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We propose a two-layer model with two different axes of integration and a well-balanced
finite volume method. The purpose is to study submarine avalanches and generated
tsunamis by a depth-averaged model with different averaged directions for the fluid and
the granular layers. Two-layer shallow depth-averaged models usually consider either
Cartesian or local coordinates for both layers. However, the motion characteristics of the
granular layer and the water wave are different: the granular flow velocity is mainly
oriented downslope while water motion related to tsunami wave propagation is mostly
horizontal. As a result, the shallow approximation and depth-averaging have to be imposed
(i) in the direction normal to the topography for the granular flow and (ii) in the vertical
direction for the water layer. To deal with this problem, we define a reference plane related
to topography variations and use the associated local coordinates to derive the granular
layer equations whereas Cartesian coordinates are used for the fluid layer. Depth-averaging
is done orthogonally to that reference plane for the granular layer equations and in the
vertical direction for the fluid layer equations. Then, a finite volume method is defined
based on an extension of the hydrostatic reconstruction. The proposed method is exactly
well-balanced for two kinds of stationary solutions: the classical one, when both water
and granular masses are at rest; the second one, when only the granular mass is at rest.
Several tests are presented to get insight into the sensitivity of the granular flow, deposit
and generated water waves to the choice of the coordinate systems. Our results show that
even for moderate slopes (up to 30°), strong relative errors on the avalanche dynamics and
deposit (up to 60%) and on the generated water waves (up to 120%) are made when using
Cartesian coordinates for both layers instead of an appropriate local coordinate system as
proposed here.
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1. Introduction

In this work we deal with the dynamics of sub-aerial and submarine landslides or avalanches entering the sea or a
lake. As it is well known, these avalanches generate a wave at the water free surface and, depending on their intensity, may
cause a tsunami. The study and modeling of these natural events are thus a key issue to assess the associated hazards. While
dry avalanches have been extensively studied, submarine granular flow models and generated tsunami are still extremely
challenging due to the more complex processes at work such as the fluid/grain interaction involving pore pressure effects
or friction at the interface between the avalanche and the fluid layers. Derivation of such models for real avalanches over
complex topography is even more tricky. This requires to make approximations for granular and fluid flows to get reasonable
computational cost.

Many models have been developed to describe avalanches and generated waves as summarized in [39]. The difficulty lies
in the different dynamics of the granular and fluid (i.e. water) masses. On one hand, to correctly capture the generated wave
and its latter propagation, it is essential to consider dispersive effects in the fluid model as it has been widely observed (e.g.
[38,36,2,13,25]). On the other hand, for the granular mass the difficulty mainly lies in defining the appropriate rheology
including pore pressure effects [16,15,7]. At last, the interaction between the two materials plays an important role. As
pointed out in [16] and precedent authors’ works, the tsunami generation depends on the initial acceleration, volume and
submergence of the landslide while the granular flow dynamics itself depends on the water flow on top of it.

Essentially two ways of simulating landslides generated tsunamis have been proposed.

The first family of models uses two independent models for the landslide and the tsunami wave. First, the granular flow
is simulated using a landslide model. Then, the landslide free surface is imposed as a boundary condition in the water model
to compute the wave generation and propagation. Some of these models are presented in [2,17,38,31] where Navier-Stokes
or Boussinesq equations are used for the water model. The main advantage of these models is to accurately describe the
water wave including non-hydrostatic and thus dispersive effects. Other attempts consider a Boussinesq or a non-hydrostatic
shallow water model to include dispersive effects, following the same idea and results (see e.g. [3,13,25,37]).

Nevertheless, using a prescribed avalanche shape as a boundary condition in the water model prevents taking into
account the interaction between both materials. It is generally argued that this interaction can be neglected due to the
small size of the water waves compared to the large depth of the sea [24,13]. This is however not true for landslides
occurring near the shore where the water motion can affect the avalanche dynamics. As a result, even if these models well
simulate the generated tsunami wave, they are not able to correctly capture the landslide dynamics and deposit.

The second family of models consider the interaction between landslide and water in a coupled model. Although there
are several models considering Navier-Stokes equations for both layers as in [1,19,29], the most usual approach is to use
shallow depth-averaged models for the landslide evolution (e.g. [22,14,18,30,26]). These models are mainly based on the
pioneer work of Savage and Hutter (SH) [35] that is a shallow model for dry avalanches composed of granular material
whose rheology is based on the Mohr-Coulomb theory. One of the advantages of shallow depth-averaged models for the
landslide part is that their computational cost is much lower than Navier-Stokes models while they still describe the inter-
action between water and granular mass when two layers are considered. In such models, the modeling of the water layer
is made using either depth-averaging with or without dispersive effects or with the Navier-Stokes equations as in [30,26].

The accurate simulation of the granular mass motion at the generation stage is a key point to correctly approximate
the initial wave at the free surface, and then, the tsunami evolution. In most depth-integrated models, the same coordinate
(Cartesian or local) system is used for both layers, even though it is appropriate only for one [15]. As discussed above,
shallow depth-averaged models for water motion should be derived in Cartesian coordinates while the avalanche flow
should be described based on a coordinate system related to topography variations. The avalanche generates a wave at the
water free surface just above it (i.e. at the same longitudinal position). When using topography-related coordinate system
for both the avalanche and water layers, the model generates a perturbation at the surface at a wrong place (see sketch in
Fig. 1). The steeper the slope is, the wronger the approximated starting location of the generated wave will be, thus inducing
a wrong tsunami propagation. Some works have introduced different coordinate systems for each material, as [18] and [30].
In [18] a bilayer depth-averaged model for submarine avalanches is presented with Cartesian coordinates for the water layer
and local coordinates for the avalanche. The drawback is that the landslide shape is considered as boundary condition for
the water layer equations so that no interaction between the fluid and granular layers are taken into account. As discussed
above, this simplification is justified in their paper by the fact that the action of the water wave on the avalanche is not so
important for deep avalanches and because the water waves amplitude is small compared to the water depth [24]. In [31],
the authors present a 3D shock-capturing method for the Navier-Stokes equations, named NHWAVE. This solver is based on
o -coordinates applied to the incompressible Navier-Stokes equations. In [30], this model is extended to landslide-induced
tsunamis modeling. They developed a model where the landslide equations are averaged in a slope-oriented coordinate
system and a Coulomb mixture rheology is used for the landslide material following [22]. The coupling between water and
granular layer is made through kinematic boundary conditions and continuity of the normal stresses while friction between
water and granular mass is neglected. The resulting model improves the approximation of the landslide evolution even
though the model does not account for a real bottom topography. As the authors pointed out in their paper, this is a key
point to explain the lack of precision in the landslide deposit prediction. The interaction between both layers is made by an
interpolation procedure at the interface between the two considered grids. This model has been compared to experimental
data in [16].
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Fig. 1. Sketch of the location of the generated wave. The point Xy gives the correct position but local coordinates would give x for the wave emplacement.

We would like to mention here additional effects that are important for the correct simulation of the whole system, such
as the effect of the interstitial fluid in the granular mass, the way the interaction between the water and the granular mass
is tackled and how the real bottom topography is taken into account. Since the avalanche is composed of a granular material
filled with water, submarine avalanches models should account for the influence of the interstitial fluid on the flow as done
for debris flows modeling [21,23,15]. Other important characteristics of this geophysical problem is the interaction between
water and granular material, that is mainly defined by a drag force at the interface and by pressure gradient terms. Finally,
bottom variations have to be accurately considered as they mainly drive landslide trajectory and velocity, thus playing a
key role on the generated tsunami. Note that in shallow water depth-averaged models, appropriate for tsunami propagation,
only the horizontal velocity is kept in the model whereas the flow velocity for landslides is mainly aligned along the slope.
The shallow approximation and depth-averaging should be done in the vertical direction for water wave models and in the
direction perpendicular to the topography for avalanche models. Hence, we propose to use a Cartesian coordinate system for
the water model and a coordinate system related to bottom variations for the avalanche. A depth-averaged Savage-Hutter
model over a general bottom curvature was introduced in [5] for dry granular avalanches. This model also takes into account
erosion processes that makes the basal coordinate system (local coordinates) time dependent. Thanks to the curvature terms
added to the system it is possible to prove an energy balance. This approximation is also used in [28] together with an
analysis of different rheologies, the extension to a two dimensional system in [27] and to debris flows problems in [20]. The
extension of the general bottom curvature to submarine avalanches is developed in [14] by taking into account a two-phase
granular mixture without including erosion effects. Numerical results based on this model are compared with laboratory
experiment in [3] and to a Boussinesq-type model considering a rigid slide. In a weaker attempt to account for the real
topography, tilted coordinates instead of Cartesian coordinates are commonly used in landslide modeling [21,23,6,7].

The first objective of the present work is to develop an averaged bilayer model for submarine avalanches and tsunamis
that takes into account a double coordinate system: Cartesian coordinates for the water layer and a new coordinate system
related to the fixed bottom topography for the granular mass. This new system is based on tilted coordinates on a reference
plane whose direction follows the main topography variation. This allows us to describe easily the relation between the co-
ordinate systems, providing an exact coupling procedure. Both, the granular and water layers, are assumed to be immiscible
and their interaction is described through a drag force and a pressure gradient. It can be viewed as an alternative to land-
slide Savage-Hutter models proposed in [14], [18] and [30] in order to better reproduce the water-granular dynamics and
interaction. The second objective is to propose a well-balanced finite volume method for the proposed model that preserves
exactly two kind of stationary solutions. Note that the proposed model degenerates to the two-layer shallow water system
in Cartesian coordinates by considering a horizontal reference plane. Then, the numerical method can also be applied to
classical bilayer shallow water systems. We do not focus only on the water and material at rest solution; the proposed
numerical method also preserves exactly granular masses at rest even if the fluid is still moving. This property is reached
by a generalization of the hydrostatic reconstruction for the proposed two-layer model.

The paper is organized as follows: Section 2 presents the coordinate systems, derives the proposed model and shows
some of its properties. A numerical method is described in Section 3 to discretize the proposed model. Section 4 describes
three numerical tests. The first one is designed to study the influence of the choice of the slope of the reference plane for
dry, submerged and aerial initial landslides. In particular, the difference with the case in which only Cartesian coordinates
are used is shown. In the second test, the system is written in a non dimensional form in terms of the characteristic height
and length of the submarine avalanche and the water and avalanche depths. The influence of two aspect ratios on the
spreading of the avalanche and on the maximum water wave at the free surface is analyzed. The last test is designed to
highlight the robustness of the numerical method in the presence of wet/dry areas by simulating the collapse of an initially
aerial avalanche entering the fluid layer. In Appendix A the proof of the energy balance associated to the model and a bound
of the associated eigenvalues is presented.

2. Proposed model

In this section, we present the derivation of a two-layer model of Savage-Hutter type to study submarine avalanches and
generated tsunamis. The domain is made of two layers over a fixed topography. The first one is composed of a homogeneous
inviscid fluid and the second one is the granular layer. In what follows, variables corresponding to the fluid layer will be
denoted with subindex 1 and those to the granular layer with subindex 2.
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Fig. 2. Coordinate systems.

As discussed above, we consider two different coordinate systems to model the fluid and granular layers. These coordi-
nate systems are chosen according to the physical requirements of the typical flow occurring in each layer. Thus we consider
Cartesian coordinates, denoted by X = (x, z), for the fluid layer whereas a particular system of local coordinates is introduced
for the granular layer as follows. We define the reference plane determined by a fixed point (X, z) and its slope tan6. For
every point M in the grain layer with Cartesian coordinates X = (x, z), we introduce the coordinates X = (X, Z), X being
the abscissa of the orthogonal projection of M onto the reference plane and Z being the distance from M to the reference
plane (see Fig. 2). Notice that the local coordinates of the point M are given by (X/cosé, Z) when using this notation. The
relation between Cartesian coordinates ¥ and X coordinates is

X= (X —Z sinf, b(X) + Z cosh),

where b(X) is the level of the reference plane:

b(X) =z +tan6(X —X). (1)

The fixed topography is defined by b(X) as the distance, with sign, from the bottom level to the reference plane. Notice that
the bottom level is thus given by b(X) + b(X)cos®6.

We will denote by V; and divg the gradient and divergence operator respect to Cartesian coordinates for d=%xand to X
coordinates for @ = X, whereas 'Ei =0t |3 and 9 = 9 |5.

2.1. Governing equations
We denote the velocity field of the layers by ii; = (u;, w;) for i =1, 2, where u; represent the horizontal velocities and w;

the vertical ones. The densities are denoted by p; and are assumed to be constant for both layers. The model that governs
the physical system is given by the Euler equations, that in Cartesian coordinates read as

div; i = O, )
i (ULy) + pitl; - Vi il + divg P; = —p; V(8 - X), (3)

for i=1,2, where g = (0, g) and g is the gravity constant. The pressure tensor P; is defined as the negative stress tensor,

XX XZ
Pi= (g:zx g;zz ) ) (4)

with p/* =p#.

We consider exactly the previous equations for the fluid layer (i = 1). For the grain layer (i =2), we perform the change
of variables X — X which enables to reformulate system (2)-(4) in a more suitable form. With the aim of clarity we detail
the main operators appearing in the change of variables procedure. Thus, for a given vector field ®, recall that

JVz- @ =V (JAD), 5)
where A~1 = Vyx and J = det A~ for any scalar function f(¥) we have
Vif = (VX) Vi f,

where (-)T denotes the transpose of the corresponding matrix (see [5, Lemma 2.1]). Since
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Fig. 3. Notation for the layers at time t.

(v;)?)“:v;(z:(l _S‘“9>

tanf cos6

then,

2 .
cos” 6 —sinf

Vaf = (sin@cos@ cos 6 )fo’ 6)
Note that the change of variables is then valid when 6 # 7 /2, because ] =1/ cosé. We also introduce the following notation

for the grain layer:

Uz \ _ ([ cosf sin@ up )
Wy | — \ —sinf cosé wy |’

that is, U, (respectively, W5) is the velocity of the second layer parallel (respectively, perpendicular) to the reference plane
(see Fig. 3). According to this, the following system of partial differential equations is obtained to describe the granular
layer:

dxUpcosf + oz Wy, =0,
028¢U2 + p2 c0s08x (U3) + p207(WoU3) + p2 cos0dx (8 - X) = — cosOdxP;* — a7 P, (8)
020t W3 + pacos00dx (U Wr) + /O232(W22) + 0207(8 - X) =— COSQ&)(PZXZ — 8277222.

where the pressure tensor P, is defined by

cosf sinf cosf —sinf PX P
7DZ:(—sine c059>P2<sin9 cos @ >=(73;Z" P;ZZ)' )
We introduce analogously the tensor 7P; that will be used for the boundary conditions at the interface. We also assume that
P =P fori=1,2.

Let us now introduce the kinematics and boundary conditions in order to complete the system. Firstly, we define the
thicknesses and boundaries of the physical system depicted in Fig. 3.

We denote by hq(x, t) the thickness of the fluid layer at the position x along the horizontal axis at time t, while Hy (X, t)
is the thickness of the grain layer perpendlcular to the reference plane. The bottom is defined by z = B(x), with B(x) =
b(X) + b(X)cos@ orby Z= b(X) when using X coordinates. The interface between the grain and fluid layer is defined by
z=1I(x,t), with

I(x,t) = B(x) + Hy(X, t)cos® =b(X) + (B(X) + Hy (X, t))cosé,

while for X coordinates, the interface is Z = E(X) + Hy(X,t). Finally the water free surface is defined by the equation
z=Sx,t)=1(x,t) + hi(x,t).

At the three boundaries, free surface, interface between layers and bottom, the density is discontinuous, so the kinematic
conditions are directly deduced from the Rankine-Hugoniot condition for the mass conservation, that is written as

Bep + divg(ptl) =0

Writing down this condition through the interfaces we obtain the general boundary condition

(1o1. 1pil1) - N =0, (10)
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where [-] denotes the jump of a quantity through the interface and N is the time-space normal to the corresponding
interface. In our system the density P takes the value 0 up to the free surface, p; in the fluid layer and p; in the grain
layer. The velocity i takes the value 7 in the fluid layer, i, 1n the gram layer and 0 under the bottom interface.

At the free surface, defined by z — S(x,t) = 0, we have N = (— 8t5 —0xS, 1), so from (10) we obtain the kinematic
condition

S+ u1dS—wi; =0 atz=S(x,0). (11)

The normal vector to the bottom, defined by z — B(x) =0, is N= (0, —9xB, 1). So the kinematic condition at the bottom
level is given from (10) by the usual no-penetration condition,

UoxB—wy=0 atz= B(x).

In order to use this condition for layer 2, it must be written in X coordinates. We observe that z— B = Z — b at the bottom
level, so the previous equation can be written as

U0x(z — B) — w2d;(z — B) =0 or, equivalently, u30x(Z — 5) — W20,(Z — B) =
Now using (6) and (7) we get
Wy =Uscos0dxb  atZ =b(X). (12)

Finally, the interface between the fluid and the grain layers is defined by z = I(x, t), so N= (—'8\[1, —dxl, 1). Then, from (10)
we obtain the following identity,

010l 4+ u1dx] — w1) = P2 Ol + uzdx] — o).

Since there is no exchange of mass between the fluid and granular layers, the kinematic conditions at the interface are given
by setting to zero the left and right hand side of the previous equality. This corresponds to the transport condition of the
points at the interface. Then we have

Hl+urdd =wy  atz=Ix,1), (13)
Ul +usded =wy  atz=Ix,1). (14)

As in the bottom case, we rewrite the kinematic condition for layer 2 using X coordinates. For this, notice that (14) is
equivalent to

Nz =D 4urd(z—I) +wrd(z—1)=0  atZ=h(X)+ Hy(X, ).

Note that z — I = Z — (b + Ha) at the interface between layers. So, in view of (6) and (7), we conclude

dHy + Uz cosOax(b+ Ha) =Wy  at Z =b(X) + Ha(X, ). (15)
Now we set the boundary conditions. We introduce the spacial unitary normal vector to each boundary with positive
vertical component, denoted by 7i° for the water free surface, #i! for the interface and #i? for the bottom, respectively. Then,
at z=S(x,t), we assume the free surface tension condition given by
PiiS=0 atz=S(xt). (16)
At the interface z = I(x, t), we impose the continuity of the normal component of the tensors and a friction force between
the fluid and grain layers denoted by F, to be specified later:
(Prit") = (P2t atz=1I(x,0), (17)
(Piii')y7 = (P2ii)7 =F atz=1I(x,0), (18)

where the subscript (-)ns (respectively, (-)7) denotes the normal (respectively, the tangent) component of a vector. Finally,
we consider the friction at the bottom z = B(x) as follows,

N N _, U
(Pan)T=_nB'(P2—P1)nB|U—z|M atz=B(x), (19)

 being the friction coefficient that will be given by a friction law. For instance, the Coulomb friction law gives p = tandp,
where § is the friction angle of the granular material in layer 2.
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2.2. Asymptotic analysis and averaging process

As commonly done for the shallow averaged models, we consider a dimensional analysis of the set of equations defined
by (2)-(3) for the first layer, and (8) for the second one together with the kinematic conditions (11), (12), (13), (15) and the
boundary conditions (16)-(19).

We introduce H and L as the characteristic height and length of the domain. We assume a shallow domain, so ¢ = H/L
is supposed to be small. We will denote with (*) the non-dimensional variables, then

(x,2) = (Lx*, HZ"), (X,Z)=(LX*,HZ"), t=(L/g)"?t",

h =Hhj, Hy=Hh3, b=Hb* (ui,w1)=(Lg)"*j,ew}), Uz, W) =(L®)*U; eW3),
(P, p1) = gH((p{M)", (1)), (P, Py*) = gH((Py™)*, (P%)"),

pi*=gH(p®*, P¥=gHPy*)*, F=e(lg)F".

Using this change of variables, the system (2)-(3) for the first layer is rewritten as (for the sake of clarity in the exposition,
we omit the star notation in what follows):

oxu1 +0;wq =0, (20)
P10:U1 4 P1U1dxU1 4+ P1W10,U1 + 8P = —0,p 7, (21)
8(p15twl + p1U1dxw1 + P1W19; Wy + 8xp1"z) +p1=—-9;p{". (22)

For the second layer, system (8) becomes

dxUz cosf + dz W, =0, (23)
PXX

020:Us + p2 c0sOU20x Uz + paWo37Us + €05 cOs Oy (b + ZcosO + p2 ) = —37P, (24)
2

8<p23tW2 + 2 cosOUz0x W3 + po W20z W3 + cosé 3)(732“) 4+ p20z(b+ Z cosh) = —3277222. (25)

For the kinematic conditions (11), (12), (13), (15), we obtain

HSHu1hS—wi=0 atz=S(x,1);

El+u1ax1=w1 atz=1(x,t);

dHy +cosOUL0x(b+ Hy) =W, at Z=b(X) + Ha(X, t);
Wy =Uydxb cosf  at Z =h(X).

Finally we develop the boundary conditions associated to the system. At the free surface, z = S(x,t), we have i’ =

(—&0xS, 1)/4/1+ £2(3,S)2. Then from (16) we have
—exSpF+pf=0, —e0,Sp¥+pF¥=0 atz=S(xt). (26)

At the interface, z = I(x, t), we write the conditions in (17) and (18) following the same idea as for the kinematic conditions
at the interface, that is, we use X coordinates to write the boundary conditions corresponding to layer 2. Thus, the normal

vector to the interface with dimension is 71! = (=8I, 1) that can be also written as 71! = <8X(z— 1), 0,(z— I)) = (BX(Z - (I;—e—

H3)), 0,(Z — (B + Hy)) ). The first expression is used to develop the components corresponding to layer 1 and the second
one to those of layer 2, both previously normalized. For condition (17), we obtain:

p% 4+ O(g) = sin? G P5* — 2sin6 cos O P¥* 4 cos? O PF + O(e).
So, using (6) and (9), we have

P =p{f+0() atz=Ix1). (27)
Working similarly for the tangential condition (18), we obtain

pY=F+0() atz=Ixt); (282)
PF=—F 4+ 0O(e) at Z =b(X) 4+ Hy(X, t). (28b)
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Finally, at the bottom, z = B(x), we set i = (3x(z — B), 3,(z — B)) = (9x(Z — b), 3,(Z — b)) that we use to obtain from (19),
U -
P = _(PH - P]ZZ)|U—2|M +0()  atZ=Db(X). (29)
2

First we study the vertical momentum equations to obtain the hydrostatic pressure as an approximation of order . From
(22) we have

d:p{* =—p1+0OC), (30)
that we integrate from z € [Z, S] to z= S and use (26) to get
pPi (@) =p1(S(x,t) —2) + O(e). (31)

Now for the grain layer we use equation (25) to have

3z P5* = —p20z(b(X) + Z cos0) + O(e). (32)
We integrate this expression from Z € [b(X), b(X) + H2(X,t)] to Z=b+ H, and using (27) and that PP l=z = p1hi(x,t) +
O(¢g), we obtain

PyA(Z) = prth1(x,0) + p2 cosO(E(X) + Hy(X,t) — Z) +O(e). (33)

We introduce the values of p;* = pf? and P;* =P;* in equations (21) and (24); together with (20) and (23), the following
system of partial differential equations is obtained:
Oxu1 +9;wq1 =0,
QU1 + 11 Oty + W10ty + €055 = —2-9,p 3% + O(€?),
dxUzcos® +dz W, =0, (34)
otUp + cosOUaxUy + WadzUs + € cos Bx(b + (b + Ha)cos6 + rhl) = —%aZP;Z + O(€?),

where the density ratio r = p1/02 has been introduced.
By integrating the first equation of (34) between z=1 and z=S and using the kinematic conditions, we obtain

Ochy + dx(haily) =0,
where we denote
Sx,t)

ur(x, t) = u1(x, z, t)dz.

hy(x, t)
1(,6)

Now we integrate the second equation of (34) between z =1 and z = S. By using the boundary conditions in (26) and (28a),
we obtain, up to second order in &,

Bt + uthif) + ey b+ (B + Ha) cos ) ==,
where we assumed that E = ﬁ% + O(€?). Similarly, by integrating the third equation of (34) between Z =band Z=h+ H,
and using the kinematic conditions, we obtain

8Hz + cos#ax(HaUp) =0,
where the averaged velocity U, is now

bOX)+Ha (X, )

Ua(X,t) = Us(X, Z,t)dZ.

Hy (X, t)
b(x)

Finally, we integrate the horizontal momentum equation of the grain layer (34) between Z =band Z=b+ H, and using
conditions (28a) and (29), we obtain, up to second order in &,

_ _ . F _
or(HoUy) + coseax(Hng) + & cosOH,dx (b + (b + Hy) cos6 + rhl) = ,0_ —sgn(Up)Hy cosO(1 —r)u,
2

where we have approximated sgn(Uz|,_;) by sgn(U,) for the Coulomb condition and we have used that (PF =P =
(p2 — p1)H2 cos 6 from equations (31) and (33).
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2.3. Final system of equations

Consider the system consisting of equations deduced in the previous integration process with the original (dimensional)
variables. We drop the bar notation for clarity. In order to arrange the equations with the same system of coordinates, we
introduce the change of variables determined by

(X,t) > (x,t) = (X — (b(X) + Ha(X, t)) sin6, t)

for the equations of mass and momentum conservation of the first layer. Notice that

Aim Vo (0 = < 1—9x(b 46 Hy) sin6 —atHi sin® )

so the Jacobian of the change of variables is
J :=det(Vix.n(x, t)) =1 — dx (b + Ha) sin.
Now, we use the following notation
Hi(X,t) = hy (X — (B(X) + Ha(X, 1) sinb,t), Uq(X,t) =u1(X — (B(X) + H2(X, 1)) sinb, t)

and the divergence chain rule, V() - f = %V(x,t) . (jA‘lf) for any vector f (see [5, Lemma 2.1] for details).

We must also specify the friction term at the interface introduced as F in previous equations. In particular, we consider
the general form for the friction term F = K(c1U1 — caU>) for coefficients K, c1, ¢y to be specified in such a way the final
model accounts for a dissipative energy balance (see Theorem 1 below and equation (46) in the Appendix). Thus, we obtain

F=p1y(JUicosd — Uy),

for a friction coefficient y. We can consider a linear friction law, for which y is a constant value. A quadratic law, corre-
sponding to y = y|JUj cos@ — Us|, can be also considered, being y a constant coefficient in this case.
The following final system of equations is obtained:

o (H1J) + 0x(H1 (U1 + 8rHzsin6)) =0,

H? -
o (HU1T) + ox H1U1(U1+8szsin0)+g7l =—gH19x( + (b + Hz)cos0) — Ty (JUqcos6 — Uy),
dtHpy 4+ cosBdx(HoUy) =0,

HZ
3 (H2U2) + cos0ax (H2U§ + g72 c059> =

= —gHycos6ax(b+ bcos6 + rH1) — gsgn(Uz)Hycos60(1 —ryu + 1y (JUqicos6 — Uy).

(35)
This system satisfies the properties stated in the following theorem.
Theorem 1.
(i) Model (35) verifies a dissipative energy balance through the following inequality:
u? Hy - Us - Ho
of [ rcos6 THy 5 + g(7 +b+ b+ Hz)cos<9> + HZT + gH2<b +bcoso + > cos@)

. Uz H; - H?

+dx | rcos6@H1 (U1 + 0:H3 sin6) > + g(T +b+(b+ Hz)cose) + rc056g7U1 (36)

u? N
+ Hy cos@U2(72 4 g(rHy + b + (b + Hy) cose)))

< —gl|Uz|Hycos0(1 —r)u —ry(JUqcosf — Uz)2
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(ii) If Ak, k=1,..., 4, are the eigenvalues of the transport matrix of model (35) and these are real, then
U_q'gxkgu“p forallk=1,...,4, (37)
J
where
1/2
U:= w and W:= @(%(w — JUycos0)? + ghy(cos0)3 72 + gh1> ) (38)

The proof of the theorem is in the Appendix of the paper.

Let us remark that we can also write the final system in Cartesian coordinates by using the inverse of the change of
variables presented in the paper. For simplicity, let us consider no friction between both layers (that is, y = 0); then, the
mass and momentum equations for the granular layer read as follows:

3 (ha ) + 0y (hz(Uz c0s6 — 3 (b* + hy)sin 9)) =0
d(hau J) + dx (hzllz(llz cos6 — dp(b* + hy) sin 9)) = (39)
—ghy cos Qo (b* + (b~* + hp) cos6 +rhy) — Fp,

Fp being the Coulomb friction term and

J :=det(Viur (X, 1) =1+ dxHy siné.

In equations (39), we are using the following notation:

hy =ha(x,t) = Ha(X(x,1),t), up=1uz(x,t) = Ua(X(x,0),1),
b* =b*(x,t) =b(X(x,t)), b*=Db*(x,t) =b(X(x,0)).

Let us remember that the change of variables is given by the equality

x=X — (b(X) + Hy(X, t))sin6.

On one hand, there are some technical inconveniences when using Cartesian coordinates for the final system. Firstly, the
above change of variable requires to solve an implicit equation in order to determine the position of the granular interface
once we have computed h,. Secondly, from the numerical point of view, the system also becomes more difficult to be
solved, because we have to approximate a second order derivative in space and time in both the mass and momentum
equations. On the other hand, the advantage is that, writing the system as shown in (39), we can use a computational code
written in Cartesian coordinates to solve the fluid.

2.4. Comparison with Ma et al. model [30]

As mentioned in the introduction, the model presented in [30] follows the same idea that we develop here, i.e., to
consider a double coordinate system appropriate to the dynamics of each layer. Because of this similarity, we would like to
point out the differences between our model and the model in [30].

The main difference comes from the approximation of the water layer. [30] solve the full Navier-Stokes equations, thus
taking into account non-hydrostatic effects and providing a better solution to the generated wave. These equations are writ-
ten in Cartesian coordinates. For the landslide layer they also follow a Savage-Hutter type model derivation in slope-oriented
coordinate system, thus measuring the avalanche thickness in direction normal to the bottom which is defined as an in-
clined plane. The model does not describe variable topographies and neglects the friction between the water and granular
layers.

The coordinate system that we propose is not the same since we work with coordinates (X, Z) introduced in Section 2
with respect to a reference plane of slope 6. This definition helps to connect both coordinate systems used for the water
and granular layers. This is the main difficulty when working with two different coordinate systems, more from a numerical
point of view because two grids must be considered. We take into account a variable topography that is introduced over
the reference plane, defined by b. Thus, the choice 6 = « for our reference plane, b =0 and y = 0 would give the same
solution as that provided in [30] for the isotropic case (constant Kqct/pass =1 in [30]).

We also have a different coefficient in the Coulomb friction term at the bottom, Fj. In [30], this term reads

Fp=(1—2)gsgn(Uz)Hz cosOu, (40)



J.M. Delgado-Sdnchez et al. / Journal of Computational Physics 406 (2020) 109186 11

where the coefficient (1 — 1) comes from the definition of the pressure at the bottom for the solid phase. The coefficient A
is used, as in [22], to select a portion of the total pressure of the mixture layer. The authors take it as a calibration constant.
On the contrary, for us

Fp=( —r)gsgn(U)H, cosO L, (41)

where r = p1/02 and the coefficient (1 —r) comes from the submerged condition of the granular mass inducing a reduced
gravity (1 —r)g. This definition is also proposed in [18]. If we look at the interpretation of the Coulomb repose angle
of the material (1 = tandp), it must exactly compensate gravitational forces for a stationary solution, meaning a stopping
criterion for the material. This property is fulfilled with the proposed definition of F; given by (41). On the contrary, with
the definition (40), the solution is at rest when the slope of the granular surface is smaller than

tandp.
—-r
Note that in this case we only obtain the correct stopping criterion when A =r.

The other and main difference between the models is the way they connect both layers. According to the coupling, the
common point of the models is the continuity of the pressure at the granular/water interface and the kinematic condition.
Measurement of the granular layer thickness is essential to calculate the evolution of the water surface and this must be
given in Cartesian coordinates in the water layer equations. A change of coordinates is thus needed. This is what we have
done to present the final model: we have written both equations under the same coordinate system through the change
of variables given at the beginning of this section. On the contrary, in the model presented in [30], the thickness of the
granular layer in Cartesian coordinates (x,z) is obtained through an interpolation of the values of the neighborhood grid
points to a certain value x (see Figure 1 in [30]). This makes the approximation weaker since there is not a real conversion
from one coordinate system to the other in the continuous formulation.

Finally, even if our system does not either consider curvature effects, the fact that we compute the solution from a
reference plane allows us to obtain a better approximation than the Cartesian or usual local coordinate choices as will be
shown in the numerical tests.

3. Numerical method

In this section the solver considered for the numerical tests is presented. The friction term between layers can be
discretized semi-implicity, so we describe the numerical treatment of the other components of the model in what follows.
Firstly, let us remark that model (35) can be rewritten as

(H1T) + dx <H1(U1 — 9x(HyU3)sin® cosQ)) —o,
% (H1U1T) + x <H1 U1 (U; — ax(HyUy) siné cos 9)) + gHq0x <H1 +b+ (b + Ha) cos 9) =0,
dtHy + cosBdx(HyUy) =0,

3 (HoUs) + cos 00 (Hz U%) + gHa cos0dy ((1 —1)(b+ (b + Ha) cos@) + &r(Hy + (b + (b + Ha) cos 9))) =
= —gsgn(Uz)H, cosO(1 —nu,

where & = 1. We have introduced this parameter £ because a simplification of the model, that considering the rigid lid
hypothesis on the momentum equation of the second layer, corresponds to set & = 0. This hypothesis can be considered
for the case of submarine avalanches because the gradient of the water free surface, that is, dx(Hy + b + (b 4+ H2) cos6)
does not have a great influence on the movement of the granular layer. By another way, the advantage of considering this
hypothesis is that the eigenvalues of the model are always real when & = 0. For example, complex eigenvalues are typical
in coupled submarine avalanches models in case of an aerial avalanche entering the fluid. In such a case, some numerical
treatment of complex eigenvalues must be considered (see [12]). By setting & =0 we avoid this difficulty and very similar
results are obtained. Then, for the numerical tests we consider & = 0.

By simplicity, for a domain [a, b] we consider a fixed grid with step Ax, with x; =a+ (i — 1/2)Ax, X112 =a+iAx. Let
us denote the vector of unknowns by

W = (H1, Q1. H2, Q2)" = (H1J, H1JU1, Hz, HaUp)".
A HLL-PVM-1U method is considered (see [11]), that can be defined as follows:
At , -~ ~ At

+1
Win = W? - B( ?+1/2 - ]:?—1/2) - BS{‘, (42)
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where W}”] denotes the approximation of the average of the vector solution at volume (xi_1/2,Xj+1,2) and time 1 =

t" 4+ At. In what follows the definition of the numerical flux functions ﬁ+1 ,2 and the approximation of source and non-
conservative terms S; is presented. With the purpose of simplicity, we omit the superindex n in the description.
Let us denote by 7; an approximation of J; we can set

Fi=max (1= sin6Bis1 + Ha,is1 = bioy — Ha,i-1)/2A0), 101,

where tol is a minimum tolerance that allows to consider situations where the model is near the limit of application. It can
be related to the maximum slope of the granular free surface. For example, it can be set as tol = tan(85°).

A hydrostatic reconstruction is considered for the fluid and the granular layers (see [4]). It allows us to treat wet/dry
fronts and to discretize the Coulomb friction term and to obtain a well-balanced method for solutions at rest for the fluid
and the granular layers. Firstly, at a given interface x; 1,2, the following left and right reconstruction are defined. For the
fluid layer we define

HYit1/, =max(Hyj —max(Azy,0),0), HY 41/, = Max(H1 11 — max(=Az1,0), 0),
where
Azy = (biy1 —bi + Hj ;.1 — Hj;)cos6 + Axtan6.

Then,

+ _ oyt + oyt
Hiipp=Hiipdivier and Qpyy ) =Hi0 U140

Secondly, the reconstruction of the variables associated to the granular layer is done. Let us denote by fi;1/2 the approxi-
mation of the Coulomb friction term. It is defined as follows

us.
2,i+1/2 .

fept ﬁ if (U3 ;41,1 > fe A,
fi+]/2 = U* ‘ 2,i+1/2

212 otherwise,

At
where
Uzi + Uz i1 At §ro 4 _

fo=geoso(1—n), and U3 = —2 20— fo o (A + =—(H{ iy — Higy )-

This approximation of the Coulomb friction term is considered in the definition of the hydrostatic reconstruction of Hj,
defined as follows:

H2_,i+1/2 =max(H; ; — max(Az;,0), 0), H;_,i+]/2 = max(Hz i+1 — max(—Az, 0),0)

where

Ax (fi+1/2
fe

Finally, the solid discharge reconstruction is defined by

+tan0>.

+ ot
Qit12 = Haip12V204 141

and the reconstructed vector of unknowns will be denoted as

+ + + + T
Witi2 = Mz Qivrje Haiprjer Qiga)

By using these definitions of the state reconstructions we consider the following definition of the numerical flux:

- 1 _
Fir12 = 5(-7:(Wit1/2) +]:(Wi+1/2)>
1
+ - + -
- 5(0‘0,i+1/2(wi+1/2 = Wi Haniv2(FIWE ) = F(WE, ) +5i+1/2))’

where
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Hq U4
_ H1U7
FW) = H,U; cosé
H,U3 cos 6
and
0
Hyi+Huiv1, 4 _
gf(Hl,Hl/Z - H1,i+1/2)
Siy12= 0
Hi+ Hz i1 T - I _
g —r) C05942 <(1 =1 CosO(Hy ; qp —Hy i) HETH )5 — Hl,i+1/2))
Moreover,
1 1
Si= 3 (Si=1/2 + Sit12) + 3 (Ci—1/2 4 Ciy1y2) .
where

cosf sinf

_Hiit1+Hii Qa1 — Qaii
2 X

~ HiiviUrivr + H1iUni Qa1 — Qo

Cip1/2= > A cosfsinf)

0
0

This definition corresponds to the application of the hydrostatic reconstruction to the HLL-PVM-1U method introduced in
[11]. Moreover, for the hydrostatic reconstruction, based in a reconstruction in terms of the gradient pressure appearing in
the energy of the model, we have used the following equality:

ax(b+ (Hy + b) cos 6 +rH1) e —r)ax(b+ (H, +5)c059) +r8x<b+ (Hy + b) cos6 + H1>.

Note that the last term is the gradient of the water free surface, defined in terms of the hydrostatic reconstruction of the
fluid layer. The first term is discretized by the definition of the hydrostatic reconstruction for the second layer. The first and
second components of Ciyq/2 are discretizations of the terms H19d:H3 siné and H{U10;H> sinf, respectively.

Finally, the HLL-PVM-1U method is defined by the following two coefficients,

a0,i+1/2 = (Sr,i+1/21SL,i+1/2] — SLi+1/2SR,i+1/2D)/(SRji+1/2 — SLi+1/2)s
a1,i+1/2 = (ISr,i+1/2] — ISLi+1/21)/(SR,i+1/2 — SLi+1/2),

where the characteristic velocities Sy 11,2 and Sgit1/2 are defined as an approximation of the bounds of the eigenvalues
given by (38), namely,

SLisia= Ui — ¥ Sris1z = Uit1 — Vit
i+1/2 = s it S —
' Ji ’ Ji+1

)
where

i U1,i + J{"Ua,icos@
i=
2

1/2
3(1
and \IJI-=\/;<§(U1,,-—jiUz,,'cosG)z+gH2,,-(c050)3j,-2+gH1,,') .

This numerical method satisfies the following well-balanced properties, corresponding to two kind of steady solutions.
The first one corresponds to the classical one consisting of water at rest solution without movement of the granular layer,
defined by

Uy=0, Up=0, ax(H1+b+(H2+5)c059):0, ‘8X<b+(H2+5)c059)’§,u.

The second one corresponds to the case in which the fluid is not at rest but the granular layer does not move. That occurs
when
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Uy=0 and ax(b—i-(Hz—i-B)cosQ—i—%(H]+b+(H2+B)cose)) <.

Note that this second solution depends on the rigid lid hypothesis. Without this hypothesis, by setting & = 1, the gradient
of the water free surface can produce the movement of the granular layer in some cases.

Theorem 2. The numerical method defined in this section preserves:

(i) exactly steady state solutions corresponding to constant water free surface with granular free surface with a slope smaller than ,
if the initial condition is defined verifying

UY =U9;=0, (biy1—bi+H3; ;—HY;)cosd + Axtan® + Hy i1 — Hy,i =0,

~ (biy1 — bi + HY 1 — HY;)cosd + Axtan6| < u;

(ii) exactly steady states of the granular layer, even for the case in which the fluid is not at rest, if

Ul =0, (bis1 —bi + HY ; — H3 ;) cosd + Axtand

1
AXx

r ~ ~
+%((bi+1 — b; +Hg’i+1 - Hg’i)cosé' + Axtan® + Hq i1 — H1.0)| < (.

The proof is straightforward: it is enough to see that under the above conditions we obtain that ]:—i+1/2 =0and §;=0
in the case (i); for the case (ii), this equality is deduced for the third and fourth components of ﬁ+1 2 and S;.

We cannot prove the positivity of the numerical method, even though the numerical tests have not shown any problem
of negative heights. A way to obtain the positivity could be to develop a Suliciu type solver (see [4]).

4. Numerical tests

The numerical tests have been done with a numerical method based on a hydrostatic reconstruction with a PVM-1U-HLL
solver (see [4] and [11]) defined in terms of the bounds of the eigenvalues given by (38).

In this section, we present three numerical tests. In the first test, the influence of the choice of the slope of the reference
plane is analyzed for the cases of dry, submerged and aerial avalanches. In the second test, the system is written in a non
dimensional form in order to study the effect of two aspect ratios on the spreading and deposit of the avalanche and on the
maximum water wave generated at the free surface. Finally, the interaction of an initially aerial avalanche with the fluid is
shown in the third test to check that the model properly deals with wet/dry fronts.

4.1. Test 1: influence of the slope of the reference plane

The goal of this test is to show the flow dynamics obtained for each coordinate system in the cases they are designed
for and, subsequently, to quantify the error made in other situations.

As initial condition, we consider a granular mass released on an inclined plane of slope o (see Fig. 4 for sketch and
notation) that will flow down-slope. The initial constant upper surface of the granular layer is denoted by hsy and its
vertical thickness is maximum at point xo. We simulate four cases: (A) a dry granular mass without a fluid layer over an
inclined plane, (B) a dry granular mass over two planes (inclined/horizontal), (C) a submerged granular mass inside a fluid
layer with initial free surface height equal to 1 m, and (D) an initially sub-aerial granular mass that will enter a fluid layer of
initial free surface height equal to 0.6 m. For cases (C) and (D) the bottom is defined as two planes, inclined/horizontal, (see
Fig. 4). The experiments have been carried out for two different slopes: the slope o = 35°, with xp =1 m and hsy = 0.96
m; and the slope o =45°, with xg =0.6 m and hsp = 0.9 m.

The parameters involved in the model have been chosen as follows: the densities of the fluid and granular layers are
p1=1000 kg/m> and p, = 1900 kg/m?, respectively, thus providing r = 0.5263. The friction coefficient between the layers
is ¥ =0.001 and, at the bottom, the Coulomb friction law is used with a friction coefficient ; = tan28°, except in case A
in which p =tan38° (respectively, u© = tan48°) when « = 35° (respectively, o = 45°).

For the coordinate system, we test different values for the slope 6 of the reference plane: 6 = «, that corresponds to the
slope of the inclined plane, & = 0° (i.e., Cartesian coordinates), that corresponds to the slope of the horizontal plane, and an
intermediate value 6 = o /2.
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0r :
0 0 £
(a) Case A. Dry granular mass over an inclined (b) Case B. Dry granular mass over two planes,
plane. inclined /horizontal.
1 I 7
0.6
: }ls()
«
0 5 i 0 0 %
(c) Case C. Submerged granular mass. (d) Case D. Aerial granular mass.

Fig. 4. Test 1. Initial conditions for the studied cases.

The results are obtained by using Ax = 0.005 m in the discretization of the domain [—2 m, 2 m]. The CFL condition is
0.5.

Let us first investigate the effect of the chosen coordinate system on dry granular flows (Figs. 4a-4b) by comparing our
numerical results to those of the code SHALTOP, specially designed to accurately describe topography variations in shallow
depth-averaged models [8,9,33,32,10]. This model can be written in a Cartesian coordinate system but the equations are
derived by applying the shallow approximation and depth-averaging in the direction normal to the slope. As a result, it
describes flows over an arbitrary topography and contains the whole curvature tensor of the terrain. This comparison is also
made for the initial submerged test (Fig. 4c) by considering the reduced gravity approximation, i.e., by replacing g with
(1 —r)g in SHALTOP as explained in [10].

Figs. 5, 6, 7 and 8 show the final deposit for each case. The difference between the coordinate systems is obviously
higher for o« =45° than for o = 35°.

Figs. 5, 6, 7 and 8 show the final deposit for each case. The difference between the coordinate systems is obviously
higher for o = 45° than for o = 35°. Overall, the deposit obtained for 6 = « goes further, followed by the solution ob-
tained with Cartesian coordinates and at last by the intermediate slope solution. Interestingly, the behavior is not the same
during the flow on the inclined plane as observed on Figs. 6a, 6b, 7a and 7b. Contrary to the deposit, the faster solu-
tion is obtained when using the Cartesian coordinates (dashed green line) while the solution for 6 = o (dashed blue line)
remains backward. In particular, for o = 45°, the granular front already reached the horizontal bottom at these interme-
diate times for the Cartesian coordinates solution, as opposed to the local coordinates solutions, whose front positions
are still on the inclined plane. The smaller velocity obtained for the local coordinates system compared to the Cartesian
coordinates system for flows on inclined planes is due to the difference in the driving force related to pressure gradi-
ents and Coulomb friction. Indeed, the terms gH; cos6dx (b + (b + Hz)cos® +rHq) and gsgn(U)H, cosO(1 — ) are not
multiplied by cosé in the Cartesian coordinate system. In particular we can see clearly this effect in Fig. 5 correspond-
ing to Case A. In this figure we also show the deposits from the local point of view, that is perpendicular to the bottom
plane. We can observe that the solution of the proposed model for 6 = o coincides with the solution given by SHALTOP.
A small difference can be seen at the front position due to a different numerical treatment of the wet/dry transition. Note
also that the plotted solution of SHALTOP is obtained by a longitudinal cut of the 2D provided solution. For the Carte-
sian model the front position is overestimated and contrarily the solution obtained with 6 = /2 is underestimated, as
expected.

The results obtained are not surprising regarding the cases § = 0° and 6 = «. The idea behind the local coordinates is to
better capture the evolution of the material when it travels over the inclined plane of slope «, since the computed velocity
is parallel to the reference plane. Thus, the solution provided by the model with 6 =« will be suitable for the evolution of
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Fig. 5. Test 1. Case A: dry granular mass over an inclined plane. Figures on the left show the deposits and zoom of the rear part. In figures on the right, the
thickness of the granular mass is measured perpendicular to the bottom for each case. (For interpretation of the colors in the figures, the reader is referred
to the web version of this article.)

the mass along the inclined plane, but inappropriate once the material reaches the horizontal part. Analogously, the model
in Cartesian coordinates works properly on the horizontal part of the bottom but does not provide a good approximation for
the inclined evolution of the granular mass because the computed velocity is horizontal. If we look at the comparison with
the reference solution provided by SHALTOP, we can see that the flow on the inclined plane is well reproduced with 6 =«
as expected, contrary to 6 =« /2 and 6 = 0°. However, the best approximation of the deposit is obtained with 6 = «/2.
In particular, when o = 35°, the solution obtained for = /2 is the only one that retains mass at the rear part of the
avalanche over the inclined plane (see Figs. 6a, 7a, 8). On the contrary, when o = 45°, none of the solution reproduce
the retained mass simulated by SHALTOP (see Figs. 6b, 7b), although the closer one is again the solution obtained for
0=a/2.

The change in granular flow dynamics obtained with these different coordinate systems has a strong impact on the
generated water waves as shown for the submerged case in Figs. 7a, 7b and for the aerial case in Fig. 8. In the submerged
case, the difference is again larger when the slope is steeper. In the aerial case, there is a big difference between the
solutions obtained with the Cartesian and the proposed local coordinate system.

One of the most interesting conclusion of these results is that the solution obtained for a reference plane with slope
6 between 0° and the maximum inclination of the bottom gives the most reasonable solution globally (from the inclined
to the horizontal part of the bottom) when compared to SHALTOP. In particular, it is able to keep part of the mass on the
inclined plane while other solutions (6 =0° or 6 = «) could not.
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Fig. 6. Test 1. Case B: dry granular mass over inclined/horizontal planes.
4.2. Test 2: sensitivity of the models to characteristic aspect ratios

In this section, we study the dynamics and deposits of the avalanche over an inclined plane of slope o and the generated
water waves for different geometry of the initial granular mass and for different initial location (i.e., depth) of this mass
within the water layer. For each case, we compare the solution of the model proposed in Section 2 (0 = «) with that
obtained for Cartesian coordinates (¢ = 0°). Fig. 9 shows the initial condition in which the granular mass, located on the
inclined plane upwards from the fixed point R, is a triangle whose upper side is horizontal. Let us denote by 7 the
distance from the initial higher level of the granular mass to the initial level of the water free surface, by £, the length of
the base of the granular mass along the slope and by #, the height of the triangle normal to the bottom. We also introduce
Ky as a characteristic height of the bed. By setting

H1 Ho Kp
ag=—, a=— and ap=—

L L
it is possible to obtain a scaling of the equations in such a way that the generic solution of the dimensionless system only
depends on ay, a; and a, and not on the mass nor the acceleration due to gravity g. Hence, the following change of variable
is proposed:

_ [, - _ )
X=LoX, t= Ezt, Hi=H1Hi, Hy=7HyHo,

U1:\/g7-l1l_]1, U2=\/g7-[202, bZKbE, EZKbB.

s

_ as = -
If we denote J =1 — a3 <a—bb + Hz) sin@, system (35) is written as follows:
2
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01T + a0y (Fi (Vay Uy + /@ 3 5in6)) =0,

o (1 01.7) + Va2 5 (A1 01 (Vaw Oy + /@ b sin6) ) =

1 _ = - - 1 - - - 1 —
- Hy05 (abb+(abb+a2 Hy) cos6 +aHa2H1) - Fv (jU1 056 — —U2>
pa; X ayJ/az v Jan

3 Ha + /a3 cosdz(HaUz) =0
3 (H2U2) + az cos0dg(H2U3) =

1 - = _ _ 1 -
= ———H; cos0dy (abb + (apb + az Hy) cos 6 +raHa2H1) — ——=sgn(Up)Hycos0(1 —r)u
A/a X a2

+J%7 ry (Vau JU1 cosd — U)

Several tests are performed for different values of these aspect ratios. The bottom is determined by the fixed point
R = (R1, R2) and slope o. We have considered three bottom slopes o = 10°, @ = 20° and o = 30°. For a fixed «, the initial
condition is defined by setting the values of a, and ay, related to the initial shape of the granular mass and to the initial
level of the fluid free surface with respect to the granular mass, respectively. The following relation, derived easily after a
glance at Fig. 9, allows to relate the slope 8 of the granular mass to the bottom slope « and to the aspect ratio a;:

tan(w) tan(p — o)
tan(a) +tan(f — )

We have chosen angles 8 =45°, 8 =60° and g = 75°. Fig. 10 exhibits how a; changes in terms of « for the three considered
values of 8. We observe that higher values of a; are reached for bigger values of 8. Three possibilities are considered for
the aspect ratio ay: ay =0.5, ag =1 and ay = 2.

The parameters involved in the model have been chosen as follows: the density ratio is r = 0.3, the friction coefficient
between layers is y =0.001 and, at the bottom, the Coulomb friction law is used with a friction coefficient y = tan35°.

For comparison, we simulate the solutions with 6 = 0° and 6 = «. The results are obtained by using Ax =0.005 and the
CFL condition is 0.9.

In Fig. 11, we present the evolution in time of the front of the avalanche. The distance traveled by the front is

a; =ax(a, B) =

R1— Xfront
coso

dfront =

where Xgone denotes the Cartesian abscissa of the front of the avalanche. Regardless of the values of o and S, the faster
solutions are those corresponding to the model in Cartesian coordinates (6 = 0°) as mentioned in Section 4.1. We can also
observe that, the bigger ay, the smaller is the avalanche front traveled distance, except for the initial times where fronts
travel faster are obtained for bigger ay.

Let us now compare the time evolution of the maximum height of the generated water wave for both models. For a
fixed time £, the fluid free surface perturbation at X is

(X, 0)=8X,0)—S(X,0),
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where

S(X,B) =apb + (ay b(X) + a3 Az (X, D)) cos 0 + ayay Ay (X, D)

= L(b + (B(X) + Ha2(X, t)) cos 6 + H1 (X, t)).
L;

Fig. 12 shows the time evolution of maxy (X, ). As we can see, this function has a maximum precisely when the avalanches
start to fall off. We can observe that this maximum perturbation is bigger the lower ay is, both for 6 =0° and 6 = «. In
general, the maximum water height generated by the avalanches simulated with 6 = 0° (dashed lines) are bigger than with
6 = a (continuous lines). Note that, even in some cases, the maximum perturbation obtained for 6 = 0° reaches the same
level as that calculated for 6 = o with a smaller value of the aspect ratio ay. For instance, Fig. 12(c) and (d) show that, for
o = 30°, the maximum level of the continuous blue line is overcome both by the dashed green line (§ =0° and ay =1)
and by the dashed red line (6 = 0° and ay = 2). We can also observe that the maximum water perturbation generated
by avalanches obtained with 8 = « are time-delayed with respect to that corresponding to 6 = 0°. These observations are
essentially related to the faster granular flow obtained for 6 = 0° compared to 6 = «.

Finally, in Fig. 13 we show the relative errors obtained when considering 6 = 0° corppared to the appropriate case 6 =«
for several values of interest, namely, the maximum in time of: the traveling distance (dfont), the velocity at the front of the
avalanche (U, (front)), the maximum water perturbation (max ) and the avalanche center of mass (Cp). For each of these
values f, the relative error is calculated by Wﬁgw. We show the results for 8 = 60°, for two values of the aspect
ratio ay = 0.5, 2 and for several values of o = 10°, 13°, 16°, 20°, 23°, 26°, 30°.

Overall, the error increases with the slope of the bottom «, as expected. It can reach up to 60% for the avalanche
front position and velocity. Interestingly, the computed errors for the center of mass in Fig. 13d coincides for the two
values of ay while the error is slightly bigger for the case ay = 2 for both the traveling distance and the velocity at the
front. Furthermore, the error made on the center of mass calculation is much smaller (about 5% for slope angle o = 30°).
Nevertheless, the behavior is quite different for the maximum water surface perturbation (Fig. 13c) where we can see a
strong increase of the error for values of « bigger than 26° in the case of ay = 0.5 while the error remains of the same
order of magnitude for ay = 2.

As a result, strong errors on the avalanche dynamics, deposit and generated water waves are made when using Cartesian
coordinates as for example in [15] instead of local coordinates as proposed here.
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Fig. 12. Test 2. Time evolution of maxj 7.

4.3. Test 3: aerial avalanche

In this test we consider the case of an initially sub-aerial granular avalanche that reaches a fluid area. Moreover we
added a bump on the bottom to produce non trivial solutions, involving in particular several wet/dry transitions between the
avalanche and the fluid. A reference plane with an inclination angle 6§ = 10° is considered. The computation is performed
over the interval [—3 m,3 m] with a space step AX =3/250 m and a CFL parameter equals to 0.5. The fixed bottom

topography is determined by the function

b(X) =0.1e~X*/001,
that is a nearly plane bed with a bump in the middle zone. As in Test 1, we have also set the density ratio to r = 0.5263,
the friction coefficient between the phases to ¥ =0.001 and a Coulomb friction law for the granular layer with a friction
coefficient n = tan28°. The initial condition is set to U (x, 0) = Uz(X,0) =0 m/s, and

Tm, fl3m<X<17m
hy(X,0) = , h1(x,0) =max{0.2 — Z(x,0),0} m,

0m, otherwise

where I(x, 0) is the ordinate of the interface between the grain and fluid layer at the position x (see Fig. 14a).

The final steady state is complex as shown on Fig. 14b. The granular deposit has a bumpy shape with an area filled with
fluid over the granular layer, isolated from the rest of the fluid. Fig. 15 shows the time evolution of the system in the early
stage. Water waves generated by the landslide at the free surface are observed, firstly, when the avalanche enters the water
and, later, when it collides with the bump (Fig. 15(b), (¢) and (d)). As a consequence of the bump, part the granular layer

returns back (see Fig. 15(e) and (f)) before it stops on the slope and forms a deposit.

5. Conclusions

A two-layer depth-averaged model has been proposed by considering two different axes of integration in order to de-
scribe submarine landslides over complex topographies and the generated perturbation of the water free surface. For the
fluid layer, the shallow approximation and depth-averaging are performed in a Cartesian (i.e., horizontal/vertical) coordinate
system while for the granular layer a reference plane following the averaged topography is chosen, called local coordinate



22 J.M. Delgado-Sdnchez et al. / Journal of Computational Physics 406 (2020) 109186

60 60 ==
Ce-ap =05 B eiiiRiieo.
55 -~e-apy =2 Lo 4 550 ,g:f’ RRERS
o0 L
- — L -, 1
50} <50 7,
S el = S
= 451 = 45 S ]
= Po4s 5 [
s | < 40l S, 1
<40 & =40 4,
+ B P
B35 oo Z850 ]
g R 5.
30r .’ 305" 1
,I ’
,'l ’
25¢," 251,/ 1
5 7
20 : : . 202 . . .
10 15 20 25 30 10 15 20 25 30
a(®) a(®)
(a) Relative error of max;(dsont) (b) Relative error of max;(Us(front))
140 5
120 A y
'/ 4+ o
— 100} - /
S ° — .
= . S :
= L . X L ’ 4
% 80 K 30 ;
g 4 S) N
= 60F / p 5 g
° ' -4 221 o8 ]
5 K JPLe 3 e
© 4o , o
1’ ,” 1+ ’¢° i
20(,,__-0———-9 ----- L g _,.or"
--e----" ° N
0)----0--‘ . ) o e ) )
10 15 20 25 30 10 15 20 25 30
a(®) a(®)

(c) Relative error of max;(max1j) (d) Relative error of max(Cjy), mass center

Fig. 13. Test 2. Relative errors for each analyzed value f defined as W

max7), Cy}.

for B =60° and aspect ratio ay = 0.5, 2. For f = max[{afmm, U, (front),

55 —Fluid surface, ‘ ‘ ] ‘ ‘ ‘ ‘ ‘
—Granular surface 2r
2,—Bottom
1.5+
1.5r 1 1t
],
n 057
0/ |
-0.5 p _l
- -1.5
—-1.5¢ ] ol
-2 -1 0 1 2 -2 -1 0 1 2
T T

(a) Initial condition (b) Steady solution

Fig. 14. Test 3. Left: initial condition. Right: final steady solution.

system. This makes it possible to account for the different characteristics of (i) the fluid flow, mainly horizontal, and (ii)
the avalanche flow that is essentially tangent to the topography. Furthermore, it allows to properly locate the water surface
perturbation on top of the avalanche. In particular, when considering a model completely written in local coordinates, the
location of the perturbation on the water free surface depends artificially on the choice of the angle of the reference plane.
The resulting model has been rewritten in terms of only one horizontal system of coordinates. The proposed model verifies
an exact energy balance. A well-balanced finite volume method is proposed to solve the equations. It preserves exactly the
granular mass at rest, even if the fluid is still moving. This is an additional well-balanced property that has not been usually
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studied for coupled two-layer models. The classical water at rest solution is also exactly preserved. This method can also be

applied for the two-layer Cartesian system.

We have simulated dry and submarine avalanches as well as initially sub-aerial avalanches entering the fluid layer and
the generated perturbations at the water free surface. These simulations have been performed on (i) an inclined bed and
(ii) a two-slope bottom starting with an inclined plane reaching a horizontal plane. We have investigated the influence
of the reference frame angle and compared our results to those obtained with a Cartesian coordinate system and with
the code SHALTOP designed to simulate dry granular flows over complex topography. We have found that the simulated
dynamics and deposits as well as the generated water surface perturbations are very sensitive to the chosen coordinate
system. In particular, significant errors are obtained when using a Cartesian coordinate system for flows on an inclined
bed, while a sloping coordinate system prevents reproducing the mass spreading on horizontal planes. Overall, the use of
an inappropriate coordinate system always overestimates the runout distance of granular flows. For a two-slope bottom,
choosing the average slope for the reference frame provides the best compromise.
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By varying the initial geometry of the granular mass released on an inclined plane as well as its depth within the water
layer, we quantified the error made when using Cartesian coordinate systems instead of a local coordinate system following
the plane. The slope angle of the plane has been also varied. By using non-dimensional variables, we proved that the model
can be written only in terms of three aspect ratios, corresponding to ratios between the characteristic heights of the fluid,
the avalanche, the bottom, and the characteristic length of the initial profile of the granular layer. Our results show that
even for moderate slopes (up to 30°), strong relative errors on the avalanche dynamics and deposits (up to 60%) and on the
generated water waves (up to 120%) are made when using Cartesian coordinate systems for both the landslide and water
motion as done in, e.g., [15], instead of the two-axis of integration as proposed here.

In a forthcoming work we will investigate the improvement of the submarine avalanches modeling by including some
of the effects commented in the introduction, as the dispersive effects for the water layer in this framework of two-axis of
integration. Submarine avalanches produce a high vertical acceleration on the fluid, so non-hydrostatic effects are necessary
to introduce. Dispersive effects are also necessary to compare with experimental results, that usually provide the time series
of the water surface evolution. Furthermore, since the submarine avalanche can generate a tsunami, we can also use this
model to follow its propagation because in areas where there is no granular mass the model reduces to a one layer shallow
model.

The extension to the two-dimensional case is mandatory if we would like to apply the proposed model to realistic
submarine avalanches. In this sense, it is easy to carry out a 2D extension of the model where the inclination of the reference
plane follows the x-axis, being parallel to the y-axis. Nevertheless, to choose a reference plane that fits optimally the
bathymetry can imply a rotation as well as tilting. In this case, the extension of the model entrains a thorough development
that must be carefully done.
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Appendix A. Proof of Theorem 1

In this appendix we present the proof of Theorem 1.

(i) For clarity in the exposition we recall here the system to be studied for a general friction force F. The specific expression
will be solved through the search of a dissipative energy balance, as exposed below. The system reads:

ot(H1J)+ dx(H1(U1 + 0cHysin#)) =0, (43a)
Ot (H1U1J) + dx(H1U1(U1 + 9¢H2 sin0)) = —gH19x (H1 + 1) — ‘7%’ (43b)
d:Ha + cos0dx(HaU3p) =0, (43c)
ot(HaUp) + Coseax(HzU%) =—gHycos0dx(rH1 +Z) — gsgn(U)Hp cos (1 —r)tandp + % (43d)

where we use the notation of the interface, Z(X, t) = b + (b + Ha) cos6. We multiply the momentum equation for the layer
1 in (43b) by U; and we use the mass equation (43a). The left hand side gives:
Us (T H18cU1) + Urde(TH1) + Hi (Us + 0cHa sin@)dx (Un) + Urdx (H1 (Uy + cHz sine)) )

U? U2
= jH18t(71) 4 Hy(Uj + 8:Ha sin6)8x<71)

U2 U2
= (T H1 =) + 0 (H1 (U + 8H> sin9)71).

Now we develop the first term on the right hand side:



J.M. Delgado-Sdnchez et al. / Journal of Computational Physics 406 (2020) 109186 25
—gH19x(H1 +Z)Uy = —dx(gH1(H1 + 2)U1) + g(H1 + 1)dx (H1Uy)
= —0x(gH1(H1 + )U1) — 0x(g(H1 + I)H19;H2 sin6)
+ gH10¢Hy sin0dx(Hy + 1) — gH10: (T H1) — gZ0;(J H1)
= —0x(gH1(H1 +I)(Uy + 3 Hz sin6)) — & (§ZT H1) — gH{9:.T

H2
- gjat(Tl) + gTH18T + gH18:H2 sin0dx (Hy + )

. H?
= —dx(gH1(H1 + (Ut + & Hasin6)) — & (gZT H1) — (8T 1) — gHTa T

H? ) H?
+ ngB[J + gJH19:Hy cos® + gd;Ho sme(ax(Tl) + H19x7)
. Hy H? .
= —0x(gH1(H1 +7)(Uy + d:H2sin0)) — 3:(gTH1(Z + 7)) + 8x(g78er sin@)
H? H?
- ngBtJ + gJH19;Hy cos6 — g718x(8tH2 sin@) + go;Ha sin0H19xT
2

H1q Hy . Hy
=—0(8THI@+ 51)) = ox (8H1 (S + DUy + deHasing) + g5 Un)
+gJH10:HycosO + gotHp sinfH10xZ .
Ry
Notice that using the definition of 7, we have 9;J = —dx(d;H; sinf), that we used to simplify the last equality. Now we
focus on the last term; since dxb = tan@, it follows:

1
R1=gH10:HycosO(J +tan0dxZ) = gH10:Hy cosO (1 + tan? 0)= ngatHza.

Finally, the energy balance for the first layer reads:

v H (U Hy Hi
o | THI (S + (5 +D) | +0x | Hi(Ur +ocHzsind) (5L + 85 +D)) + 85 Un
(44)

1 F
=gH{0tHy—— — JU;—.
cos6 1

Similarly, to obtain the energy balance for the layer 2, we multiply (43d) by U, and use (43c). The left hand side gives:

Us (HZat(UZ) + U20¢(H2) + Ha cos0U»0x(Uz) + Ua0x (H2 COS@UZ))

U U3
= HzatT + Hj C059U23X7

_ u3 U3
=0 HzT + 0x HzCOSQUzT .

The first term on the right hand side is:
—gHycos00x(rH1 + 1)Uy = —0x(gH cos6(rH1 +I)U3) + g(rH1 +1)dx (Hz cos6U3)
= —0dx(gHycosO(rH1 +1)Uy) — g(rH1 +1)0:Hy
— —dx(gH2 cosO(rH1 + T)Uy) — grH19:Ha — g(b + (b + H2) cos0)d; H,

~ H
— —9x(gHycos0(rHy + T)Uz)—d <gH2 (b +hcos + 72 cose))
— grH0:H>.
Then the energy balance for the layer 2 reads:

U% ~ Hy U%
o H27+gH2(b+bcose+7cose) +ox H2coseuz(7+g(rm+z))

F
= —grH10:Hy — g|U|H3 cos6(1 — r)tandg + p—Uz.
2
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The total energy balance of the system is found by the combination r cos# - (44) 4+ (45):

U2  H U3 N Ho
o rcos@JH1<7 +g7 +gI> + H27 +gH2(b+bc050 + TCOSQ)

_ u? H, H?
+dx | rcosOH1(Uq + 0:Ho sme)(7 +g(7 -l—D) +rcos(9g7U1
U3 F
+H> cosGUz(T + g(rHq +I)> = —g|Uy|HycosO(1 —r)tandp — (JUq cos6 — Uz)p—.
2
So, if we define
F = p1B(JU1cos6 — Up), (46)

we find the inequality given in the Theorem 1.

(ii) To prove the second part of Theorem 1 it is enough to apply the result presented in [34] to the characteristic polynomial
of the transport matrix of the model. It is possible to rewrite the model is written under the structure

W + AW)oxW — ax(D(W)oxW) =b,

where A is the transport matrix, W is the vector of unknowns of the mode, matrix D is defined by the coefficients related
to the second order derivatives, by using that 9;H, = — cos9dx(HU>) at the first and second equations of the model, and
vector b contains the definition of friction terms.

The result presented in [34] states that if all the roots of a polynomial a,x" + a,_1x"~! + ... +ag of degree n are real,
then they lie in the range bounded by

5 5 1/2
an— _ Ay
_n 1 :I:(n—l) n ; _ n—2
nay n2a; nn—Tap
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