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ABSTRACT. The Saint-Venant-Exner (SVE) model is widely used for the description of sediment
transport including bedload, erosion, and deposition processes. A modified version of the SVE
model, which includes sediment concentration incorporates exchange of sediment between the fluid
and an erodible bed and a non-hydrostatic pressure for the fluid along with non-equilibrium en-
trainment and deposition velocities, is introduced. Gravitational effects on erosion are described by
an effective shear stress formulation. This modified SVE model is derived from a general approach
with density variations. It preserves the mass of both the sediment and the fluid, and satisfies a dis-
sipative energy balance. On the other hand, well-balanced finite volume schemes adapted for SVE
models are derived since standard well-balanced schemes for the Saint-Venant system with fixed
bottom are in general no more well-balanced when applied to the SVE model. The latter property is
due to the uncontrolled numerical diffusion associated with the bed evolution equation. Two novel
techniques to achieve the well-balanced property for the modified SVE model are proposed. The
first is a new polynomial-viscosity-matrix-based (PVM) scheme, denoted “PVM-21", that modifies
the numerical approximation of the bed evolution equation according to its related characteristic
speed. The second is a physically motivated correction of the numerical diffusion term for the
Rusanov and Harten-Lax-van Leer (HLL) schemes. The proposed schemes are positivity-preserving
for the water height. Numerical solutions are compared with exact solutions with gravitational
effects, with a novel exact solution in non-equilibrium conditions, and with experimental data. It is
illustrated how the use of standard non-well-balanced schemes leads to a large artificial (unphysical)
erosion and completely degraded solutions. This undesirable behaviour is avoided by the proposed
well-balanced schemes.

1. INTRODUCTION

1.1. Scope. The dynamics of sediment transport is determined by the interplay between bedload,
erosion, and deposition processes. While bedload involves the transport of sediment particles cap-
tured in an erodible bottom, erosion refers to the entrainment of sediment into the fluid, and
deposition occurs when sediment particles settle back onto the bed. These processes affect sedi-
ment transport rates, which in turn influence river morphology and sediment distribution. Accurate
modelling of these processes requires the formulation of appropriate deposition rates, settling ve-
locities, and sediment entrainment factors. The Saint-Venant-Exner (SVE) system is widely used
to describe bedload sediment transport. It combines the Saint-Venant (or shallow water) system
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for hydrodynamics with a continuity equation (the Exner equation) to model the bed evolution.
Furthermore, erosion and deposition are commonly described by empirical formulas.

The Exner equation [15] defines sediment transport in terms of the solid transport discharge,
which requires specifying a model closure. For this purpose, several empirical models have been
introduced, although they often lack dissipative energy properties and/or violate mass conservation.
Moreover, many of these models are only validated for nearly horizontal sediment beds, which is also
a major limitation. Several SVE-type models have been formulated in terms of the closure of the
solid transport discharge. Well-known choices include the Meyer-Peter and Miiller [27] or Ashida-
Mishiue [3] solid transport discharge closures. These models are also defined under the assumption
of a small slope of the bottom and do not account for gravitational effects. Furthermore, these
models assume an equilibrium between erosion and deposition rates, as well as small interactions
between the fluid and sediment layers. As a consequence, SVE models that are based on such a
definition of solid transport discharge do not satisfy an associated energy balance.

Ferndndez-Nieto et al. [16] formally deduced SVE models from an asymptotic analysis of a
coupled system with the shallow water system and a Reynolds equation. The models proposed in
[16] take into account gravitational effects and include several versions with equilibrium or non-
equilibrium assumptions. Moreover, they are endowed with an associated energy balance. In [19], a
specific semi-implicit numerical method for the model introduced in [16] in equilibrium conditions
is introduced. That method is designed for subcritical flows. The difficulty relies in the nonlinear
degenerate parabolic behaviour of the gravitational terms in the solid transport discharge. To
overcome this difficulty, a particular formulation of the solid transport discharge suitable for the
application of a semi-implicit numerical discretization is introduced in [19]. This formulation will
be used here.

Shallow water systems, which usually form the hydrodynamic part of sediment transport models,
are typically based on a hydrostatic framework for the fluid, which means that vertical acceleration
and dispersive effects are neglected. Nevertheless, non-hydrostatic pressure may strongly influence
the fluid dynamics, as it is shown in several studies of depth-averaged models (see e.g. [4, 36, 32, 37]
and references cited in these works). Roughly speaking, these models form two big families, namely
Boussinesq-type and non-hydrostatic models, although many of them may be rewritten in both
formulations (see [13]). The main difference is that dispersive Boussinesg-type models introduce
high-order derivatives to account for dispersive effects, whereas the so-called non-hydrostatic mod-
els incorporate new unknowns and additional equations. This property simplifies the numerical
approximation since only first-order derivatives appear (see e.g. [14, 17, 38]).

Numerical approximations of SVE-type models formulated as hyperbolic systems of first-order
partial differential equations are usually based on finite volume (FV) methods. In the context of
geophysical flows, these systems frequently include non-conservative products, which complicate the
application of standard FV schemes. A widely studied problem of this kind is the incorporation of
an erodible or fixed bottom into the shallow water equations. A well-known class of F'V schemes that
properly handle non-conservative products are the so-called path-conservative schemes [10, 28, 35].
These schemes have been successfully applied to hyperbolic systems with non-conservative prod-
ucts in many applications, including multilayer shallow water systems, compressible gas dynamics,
or magnetohydrodynamics. Furthermore, Parés and Castro [29] proposed a generalization of the
Roe method (see also [35]). However, its implementation requires explicit knowledge of the eigen-
structure of the intermediate matrices. To overcome this limitation, Castro and Ferniandez-Nieto
[11] introduced a specific family of path-conservative schemes, named polynomial viscosity matrix
(PVM) methods, which extend many FV schemes based on incomplete Riemann solvers such as the
Lax-Friedrichs scheme, the Rusanov scheme (also called local Lax-Friedrichs (LLF) scheme, [24])
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and the Harten-Lax-van Leer (HLL) scheme [23]. One of the difficulties of designing such schemes
is related to the well-balance property, which refers to the ability of the scheme to preserve certain
stationary solutions, in particular, the steady at rest (or water at rest) solutions, i.e., flat free sur-
face and zero velocity. For a fixed bottom, numerous schemes are well-balanced. However, if one of
these schemes (that are well-balanced for a fixed bottom) is used to solve the SVE equations then
its steady solutions will not be preserved in many cases, even in the case of no fluid velocity and
zero solid transport discharge, because the bed sediment will move continuously. This unphysical
behaviour comes from uncontrolled numerical diffusion in the discretization of the bed evolution
equation within the SVE model; this problem does not arise in the case of a fixed bottom (see [25]).

In this work, we introduce a modified SVE-type model that is deduced from a general model
with density variation and a Boussinesq-type assumption to account for all these effects. Specif-
ically, the model includes a non-hydrostatic pressure for the fluid layer, gravitational effects, and
sediment in suspension. Each of these effects can be activated or deactivated as needed. Fur-
thermore, a general formulation for the solid transport discharge in the sediment layer makes it
possible to formulate this simplified model in equilibrium (erosion rate equals deposition rate) or
non-equilibrium conditions. Moreover, an energy balance implies that under appropriate boundary
conditions, the contributions of energy are controlled by dominantly dissipative mechanisms. An-
other contribution is a novel time-dependent semi-analytical solution for the non-equilibrium model
used to validate the methods proposed. The principal novelty, however, are two new techniques
to achieve the well-balance property of schemes for the general SVE-type model: firstly, a scheme,
denoted here by PVM-2I, which coincides with the HLL scheme for the flow variables but modifies
the numerical approximation of the bed evolution equation according to its related characteristic
speed; and secondly, a physically motivated correction of the numerical diffusion term for Rusanov
and HLL schemes. To our knowledge, no technique in the literature has been presented thaty would
be well-balanced for Rusanov and HLL-type methods for SVE models. As mentioned, Rusanov and
HLL methods can be expressed as PVM methods involving constant and linear polynomials of the
system matrix. An advantage of these methods is their preservation of the positivity of the water
depth (see [5]). On the contrary, PVM methods including a second-order term, which includes
a square of the system matrix, present challenges in proving positivity. As a consequence, the
well-balanced Rusanov and HLL methods proposed in this paper are excellent candidates to be
considered as basal schemes for the development on high-order well-balanced FV method based on
reconstructed states. Gravitational terms are discretized by following the approach of [19] not only
in subcritical flows but also in supercritical regimes.

1.2. Outline of the paper. The remainder of this work is organized as follows. Section 2 is ded-
icated to the derivation and definition of the model, along with the analysis of its key properties.
The proposed model describes bedload transport and the interaction between fluid and sediment
through the processes of erosion and deposition of suspended particles. First, in Section 2.1 the
balance equations are formulated. These describe conservation of mass and linear momentum,
sediment transport, and bed evolution. The resulting balance equations are supplemented by an
incompressibility condition. In Section 2.2 the bedload flux is defined for several cases including
non-equilibrium and equilibrium models with and without gravitational effects. Bedload discharge
represents the quantity of sediment particles transported along the riverbed or channel per unit
time. Next, in Section 2.3 we verify that the model complies with mass conservation. Then, in
Section 2.4 we demonstrate that the total mechanical energy of the model satisfies a dissipative
energy balance. Section 3 focuses on the numerical approximation of the model, including the
treatment of source terms coming form the erosion and deposition rates, non-hydrostatic pressure,
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FIGURE 1. Schematic representation of the proposed model, illustrating key variables such as the
water depth h, sediment concentration ¢, and the height of the erodible bed z;, composed of an
active layer h;, and a fixed layer hg, see Table 1.

and gravitational effects. To this end, we introduce in Section 3.1 some preliminaries and outline
in Section 3.2 the finite volume method for the governing hyperbolic system with non-conservative
products. The main contributions of this paper are in Sections 3.3 and 3.4 where the well-balanced
corrections for Rusanov and HLL methods, and the new PVM-2I method, are presented. Fur-
thermore, in Section 3.5 we introduce a semi-implicit numerical scheme to handle gravitational
terms that influence the vertical motion of particles, particularly their settling and redistribution.
The semi-implicit treatment enhances stability while maintaining computational efficiency. Next,
in Section 3.6 we deal with the source terms related to erosion and deposition, and conclude the
formulation of the scheme with description of the projection method to handle the non-hydrostatic
pressure (Section 3.7). Section 4 is devoted to the numerical tests. We validate our numerical
schemes through a series of test cases, including semi-analytical solutions, academic test, and com-
parisons with experimental data. Here, various simplified cases are considered, such as the case to
consider or not sediment in suspension, equilibrium and non-equilibrium models and the influence
of gravitational effects. In particular, we illustrate the well-balancedness of the proposed method
and the accuracy of the PVM-2I scheme with respect to the Rusanov and HLL methods due to the
reduction of numerical diffusion for the bed evolution equation. Finally, in Section 5 we summarize
our findings.

2. MODEL OF SEDIMENT TRANSPORT WITH SUSPENDED WITH PARTICLES

The framework of the sediment transport model is sketched in Figure 1. A central feature of
the model is the inclusion of the so-called active layer, which refers to the uppermost portion of
the erodible bed that directly interacts with the overlying flow. This layer is characterized by the
continuous exchange of sediment particles via entrainment and deposition. This process plays a
crucial role in controlling the short-term dynamics of sediment transport. Typically, the active
layer has a finite thickness and consists of grains that are more mobile than those in the underlying
layer [16].
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TABLE 1. Definition of key variables associated to Figure 1.

Symbol Description

h water depth

U, W horizontal and vertical velocities

c sediment concentration

Zb position of erodible bed

hg fixed bed level

E,D sediment erosion (E) and deposition (D) rates
Ne, Nd entrainment and deposition velocities

Pt density of fluid

Ps density of sediment

Yo porosity

rs = Ps/ps sediment-fluid density ratio

po = Yops + (1 —1)ps bulk density of the mixture

p=cps+ (1 —c)ps mixture density

Pnh non-hydrostatic pressure

Pnh ﬁnh/ p

T friction law (Manning or Darcy-Weisbach)

2.1. Balance equations. In Table 1 we indicate the variables that are used. With these defini-
tions, the governing equations in the non-hydrostatic case are given by

1
Bt(hpu) + 833 (hpu2 + 59]”02/) + hﬁnh) =

E-D
9¢(hp) + 0x(hpu) = po ;
I —1o
v E—D
_ 25 _ P
(pgh + 2pun) Oz TSP
N w FE-—D
O (hpw) + Oz (hpuw) = 2Py + SPT
— o
O¢(he) + Oy (huc) = E — D,
1 E—-D
Bzt + ———— Doy = — 2
tzb-i-l__w0 qb 1~ 4

Othg = — (e = 1a)-

The specific definitions of F, D, 7., and 7nq are provided in Section 2.2. The quantity 7 is introduced
in Section 2.4. Equations (2.1)—(2.4) describe conservation of mass and momentum, (2.5) models
sediment transport, and (2.6) describes bed evolution. The last terms on the right-hand side of
(2.2) and (2.3) describe the transfer of linear momentum between the fluid and sediment layers.
Equations (2.1) to (2.6) are supplemented by the incompressibility condition

h
w — u0z2y, + Orzp + §8wu =0.

The system (2.1)—(2.3) may be rewritten in terms of the unknowns h, hu, and hw. First,

combining (2.1) and (2.4), we get

Oth + 9 (hu)

_E-D
1—1p
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Using this equation we obtain the momentum balance equations for hu and hw

1 gh?
Oy (hu) + Ox(hu?) 4 ghdy(h + 21) + ;7(%,04- 8 (hpnn

= —2@8 2p — (1 — >

Pnh po\ E—-D
O¢(hw) + 0y (huw) = 2 ) + (1 2p> wy e
At this point, we make two assumptions to obtain a simplified model with a dissipative energy
balance: firstly, we assume that the fluid and sediment densities are very close at the fluid /sediment
interface. In fact, if the fluid density tends to the saturation density, then p may be approximated
by po in the transfer terms, which yields

_po 1

20 2
Secondly, in the case of low concentrations, the Boussinesq assumption is justified. Then p &~ p¢ in all
terms except for the term representing the deviation from a hydrostatic pressure d,p. Consequently,

we obtain

2 2 2
Lh S 0up pl " oup = (re — 1)9%@60 = (rs — 1)% (hdy(he) — hedyh) .

Therefore, the ﬁnal simplified model reads

E-D
h+ 0, (hu) = ,
O¢h + 05 (hu) T—
gh? g
Or(hu) 4 9,  hu® + “— 5 T hpan | + (75 )5 (hOz(hc) — he Oyh)
7  uE-D
(2pnh + gh)a Zb — 2 1— ¢o
wE—D (2.7a)
&g(hw) + (‘9 (huw) = 2pnh + 5?%
¢ (he) 4+ 0z (huc) = E — D,
1 E-D
Orzp + 1_7%%% TS
Othg = —(7e — 14),
together with the same incompressibility condition
h
w — u0zpzy, + Opzp, + §8xu =0. (2.7b)

This model consists of seven partial differential equations from which one seeks to determine the
same number of scalar unknowns, namely h, u, w, ¢, 2y, hg, and pn, as functions of horizontal
spatial position z and time t.

2.2. Bedload modelling. The bedload discharge is typically determined based on the shear stress
acting on the bed and the critical shear stress required to initiate sediment motion. When the shear
stress exceeds the critical threshold, sediment transport occurs. Various empirical models exist to
predict bedload discharge, but many exhibit limitations such as the absence of a dissipative energy
balance, mass conservation inconsistencies, or restricted applicability to specific flow conditions
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[16, 19]. In this subsection we present a class of bedload models that satisfies an energy balance
(see Theorem 2). Firstly, non-equilibrium models are introduced. Secondly, the simplified case of
equilibrium models, which is widely used in the literature, is presented. Finally, bedload models
that take into account gravitational effects are discussed.

2.2.1. Non-equilibrium bedload models. In this case the bed evolution equations are given by
1 E-D
0 ———— 0@y = ———, Othg =10q — 7,
Lzh + 1— 4o xdb 1_ %’ thg = Tid — Te,

where the bedload flux is modelled as gy, = hi W, with Ay, == 21, — hyg,

W, == vp/ (15 — 1)gds,

and 75 = ps/pr the density ratio. The sediment transport velocity is given by

o = sgn(T) (V0 — Vbe)+, (2.8)
where the so-called Shields parameter 6 is defined by
_ Il
pf(rs - 1)gd57
and 6. is the critical Shields parameter. Here 7T represents the shear stress defined by

T = Crulu| with C¢ = gn?h~Y/3 (Manning law) or C¢ = £/8 (Darcy-Weisbach law).  (2.9)
Pt

Finally, the vertical entrainment and deposition rates are given by
. k. ) k
e = (0 = 0c) 1 ————/(rs = 1)gds, 14 = hm - V (rs = 1)gds. (2.10)
1- wO ds
The erosion and deposition rates (E and D) are defined by empirical formulations, which will be
detailed later in the numerical test (Section 4).

2.2.2. Equilibrium bedload models. If equilibrium conditions are assumed, i.e., 1, = 7)q, we obtain
by equating the right-hand sides in (2.10)

B dske
ka(1 — o)
which leads to the simplified bedload flux

ap = sgn(T)ZZ(G —0:)+ (VO — /6, 1 iiswo V (rs — 1)gds. (2.12)

This expression for gy, is substituted into the evolution equation for zp, in system (2.7a). Since
the last equation, the evolution equation for hg, is no longer needed, we obtain as a result the
equilibrium version of model (2.7).

Notice that other definitions of 7, and 74 also imply different definitions of hy, for equilibrium
models. The definition of Ay, (2.11) implies the definition of ¢, given by (2.12), that is a general-
ization of Ashida-Mishiue model [3]. Another variant of the definition of 7, is

0— 0%k

Te = \/é— \/970 1— o (Ts - 1)gd87

which in the equilibrium case implies the solid transport discharge

(TS - ]-)gdsa

hm (9 - 9C)+7 (211)

3/2 ds
1 — o

ke
ab = sgn(7) (0 = 0c)
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which is a generalization of the well-known Meyer-Peter and Miiller model [27].

2.2.3. Shear stress and gravitational effects. The shear stress 7 is typically chosen based on Man-
ning’s law but can be generalized to include gravitational effects in sediment transport. Following
[19], we define an effective shear stress Teg:

Teff T

—_— = klax(h + Zb) — koOyp2p, (2.13)
Pt Pt

where ki = ¥gds, ko = Ugds(rs — 1), and ¥ := 6./ tand, with § representing the angle of repose
of the sediment material (commonly § &~ 25°). These additional terms account for gravitational
effects through bed and free surface slopes. If 7.4 is used instead of 7 then we obtain the effective
Shields parameter

| Teft |
pe(rs — 1)gds’

By writing 7.g and feg in place of 7 and 6, respectively, in Eqs. (2.8) and (2.10) we obtain
the final non-equilibrium model (2.7) with gravitational effects. Analogously, the final equilibrium
model with gravitational effects is obtained by modifying Eq. (2.12) for the solid transport discharge
accordingly with 7.¢ and O.¢-.

If 7oq as given by (2.13) is used within (2.14) , then equation (2.5) will include second-order
spatial derivatives. Consequently, explicit numerical methods require a stability condition of CFL
1/Az?, which leads to undesirably small time steps. To mitigate this issue, a semi-implicit method
[19] should be employed to ensure numerical stability without excessively restricting the time step
size. This is detailed in next section.

Oeﬂ‘ = (2.14)

2.3. Mass conservation. The principle of mass conservation is essential for constructing accurate
models of sediment transport. The sediment mass ms = ms(x,t) and the fluid mass mg = mg(z, t)
at position x and time ¢ are given by

ms(x,t) == ps (h(w,t)c(m,t) +(1- wo)zb(x,t)),
me(x,t) = pf(h(.%', t)(1 — (=, t)) + Yoz (7, t))7

respectively. Namely, we obtain the following result, which is obtained straightforward from (2.1),
(2.4), and (2.5):

Theorem 1 (Mass conservation). The model satisfies mass conservation. Specifically, the model
implies the equations of conservation of sediment and fluid mass

Oyms + 0y (huc + qp) = 0,

Oymg + 0, (hu(l —c)+ Yo qb> =0.
1 — 1o
2.4. Energy balance. The solid transport discharge ¢, is defined in Section 2.2 in several alter-
native forms. All these definitions can be written in the general form

b =haVo, Vo=u—P, P:=C10.(h+ 2p)+ Co0r2, + C3(rs — 1)sgn(V}) tand (2.15)

with dimensional parameters Cp, Co, C3 that are defined in terms of physical values such as the
gravity constant, the mean grain size diameter, and the critical Shields parameter (see Section 2.2).
Moreover, hy = 2, — hg for non-equilibrium models while hy, is defined by (2.11) for equilibrium
models. Finally, we define

7 =17+ pthmP, (2.16)
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where 7 is a generic friction term (e.g., Manning or Darcy-Weisbach), see equation (2.9). This
model satisfies the following dissipative energy balance:

Theorem 2 (Energy balance). Consider the system of equations (2.7), (2.15), and (2.16), de-
scribing shallow water flow with sediment transport and bed evolution. Then the total mechanical
energy

£ g(h —; 2p)? n h(u? ;— w?)

satisfies the dissipative balance law:

2 2 2 _
3t5+<9z(u<hu 42—hw +gh (1+;(rs 1))

+ pnh> +aqpg(h+2) + ghuzb>
(2.17)

3 ), T gl — 1)
< —{(rs — 1)hm|vp| tand + hy P 4+ u pf} + cOz(h U)T
For brevity we omit the proof, which is similar to the one presented in [16]. Clearly, term in curled
brackets on the right-hand side of (2.17) is non-negative under standard physical assumptions, and
hence it contributes to energy dissipation. However, the last term, which involves the spatial
derivative 9, (h%u), is not in conservative form and, in principle, may act either as a source or a
sink of energy depending on the sign of the derivative. However, the structure of the term allows
for a meaningful interpretation. In regions where d,(h?u) < 0, the contribution is manifestly
dissipative, since ¢ € [0,1] and the entire term is non-positive. In regions where 9, (h?u) > 0, the

term can be rewritten as

cdp(h?u) = 0,(h?u) — (1 — )0y (h%u),
where the first term 0,(h?u) is conservative and can be absorbed into the energy flux (especially

under appropriate boundary conditions). The second term, —(1 — ¢)9,(h%u), is non-positive in this
case and thus it contributes to dissipation. In general, we have the identity

¢, (h%u) = O, <1 + Sgn(;?z(h%))h%) _ (1 +Sgn(23m(hZU)) _ C) 0, (h2u),

which is composed of a conservative term and a dissipative one. It follows that the full energy
inequality consists of a collection of dissipative terms, and conservative fluxes that vanish under
suitable boundary conditions. Therefore, the total mechanical energy satisfies a net dissipative
balance law, and energy is non-increasing in time under these assumptions.

3. NUMERICAL IMPLEMENTATION

3.1. Preliminaries. To compute the model transition from time ¢, to t,+1, we should use a
robust numerical scheme that can handle second derivatives, and preserve positivity of the needed
variables. The discretization of governing system (2.7a) combines the following four ingredients: the
underlying hydrostatic hyperbolic system with non-conservative products is solved; second-order
derivative terms coming from the gravitational effects are included; source terms corresponding
to the friction and erosion are deposition rates are incorporated; and non-hydrostatic pressure is
computed and the horizontal and vertical velocities are accordingly corrected.

In the following we write the compact form of system (2.7a) in the non-equilibrium case but we
do not include gravitational effects yet. These are handled in Section 3.5. To this aim, we denote
by W the vector of conservative variables. The system (2.7a) is written in compact form as

W + 0, F(W) + B(W)o,W = K(W) + VnuQ,
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where we define

h hu 0 00 O 0 O
hu hu? 4 gh? /2 Yo 0 0 ~pe gh O
_ | hw . huw _ 10 00 0 0 O
W = he | FW) = hac , B(W):= 0O 00 0 0 ol (3.1)
2 av/ (1 — o) 000 0 00
he 0 000 0 0 0
along with vy, == —(g/2)(rs — 1)he, Yhe == (9/2)(rs — 1)h, and the source and non-hydrostatic terms
0 1 0
-7 u/2 —02(hq) — 2q0z2p
0 E-D | w/2 2q
K = —_— =
(W) 0 + 1— 7,[}[) 1— wo ) vNHQ 0
0 -1 0
Nd — e 0 0

We now describe the steps of the numerical scheme for non-equilibrium model with gravitational
effects and non-hydrostatic pressure. This scheme is easily adapted to particular cases as hydrostatic
pressure, the absence of gravitational effects, or the equilibrium regime. For simplicity, at each step
we assume that the solution evolves from time ¢, to t,11. So, W* must be understood as the
output of a previous stage.

3.2. Finite volume method for hyperbolic system with non-conservative products. We
adopt the path-conservative framework [12, 28, 29] to deal with possible discontinuities in the
solutions and the presence of non-conservative products in the underlying hyperbolic part of the
system, i. e.,

W + 8, F(W) + B(W)0,W = 0. (3.2)

This system can be written in quasi-linear form as oW + A(W )0, W = 0 with the 6 x 6 matrix
AW) = 90F(W)/0W + B(W), whose eigenvalues are A € {0,u} plus the four eigenvalues of the
reduced matrix

0 1 0 0

fw o |~ gh 20 e gh 1

AW) = e p w 0| =1 woﬁgqb for & € {h, hu, 21, }.
ayp, apy 0 ay,

In practice only very small values of concentration ¢ are assumed, and the contribution of ¢ just
for the computation of eigenvalues is neglected. Consequently, if we assume ¢ < 1 in A, then the
eigenvalues of A(W) are 0, u, and u, and the eigenvalues of

0 1 0
AW) = |—u?+gh+~, 2u gh|. (3.3)
ap Ohy Qg

The FV discretization is based on the subdivision of the horizontal domain into uniform control
volumes V; := [z;_; /25 Tig1 /2] of length Az for ¢ € Z. It is assumed that W' approximates the cell
average of W on V; at time t,, i.e.,

1
W= — W (x,t,)dz.
P g Wit de
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For convenience, in the discretization we separate the convective and pressure terms in F(W). To
this end we replace (3.2) by

OW + 0, F (W) + S(W)0y(h + 21,) + B(W)9,W =0,

where we define S(W) = (0, gh,0,0,0,0)T. A usual first-order path-conservative explicit scheme
now reads

n n Az 1, -n =N n n
Wit = w AL ('7:?“/2 —Filipt §(Bi+1/2 +Bi 10+ 850t 5¢—1/2)>’

where we define

ST

1
By = (BWD) + BW?P,) (Wi, — W) and
2

n 1 n n =
8i+1/2 = 2 (S(W ) + S(WH-l)) (hz+1/2 hz+1/2)

where h'" il /2 are the reconstructed states to approximate the free surface gradient given by
+ 9’
h7+1/2 - max{hz-l—l +2b at+1 ;;:_nl/zao}a
h?+1/2 = max{hj +z}; — ZJr1/2,0} and

;k-i-nl/Q - max{zb i1 b H—l}

These states are also useful to handle wet/dry areas. In what follows we omit the upper index n
for simplicity. The numerical flux F;,, /5 is defined according to a PVM scheme (see [11]), where
the viscosity matrix is defined as a polynomial evaluation of the Roe matrix A;;/5. This matrix
is assumed to satisfy the relation

1
Aip1pWip1 —W,) = F(Wi) — F(W;) + / Bo(s; W1, W;)0s®(s; Wi, W) ds,
0

where F' and B are as given in (3.1). For convenience, we assume a general second-order PVM
scheme. This includes all particular cases studied herein, namely the Rusanov, HLL, and PVM-2I
schemes. Then the general numerical flux is

1

1 _
§(F0(Wi+1) + F.(W;)) - B (Oéo,z‘+1/2 (W;CH/Q Wlﬂ/g)

+ (rip1jod + o iy1/9Ai1)2) (F(Wig1) — F(Wy) + By o + Si+1/2)>

with I the identity matrix, and W?Srl /o Are the reconstructed states

Fivij2=
/ (3.4)

_ _ _ _ _ T
Wz+1/2 (hz+1/2’ hz+1/2““ hz‘+1/2wi7 hi+1/26i7 2b,is hgji)

+ . (pt , + , + . -7
Wi+1/2 " (hi+1/2’hi+1/2ul+1’hi+1/2w1+17hi+1/2cl+1azbﬂ+17hgﬂ+1) :

Notice that the reconstructed states are used just for the well-balancing of the scheme and the
wet/dry treatment.

3.3. Well-balanced property of HLL and Rusanov methods for SVE systems. The well-
balance property of the scheme is a requirement not only to preserve steady solutions but also
to reproduce solutions that consist in small perturbations (similar to the truncation error of the
method) of equilibrium states. For the design of the scheme for (2.7a) we focus on equilibrium
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states at rest, although other equilibrium states with u # 0 will equally be preserved (see, e.g.,
Section 4.2). The steady states at rest (with no erosion) satisfy

h + zp = constant, |Oyzp| <tand, u=w=p,, =0, ¢=0, E=D, 1n=1q. (3.5)

The condition for the bottom slope is deduced from f.g < 6. with © = 0 and h + z;, = const. It is
remarkable that these are steady states when gravitational effects are incorporated. Otherwise, no
condition on the bottom slope is necessary.

The Rusanov and HLL methods are defined by (3.4) where the numerical diffusion of the scheme
is defined in terms of the constant and first-order polynomials PRV (x) and Pfl(x), respectively,
given by afV = odlMt = 0 and

P[%{U(x) = aORU with aORU = max({|SL|, |SR|},
niL . SRISLI = SUISRl min _ [SrI— IS (3.6)

'th . =
oW @0 SR—SL A SR—SL ’

. HLL HLL

where St, and Sy are approximations of the largest and the smallest eigenvalues, respectively, of
the Roe matrix of the system A;y/o.

These definitions do not lead to a well-balanced scheme in the case of an SVE system due to the
evolution equation for the sediment layer z;,. Concretely, the term o ;14 /2(Zb7i+1 — zp,3) does not
vanish in that equation for steady states. This behaviour results in a non-physical erosion of the
bed. In [22] a modification of HLL method was proposed that neglects this term (in combination
with an upwind approximation). Apart from that, to the best of our knowledge from literature, well-
balanced Rusanov or HLL-type schemes for sediment transport problems have not been developed
so far. Here we propose a simple modification of the Rusanov and HLL schemes for system (2.7a)
with the well-balance property. This modification consists of an appropriate correction to the
numerical viscosity related to the contribution ag;,1/2(2bi41 — 2b;) inspired by the case of the
equilibrium model. So, a compelling approach to address this problem involves interpreting the
non-equilibrium model as a generalization of the SVE framework. To this end, we consider the
evolution equations for the bottom layer variables z1,, hy and hg:

1 1
Oxqn, = 0, Othym + ———0.qp, = 0, Othe = 0,
1— 4o zqb tMm 1— o z4b tig
where for sake of simplicity, we neglect erosion or deposition contributions (i.e., we set E = D) as
in the steady state (3.5). In general, we use the equations for z;, and hy to compute hy, as zp — hg.
Let us consider the Rusanov or HLL method to evolve from t,, to t,1, i.e.,

8152’]3 +

At (a5 +ap; 1
+1 50 ji+1
Z{ii a Zg’i Az 22 (agvi‘f'l/?Azg,i—i—l/Q + a?7i+1/2Aqg7i+1/2)
Ax 2 9
At (4ot dh,1 1
Az <Z2Z —5 (a&z‘—l/gAZﬁi—l/g + Oé?’i_l/QAq]gL’i_l/Q) ’ (3.72)
At (a4t a4 1
+1 _ 50 a+1
P = himi — Ar (2 - 5(0487”1/2Ah7r}1’i+1/2 + a?,i+1/2Aqg,i+1/2)
At (a5, +ap, 1 1
Az <Z21 -5 (Oég,i—l/gAhg,i—l/z + arll,i—l/QAq&i_yg) . (3.7b)

n+l _ 1n
hei =h (3.7¢)

8,17
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where ag, a1 are defined by (3.6), and A& 1/9 = &i11 — & for £ € {2, hm, qv}. By subtracting
(3.7b) from (3.7a) we obtain for hg

1 At

2 Az [ag,i+1/2 (AZQ,Z‘H/Q - Ahzl,i—f—l/Q) - ag,i—l/Q (Azg,z'—1/2 - Ah;,i—yz)] )
whose right-hand side term will not vanish in general. This property produces an inconsistency
error with respect to (3.7c) due to the numerical diffusion.

This inconsistency may lead to different numerical results depending on the pair of equations
used to compute z1,, hy, and hg. In some cases, it may even produce unphysical values such
as negative hy, (or zp, hg, depending on the formulation), or more generally, violate the relation
2p = hm + hg at the discrete level. Therefore, it is necessary to introduce a modified approach
that resolves the discrepancy in the numerical viscosity term while ensuring consistency with the
stationary solutions. To handle this issue we propose to replace the discrete differences Az, and
Ahy, in Egs. (3.7a) and (3.7b), respectively, by a consistent approximation based on the equilibrium
model:

n+l _ pn __
hg,i hg,i -

eq _  ske _
hm - (1 — wo)kd (9 0C)+’
However, since Az, originally appears in the numerical viscosity term, it plays a crucial role in
determining the direction of artificial diffusion. In fact, replacing Az, by Ahm without adjusting
its sign may lead to inconsistencies in the numerical flux. To address this issue, we replace the
expression of the discrete jump Az, ;1 /9 and Ahy, ;419 in (3.7a) and (3.7b) by

e dske
Alyligiye = m\(@ﬂ —0c)1 — (05 — 0c)+ | sgn(Azp i112),

where we explicitly include the sign of the slope. This formulation ensures that we use the appro-
priate sign to preserve the directionality of the numerical viscosity. Thus, artificial oscillations or
inconsistencies in the discrete sediment flux are avoided. Moreover, this modification guarantees
consistency in the computation of 2y, hm, and he independently of the chosen pair of equations in
(3.7). It also preserves the desired steady states when 6.4 < 0., since hf&i 172 naturally vanishes
in those regions. Finally, since this correction is consistent with the definition of the equilibrium
model, it results in a well-balanced scheme also in the equilibrium case.

3.4. PVM-2I method. The introduction of a new accurate scheme for sediment transport is
motivated by some shortcomings of the Rusanov and HLL methods. They are not only not well-
balanced (without corrections) as mentioned earlier, but also introduce a high level of numerical
viscosity, especially for the evolution equation of zp, which causes excessively rapid, physically
inaccurate erosion. To handle these issues we propose a combination of the Rusanov or HLL
method with a three-wave PVM method. The resulting new method will be denoted as PVM-21
method (since it is defined by a quadratic polynomial and employs an intermediate eigenvalue),
and it is well-balanced by construction. The main idea is, in order to reduce the numerical diffusion
associated to the bottom evolution equation, to use a second-degree PVM method just for that
equation. Thus, the PVM-2I method is defined by the numerical flux (3.4) for all unknowns except
for the sediment bed, that in this case is

1

(Fiv12)z = §(Qb,i + Gbit+1)
1, o 21 21

) (ao,i+1/2AZb7i+1/2 + al,i+1/2AQb,i+1/2 + Oég,i+1/2[Ai+1/2AFi+1/2]zb)7

(3.8)
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where [A; 1 /9AF; /5], denotes the component corresponding to the evolution of zy, of the product

Ai19AF 1= Ay n(F(Wis1) = F(W,) + By 1o+ Siy1),
and o2

Tit1/2) k = 0,1,2, are the coefficients of the polynomial P (z) := o2l + o'z + a3l2? that
satisfies Pa(S1,) = |SL|, P2(S1) = |S1|, and P>(Sr) = |Sr|, where St is an estimate of an intermediate
eigenvalue, which is detailed below. The coefficients of this polynomial are given by

of _ HLL ,_ oI of _ HLL _ oI
af = oy +a5SLSr, aof =a7 " — a5 (Sr + SL),

o2 = USel = IS1)(S1 = S1) — ([S1] — [SL)(Sk — 51) (3.9)
? (Sr — SL)(Sr — S1)(S1 — SL) '
The key point is that St is chosen in such a way that St = 0 in the case of no sediment transport.

So, a%l = 0 in such case, and the diffusion term in (3.8) vanishes, therefore steady solutions are

preserved and non-physical erosion is avoided. With this in mind, we choose St as the intermediate
eigenvalue of the simplified Roe matrix ./L-H /2 given by (3.3). Notice that the new coefficients (3.9)
can be seen as a correction of the numerical viscosity associated to the usual HLL scheme.

Let us remark that the PVM-2I scheme preserves the positivity of the water depth since it
coincides with HLL for the mass and momentum equations for these equations (see [5]). It is
worth mentioning that we are not able to prove the water depth positivity when applying the
second-degree PVM with O‘%}lz given by (3.9) for the whole system. Furthermore, although we do
not have a general proof of positivity of the sediment bed for the PVM-2I scheme, we have not
observed related troubles in the numerical experiments. Actually, positivity can be controlled by
diminishing the time step, and the bed evolution is related to a much smaller velocity than water
waves. Consequently, as long as the time step is adapted with a CFL condition suitable for water
waves, it is sufficiently small to handle the bed evolution. This property explains why in practice
we have not found any trouble with sediment positivity thickness.

3.5. Semi-implicit step for gravitational terms. In numerical modelling of sediment trans-
port, gravitational terms influence the vertical motion of particles, particularly their settling and
redistribution. A fully explicit approach to incorporate gravitational effects may impose restrictive
time-step constraints due to stability limitations, particularly when dealing with fine sediment or
high particle concentrations. To overcome these limitations, a semi-implicit numerical scheme is
employed, which enhances stability while maintaining computational efficiency. The semi-implicit
formulation discretizes the gravitational terms in a manner that allows for larger time steps with-
out introducing significant numerical errors. By treating some components implicitly, the method
mitigates the instability associated with rapid particle settling while preserving accuracy.

First, following [19], rewrite the solid transport discharge in a form that is convenient for its dis-
cretization. Then, using the interpretation sgn(7eg) = Test/|Tet|, Wwe may rewrite the solid transport
discharge term as

1
1- 7/10q
with ki = 9¢ds, ko := Ygds(rs — 1), ¥ = 0./ tand, and
(jb _ hm (Ts - 1)gds (\/ He - \/%)—i—
(1 = %o)|7est/ x|

At this point, we incorporate the gravitational effects for the sediment evolution equation (zy,),
which is discretized in time as

A =2 — A0, (G (CRuu”| — ky0x (W™ + 20T — kot ™))

b = GoTeft = Gb (Crulu| — 0z (k1(h + 21) + k22p)),
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Using the ©®—method, we get

2 = 20— At (GRCP U u™]) + (1 — ©)Atd, (G (k10 (™ + 27) + kadyp2))
+ OAL, (G (k10x (A" + 21 + ko2 ™))

where A"t was computed in the first hyperbolic step, see section 3.2. After using finite difference
approximations for the space derivatives, a tridiagonal linear system for the unknowns zﬁjl is
solved.

We remark that, in case of dealing with subcritical flows (Fr < 1) a semi-implicit discretization
as in [19], where the pressure gradient is removed from the stability restriction, may be convenient
to improve the efficiency of large-time simulations. However, this is not the goal of this paper and
it has not been implemented here.

3.6. Source terms related to erosion and deposition. In this step, we add the source terms
related with the erosion (£ /D) and deposition velocities (7e/7q). In order to ensure the positivity
of the variables z1, hg, hm, and ¢ we define

E™(htt + hytt) o (he)"t'D"

E = d E g
ng, + by o (heyn

and apply a semi-implicit treatment similar to that of [21]. At each control volume V;, this yields

(1 — aho)h™ = (1 — 9po) Rk, + (1 — o)At (h"“”e ot 21 ) — AH(E - D),

hg ™ hp
(1 —40)hg ™t = (1 —4o)hy — (1 — o) At <h”+1ze hgjlgg ) (3.10)
g

(he)"*L = (he)* + AL(E — D),

where for sake of simplicity the spatial index i was omitted. The linear system (3.10) is solved for
hptt, bt and (he)™t!. Next, we update the height and discharges as

hn+1:h*+ w (E_f))7
— Yo
At .
(hu)™*! = (hu)*+% —E=D) — AtCT " un
n+1 __ * wf At NI
()™ = ()" + 5= =(E = D).

Notice that the use of F and D instead of E and D, respectively, in the previous equations guaran-
tees that O¢(h + z1) + Oz (hu + ¢/ (1 — 1)) = 0 holds also at discrete level. The following theorem
ensures the positivity of hg, 21, and he. Moreover, the positivity of Ay, is ensured under an additional
condition. We have verified the positivity of hy in all simulations, even if this property has not
been proven analytically.

Theorem 3 (Positivity of the variables). Assume that hy, > 0, hy > 0, and (hc)* > 0 are given,
and that h™, hg“, and (he)" Y, are to be determined from the linear system of equations (3.10).
Then the system has a unique solution with the following properties:

i) 20t = pnl 4 hatt >0, At >0, and (he)™™ > 0.
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ii) A sufficient (but not necessary) condition to ensure hiitt >0 is

o 2
B <1 o). (3.11)
g
Proof. For sake of clarity, we introduce zo := (1 — to)hy,, Yo = (1 — o)hg, wo = (hc)*, and
ne Ny At E" D
¢ hz’ hn’ ¢ 1 — o hity + hip’ / (he)™’
then the system (3.10) can be written as
o n+1
l+b+e e—a —f (1= vo)hiy To
—b 1+a 0 (1-— ¢Q)hg+1 = | o
—€ —e 1+ f (hc)nJrl Wo

The solution of this system is

(1 — o)A+t = (1+a+ flzo+af(xo + yo + wo) + (a — €)yo +fw0’

(1+a+b)(1+e+f)
(1+b+e+ flyo+ bf(zo + yo + wo) + bxo
(1+a+b(1+e+f)

ntl _ wo + e(zo + yo + wo)

1+e+f '
Since the coefficients a, b, €, and f are non-negative, and since we assume that hy, > 0, hy > 0 and
(he)* > 0, it follows that zg, yo, wo > 0, hence hg“ > 0 and (hc)"*! > 0. Moreover,

(1—tpo)hgtt =

)

(he)

ntl  gntl , gnt1 (o +yo)(1+ f) +wof
BT e =)

If, in addition, assumption (3.11) is in effect, then a > e, and as a consequence all terms defining
Rt are nonnegative. O

3.7. Incorporation of non-hydrostatic pressure. The non-hydrostatic pressure is incorporated
by a projection method that only affects the momentum conservation equations. Since other vari-
ables are not affected by this correction, we have
Wt =h* (he)"t = (he)t, AT =z, hptTh =Ry
We write the semi-discrete momentum equations as
(hu)"™! = (hu)* — At(@x(hnﬂqnﬂ) + 2p2ﬁ“18xz{:+1), (3.12)
(hw)"™ = (hw)* + 2Atp"
and inserting these expressions into the incompressibility condition (2.7b) we get the elliptic equa-
tion
2
(h”+1)28mpﬁ;1 n h”“@ﬁ”“&mﬁﬁrl i (hn+18m(hn+1 +22§+1) _ (&;(h”“ i 22£L+1)) _ 4)}?%1
1 1 1 1
zzg@wwy—amymuﬂ++24+)+hﬁw%mwﬂ. (3.13)
To numerically find the non-hydrostatic pressure values, we locate the corresponding variables at the

cell interfaces ;1 /9, and we define pg’;gﬂm := Pun(Tig1/2,tn+1). Then, Eq. (3.13) is discretized
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at the cell interfaces as it is done in [20], where all the details are given. Once the new values of
the non-hydrostatic pressure (pﬁh+ 1) are computed, the discharges are updated by using (3.12).

4. NUMERICAL TESTS

4.1. Preliminaries. Unless otherwise specified, the following parameters will be used for the up-
coming tests: ds = 1.13 x 1073 m, g = 0.4, 6. = 0.047, py = 1000kg/m3, p; = 2680kg/m?> ,
ke = 0.096, kq = 0.02, and the Manning roughness coefficient n = 0.02. Furthermore, we will use
the Meyer-Peter and Miiller solid transport discharge for the equilibrium model case, and erosion
and deposition rates given by [21] (also in [6, 18]), namely

D =vwvsc, and F = vgipoFEs,

where vy is the settling velocity and ¢}, is the fractional concentration of suspended sediment near
the bed, defined as

e, = 0.4c(ds/Dsg) 0% 4 1.64c, (4.1)
where D, is the geometric mean diameter of suspended sediment particles. In the case of a single
sediment type, (4.1) reduces to ¢, = 2.04c. Furthermore, the settling velocity is expressed as

13.950\ 2 13.95
Vs = ") 4 1.09(rs — 1)gds — —22,
ds ds

where v is the kinematic viscosity (v = 107%) of water and E is the sediment entrainment coeffi-
cient, which is defined as

B veplulp os if Re > 2.36,
1.3 x 107725 Vs

ST Tyasxi07zs Vb 2=

0.586\/?“‘%1-23 if Re < 2.36.

S

where cp is the drag coefficient empirically defined as cp = 24/Re, and Re is the Reynolds number

for the particles:

ds (rs - 1)gds

—

Other definitions of these terms could be used in principle (see [1, 7, 30, 33] among others).
Unless specified, hydrostatic pressure is assumed, and the stability restriction

At = CFLH,
A
with CFL= 0.5 is used, where A = max; |\;| is the maximum eigenvalue of Ai+1/2 (see (3.3)) in
absolute value.

The tests include several alternatives for the models in this paper: equilibrium and non-equi-
librium case, with/without gravitational effects, hydrostatic/non-hydrostatic pressure, erosion-
deposition effects; as well as various methods (well-balanced and non-well-balanced). First, in
Test 1, we compare the results of the proposed method with exact solutions derived for the equi-
librium model with gravitational effects (see [19]) and then, in Test 2, with a novel exact solution
introduced here for the non-equilibrium case. Next, Test 3 is an academic test that shows how the
PVM-2I scheme reduces the numerical diffusion in comparison with HLL and Rusanov methods.
After that, in Tests 4 to 6, results of the equilibrium model are compared with experimental data
for classical scenarios, namely overtopping flow (Test 4) and dam-break configurations (Tests 5
and 6).

Re =
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-~ -Initial Condition
Rusanov
|e--HLL

b [-o- PVM-21
Rusanov-WB
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FIGURE 2. Test 1: approximate solutions zy,(x, t) for well-balanced and non-well-balanced methods
(a, b) at simulated time ¢ = 100s and (c, d) close to steady state obtained by using (a, ¢) Qo =
0m?/s and (b, d) Qo = 10m?/s, for § = 33°.

4.2. Test 1: sediment transport in equilibrium including gravitational effects. We test
the proposed numerical scheme for the model in equilibrium without sediment in suspension, for
which an exact solution accounting for gravitational effects in simple configurations is available
(see [19]). Concretely, it is proven that if ({(x), Qo, 2b(z)) denote the values of the free surface,
discharge, and sediment layer satisfying that ¢, = 0, with Q9 = const., it is a steady solution of
the equilibrium model if and only if

_ sgn(7err) Ct|Qo| Qo
gdsB.(rs — 1)h?

— sgn(Tefr) B0z 2p < tand (1 > , 0. = alzzp,

with o = —Q2%/(gh® — Q2) and 8 =1+ /(rs — 1). As particular case, in the steady case (Qo = 0)
the slope of the sediment matches the angle of repose of the material, and this steady slope varies
with the constant discharge (g, so the slope remains stable without further erosion.

For this test, we consider the initial conditions

10-(x—5)m ifb<ax<bl,
1lm if5.1 <z <9.9,
10- (10 —x)m if 9.9 < z < 10,
Om otherwise,

h(z,0) =10m, hu(z,0) = Qom?/s, zp(z,0) =
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FIGURE 3. Test 2: initial condition for the erodible bed (z1,) and the fixed layer (hg).
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FIGURE 4. Test 2: comparisons of (a) the erodible bed z, and (b) the fixed layer h, for well-
balanced and non-well-balanced methods at simulated time ¢ = 10s.

with a repose angle 6 = 33° and where )y is the constant flow discharge. Two configurations will
be considered, the water-at-rest case (Qo = 0m?/s) and a constant flow Qo = 10m?/s. The spatial
domain is [0, 15] m with a grid spacing Az = 0.03 m.

Figure 2 shows the numerical results. Figures 2(a) and (b) correspond to the results after 100s of
simulated time for different schemes, when the sediment has not reached its steady state yet. The
well-balanced methods behave as expected, namely they slowly approximate the exact equilibrium
solution, and thereby match the performance of PVM-2I, while the non-well-balanced Rusanov and
HLL schemes degrade rapidly due to numerical viscosity. Figures 2(c) and (d) show the behaviour of
the PVM-2I and the well-balanced Rusanov and HLL schemes close to steady state (¢ = 200000s).
In both cases, the numerical solution reproduces properly the exact one. The expected equilibrium
profile is maintained successfully. On the contrary, non-well-balanced schemes are not able to
reproduce these solutions due to numerical diffusion. In fact, notice that the lines corresponding
to non-well-balanced Rusanov and HLL methods are nearly flat (close to z = 0m) in the plots in
figures 2(c) and (d).

4.3. Test 2: non-equilibrium model with exact solution. Here, we consider the non-equili-
brium model with no gravitational effects and derive a novel exact solution in a simplified configu-
ration, where both the flow depth h(z,t) and the velocity u(x,t) remain constant in space and time.
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First, we assume that there is no suspended sediment. Under these conditions, the Shields param-
eter 0(h,u) also remains constant, and therefore the bedload transport velocity vy, is spatially and
temporally uniform. Consequently, the governing equation for the evolution of the mobile sediment
layer thickness, hy,, simplifies to

v gds(rs — 1 v gds(rs — 1)k
Othm + avyOphym = 1e — hyb  with a::‘ql(rw) and b:= g (ZZ )d.
— %0 S

Previous equation is a transport equation with a source term. Its exact solution is given by

hm(z,t) = % + <hm,o(x — avpt) — T;:) e b,

being hAm,o(z) = hm(x,0) the initial condition. Thus, the term hy, o(z — avyt) represents a wave
propagating through the domain with velocity awv,. Roughly speaking, this wave propagates much
more slowly than the rate at which its amplitude decays due to the exponential term. Furthermore,
if § < 6., and hence 7, = 0, the wave remains stationary. The solution is exact under the assumption
that h(z,t), u(z,t), zp(x,t), and hyo(x) remain constant. However, if hy, o(x) varies in space we
get a semi-analytical solution. Actually, a non-uniform function Ay o(z) leads to a non-constant
bed elevation zy,(z,t) given by the solution of

Oizp, = —avpOghm.

Thus, variations in hp, o(z) induce deviations in zy(x,t), and consequently, h(z,t) and u(z,t) are
no longer strictly constant but small perturbations appear.

On the other hand, regardless of the initial condition hp, o(x), the system evolves towards an
equilibrium state as t — oo, given by

k4
"1 — o kg

This implies that in the long time, the mobile sediment layer thickness stabilizes according to the
equilibrium entrainment and deposition dynamics.
The solutions for the immobile sediment layer thickness hs and bed elevation z, are given by

h

(6 —6c) -

e

hg(z,t) = hgo(x) + 2

t
(e —1) + b/ B o(x — avpT)e ™7 dr,
0
t
2p(x,t) = hgo(z) + hmo(z — cwbt)e_bt + b/ hmo(x — avbT)e_bT dr.
0

with hg o(2) = hg(x,0). Assuming av, < b, we approximate hpy o(z — avpt) & hm,o(z), which yields

Patist) = hgofe) + (male) = ) (1= ) + Ofan)

2b(x,t) = 2p,0(z) + O(avy/b),

where 21, 0(2) = hg0(2) + hm,0(z). This result suggests that z;, remains almost constant over time.
By integrating by parts, we can further refine the solution. By using

t . .
b/ huno(z — avpT)e™"T dT = ~hino(z — avp)e ™" o avb/ hy, 0”7 dr,
’ 0
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FIGURE 5. Test 3: solutions of the erodible bed (zp) for well-balanced and non-well-balanced
methods at simulated times (a) ¢ = 100s and (b) ¢ = 2000s.

where hin,() = dhm,o/dz with z =  — avpt, and again assuming av, < b, we obtain the first-order
correction

Q@Qu—€%+ow%m%
avy,

(1) = 0(2) = S2Hty (1 — ) + Ol(aun/b)°).

These corrections might be systematically improved by iterating the integration-by-parts process.
In the case of sediment in suspension, which is not considered in this test, the solution generalizes
as

d d
hm(x,t) = 5 + (hmo(a: — avpt) — ) e 0

b
with
Vgds(rs — 1)  Vgds(rs — 1)kq . E—-D
=" b= , and d:i=1e — .
1 — 1o ds 1 —1o
We test the numerical scheme for the case with no suspended sediment and with initial conditions
1 ©—30)2
h(z,0) =8m, hu(z,0)=10m?/s, z,(z,0)=2m, he(x,0) =1+ Ee_( 20 m

We consider the domain [0, 60] m with Az = 0.1 m. This is a fast test, so ¢t = 10s is sufficient time to
study the behaviour of the solution and the schemes. The initial condition for zj, and hg is depicted
in Figure 3, and Figure 4 shows the comparison between semi-analytical and numerical solutions at
t = 10s. We see that the solutions of PVM-2I scheme and the well-balanced versions of HLL and
Rusanov methods are in close agreement, demonstrating the accuracy of the numerical schemes.
On the contrary, non-well-balanced methods exhibit non-physical erosion and fail to reach a steady
state. The solution continues to erode on time, eventually flattening the bottom completely.

4.4. Test 3: “academic” dune transport. We highlight the accuracy of the PVM-2I scheme
and the importance of using well-balanced methods by a simple academic test such as the transport
of a simple dune. Moreover, under the assumption A > z,,, one may assume the equilibrium regime
for the system and

h=A-—2z, and hu= const.,
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FIGURE 6. Test 4: initial condition for the free surface (z1, + h) and sediment bed (z},) in the
experiment of [34].

where A € R is a constant such that A > z,. These expressions can be replaced in the equations for
2y, and hg, which are subsequently solved numerically. So, we get an approximate semi-analytical
solution. It is important to remark that the modified system exhibits eigenvalues that differ from
the original ones.

Here we consider the initial conditions

h(x,0) =10 — zp(2,0) m, hu(z,0) = 10m?/s, z,(z,0) = 2¢~ (=50 1.

and the Manning coefficient is taken here as n = 0.05 to increase the transport rate and exhibit
the differences between the various schemes. The simulation domain spans [0,100] m with spatial
resolution Az = 0.02m.

Figure 5 shows the dune evolution at simulated times ¢ = 100s and ¢ = 2000s along with
the approximate semi-analytical solution. On the one hand, the numerical solution of the PVM-
21 scheme is the closest to the semi-analytical reference solution. This property highlights its
accuracy to reproduce the sediment evolution compared to the well-balanced Rusanov and HLL
schemes, where we recall that these schemes are identical for the equations of fluid variables. We
observe that the non-well-balanced schemes do not reproduce these solutions as a consequence of
numerical diffusion. This behaviour lends further support to the proposed well-balanced correction
and serves as a strong validation of the proposed PVM-2I scheme for such problems. On the other
hand, the schemes Rusanov-WB and HLL-WB, although they are more diffusive than PVM-2I,
acceptably approximate the dune evolution. The main advantage of the Rusanov-WB and HLL-
WB schemes is that they are conceptually simpler and accurate methods, and therefore both are
potential candidates for the construction of high-order methods when combined with high-order
techniques such as reconstruction of states (see [9]).

4.5. Test 4: overtopping flow erosion. We now compare our numerical results with experi-
mental data in [34] for a overtopping flow erosion process. The experimental setup consists of a
rectangular channel of length 30 m and width 0.3 m wide including a trapezoidal sediment dam. A
constant incoming flow (1.23 liters per second) is imposed upstream, and the flow starts to erode the
sediment bed. Erosion/deposition effects are not considered here so that we may directly compare
the effects of numerical dissipation over erosion. It is worth mentioning that some references apply
the sediment transport but not erosion/deposition while others consider just erosion/deposition
effects; cf., e.g., [2, 26].
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FIGURE 7. Test 4: comparison of experimental data of bed evolution (black with symbols lines)
([34]) at (a) t = 30s and (b) t = 60s with results of the equilibrium model with PVM-2I method
with and without erosion/deposition (E/D) terms (dashed and continuous lines, respectively), with
and without gravitational effects (brown and blue lines, respectively).

As domain we take [0,25] m with Az = 0.01 m, and the initial conditions (see Figure 6) are given
by

. if 2 < 17.4
h(z,0) = {O 83moifw <174, 2.0) = 1.23 x 103 m2)s,

Om ifox>174."

(z —15)/3m it 15 < o < 17.4,
0.8m if 174 <2 <17.7,

@0 =N 084 17.7)/25m 177 <z < 197,
Om otherwise.

In this case, we use the porosity ¥y = 0.35 and the Manning roughness coefficient n = 0.015.
We compare here the results of the equilibrium model.

For this test, gravitational effects do not have a significant influence on the results, as it is shown
in Figure 7. This outcome is partly due to the choice of the test slope smaller than the repose angle
of 25° which reduces the influence of gravitational forces on the overall behaviour of the system.

In Figure 8(b) the influence of erosion and deposition (E/D) terms is depicted. We observe
that the results are close to the experimental data when erosion/deposition terms are activated.
Figure 8(c) shows a comparison between the standard Rusanov and HLL solvers and their well-
balanced versions as well as PVM-2I scheme for the model without erosion/deposition terms. As
it is shown, the standard Rusanov and HLL methods produce a faster erosion than the well-
balanced versions. This indicates the presence of non-physical erosion in some regions. Although
this additional erosion might locally resemble the experimental data at t = 60s, it is incorrect and
cannot be controlled.

4.6. Tests 5 and 6: dam-break problems. In these tests, we reproduce some dam-break ex-
periments reported in [8] and [31]. Dam-break test cases, such as the ones performed here, involve
rapid erosion, and conventional sediment transport formulations usually do not properly capture
its dynamics. For this reason, we omit the sediment transport (advection) term from the equations
(gn = 0) in these tests, which allows us to isolate and analyse the contribution of local bed changes
driven solely by erosion and deposition.
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FIGURE 8. Test 4: Comparison of bed evolution experimental data (black with symbols lines)
([34]) at (a, ¢) t = 30s and (b, d) ¢t = 60s with results of the equilibrium model with PVM-2I,
Rusanov, and HLL methods (blue, green, and red lines, respectively). Plots (a, b): comparison
of the results with and without erosion/deposition (E/D) terms (dashed and continuous lines);
plots (c, d): comparison of the results of well-balanced and non-well-balanced numerical methods
(dashed and continuous lines, respectively).

Test 5 is based on the experiments conducted in [8] that correspond to the initial condition

h(x,0) = {O.Im ifw< 9’ , 2p(2,0) =0m, hu(x,0) =0m?/s, c(z,0)=0.
Om otherwise.

The test configuration is a dam break over a low density sediment bottom. The parameters are

the fluid density p = 1000 kg/m?3, the sediment density ps = 1048 kg/m?, and the particle diameter

d = 6.1 x 1073 m. Gravitational effects are not included in this test, as their influence on the results

was found to be negligible. We focus on the influence of non-hydrostatic effects on the results. The

computational domain [—1,1] m is discretized using a uniform grid spacing Az = 0.001 m.

Figure 9 shows the comparison between simulations with and without non-hydrostatic pressure
and experimental measurements. As it is observed, the inclusion of non-hydrostatic pressure im-
proves slightly the ability of the model to capture the physical behaviour of the flow, in particular
the water level. Notice that the effect of non-hydrostatic pressures becomes more significant over
time; initially, the impact is minimal, but it becomes more pronounced at later stages.

Test 6 is related to a similar experiment setup presented in [31]. In this experiment, the sediment
properties are ds = 3.9 x 1073 m, ps = 1580kg/m?, and porosity ¥g = 0.47. The roughness
coefficient is specified as n = 0.0165. The simulation was carried out for a total time of Ty = 1.5s.
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FIGURE 9. Test 5: comparison between experimental data [8] and numerical results for models
with hydrostatic and non-hydrostatic pressure at simulated times (a) t = 3tg and (b) t = 5tp,
where ty) = \/ho/g and hg is the initial water level before the dam break.
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FIGURE 10. Test 6: comparison between experimental data ([31]) and numerical results for models
with hydrostatic and non-hydrostatic pressure at simulated times (a) ¢ = 1s and (b) and ¢t = 1.5s.

The computational domain for this experiment is defined as [—3, 3] m, which is discretized with
Az = 0.001 m. The initial conditions are given by

0.35m

Om

if x <0,

otherwise.

h(z,0) = hu(z,0) = 0m?/s, ¢(z,0) =0, 2z (z,0)=0m
Figure 10 shows only minor differences between the model with and without non-hydrostatic
pressure at both time steps. While bottom erosion appears nearly identical in both cases, the

non-hydrostatic model captures the water level slightly more accurately on the left side.

5. CONCLUSIONS

A simplified depth-averaged model for sediment transport has been proposed. The model in-
corporates the suspended sediment concentration in the fluid, bedload transport, and erosion and
deposition rates between the moving and the static granular layers. Moreover, gravitational ef-
fects in the sediment bed and non-hydrostatic pressure for the fluid are included. Its deduction is
based on the Boussinesq hypothesis and the limit approximation of sediment concentration when
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approaching to the sediment-water interface. The final model satisfies a dissipative energy balance.
Since a general formulation has been employed, the model can be considered either in equilibrium
(erosion rate equals deposition rate) or non-equilibrium conditions.

All stages of the formulation of numerical scheme, corresponding to all physical effects, are
detailed for completeness. The main contribution of the paper concerns the design of well-balanced
schemes for SVE models. Usually, well-balanced schemes are focused on water-at-rest solutions
for Saint-Venant systems with a fixed bottom. However, these schemes are in general no more
well-balanced when they are applied to SVE models since the numerical diffusion for the sediment
bed remains uncontrolled, and therefore the sediment is not steady. In particular, this holds for
the common Rusanov and HLL schemes. Here, two strategies are proposed: (i) a novel PVM-2I
method that can be seen as the combination of the HLL method for the fluid and a second-order
PVM method for the sediment, which accounts for the intermediate wave speed corresponding to
the sediment layer, and it is well-balanced for SVE model by construction; (ii) a correction of
Rusanov and HLL methods in terms of the Shields parameter that makes them well-balanced for
the SVE model. This procedure is physically motivated from the derivation of equilibrium case, in
the sense that the definition of the mobile sediment bed in equilibrium is used for the numerical
discretization of the non-equilibrium model.

Several numerical tests are performed to validate the model and the new well-balanced numerical
schemes. In particular, a novel semi-analytical solution for the non-equilibrium model case is
introduced (see Subsection 4.3), which is useful to validate the model and the schemes. After some
academic tests, where we show that the PVM-2I method is less diffusive than the Rusanov and
HLL methods (see Test 3), comparisons with experimental data for overtopping flow erosion and
dam break configurations are performed. We have seen that gravitational effects play a key role to
preserve steady states with physical meaning (see Test 1), whereas they have a small influence in
other cases, as in overtopping flow erosion experiments (Test 4).

Concerning the overtopping flow erosion test (Test 4) we show that non-well-balanced methods
are more accurate than well-balanced methods because of the uncontrolled numerical diffusion. So,
it is important to point out that this cannot be considered as correct despite of being closer to
the experimental data. Rather, results suggest that the model should be improved in order to
reproduce these experimental data. We have also shown that considering erosion and deposition
terms between the bedload layer and the sediment concentrations in the fluid improves greatly the
results in comparison with experimental data.

We also study the influence of non-hydrostatic pressure in the fluid for two dam-break problems
(Tests 5 and 6), where the non-hydrostatic effects improve the results of the water surface. In
this test, we have only considered erosion/deposition effects and not bedload transport, since the
combination of both produces too much erosion. Note that for this test there is a strong fluid-
sediment interaction. This scenario is far from the assumptions made to derive classical solid
transport discharge formulas in SVE models.

As final conclusion, we point out that, up to our knowledge, this is the first time that well-
balanced versions of Rusanov and HLL methods have been proposed for Saint-Venant-Exner type
models. Furthermore, their extensions to high-order methods should be straightforward by using
high-order state reconstructions techniques, which is a future extension of this work.
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