a S-shaped profile
and the minimum width required to obtain a velocity profile independent of the channel width. This analysis may be helpful
when designing and analysing laboratory experiments.

Secondly, a multilayer discretization for this model is proposed. We present a numerical scheme with an appropriate
treatment of the rheological terms in order to obtain a well-balanced scheme. To this aim, we use a hydrostatic reconstruc-
tion taking into account the friction term. In section 4.2 we show that this hydrostatic reconstruction gives the well-balanced
property of the scheme.

Our simulations show that important differences in the final deposit are obtained whether the side walls friction term is
approached by a multilayer or by a single-layer model. This is proved in section 4.3, where the monolayer model is able to
preserve with second order accuracy steady solution quite different of the ones computed when a vertical discretization is
considered. We conclude that including the side walls friction term using single-layer models is not appropriate, since they
preserve non-physical solution due to the overestimation of the lateral friction term obtained because of the depth-average
hypothesis. It cannot be solve by using a lower friction coefficient wy /2, (w/3, etc. since the obtained profiles show
important differences with the expected ones, for example in the shape, runout and initial height.



E.D. Ferndndez-Nieto et al. / Journal of Computational Physics 356 (2018) 192-219 217

0 50 100 150
distance (cm) distance (cm)
—e—Lab
15 ——h;=0mm
. 6 h; = 0.014 mm
é 10 Deposit ---h;=0.14 mm
= T 51 t=23s ---h;=14mm
= 5 \ coeehy = 4.6 mm
R 50 100 150 A4 N e
distance (cm) g AN N
\/37 ‘*\ \\ ________
< AN

N
110 115 120 125

h (cm)

0 50 100 150
distance (cm)

distance (cm)

Fig. 17. Deposit obtained in the laboratory experiments (solid-circle blue line), with the p(I)-multilayer model, for a slope 6 = 22° at different times and
for thicknesses of the thin layer h; = 0.014 mm (gold points), 0.14 mm (dashed brown line), 1.4 mm (dot-dashed magenta line) and 4.6 mm (dotted-cross
black line). The solid green line is rigid bed case. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 18. Time evolution of the flow/no-flow interface computed for the granular collapse (W = 10 cm) over a slope 6§ = 22°, covered by a layer of thickness
hi =0 mm (left column) and h; = 4.6 mm (right column) of the same material, at x = 20,60 cm. The solid green (green symbols) lines represent the
simulations by using the variable friction coefficient p(I) (constant coefficient 1) without adding the side walls contribution. The solid red (red symbols)
lines represent the simulations with the variable friction coefficient p(I) (constant coefficient (s) adding the side walls friction term. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 19. Time evolution of the flow/no-flow interface computed with the multilayer model for a uniform flow, with linear initial velocity profile, over a
slope 6 = 22° which is covered by a static layer of thickness h; =5 mm. In this case the channel with is W =20 cm. The solid green (green symbols)
lines represent the simulations with the variable friction coefficient 1(I) (constant coefficient ;) without adding the side walls contribution. The solid red
(red symbols) lines represent the simulations with the variable friction coefficient 1 (I) (constant coefficient ws) adding the side walls friction term. The
diamonds-solid gold line is the experiments in [31] for this test. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Finally, we compared our simulation with laboratory data [34] of granular collapse over a rigid bed showing the ability
of multilayer models to approximate the flow/no-flow interface. However, the approximation of the lateral walls friction is
not good enough and we still need to add 0.1 to the friction coefficient. Two interesting conclusions can be drawn from our
analysis. Firstly, for the dam break problem, similar results can be obtained when a very thin layer of material (about 0.1%
of the initial height of the dam) is added to the rigid bed instead of having a true rigid bed. Secondly, considering a no-slip
condition or a friction condition at the bottom in the multilayer approach reduces to multiply by a factor 2 the inertial
number in the variable friction coefficient w(I) at the bottom. We showed that the convex shape of the time evolution of
the flow/no-flow interface is reproduced only with a variable friction coefficient and not with a constant friction coefficient,
in agreement with [31]. Our results on granular collapses show that erosion of an underlying erodible bed can occur with
both constant and variable friction coefficient which is not the case for uniform flows [31]. This is the result of pressure
gradients in the downslope direction.

In conclusion, shallow multilayer models appear to be a very interesting alternative to shallow depth-averaged models by
making it possible to describe changes of the velocity profiles, lateral wall effects and erosion processes with still reasonable
computational cost.
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