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Some Remarks on Avalanches Modelling:
An Introduction to Shallow Flows Models

Enrique D. Ferniandez-Nieto and Paul Vigneaux

These notes are dedicated to D. Antonio Valle Sdnchez
(1930-2012). D. Antonio was the first Spanish PhD student of
Jacques-Louis Lions. He can be considered as one of the
Sfounders of modern Applied Mathematics in Spain.

Abstract The main goal of these notes is to present several depth-averaged
models with application in granular avalanches. We begin by recalling the classical
Saint-Venant or Shallow Water equations and present some extensions like the
Saint-Venant-Exner model for bedload sediment transport. The first part is devoted
to the derivation of several avalanche models of Savage—Hutter type, using a
depth-averaging procedure of the 3D momentum and mass equations. First, the
Savage—Hutter model for aerial avalanches is presented. Two other models for
partially fluidized avalanches are then described: one in which the velocities of
both the fluid and the solid phases are assumed to be equal, and another one in
which both velocities are unknowns of the system. Finally, a Savage—Hutter model
for submarine avalanches is derived. The second part is devoted to non-newtonian
models, namely viscoplastic fluids. Indeed, a one-phase viscoplastic model can also
be used to simulate fluidized avalanches. A brief introduction to Rheology and
plasticity is presented in order to explain the Herschel-Bulkley constitutive law.
We finally present the derivation of a shallow Herschel-Bulkley model.
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1 Introduction: Shallow Water Equations

The classical shallow water equations were first derived in 1871 by Saint-Venant
(see [46]). This system of equations describe the motion of a shallow layer of fluid
in a channel, a lake, coastal areas, etc.

Several extensions of these classical equations have been proposed in the
literature. For example, in [25] Gerbeau and Perthame propose a viscous Shallow
Water model. They perform the asymptotic analysis of the Navier—Stokes equations
where friction effects at the bottom have been taken into account. While in a first
order approximation the viscous terms do not appear in the equations, a second
order is needed to get them. In [35], a viscous one layer 2D Shallow-Water system
is derived, by including a surface-tension term associated to the capillary effects at
the free surface and a quadratic friction term at the bottom. These terms have been
useful to prove the existence of global weak solutions in [13].

In the simple case of a rectangular channel with constant width and a fixed bottom
topography (see Fig. 1), the Shallow Water equations are

9,5+ dx(hu) =0,

1
0, () + 9, (mﬂ ; 5ghz) — —ghdz, — ghS,. M

where x denotes the horizontal variable through the axis of the channel and ¢ is the
time variable. u(x, t) and h(x, t) represent the velocity and the height of the water
column, respectively. g is the gravity and z;(x) the bottom topography (see Fig. 1).

The term S s models the friction forces. In the particular case of the Manning law
we have

2
gn”|ulu
Sy = , 2)
S R4/3

h

where 7 is the Manning’s coefficient and R} is the hydraulic radius, which can be
approximated by /.

The Saint-Venant—Exner equations take into account the bed-load sediment
transport. In this case, we have the Shallow Water or Saint-Venant system coupled
with a continuity equation to model the evolution of the sediment layer,

oh+ 0, (hu) =0,

1
0; (hu) + 0, (hu2 + Eghz) = —ghdyzp — ghS, 3)
0z + E0xqp = 0,

where ¢ = 1/(1 — ¥p) and VY is the porosity of the sediment layer. g, =
q»(h, q) represents the solid transport discharge. The definition of the solid transport
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Fig. 1 Shallow water z
equations with a fixed bottom
h(x,t)
zp(x)
X

discharge is set usually by empirical laws. In the Appendix some classical formulae
are presented.

Far to be exhaustive, several extensions of the Shallow Water equations can be
mentioned: models that take into account varying bottom topography [11, 18, 24];
models to study erosion phenomena with local coordinate variable in space and
time [12] or to study flows in rotating drums [27]; models that take into account
dispersive effects [33]; models for two-layer stratified flows with viscosity and
capillarity [39], turbidity currents models [38], multilayer shallow water models
to incorporate tridimensional effects [7,23] ...

In the pioneering work of Savage and Hutter [47], a shallow-water type model
has been proposed to study aerial avalanches. In the following section we describe
the derivation of the Savage—Hutter model. The classical Shallow Water system is
the particular case of the Savage—Hutter model obtained by neglecting the Coulomb
friction term. Therefore, its derivation from Navier—Stokes equations is a particular
case of the general study presented in next section.

In the following sections, the derivation of several shallow water type models to
study three different types of avalanches are presented. Sections 2—6 correspond
to Savage—Hutter type models for aerial avalanches, partially fluidized aerial
avalanches and submarine avalanches (see [21]). In Sect.7, we present a brief
introduction to Rheology and plasticity in order to explain the constitutive equation
of the Herschel-Bulkley model. A depth-averaged Herschel-Bulkley model is pre-
sented in Sect. 8. This model is a one-phase approach to study solid—fluid mixtures
avalanches and represents an alternative to the two-phase Coulomb approach.

2 Savage—Hutter Model for Aerial Avalanches

Numerical modelling of sub-aerial debris or snow avalanches has been extensively
investigated during this last decade with application to both laboratory experiments
dealing with granular flows and geological events (see for example [2, 5,6, 12,27,
31, 34, 50]). Most of the models devoted to gravitational granular flows describe
the behavior of dry granular material following the pioneering work of Savage and
Hutter (see [47]) in which a shallow water type model (i.e. thin layer approximation
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Fig. 2 Local coordinates z

h(X,t)
(x,2)
\z

for a continuum medium) is derived to describe granular flows over a slopping
plane based on Mohr—Coulomb considerations: a Coulomb friction is assumed to
reflect the avalanche/bottom interaction and the normal stress tensor is defined
by a constitutive law relating the longitudinal and the normal stresses through a
proportionality factor K.

New Savage—Hutter models over a general bottom have been proposed. For
example in [11], Bouchut et al., propose a Savage—Hutter type model for aerial
avalanche which takes into account the curvature of the bottom. A two-layer
Shallow Water type model with compressible effects has been introduced in [37]
by Morales de Luna. He considers an upper compressible layer and a lower
incompressible layer.

In this section, we present the derivation of the Savage—Hutter model over a plane
with constant slope. First, we consider the Euler equations in Cartesian coordinates
X = (x,2),

V:(“), V.V =0, (4)
w
3:(pV) + pV-VxV = -V . P + pVx(g-X), (5)

where g = (0, —g), g being the gravity acceleration, V is the velocity field and p,
the density of the granular layer. Moreover, we denote by P the negative Cauchy
stress tensor, also named pressure tensor,

p = (pxx pxz) ’
Pzx Pzz
with py, = p;x.

Let us rewrite first the Euler equations in local coordinates (X, Z) on an inclined
plain whose slope is tan(f) (see Fig.2). Z is the distance between the points (x, 7)
and (x, b(x)), where

b(%) = tan(0) ¥.
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That is, Z is the distance to the bed, measured along the normal direction and X
measures the arc length along the inclined plain. X is the x-Cartesian coordinate of
the point (X, 0) (see Fig. 2).

Let h(x,t) be the height of the granular layer along the normal direction to the
bed. The domain is

{(X.2); X e€[0.L], 0<Z <h(X,1)}. (6)

The relation between the Cartesian coordinates X = (x,z) and the coordinates
(x,Z)1is

X = (X—Zsin@,b(fc)—i—ZcosQ)), (7)

where (X, b(X)) is a point of the bed.
The following definitions will also be used:

e U and W are the tangential and normal velocities, respectively,

U cosf sinf
= . V.
W —sin 6 cos 6
* And & is the rotated Cauchy stress tensor:
P — cosf sinf P cosf —sin@\ [ Pxx Pxz
~ \ —sin6 cos@ sinf cosf ) \ Py P )’
Note that, as p,, = p,, then Px; = Pzx.

Equations (4) and (5) are re-written in the new variables as follows:
ax(U) + az( W) =0,

pd(U) + pdx (U?) + pdz(WU) — pdx (g - X) = —0x(Pxx) — 02(Pxz),

pd: (W) + pdx (U W) + pdz(W?) — pdz(g - X) = —0x(Prx) — 02(Pzz).
3)

In what follows, the derivation of the model proposed by Savage and Hutter in
[47] to study aerial avalanches is described following the items:

 [d] Boundary and kinematic conditions.

« [A] Dimensional analysis.

* [¢] Hydrostatic pressure and constitutive law.
e [M] Momentum conservation law.
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[/] Integration process.
[<] Final system of equations.

2.1 [0] Boundary and Kinematic Conditions

We denote by n” the unit normal vector to the free granular surface Z = h with
positive vertical component, and by n® = (0, 1) the unit normal vector to the bottom
(Z =0).

The following kinematic condition is considered

0h+Ul|z=ndxh—W|z=p =0, )

which means that the particles at the free surface are transported with velocity
(Ulz=n, W|z=n).

The following boundary conditions are imposed:

OnZ =h:
n . 2n" =0 (10)
20 —n'@m" . Pnt) = (fric’(l)(U)) i=1,2, (11)

where fric;, (U ) is the friction term between the granular layer and the air. For the
sake of simplicity we will suppose that fric, (U) = 0.

On Z =0:
U,W)-n°=0 = W=0, (12)
U
—n’ . 2n° —| tané
ot — 0@ - on®y = [ ™ T P (13)
0

This last condition corresponds to a Coulomb friction law, defined in terms of the
angle of repose &y (see [47]).

2.2 [A] Dimensional Analysis

Next, a dimensional analysis of the set of Egs. (8), the kinematic and boundary
conditions is performed. The non-dimensional variables ( ~ ) read:
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(X,Z,t) =(LX,HZ,(L/g)"*D),
(U, W) = (Lg)'*(U,eW),
h = Hh, (14)
(Pxx, Prz) = §H(Pxx, Prz),

Pxz = gH,bC«??xz,

where:

* [ = tan§y, 8y being the angle of repose in the Coulomb term.

* By L and H, we denote, respectively, the tangential and normal characteristic
lengths.

* ¢ = H/L, which is supposed to be small: the Savage—Hutter model has been
shown to reproduce experimental granular collapse over horizontal plane for
aspect ratio € < 0.5, see [34].

Using the above change of variables, the system of Egs. (8) is re-written as follows:

Ix(U)+09z(W) =0, (15)
P
3 (pU)+pUdxU+pWd,U~+pdy (b+Zcos O+ ;X)g = —udz(Pyy), (16)

e{0:(pW) + pUdx (W) + pWdz(W) + dx(Pxz)}+
+ ,Oaz(b + Zcos 9) = —az(yzz), (17)

where tildes have been dropped for simplicity.

The kinematic condition (9) is re-written as:
oh +U|z=pdxh —W|z=, = 0. (18)

Finally, the boundary conditions (10)—(13) are now given by:

e OnZ = h, we have n” = (—edxh,1)/¢S with ¢35 = /1 + 2(dxh)2, then
from (10) and (11) we obtain

—83xh QXX‘FIL«@ZX = 0, (19)

—e0xhpuPxz; + Pzz = 0. (20)
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« On Z = 0, we have n” = (0, 1), then from (12) and (13) we obtain

Wlz=0 =0, (21)

U
M«QXZ = —Py7 — tan &p. 22)
Ul z=0

2.3 [¢] Hydrostatic Pressure and Constitutive Law

From (17) we obtain
07(Pzz) = —pcos B + O(e). (23)
If we integrate (23) from Z > 0 to &, we have, up to order ¢,
P77 = p(h — Z)cos . (24)
The following constitutive law is considered (see [47])

Pxx = K Pz,

where K measures the anisotropy or normal stress effects: while K = 1 corresponds
to isotropic conditions, K # 1 makes ‘overburden pressures’ different from the
normal stresses parallel to the basal surface. In the case of the Shallow Water
equations, K = 1 is assumed.

The coefficient K is defined according to the motion of the granular layer (see
[45]):

Ko if 0y U > 0,
K = ,
Kpas it 0 U < 0,

with
Kact/pas = 2sec’y (1 F (1 —cos’¢ secz&))l/z) —1,

being ¢ the internal friction angle, defined in terms of the type of grains and size.
The definition of K can be done in different ways. For example, while in [28]
Heinrich et al. consider K = 1, other definitions of K can be found in [29]. The
effects related to the definition of K in numerical modelling of experimental and
natural flows is studied in [43,45].
Using the previous relations, we have, up to order €,

QXX =K 3322 = Kp(h — Z)COS 6. (25)
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2.4 |M] Momentum Conservation Law: With Hydrostatic
Pressure and Anisotropy of the Normal Stress

By replacing (24) and (25) in (16) and using the incompressibility equation (15), we
obtain, up to second order,

3 (pU) + pdx U? + pdz (UW) + pdx (b + Zcos O+ K(h— Z)cos 0)8 = —udz(Pxz).
(26)

2.5 [[f]Integration Process

In this section, the mass equation (15) and the momentum equation (26) are depth-
averaged in the normal direction. Let us introduce the following notation: we denote
by U the average of the velocity along the normal direction:

_ 1 "
U=-— / U(X,Z)dZ.
h Jo

We also introduce the notation:
_ 1 "
U2 = — / U*(X,Z)dZ.
h Jo

If Eq. (15) is integrated from Z = 0 to Z = h, we obtain
0= 8X(h0) —Ulz=pdxh + W|z=p — W|z=0.
Now, using (18) and (21), the averaged mass equation is obtained
d:h 4+ dx(hU) = 0.

Let us now integrate Eq. (26) from Z = 0 to Z = h. As in the previous case, we
use the kinematic condition (18) to obtain

. h
3, (hU) + 0x (hU?) + (f dx (b + ZcosO + K(h — Z)cos Q)dZ)s
0

= —%(@xz(m — Py(0)). 27)
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Moreover, we have

h h2
/ Oy (b + ZcosO + (h— Z)cos QK)dZ = hoyb + dy (ECOS QK).
0

By replacing this last expression in (27) we obtain the equation
_ — K n
9, (hU) + dx | hU? + §=-cos 0K | = —ehdxb — —(Pxz(h) — Pxz(0)). (28)
Jo

Then, the boundary conditions and the constitutive laws are used to derive u Pxz(h)
and u Pxz(0):

e From (19), by using (24) and Pxx = K Hz;, we have
uPxz(h) = edxh Pz K.

In [27] Gray introduced the assumption that the Coulomb term is of order y for
some y € (0,1). Thatis, u = tandy = O(¢?). Under this assumption, we have

nPxz(h) = O('™). (29)
» Using Eq.(22), we obtain
U
EQ@XZ(O) = —gZZZ(O) v tan§y = —hcos — tan &o.
Y |U| Z=0 | Z=0

Therefore, assuming tan 6§y = €'(¢"), we have

tan 8§y + O (e' 7). (30)

U
E,@XZ(O) = —hcost) —
P Z=0

U]

Finally, substituting (29) and (30) in (28), the averaged momentum equation is
obtained:

tan 8o+ (' 7).

2
] _ U
0;(hU)+0dx (hUz—i—eh?cos@K) = —ehdyb—hcos —
Z=0

U]

2.6 |<>] Final System of Equations

Coming back to the original variables, using (14), neglecting terms of order &!*”
and supposing a constant profile of the velocities, the following system is obtained:
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Fig. 3 Savage—Hutter model. Dotted line: initial profile of the granular layer. Continuous line:
stationary profile of the granular layer

dh + dx(hU) =0,
2

- - h 1
8,(hU)+3X(hU2+g0059?K) = —ghdxb + 7, (1)

where .7 represents the Coulomb friction term. This term must be understood as
follows:

U
If|7|>0. = = —ghcosGEtanSO,

If|7| <o, = U=0, (32)

where 0, = gh cos 6 tan .

Let us illustrate the effects of the Coulomb friction term. We consider a test
case consisting of a granular layer over a flat bottom whose initial profile is
rectangular. The evolution of the layer is simulated by numerically solving System
(31). Let us stress the importance of an adequate treatment of the Coulomb friction
term (32) to obtain satisfactory numerical results (see for example [34]). In Fig.3
the continuous line corresponds to the stationary profile of the granular layer for
8o = 25°. The initial condition is represented too (dotted line). The main difference
between the classical Shallow Water equations and the Savage—Hutter model is
the presence of the Coulomb friction term: if a closed domain is considered and
the Coulomb friction term is neglected, the stationary solution is a horizontal free
surface, corresponding to water at rest.

In Fig.4 the evolution of the granular layer surface and its discharge is repre-
sented at several times. Observe that, while at t = 2 the solution is stationary, at
t = 1.5 only the front of the avalanche is still moving.
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3 Fluid-Solid Mixture Aerial Avalanches

In most practical applications to real debris flows, the fluid which is present in the
granular material can not be neglected. Recent attempts have been developed to
describe mixtures of grains and fluid in shallow water two-phase or mixture models
[29,42,44].

The model introduced by Jackson in [30] allows to model geophysical mass flows
containing a mixture of solid and fluid materials, by taking into account buoyancy
effects. It is defined by the mass and momentum equations for each phase.

Let us use the following notation: subscript “s” refers to the solid phase and
subscript “ £ to the fluid one. The solid volume fraction is denoted by ¢. The grain
density, p, and the fluid density, p s, are supposed to be constant.

Then, the two-phase model is defined by the following mass and momentum
equations:

9 (psg) + div(pseVy) = 0, (33a)

A (pr(1—¢)) +divips (1 —9)Vy) =0, (33b)

ps@(0; Vs + V,VVy) = —divP; + fo + pse V(g - X), (33¢)

pr(1=9)(@ Vs +V;VVy) =—=divP; — fo+ ps(1 =)V (g-X).
(33d)

Where P; and Py represent the stress tensors for the solid and the fluid phase,
respectively. fy represents the averaged value of the resultant force exerted by the
fluid on a solid particle.

To obtain Jackson’s model, the force f is decomposed into the buoyancy force
fp and all the remaining contributions f according to [4]:

fo=fs+ f=—-¢Vpsr+ [ (34)

where pr denotes the fluid pressure. The term f collects the drag force, the lift
force and the virtual mass force (see [4, 30] for details). Here, we assume that f
reduces to the drag force.

If we assume that the viscous forces related to the fluid are negligible, then the
fluid stress tensor reduces to the pressure term:

V-P,=Vpy. (35)
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By taking this expression into (33c) and (33d), we obtain the system (33a), (33b)
and

ps®(0; Vs + Vi VVy) = —divP, —oVp,s + f 4+ p;V(g-X), (36a)

Prd =)0V +ViVVy)=—-(1=-9)Vpsr—f +pr(1-9)V(g-X).
(36b)
The model proposed by Pitman and Le in [44] and reformulated in [42], can be
deduced following a dimensional analysis and an integration process of Jackson’s
model. They suppose a constant vertical profile of the velocity for the solid and

the fluid phase: Uy and Uy, respectively. Pitman-Le model can be written as
follows:

0 (he) + dx (heUy) = 0; (37a)
I (h(1 —¢)) + dx(h(1 —)Uy) = 0; (37b)

1
3 (phUy) + dx (phU?) = —5(1 —r)gh*cos 6 dx ¢

— ghcosB @ adxh
— ghpdxb
+ Bh(Uy —Uy) + 7; (37¢)

3:((1 = )hUy) + 3x (1 = 9)h U) = —ghcos 6 (1 — ¢) dxh
— gh(1—¢)oxb

~ By ~ Uy (37d)

where r = pr/ps, B is a friction coefficient between the phases (see [44]) and .7 is
the Coulomb friction term.

Let us illustrate the influence of ¢ in the evolution of the avalanche. We consider
first a test case consisting of a granular layer over a flat bottom whose initial profile
is rectangular. The evolution of the layer is simulated by numerically solving System
(37). We consider r = 0.34, §p = 25° and ¢ = 0.8. In Fig. 5 the evolution of the
layer is shown. The left column shows the total height, 4, + /s (continuous line).
In order to make visible the evolution of the total solid volume fraction, %, is also
plotted in the figures (dotted line). Notice that at the front of the avalanche, the
dotted line practically coincides with the continuous one, meaning that there is only
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granular material near the front. The right column shows ¢ ¢ and g;. We can observe
that the motion of the solid phase stops before. Figure 6 shows the evolution of
the avalanche for ¢ = 0.4. The initial condition and the values of r and § are the
same. Let us remark that at the front the dotted line practically coincides with the
horizontal axis, meaning that there is only fluid near of the front. If we compare
these two simulations, we can also observe that the maximum heights and the total
lengths of spreading of the avalanches are completely different. For ¢ = 0.4, the
fluid goes out the domain.

The presence of an interstitial fluid in the avalanche, neglected in the Pitman—
Le model, may have a strong influence in its evolution. The flow of fluidized
avalanches can be much more complex than the ones simulated with the Pitman—
Le model. For example, non-hydrostatic pressure effects, related to the pore fluid
pressure, may appear. Iverson and Denlinger extended the Savage—Hutter model
in [29] to study avalanches of fluidized granular masses where the pores between
the grains are assumed to be filled with a fluid, under the assumption that the
velocities of both phases coincide, and by including the bed pore fluid pressure as
an unknown of the system. Let us study now the derivation of a simplified version
of the model proposed by Iverson and Denlinger in [29] to study partially fluidized
aerial avalanches (Fig. 7).

We consider a granular layer of density p; and porosity . We assume that the
pores in the granular layer are filled with a fluid of density p,,. Then, the density of
the fluidized layer is defined as

p = (1—Y0)ps + Vopy- (38)

As in the previous section, the model will be described in local coordinates over a
plain with constant slope (see Fig. 2). Again U is the velocity parallel to the bottom;
W, the velocity perpendicular to the bottom; and & the rotated pressure tensor.

Let us consider again the system of equations given by Euler equations in local
coordinates:

Ix(U) +dz(W) =0,

pd(U) + pdx (U?) + pdz(WU) — pdx (g - X) = —dx(Pxx) — 02(Px),

pd (W) + pdx (U W) + pdz(W?) — pdz(g - X) = —0x(Pxz) — 02(Pzz).
(39)

In a binary mixture model the pressure tensor of the mixture is given by
P =P+ ‘-@f _pw(Uf_Ub)®(Uf _Ub)_ps(Us_Ub)(g’(Us_Ub),

where U,, is the velocity of the fluid phase, U is the velocity of the solid phase and
Uy = (pwUyw + pwUs)/(ps + pw) is the barycentric velocity.
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Fig. 7 Partially fluidized z
avalanches

In order to model the evolution of the granular layer using the Euler equations,
we suppose, following [29], that the velocity of the fluid in the pores and the grains
are the same, Uy = Uy = U. Then & can be written as

P =P + P/,

where &7 and &/ are the pressure tensor of the solid phase (grains) and the fluid
phase.
The derivation of the model follows the same items as in the previous section.

3.1 [0d] Boundary and Kinematic Conditions

Let us denote again by n” the unit normal vector to the free granular surface Z =
h with positive vertical component and by n® = (0, 1) the unit normal vector to
the bottom (Z = 0). The kinematic condition is defined by (9). For the boundary
conditions, the only difference is the definition of the Coulomb friction term. The
following boundary conditions are imposed:

« OnZ =h: 2n" =0.
* On Z = 0: the non-penetration condition W = 0 and the following Coulomb
friction law are imposed:

U
—n° . — 2N —

0

In this last condition, the difference between the stress tensor and the fluid stress

tensor, 2 — 227 | is used to take into account the buoyancy effects, since &° =
P — P,
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3.2 [/f | Dimensional Analysis

The same non-dimensional variables as in the previous section, defined in (14), are
considered. Then,

* The system of equations is defined by (15)—(17).

* The kinematic condition by (18).

* The boundary condition on Z = h by (11) and (20).

* The boundary condition on Z = 0 is different from (22). In this case we have

U
WPxz = —(Pzz — Py 7| _ tando. (40)
Z=0

and the non-penetration condition W = 0.

3.3 [$] Hydrostatic Pressure and Constitutive Law

The main difference between the Savage—Hutter model presented in the previous
section and the model for partially fluidized avalanches appears in this item.
From (17) we obtain

07(Pzz) = —pcos B + O(g). (41)
If we integrate (41) from Z > 0 to Z = h, we have, up to order ¢,
P77 = p(h— Z)cos 6. (42)
But, as & = 25 + 2/, we have
P, + P, = Pgy = peosb(h — Z). (43)

In order to consider the anisotropy of the solid phase the following constitutive
conditions are again considered (see for example [29,45]):

! s f o
gZ;(X:Kf@%z» f@xx—gzgz’

where K measures the anisotropy or normal stress effects in the solid phase (see
previous section).

The difference appears in this step because, in order to impose these two
constitutive conditions, an expression for both &7, and ﬁgz has to be known. But
only the expression of the total pressure &z, is known.
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In order to model the flow of a grain-fluid mixture, Iverson and Denlinger (see
[29]) assume a linear profile of the normal stress ﬁzfz, which is consistent with

Eq. (43). Moreover they suppose that g@{z takes its maximum value at Z = 0 and
is proportional to the pressure in absence of the granular phase. They suppose

D) (Z) = ApcosO(h — Z), (44)
being A a parameter of the model. In this case, by (43) we have
P5,(Z) = (1—A)pcosO(h — Z). (45)

Remark 1. In [29], the authors propose not to set A as a fixed parameter in time.
Instead, they propose to rewrite the model in terms of the pore fluid pressure
Pved = Aphcos 6. Then, they assume that the evolution of pj.,; can be described
by a convection-diffusion equation. For the sake of simplicity in these notes, A is
considered as a fixed parameter. Let us remark that we can set A = v, the porosity
of the layer.

3.4 [M] Momentum Conservation Law: With Hydrostatic
Pressure and Anisotropy of the Normal Stress of the Solid
Phase

By replacing (44) and (45) in (16) and using the incompressibility equation (15), we
obtain up to second order

0,(U) + dxU? +0,(UW) + dy (b + ZcosO + (h — Z)cos O(A + K(1 — x)))e

— —%az(%z). (46)

3.5 [[]Integration Process

As in the previous section, let us define:
. — 1 ("
U= E/ UX,Z)dZ and U? = Ef U*(X,Z)dZ.
0 0

As there is no difference in the integration process for the mass equation, we focus
here on the momentum equation.
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Let us integrate Eq. (46) from Z = 0to Z = h and use the kinematic conditions
(18) to obtain

h
3,(hU) + dx (hU?) + (/ 8X(b + Zcos O + (h — Z)cos (A + K(1 —)L)))dZ)a
0

= —%(%(h) — 24,0)). (47)

Moreover,
h
/ dx (b + ZcosO + (h— Z)cosO(A + K(1 — A)))dZ = hdyb
0

h2
+ 0y (Ecos O0(A + K(1— )L))).
Then, we obtain the following averaged momentum conservation law,

2
3, (hU)+dy (hm+8%cos 9(A+K(1—)L))) - —shaxb—%(%z(h)—%z(o».
(48)

Now, we can use the boundary conditions and the constitutive laws to derive
w Pxz(h) and p Pxz(0):

 Using (19) and the constitutive laws #}, = K%, @){x = BZ{Z we have
,ngzxz(h) = 88)(]’1;@22([{ — 1)

If we suppose again that u is of order y for some y € (0,1), (u = tandy =
O'(g")) then

nPxz(h) = O('17). (49)
* Using Eq. (40), we obtain
f U
uPxz(0) = —(F2z(0) — f@zz(o)) IT3T]
Now, using (42) and (43) we have

(P72(0) — @Z};(O)) = phcosO(1 — L) + O(¢).
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Then,

tan 8y + O(¢'17). (50)

E@XZ(O) = —hcos6H(1 — 1) v
Y Z=0

U]

Finally, substituting (49) and (50) in (48), the averaged momentum equation is
obtained

- 2
3,(hU) + dy (hU2 + e%cose(x +K(1— A)))

tan 8y + O(e'17).
Z=0

U
= —ehdxb —h(l — A 0 —
ehdy ( )cos U

3.6 [<>] Final System of Equations

Coming back to the original variables, using (14), neglecting the terms of order &' 7
and supposing a constant profile of the velocities, the following system is obtained
d:h + dx(hU) =0,

_ _ 2 |
3,(hU) + dx (hU2 + geos 0= + K(1 - x))) — —ehixh+ 7, OV

where 7 is the Coulomb friction term. In this model this term must be understood
as follows:

U
If| 7| >0, = 7 =—gh(l—2A)cos Qﬁtan&),

If|7|<o. = U=0,

where 0, = gh(1 — A) cos 6 tan dy.

4 Comparison with Pitman-Le Model

Let us remark that if anisotropy is taken into account in the deduction of the solid
phase momentum equation in the Pitman—Le model, Eqgs. (37c) and (37d) will read
as follows:
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hz
0; (phUy) + E);g((phUS2 + Kgcos 9<p7) = %gh2 cosf dx¢e

—ghedxb
+Bh(Uy — Uy) + 7;
(52a)
) h? h?
(1 =@)hUy) + 9x (1 —)h Uy + geos 6(1 — 9)7) =g cos 6ox(1—¢)
—gh(1—¢)ixb
1
—;ﬁh(U,f - Uy).
(52b)

Let us now consider that U; = Uy = U, that is, the assumption considered in the
deduction of the Iverson—Denlinger model and let us define

p=gps+ (1—9)pys.
Then, from (37a) and (37b) we obtain
d:(ph) + dx (phU) = 0.

And from (52a) and (52b) we obtain that

h2
3, (phU) + dx (phU? + gcos 9?(,0 + ps@o(K — 1)) = —ghpdxb + T. (53)

Note that in the two-phase model the pressure of the fluid phase evaluated at Z =
01s

Pik = gpreosO(1 — @)h,

while in the model proposed by Iverson and Denlinger the pressure at the bottom of
the fluid phase is assumed to be:

Pred = Apgcos Oh.

If we set

v="La-g),
P
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we have

Pheq = Vpgcos Oh.

On the other hand, we have
p+ psp(K —1) = p—ps +W§ +K(ps—1/f§)-
If we define finally A by
pA=p—ps+ wf,
we have the equality
p+ psp(K —1) = pA + K(p — pA).

Then, we can rewrite system (53) as

h2
3; (phU) + dx (phU? + gcos@;(pk + K(p—pA))) = —ghpdyb + 7.

That is, we have the same structure as the momentum equation of (51) for
the Iverson—-Denlinger model. This implies a relation between the hypothesis
considered in [29] and the two-phase model when the velocities of the two phases
coincide:

Piid = Drea’ + (1 — @) (ps — pr)rghcos 6.

Let us remark finally that, while in the Pitman—Le model the pressure of the phases
are considered to be hydrostatic, the inclusion of the pressure at the bed in terms
of the parameter A can be understood as a way to introduce a deviation from the
hydrostatic pressure law in the Iverson—Denlinger model.

5 Submarine Avalanches

In this section, we present a simplified version of the two-layer Savage—Hutter
type model proposed in [21], with application to submarine avalanches and tsunami
waves generated by them.

Submarine avalanches or landslides have been poorly studied compared to their
subaerial counterparts. This is however a key issue in geophysics. Indeed, submarine
granular flows driven by gravity participate in the evolution of the sea bottom and
in particular of the continental margins. They also represent a threat to submarine
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N

Fig. 8 Submarine avalanches

infrastructures, especially for the oil or port industries as well as to many sea shore
inhabitants due to the potential tsunamis that can be triggered by such landslides.

In the model derived in this section, index 1 refers to the upper layer, composed
of an homogeneous inviscid fluid of constant density p;. Index 2 refers to the lower
layer, composed of a granular material of density p; and porosity ¥, (see Fig. 8).
The pores of the granular layer are assumed to be filled with the fluid of the upper
layer. Accordingly, the density of layer 2 is given by:

p2 = (1 —=vo)ps + Yopi. (54)

We consider the incompressible Euler equations, with unknowns

V,-:(”"), i=1,2.
Wi

being u; and w;, the horizontal and vertical velocity components of each layer,
respectively. Then, the incompressible Euler equations can be written as

divV; =0,1 =1,2, (55)
pid:Vi +piV;VV; = —divP; + p;V(g-X), =12, (56)

where P;, i = 1,2, represent the pressure tensor of each layer

Pi — (pi,xx pi,xz) ,i — 1’2’
Pizx Dizz

with p; . = pi.x, pi, i = 1,2, the densities of each layer, X = (x, z), the Cartesian
coordinates and g = (0, —g), the gravity.

In order to model the evolution of the granular layer using the Euler equations,
on the one hand we suppose following [29] (see Sect. 3) that the velocity of the fluid
in the pores of the second layer coincides with that of the grains. On the other hand,
P, is assumed to be decomposed as
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P, =P+ P,

where P; and sz are the pressure tensor of the solid phase (grains) and the fluid
phase, respectively.

Next, a change of variables is performed: local variables over a non-erodible
bottom defined by z = b(x) are considered. X denotes the arc’s length of the bottom
and Z is measured orthogonally to the bottom (see Fig. 8 and Sect. 2).

In what follows, we denote by /; and 4, the thickness of the fluid and granular
layers, respectively, measured orthogonally to the bottom (see Fig. 8),by S = h; +
h; the free water surface. The details of this change of variables have been given in
Sect. 2. Equations (55)—(56) are re-written in the new variables as follows:

Ix(Up) +0z(W;)) =0, i=12,

p:0:(U;) + pi0x (U?) + p;idz(W;Us) — pidx (g - X)
= —0x(Pixx) —0z(Pixz) i =12, (57)

i 0:(Wi) + p; 0x (U; Wi) + pid2(W?) — pidz (g - X)
= —0x(Pix)—02(Pizz) i =12,

where U;, i = 1,2, represent the velocity parallel to the bottom and W;,i = 1,2,
the perpendicular one. The pressure tensor &; is defined by

P — cosf sinf . cosf —sin 6 _ Pixx Pixz
' —sinf cos@ ) '\ sinf cosh Pizx Pizz )’
Remember that, as p; , = pi., then & x; = & zx.
Moreover, let us recall that p; is the density of the fluid and that p; is defined by

(54). 6 is the angle between the tangent vector of the bottom and the horizontal axis
(see Fig. 8).

5.1 [0d] Boundary and Kinematic Conditions

Let nS, n”> and n° = (0, 1) be the unit normal vector to the free water surface
Z = S (S = hy + hy), to the interface (Z = h;) and to the bottom (Z = 0),
respectively.

The following kinematic conditions are considered
0;S 4+ Uil z=50xS — Wi|z=5 = 0, (58)

0:hy + Uil z=p,0xhy — Wi|z=p, =0, i =1,2. (59)
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77

Equation (59) assumes that no water is exchanged between the two layers, which is

a simplification of the model.
Finally, the following boundary conditions are imposed:

e OnZ = S§:
gzll’ls =0.
b OnZthi

Ilh2 . (:@1 - Wz)nhZ =0

gginhz _nhz(nhz . @il‘lhz) — (fl"lC(Ul, UZ)) i=12,

0

where fric(U;, U,) is a friction term between the layers.
e OnZ =0:

(U, W5) -0’ =0 = W, =0,

U,
— O . — 0 —
P —n0@0 - ) = | TN (P2 PO

0

Z=0

tan &

(60)

(61)

(62)

(63)

(64)

Let us remark that the term (&2, — ;) in the Coulomb friction law in Eq. (64)
is used again in order to take into account the buoyancy effects.

5.2 [/f | Dimensional Analysis

Next, a dimensional analysis of the set of Egs.(57), the kinematic and boundary
conditions is performed. The non-dimensional variables ( ~ ) read:

(X,Z.t) = (LX,HZ,(L/g)"*),
Ui, Wi) = (L) />(U;,eW;), i = 1,2,

hi = Hh;, i =1,2,

(Zixx, Pizz) = ,OigH(@ixx, Pizg), i =12,

Pixz = pigHW Pixz, 1 =12,

(65)
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where w1 = 1, uy = tandy, §p being the angle of repose in the Coulomb term (see
[47]). By L and H we denote, respectively, the characteristic tangential and normal
lengths. We suppose a shallow domain, so ¢ = H/L is supposed to be small.

Using this change of variable, the system of Eqs. (57) are rewritten as (tildes are
omitted):

Ix(Ui))+0z(W;)) =0, i=1,2, (66)

P
3, (i UD) + piUidx U + pi Widz Ui + p;dx (b + Zcos + —X)e

1

= —pidz(Pixz) i =12, (67)
el (pi W) + piUidx (W;) + pi Wi 0z (W;) + 0x (Pixz) )+
+ pidz(b+cos0Z)=—0,(Pizz) 1 =1,2. (68)
The kinematic conditions (58)—(59) are rewritten as:

;S +U0xS — W) =0|z=s, 0ha+Udxhy —W; =0|z=p,, i=12.
(69)

Finally, the boundary conditions (60)—(64) are now given by:

« OnZ = S, wehaven’ = (—edxS,1)/¢5 with 5 = /1 + £2(3xS5)2, then
from (60) we obtain

—e0xS Pixx + 1 P1zx =0, (70)

—e0xSu1P1xz + P72z = 0. (71)

« OnZ = hy,wehaven = (—edyxh,, 1)/¢" with ¢"> = /1 + £2(dxh,)2, then
from (61) and (62) we obtain

Pzz = Pazz + O(e), (72)
—e P xxOxhy + i P xz = —("2 2" (edx hy) + fric(Uy, Uy), i = 1,2,
(73)
— i Py xOxhy + Pizz = @22 m) i =1,2. (74)
* On Z =0, we have n” = (0, 1), then from (63) and (64) we obtain
W, =0, (75)
U,
W2 Prxz = —(Przz — Przz) —— tan . (76)

|Usl | 7=
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5.3 [¢] Hydrostatic Pressure and Constitutive Law

From (68) we obtain

0z(P12z) = —picos 8 + O(e), (77)
07(P22z) = —pacos O + O(e). (78)

If we integrate (77) from Z > h; to S, we have, up to order ¢,
P72z = p1(S — Z)cos b, (79)

therefore, &) zz(h,) = p1hicos 8. Using this last expression, taking into account
(72) and integrating (78) from Z > 0 to h,, we have

P55, + ,@{ZZ = P77 = p1hicos O + prcosO(h, — Z), (80)

up to first order. This last equation defines the total pressure, &, 7z, perpendicular
to the bottom. The constitutive relation for both the grains and the fluid, i. e. &5 ,,

and yzf 47> are required to close the model. The following relations are considered:
Pixe =Pz, Py =K Pgpe Plox= Py 81)

where K measures the anisotropy or normal stress effects in the solid phase (see
Sect. 2).

The same difficulty found in Sect. 3 related to the definition of &5, and 9”‘; 77
appears here. The assumptions considered there can be adapted. We suppose

@szZ(Z) = A1p1hicos O + Aypicos O(h, — Z), (82)
where A; and A, are two parameters. Moreover, by (80), we have
P3722(Z) = pihicos 0(1 — A1) + cos 0(hy — Z)(p2 — A2p1). (83)
Remark 2. Note that if (82) and (83) are evaluated in Z = h,, we obtain
2] (hy) = AipihicosO, D5, (hy) = prhicos O(1 — Ay):;

Then, A controls the distribution of the pressure at the interface between the two
phases of the second layer:

» A possible choice is to set A = A, = ¥, where V¥ is the porosity of the second
layer.

* We can rewrite the model in terms of pp.; = A;p1hicos6 + A,pihycos, the
pore-fluid basal pressure. In this case, a more sophisticated model can be defined
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by coupling it with a convection-diffusion equation (as proposed in [29]), as it
has been mentioned in the case of partially fluidized avalanches.

By taking into account the constitutive closure equations (81) we deduce the
following expression of P> xx = 25 vy + 9{ X0

Prxx = K P5,, + QZZfZZ
= hicosOp1 (A1 + K(1 — A1) + (hy — Z)cos B(Ar01 + K(p2 — Aopr1)).  (84)

5.4 [M] Momentum Conservation Laws: With Hydrostatic
Pressure and Anisotropy of the Normal Stress of the Solid
Phase of the Submerged Sediment Layer

By replacing (79) and (84) in (5.2) and using the incompressibility equation (66),
we obtain up to second order

3 (o1U1) + p1dx UL + p1dz(UiWi) + p1dx (b + Scos0)e = —u1d2(P1xz),
(85)

and

1
8l(p2U2)—|—p28X U22—|-,0232(U2W2)—|—p28)( (b—|—ZCOS 0—|—p—[/’l100$ 8,01(11 —|—K(1—Al))
2

+ (ha — Z)cos 0 (X201 + K(p2 — /\2,01))])8 = —u20z(P2xz)- (86)

5.5 [[] Integration Process

In this section, Egs.(66), (85) and (86) are depth-averaged along the normal
direction to the topography. Let us introduce the following notation: we denote by
U;,i = 1,2 the velocities of each layer averaged along the normal direction to the
basal surface:

_ 1 S _ 1 ho
m:-fzmxaﬂ, w:-/zuxau
hy Jn, ha Jo

We also define:

— 1 N —
Uk —Llﬂ&@ﬂ, U} =

1 [
— /meaﬂ
h1 2 2 J0

hy
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If Eq. (66) is integrated from Z = h, to Z = S, we obtain
0 = dx(h1Uy) — Ui(S)dx S + Wi(S) + Ui (h2)dxha — Wi (h).
And using the kinematic condition (69), the following equation is derived:
dhi + dx (h Uy) = 0.
Analogously, by integrating (66) between Z = 0 and Z = h, we obtain
0 = dx (haUs) — Us(h2)dx hy + Wa(hs) — W (0),

and, using the kinematic condition (69) and the boundary condition (75), the
following equation is obtained:

s + dx (haUy) = 0,
If (85) is integrated from Z = h, to Z = S, we obtain

plaz(hllj]) + plax(hlU_lz) — )O]U](S)[B;(S) + U](S)axs — W] (S)]

s
+p1U1(h2)[0:ha + Uy (h2)dx hy — Wi(hy)] + Pl(/h (3X(b + Scos 9))612)8

= —u1(P1x2(S) — P1xz(h2)). 87)

The expressions of &) xz(S) and &) xz(h,) are now derived using the boundary
conditions and the constitutive laws:

» Using (70) and (79) and the relation & xx = &) 2z the following expression is
obtained:

/,Llylzx(S) = —81@1)()((5)8)(5' = —&@122(5)8)(51 =0 + ﬁ(Sz). (88)
* Using (73), we have
w1 P xz(hy) + edxho( P 72 — Pixx) = fric(Uy, Us) + O(&?).

Therefore, applying the constitutive law for the fluid layer, that is, & xx =
P 7z, the following equality is derived:

w1 Py xz(hy) = fric(Uy, Us) + O(£%). (89)

Using the kinematic condition (69), Eq.(87) and the expressions obtained for
w121 xz(S) (88) and for w &) xz(h,) (89), we obtain
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S

P10 (h1U1) + p1dx (h UZ) + py ( dx (b+ Scos Q)dZ)e = fric(U;, Us) + O(&?).

ho
Next, the integral term in the last equality can be computed as follows:

S 2

h
dx (b + Scos0)dZ = h1dxb + 0y (Elcos 9) + h10x (cos 6h,).
ho

Finally, we obtain the equation

i} —  p2
p10;(hUy) + p10x (h]Ul2 + eglcos 9) = &p) ( — h10xb — h1dx(cos th))

+ fric(Uy, Us) + O(&?).

Let us now integrate Eq. (86) from Z = 0 to Z = h,. As in the previous case,
we use the kinematic conditions (69) to obtain

— —_— h2 1
,028, (h2U2)+p28X (h2U22)+,02 (/ 8X (b+ZCOS 9+p—[/’llcOS 9,01 ()Ll+K(1—)&1))
0 2

(s — Z)cos 6(kapr + K(ps — Azplm)dZ)e = o Paz(hs) — Prxa(0)).
(90)

Let us introduce the densities ratio

_M

r ;
£2

where p; is the density of the fluid and p, is defined by (54). We obtain

ho 1
/ ax(b—i—ZcosQ—l-—[hlcosepl(M + K(1—Ay))
0 P2

+(hs — Z)cos 0(Aapr + K(ps — )Lz,ol))])dZ = hydxh

+rhy(K(1 — A1) 4+ A1)dx (hicosB)

2
+dy (%cos O(ri, + K(1 — rkz))).



Some Remarks on Shallow Avalanches Modelling 83

Replacing this last expression in (90) and dividing by p,, the following equation is
obtained:

i — R
0; (haUy) + 0y (h2U22 + 872005 O(ri, + K(1 — rkz))) = —chydxb

—erha(A1 + K(1 — A1))dx (hicos 0) — %(c@zxz(hz) — P5x2(0)). 1)

Just like in the previous case, the boundary conditions and the constitutive laws are
used to derive y %, xz(hy) and s 5 xz(0):

* Using (73) and &5, = K5 ,,, ;@{XX = BZ{XX, we have
U2 P xz(ha) = fric(Uy, Us) + paedxhy P25 ,,(K —1).

We suppose again that u, = tandy = O'(e”) with y € (0,1). Under this
assumption, we have

p2 P xz(ha) = fric(Uy, Us) + O(' 7). (92)

» Using Eq. (76), we obtain

U
w2 P2x7(0) = —(H222(0) — 1 22(0)) 2 tan &o.
|Ual | 2=

Now, using (79) and (80) we have
(P222(0) — P122(0)) = hycos 0(p2 — p1) + O(e).

Therefore, assuming tan§y = O'(¢?), we have

tany + O(e!17).  (93)
Z=0

U.
2 P2xz(0) = —(p2 — p1)hacos 6 ﬁ
p

Finally, substituting (92) and (93) in (91), we derive the averaged momentum
equation for the second layer

- — h2
0:(haUp) + 0y (h2U22 + 8?2005 O(ri, + K(1 — rkz)))

= —Ehgaxb — El”hz(l] + K(l — )Ll))ax(hlcos 9)

U
—2 tan8y + O(e' 7).
%)

1 B}
——fric(Uy, Up) — ((1 — r)hacos 6 + haU3dy 0)
P2 Z=0
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5.6 [<>] Final System of Equations

Reverting to the original variables [see (65)], neglecting the terms of order ¢! *7 and
supposing a constant profile of the velocities we obtain the following system:

dhy + dx (hUy) = 0;
_ _ h2
0, (M U) + x (U} + g=cos ) =
1
= —ghlaxb — gcos Oh0xhy + p—friC(Ul, U»);
1

dcha + dx (haUs) = 0;

_ _ h2
0; (haUy) + 0y (h2U22 + g;cos O(rd, + K(1 — ”lz))) =

1
= —ghzaxb — rgcos th(/ll =+ K(l — )Ll))axhl — p—fric(Ul, Uz) + 7;
2
94)

where by .7, we denote the Coulomb friction term. Again, this term must be
understood as follows:

U
If|7|>0., = 7 =—(g(1—r)hycos Q)ﬁtan&),
2

If| 7| <0. = U=0,
where 0, = g((1 — r)h, cos 6 tan §,. Recall that

P1
r=—,
P2

where p; is the density of the fluid and p; is defined in (54). We can define the
friction term between the layers fric(U,, U,) under the following structure

fric(Uy, Uy) = — i - (Uy — Uy),  with K, = p1 Kin|Uy — U,

being K;, a positive constant.

In Fig. 9, an example of application of the model is presented. As initial condition
arectangular granular layer is imposed at the middle of the domain. The water layer
is initially at rest and its free surface is flat. As we can see in the different times
shown in the figure, the avalanche produced by the granular layer interacts with the
fluid and some waves appear. The stationary solution reached consists of water at
rest with a flat free surface over a granular layer in equilibrium. This simulation has
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Fig. 9 Submarine avalanche test. Continuous line: granular free surface; Dashed-dotted line:
water free surface

been obtained by numerically solving System (94) with the finite volume method
introduced in [21]. See also [32], where an application of the model to the case of
tsunamis in the Alboran Sea is studied.

6 Entropy Inequality and Stationary Solutions
of Savage—Hutter Type Models

In this section we state without proof a result concerning the entropy inequality
and the stationary solutions of the Savage—Hutter type models presented in previous
sections for aerial, fluid—solid mixture and submarine avalanches. The following
result can be proved for the submarine avalanche model:
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Theorem 1. System (94) has the following properties:

(i) It admits an entropy dissipation inequality,

A hU? + hyU? Ah? + A2
8,(r 11 12+ 2~ +gb(rA1h1+h2)+gC0s9%

+ gcos GrAlhlhz)

_ (U? _
+ dy (I’A]h]U] (71 + gb+ cosO(hy + hz)) + hoU,

-2
U
(72 + gb + gcosO(rAh, + Azhz)) )

< —rKin|Uy — Us|(Uy — Up)(U> — A1Uy) — g((1 = r)hacos 6

gh,cos

_ 6 _
+h2dx9(U22— 5 ))|U2|tan80

2

+ g%Uz(l — Ay)sinBdx 0.
where
A=A +K(0=-1), Ar=ri+K(1-riy).
(ii) It has the family of steady state solutions:

U =0 U,=0, (95)
b + (hy + hy)cos 0 = cst, (96)

h
|(Ay —71A1)0x (b + hycos0) + (1 — Ap)(0xb — Ezsin 00,0)| < (1 —r)tané,
97

corresponding to water at rest over a stationary granular layer. O

Note that the models presented in Sects. 2 and 3 can be seen as particular cases
of this one. They can be obtained as follows:

» Savage—Hutter model: set 4| = 0, U, =0, A=0r=1,A =1.
» Iverson-Denlinger model: set h; = 0,U; =0, A, = A, r = 1,4, = 1.

Therefore, the properties presented in Theorem 1 are also valid for the Savage—
Hutter and Iverson—Denlinger models.
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Note that the stationary solutions defined by (97) correspond to situations in
which the free surface of the granular layer is in equilibrium with the internal friction
angle. The angle §, can be measured in laboratory experiments.

7 Rheology of Complex Avalanches

Several differential models have been proposed in the literature to describe sediment
mixtures: a review is presented in [2]. A possible approximation is given by
the model presented in Sect.3, based on a two-phase approach and a friction
law proportional to the normal stress and the tangent of the internal friction
angle. Another possibility is the use of visco-plastic models. They represent an
approximation of the rheological behaviors of complex flows, such as debris flows,
lava flows and snow avalanches.

In this section a brief introduction to non-Newtonian fluids is first given in order
to motivate the definition of the stress tensor corresponding to the Herschel-Bulkley
model. This model can be used to study debris flows, fluid—solid mixture avalanches.

As in the previous section we consider local coordinates on a plane slope with
angle 6 (see Sect. 2 for details on the notation). Let us denote the velocity vector as

U
U= .
(w)
Let us remember that the general system of Egs. (4) and (5) can be re-written in the
new variables as follows:

dx(U)+0z(W) =0,

pd:(U) + pdx (U?) + pdz(WU) — pdx (g - X) = —dx(Pxx) — 32(Pxz),

pd (W) + pdx (U W) + pdz(W?) — pdz(g - X) = —0x(Pxx) — 32(Pz).
(98)

where the density p is assumed to be constant.

Let us remark that, although in these notes we are working with the negative stress
tensor 7, it is also usual to write the system of equations in terms of o, the positive
Cauchy stress tensor, where

P = —0.

The stress tensor is defined as the sum of the pressure component and the viscous
one (cf. [9]),

o =—pl+0o,
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where [ is the identity matrix. ¢’ is called the deviatoric part of o. Note that we can
also write,

P =pl—o'.

Let us use the notation:

o = (U)/(X 0)/(2)
/ !/ .
Ozx Ozz

A fluid is said to be Newtonian if ¢’ is proportional to the rate of deformation tensor
D(U), where

20xU oxW +d,U

D(U) = VU + VU’ =
© * (BXW+BZU 20, W

Then for a Newtonian fluid, such as water, we have
o' = nD(U),

where 7 is the viscosity coefficient, depending on the material. In theses notes, we
suppose that 7 is a constant value.
Let us consider the case of a uniform flow such that

(0 U\ ., (00
D(U)_(aZU o) 0‘(0’0)’

where 0/ = o0xz = ozx is the shear stress. In this case the relation which
characterizes the fluid as Newtonian can be easily represented as a straight line in
the plane (0zU) — (0”) with slope 7 (see Fig. 10).

The behavior of the flows of materials like honey, corn flour or paint cannot be
modelled with such a linear relation. Moreover, the concept of Newtonian fluid is
an idealization: there are always nonlinear relations between the shear stress and the
shear rate. The study of the deviation (from the linear law) of ¢’ as a function of
D(U) belongs to the field called Rheology. The term Rheology is due to Bingham
in 1929. It comes from the Greek “pew”—“to flow”. It is related to the study of
deformation and flow of complex fluids.

Years around 1900s saw a significant increase of activity on these subjects,
including authors like Maxwell (1868), Boltzmann (1877), Bingham, Blair, Reiner,
Herschel-Bulkley, Weissenberg (all between 1900 and 1930, see [48]). Then
Rheology became a research field of intense activity.

Fluids in which 7 is a function of D(U), n = n(D(U)), i.e.

o’ = n(D(U)) D(V).
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a / b /
o' A o’ A slope 7
slope n
' '
8ZU azU

Fig. 10 (a) Representation of a Newtonian fluid in the plane (¢/) — (3, U) with viscosity 1; (b)
generalized Newtonian fluids

(see Fig. 10) are called Generalized Newtonian fluids; cf [41]). For example:

* Corn flour is a material whose behavior is fluid when it is gently mixed but it
becomes very viscous if it is strongly mixed. That is, “viscosity ” increases with
“shear”. Such materials are shear-thickening.

In the case of a uniform shear-thickening flow, we have o’ = n(dzU)dzU,
where 7(dzU) is an increasing function of dz U . They can be represented in the
(6') — (02U) plane as follows:

o' A

slope o« n(0zU)
'

ozU

* There are many other materials, like paint, whose viscosity decreases with shear.
These materials are shear-thinning.
In the case of a uniform shear-thinning flow, we have 6/ = n(dzU)d,U,
where 1(dzU) is a decreasing function of 0z U . They can be represented in the
(6') — (02U) plane as follows:
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o' A

N

slope «x n(0zU)

>
ozU

Shear-thinning and shear-thickening fluids can be modelled using power-law
fluids. The viscosity of power-law fluid is defined by n(D(U)) = 7 |D(U)|*~!, for
some positive constant 77 and n > 0. For these, we have

o’ =7 |DU)["~' D(U),

Let us remark that:

* Ifn < 1 the material is shear-thinning.
e Ifn =1 the fluid is Newtonian and 7 is the constant viscosity.
e Ifn > 1 the fluid is shear-thickening.

Nevertheless, the flow of some materials cannot be modeled by a power-law
model. This is the case of clay, snow or lava that only flow when the shear stress
is bigger than a critical value. These materials are example of what we can call
“threshold” fluids. Below a stress 7. the material present a rigid behavior but above
7. the material begins to flow. They are visco-plastic materials. Bingham defined
Plasticity as follows (see [10]):

We may now define plasticity as a property of solids in virtue of which they hold their
shape permanently under the action of small shearing stresses but they are readily deformed,
worked or molded, under somewhat larger stresses.

Bingham law follows this property and it depends on a threshold shear stress ..
o’ is defined as follows:

lo’| < 7, if |[DU)| =0

o' = nD(U) + gy if [D(U)] # 0.

99)

Note that this definition implies that, in the case that | D(U)| = 0, we only know
that o’ is bounded by 7. That is, ¢’ is a multivalued function in this case. It is easier
to understand this law by considering the inverse function. Let us suppose that we
perform two experiments of a uniform flow for a plastic material and we measure
the shear rate 97U in terms of the shear stress o’. We have marked with crosses in
the following figure two points corresponding to the measures:
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dzU A

With black dashed line we plot the law corresponding to the case of Newtonian
fluids, that is, straight lines passing by the point of measure and by (0,0). Let
us remark that if the fluid is Newtonian then it is enough to look for only one
experiment in order to measure its viscosity. Remember that the viscosity in a
Newtonian fluid is the inverse of the slope of such a straight line. Performing a
second experiment is a way to see if the fluid is Newtonian. If we have a graph as
the one of previous figure in which the second measure does not lead to a point in
the same straight line, then the fluid is not Newtonian.

Conversely, if we consider a straight line passing through these two points, we
obtain the value of the shear threshold ., as the point at which this line cuts
the horizontal axe. Actually, measurements show that the real behavior of plastic
materials does not follows exactly this straight line. They follow a curve that can be
seen as a regularization of the corner around the point (z.,0) (dashed-blue line in
previous figure). The model proposed by Bingham, defined by (99), corresponds to
the graph defined by the union of the two blue straight lines in the previous figure.

The general case combines power-law and plasticity. This is the Herschel-
Bulkley constitutive equation. For the case of uniform flow it can be represented
in the (0’) — (02 U) plane as follows:

o AHerscheI-BulkIey . Bingham

-~ Newtonian

Te -

ozU
Herschel-Bulkley model is characterized by the following stress tensor:

P =pl—0d’, (100)
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where

o' =t g + A1 DO)[""' D(U) if D(U)] # 0,

0] < 7 if |ID(U)[ =0

with n > 0. In the case of avalanches, we have n € (0,1). In [3] the dam-
break problem for visco-plastic Herschel-Bulkley fluids down a sloping flume is
investigated and laboratory data are presented.

8 A Shallow Herschel-Bulkley Model for Fluid—Solid
Mixture Avalanches

In this section, a shallow Herschel-Bulkley model is deduced (see [1, 14]). One
of the difficulties of Herschel-Bulkley model is that, when |D(U)| = 0, only a
bound of the stress tensor is known. Then, we cannot obtain a shallow Herschel—
Bulkley model following the same steps as in the previous sections. Several types of
shallow Herschel-Bulkley models have been proposed in the literature. For example
in [8, 22] shallow visco-plastic models have been proposed in the case of nearly
steady uniform regime. That is, the reference velocity for the asymptotic analysis is
defined in terms of a stationary solution where the viscous contribution matches the
gravity acceleration. Such a type of models are only valid for 8 # 0. In these notes,
we present another type of shallow model, which corresponds to the inertial regime,
where inertial and pressure-gradient terms are of the same magnitude.

As mentioned, we cannot follows exactly the same steps as in the derivation
of Savage—Hutter. Basically, we cannot reproduce the items [M]: the momentum
conservation law and [ []: integration process. Nevertheless, note that the integration
process in the derivation of the Savage—Hutter model is equivalent to consider the
variational formulation of the model with test functions that do not depend on
the vertical variable Z. Following this idea, we can consider first the variational
formulation of Herschel-Bulkley model, which has the form of a variational
inequality and then consider test functions that do not depend on the variable Z.

Thus, the derivation of the shallow Herschel-Bulkley model is done following the
items:

* [d] Boundary and kinematic conditions.

[/ M -y (X, Z) > 0] Momentum conservation law in variational form.

« [A] Dimensional analysis.

[/ M -y(X) > 0] Variational inequality for test functions independent on Z.
[<] Final system of equations.
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8.1 [d] Boundary and Kinematic Conditions

Let us remember that n” is the unit normal vector to the free granular surface Z = h
with positive vertical component, and n’ = (0, 1), the unit normal vector to the
bottom (Z = 0), denoted as I},.

The kinematic condition is considered at the free surface
0:h + Ulzendxh — Wlz=p = 0, (101)

And the following boundary conditions are imposed:

e OnZ =h:

n" - 2n" =0 (102)

Z.n" —n'@" . P = (fricfz)(U)), (103)

where fric, (U) is the friction term between the granular layer and the air. For
simplicity, we will suppose that fric,(U) = 0.
* OnZ =0:

U,WwW)n"=0 = W=0, (104)

P’ —nOn° . Zn0) = (_O(‘)U). (105)

That is, we consider a simple linear friction law between the material and
the bottom. This is one of the main differences between the model derived
in this section and the Savage—Hutter one: while in the Savage—Hutter model
the Coulomb friction law controls the yielding of the material, in the shallow
Herschel-Bulkley model this effect is due to the stress tensor definition and, in
particular, to the rigidity coefficient 7. (also called yield stress).

82 [fM-y(X,Z) = 0] Momentum Conservation Law
in Variational Form

In this item, we write the variational formulation of the system defined by (98)—
(100). By the definition of the stress tensor o’ we obtain a variational inequality
(see [19]).

Let us suppose that the domain filled by the avalanche, £2(¢), can be written as
follows:
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1) ={(X,Z2)eR* X €[0,L];Z €[0,h(X,1)] }.

By supposing that i(X, ), the height of the avalanche, is a bounded function in
space and time we may consider

V() ={¥ = (9 V.9 e WHHT(QW) /| Ylx=0=VIx=1 =0, ¢|z=0 = 0}.

Then, we look for the solution U(z, ) € #/(¢) and p(¢,-) € LU+ (82(1)) satisfying
for every ¥ = (¥, ¢) € # (¢) and for every ¢ € LU+ (2(1)):

* The incompressibility condition:
f q div(x z)UdXdZ = 0, Vg € LY (Q2(1)).
()
* And the momentum variational inequality:

/Q(t) p(%_? +(U- V(x.z))U) (W —U)dXdZ

_ / p(b + Zcos 6 + L) (divie.z) W — diviy 2 U)dXdZ
2(t) p

+ [ §|D(U>|"-ID(U> . (D(¥) — D(U))dXdZ
Q)
+5 | (1pW) - D)) dxdz
2)

+/ aU(y —U)dy =0 YW e W () (106)
I (1)

withn € (0, 1).

Remark 3. The inequality in the weak formulation of the momentum equation is a
consequence of the weak formulation of the rigidity term in the stress tensor. If we
consider the case | D(U)| # 0, we have

1
—/ div(x,z)(a’)(llf —U)dXdZ = —/ o' : D(¥ —U)dXdZ
2(1) 2 (1)

_1 Db | _
=3 /9 <D0 . (D(¥) — D(U))dXdZ

3 / D"~ D(U) : (D(¥) — D(U))dXdZ.
20)
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Moreover,

D(U)
. —— (DY) —-DU))dXdZ
I/WHD(UN (D(¥) — D(U))
_ D(U) : D)
_Tc/(z(z)

DO dXdZ—rC/ ID(U)|dXdZ

2(1)

and,

dXdZ < 1, [ |D(¥)|dXdZ.

(1)

T./ D(U) : D(¥)
“Jow IDU)

Observe that this is also true for the case | D(U)| = 0. Therefore, a solution of the
problem in differential form is a solution of the variational inequality. Nevertheless,
it is not trivial to prove rigorously that the solution of the variational inequality is a
solution of the differential problem. Although, formally it is possible to deduce the
differential system from the variational inequality. One can consider as test functions
VU =U-+ AV, ¥ = U — AV and to study the limit when A tends to zero. O

Let us develop the variational inequality (106) in terms of the components of the
vector. As ¥ = (¥, ¢) and U = (U, W), we have

/Q(t) p(3:(U) + pUdxU + pWdLU)(y — U)dXdZ
+ /Q(t) p(0,(W) + pUdy W + pWd, W)(p — W)dXdZ
- /Qm p(b + Zcos 6 + %)(ax(yf —U) +0z(¢p —W))dXdZ
+f b (28X(U>ax(w ~U)

+@x (W) +3z(U)@Ox(p = W)+ 0z(y —U)) +202(W)dz(p — W))dXdZ

v [ (Yo + Jome + a0 + ooy
()

1
—\/ (@xU)? + S (Ox W + 92U)* + (97 W)Z)dXdZ

+/ «U(y — U)dy > 0
o (107)
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(n—1)/2
= (4(8;(U)2 +20xW 4+ 0,U)* + 4(8zW)2) -

8.3 [/I | Dimensional Analysis

Next, a dimensional analysis of the set of Egs. (98), the kinematic and boundary
conditions is performed. The non-dimensional variables ( ~ ) read:

Then,

With

And

(X,Z,t) = (LX,HZ,(L/g)"*),

(UW) = (Lg)/* (U, W),

h=Hh,
_ 125
a =¢e(Lg)/a, (108)
p =gHp,
1—C - gH:E;,

0/=gH<;7:gH

~

=z DO 5 H () if |D.(0)] # 0,

= T, —=
— DU

0’| <% if [ D:(0)| = 0.
- - 1 -
23)?U SafW + —32(]

&

- 1 - -

EaX?W + EazU 232W
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Using the above change of variables, the system of Egs. (98) can be also rewritten
as follows (tildes are again omitted):

Iy (U) + dz(W) =0, (109)

0 (pU)+pUdxU + pWazU + pdx (b + Zcos 0 + £)8 = edx (0yy) + 0z(0%,),
’ (110)

e{0: (bW) + pUdx (W) + pWdz(W) — 0x (0x,)} +
+pdz(b + cos0Z) = —dz(p) + dz(0,,). (111)

For the momentum variational inequality (107), we also consider the following non-
dimensional test functions:

U= (Y,@) = (Lg)l/2 (1ﬁ, £p).

The variational inequality (107) is rewritten as (tildes are omitted again):
/ p(0;(U) + pUdxU + pWazU)(y — U)dXdZ
2@)
+82/ pO; W)+ pUdxW + pWazW)(p — W)dXdZ
Q@)
—I—/ pe(@xb(y —U) + cos (¢ — W))dXdZ
Q@)
~ [ pelox v~ V) + 020~ Wypdxaz
Qw P
_ _ 1
+ [ o (ZeaX(U)aX ( — U) + s(ed (W) + 20, U))(cix( — W)
20)

iy~ U))

12637 (W)dz (g — W))dXdZ

+rc/ 8(\/(3)(1#)2 + l(saxfp + 1azw>2 + (3z¢)?
2@) 2 &

1 1
—\/(8)(U)2 + 5(83){W + EBZU)Z + (32W)2)dXdZ

+/ aU(y —U)dy =0
o (112)
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where
1 (n=1)/2
|D,(U)|"! = (4(8XU)2 +2(edx W + -0,U)* + 4(8ZW)2) .
&

Let us also remark that for the inclined plane case considered in these notes we have

dyb = sin6.

84 [[ M-y (X) = 0] Variational Inequality for Test
Functions Independent of Z

In this section, we obtain the mass and momentum equations of a Shallow Herschel—-
Bulkley model. To obtain it, we neglect the second order terms (&(¢?)) and we
consider test functions which are independent of Z.

Let us remark that to consider test functions independent of Z is analogous
to depth average the mass and momentum equations. In fact, we can see that if
7. = 0, then we have a variational equality for the momentum conservation and the
procedure described below is another way of deriving the Shallow Water equations.
And, if the Coulomb friction law is considered at the bottom, the Savage—Hutter
model deduced in Sect. 2 is recovered.

First, note that if g € LU+ (2 (1)) is independent of Z then

L h
/ qdiV(XQZ)U = / q(X)(/ diV(X,Z)UdZ)dX = 0.
() 0 0

By using the kinematic conditions, we obtain

L
[ q(X)(a,h + aX(hU))dx =0, Vqe LUt (o,L).
0

This gives a different way to obtain the mass conservation equation:

Let us now consider test functions ¥ = (v, ¢) where ¥ is independent of Z.
Analogously to previous sections, we assume that the velocity parallel to the bottom
U is independent of Z. Then, if we neglect second order terms (£'(¢?)) in (112), we
obtain
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L
/ ph(3;(U) + pUdxU)(y — U)dXdZ
0
+[ pe(@xb(y —U) + cosO(p — W))dXdZ
2()
[ pel@x(r — ) + 020~ Wiaxaz
Q@ P

n—I1
- f 7722”_2((3XU)2+(3ZW)2) (2eaX(U)ax(vf—U> (113)
()

+2edz(W)dz (¢ — W))dXdZ

+7, / e(ﬂaxvf)z + (029)* — V(OxU) + (3ZW)2)dXdZ
Q@)

L
+[ Uy — U)dy > 0.
0

Moreover, by using the incompressibility condition, by choosing also test
functions with zero divergence whose vertical component vanishes at the bottom—
to be consistent with boundary condition (104)—we have

W =—-Z0oxU, and ¢ =—Zdyy. (114)
By using (114) we get:

L
/ (Oxb(Y—U)+cos 0(p—W))dXdZ = / (h8Xb+8X(h—2cos 6))(W—U)dX.
() 0 2

Finally, using this last equality and (114), we obtain from (113):

L
/ ph(3,(U) + pUdxU)(y — U)dXdZ
0
L h2
+/ p(haxb + 8X(?cos 9))(1& —U)dX
0
L
+/ 2" 15105 U edx (U)dx (v — U)dX (115)
0

L
+2‘L’C/ eh(|oxy| —|0xU|)dX
0

L
+/ Uy — U)dy > 0.
0
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8.5 [<>] Final System of Equations

Coming back to the original variables and using (108), we obtain the following
system:

o Mass conservation:
L
/ (a,h + ax<hU>)q<X)dX =0, VgeL(o,L). (116)
0

« Momentum variational inequality: Yy € W1t ([0, L)),
L h2
/ p(h(‘),(U) + phUdxU + ghoxb + gax(jcos 9)) (Y — U)dXdz
0
L
+ [ 20U 0 ) (v - Uy
0
L
42z, [ h(axvl - U ax
0

L
+/ aU(y —U)dy = 0.
’ (117)

Note that the first line corresponds to convection and pressure terms in Shallow
Water systems and the second one to viscous effects. The third line contains the
terms associated to the rigidity properties of the material. Last line of previous
equation correspond to the bottom friction term.

Let us remark that (116) and (117) corresponds to the weak formulation of the
following partial differential system:

3,h + dx (hU) = 0,

(118)
h(B,U + U0, U + g(b+ h cos 9)) +aU —0dx(ho’) =0
where
axU
o' = 25" 15105 U U + 2t ——  if |8,U| # 0
loxU|
(119)
lo’| <2z, if [0,U]=0.

As mentioned before, it is easy to see thatif t, = 0, n = 1 and the linear friction law
is replaced by the Coulomb friction law (13) then the Savage—Hutter model deduced
in Sect. 2—with standard viscous terms—is obtained.
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Fig. 11 Initial condition. Dashed-dotted line: free surface of the viscoplastic material. Continuous
line: bottom

We refer to [1] for the discretization of this shallow-Herschel-Bulkley model.
Let us present an example. As initial condition a rectangular layer is considered on
a closed domain with a plain with a slope of 30° (see Fig. 11).

Figure 12 shows the evolution of the avalanche of the visco-plastic material
correspondington = 1, 7. = 4,7 = 1072, « = 1072. The left column shows the
evolution of the free surface at times ¢ € { 0.4, 1, 2.4, 4 } s. The right column shows
the velocity profile. This simulation shows a typical behavior of visco-plastic fluids:
at the beginning it moves as a rigid body and then it starts to flow as a viscous fluid.
Indeed, notice that for # = 0.4 and r = 1 s the velocity profile is nearly constant on
all the domain filled by the avalanche, but this is no more the case fort = 2.4 s. For
t = 4s. the material is at rest. These different behaviors are due to the definition of
the stress tensor (119).

Appendix: Bed-Load Sediment Transport Formulae

In this appendix we present several possible definitions of the solid transport
discharge, g, that allow one to close the Saint-Venant Exner system (see Sect. 1).

The study of the definition of the solid transport discharge can be seen as a
deterministic problem or a probabilistic one. For example, deterministic methods
have been proposed by Meyer-Peter & Miiller [36] and probabilistic methods by
Einstein [20].

In general, the models take into account the fact that motion of the granular
sediment begins when the shear stress (7) is bigger than a certain critical shear stress
(). Moreover, shear stress can be written in terms of the hydrodynamic unknowns
h and u by

T = yRy|S/]. (120)
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Fig. 12 Complex avalanche: Herschel-Bulkley model. Left: free surface; Right: velocity

Here S is defined by (2) and y is the specific weight of fluid y = gp,,, where p,, is
the water density.

Shear stress appears usually in non-dimensional form in the formula of ¢;. If
7« and T«. represent the non-dimensional shear stress and the critical shear stress,
respectively, then



Some Remarks on Shallow Avalanches Modelling 103

T o 7,
(ys—yd’ 7 (ys—y)d’

Here d is the sediment grain size and y; is the specific sediment weight y, = gp;,
where p; is the sediment density.

Using (120) and (121), 7« can be written as a function of the specific gravity or
the relative density of fluids r = py/p,,.

(121)

T —

enu?
Ty = —1/3
(r —1)dR,

To determine 74, many experiments have been performed in different works.
Concretely, Shields proposed the well-known Shields-diagram (cf. [40], p. 107).

Some usual formulae for rivers are the following:

* QGrass (see [26]) proposed the following formula for the solid transport discharge,

qp = Agulu™™", 1 <my <4,

where the constant A, (s*/m) must take into account the grain diameter and the
kinematic viscosity. It is usually obtained by experimental data. The usual value
of exponent m, is set to m, = 3.

* Meyer-Peter & Miiller (see [36]) developed one of the most popular formulae for
the solid transport discharge,

qr =/ (r — 1)gd3sgn ()8 (t« — t*c)3/2 )

where 7. usually is set to 0.047.
* Van Rijn (see [49]) developed the following formula for the solid transport
discharge,

0.005 (d\"* 1) a1\
g =/ (r — 1)gd® ol (E) ot/ sgn (u) (r*/ — r*ﬁ ) ,
D

where Cp is the drag coefficient.
* Nielsen (see [40]) developed the following formula

gy =+ (r — 1)gd®sgn ()12 /Tu (T — Tue).

In this case the usual value of 74 is set equal to 7. = 0.05.
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All these formulae have a range of application which depends on the grain size,
the slope of the bottom, the Froude number and the relative density r. For example,
the M-P&M formula can be applied if 0.4 < d < 29 mm, the slope of the bottom is
smaller than 0.02 and 1.25 < r < 4.2. For more details see [15-17].
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