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A B S T R A C T   

Predicting the formation and break-up of immobile layers is of crucial importance for river management, as these 
processes greatly affect the morphodynamic evolution of the river bed. Two models are currently available for 
studying these processes: Struiksma's and Hirano's model. In this paper, we show that both models present 
limitations. This is done by numerical modelling of a laboratory experiment and two thought experiments. 
Struiksma's model does not predict break-up and Hirano's model yields unrealistic results when part of the 
sediment is immobile. We propose two alternatives that overcome these limitations: the ILSE and HANNEKE 
models. They differ in the interpretation of the top part of the bed interacting with the flow. Moreover, only the 
HANNEKE model explicitly predicts the formation of coarse layers, at the expenses of a more limited application 
range.   

1. Introduction 

Alluvial rivers respond to environmental changes and human in
terventions by changing their geometry or their bed sediment compo
sition, or both. Numerical models to simulate these processes are well 
established. They commonly compute the changes in bed sediment 
composition through Hirano's, 1971 approach by which non-cohesive 
mixtures of grain sizes are divided into distinct size fractions. Mass 
conservation and transport of sediment are computed for an active top 
layer of the riverbed, accounting for the interactions between grains of 
different sizes through hiding and exposure. Complications arise when 
part of the sediment becomes immobile as shear stresses exerted on 
larger grains fall below the corresponding threshold of motion. For 
instance, the accumulation of coarser sediment in the troughs of un
derwater dunes by winnowing (Carling et al., 2000a, 2000b) may 
develop into an immobile layer, partly covered by dunes of mobile finer 
sediment that travel over this layer. The formation and break-up 
(Klaassen et al., 1986; Klaassen, 1987) of immobile layers varies in 
time and space and thus greatly affects the morphodynamic evolution of 
the river bed. This is important for river management, as illustrated by 
several examples from the river Rhine. First, the development of the 
major Rhine bifurcation at Pannerden depends sensitively on the sedi
ment transport and composition patterns in the bifurcation area (Sloff 

and Mosselman, 2012). This development governs the water supply, the 
navigability and the flooding risk along different branches of the Rhine 
delta. Second, fixed riprap layers have been implemented to improve the 
navigability of Rhine bends at Nijmegen and Sint-Andries (Sloff et al., 
2006; Havinga, 2020). Mobile sediment transported over these fixed 
layers poses similar problems to modelling as mobile sediment trans
ported over naturally formed immobile layers. Third, sediment 
augmentation to arrest bed degradation (Bravard et al., 1999; Visser, 
2000; Siele et al., 2019; Becker, 2017; De Jong and Ottevanger, 2020) 
might be more effective if the added sediment would be coarser than the 
material of the bed, because it would result in a steeper longitudinal 
equilibrium profile, incising less deep, as well as a flatter transverse bed 
profile, increasing the width for navigation (Mosselman et al., 2004). 
However, the coarser sediment might develop into immobile layers with 
undesired effects. Finally, interactions between mobile sediment and an 
immobile armour layer caused concerns in the Old Rhine (Rest-Rhein, 
Vieux Rhin) at the border between France and Germany. Nourishment of 
sediment for ecological reasons (Die Moran et al., 2013; Arnaud et al., 
2015, 2017; Staentzel et al., 2018) was feared to trigger further river 
incision by breaking up the armour layer (Figs. 1 and 2), rendering flood 
retention polders along the river (e.g. Peters et al., 2001) ineffective. 

Hirano's, 1971 model is appropriate for conditions when all size 
fractions of the sediment mixture are mobile. Struiksma (1999) 
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developed a model for sediment transport over fixed layers that are 
never mobile. None of the two models can reproduce the formation of a 
coarse immobile layer explicitly. Tuijnder and Ribberink (2010b) 
developed a model for supply-limited sediment transport over immobile 
layers using results from their laboratory experiments, but the validity of 
this model was found to be limited to the conditions of the experiments 
(Chavarrías et al., 2020). Our objective is therefore to develop a more 
generally valid model for sediment transport and morphodynamic 
development in the presence of immobile sediment. We present two 
models for this: a simple modification of the Hirano model (ILSE) and a 
more complex modification (HANNEKE). 

The paper is organized as follows. In Section 2, the Struiksma and 
Hirano models are explained. Section 3 is devoted to the two proposed 
models (i.e., ILSE and HANNEKE). In Section 4, the four models are 
compared and tested by reproducing a laboratory experiment. Two 
thought experiments inspired in the laboratory data set are also 
modelled. The modelling exercise highlights the capacity of the pro
posed models of capturing physical processes neglected by the existing 
models. Results are discussed in Section 5. 

2. Existing mathematical models 

2.1. Struiksma's model 

Morphodynamic modelling is usually achieved by coupling the 
shallow water equations (e.g. Vreugdenhil, 1994) modelling flow with 
the mass balance equation for sediment: 

∂zb

∂t
+

∂qb

∂x
= 0 (1)  

in which t [s] is time, x [m] is the streamwise coordinate, zb [m] is the 
bed elevation above a fixed datum z0 [m], and qb [m2/s] is the total bed 
load transport per unit width expressed as sediment volume including 
pores (Fig. 3). For the sake of simplicity, we show the one-dimensional 
version of the system of equations. Implicit in using this equation is that 
compaction and dilation are irrelevant as well as uplift or subsidence 
(Paola and Voller, 2005). 

The sediment transport rate is modelled by means of a closure rela
tion as a function of the flow velocity, friction, and other bed properties 
(e.g. Meyer-Peter and Müller, 1948; Engelund and Hansen, 1967; Ashida 

and Michiue, 1971; Wilcock and Crowe, 2003). Hence, the sediment 
transport rate is assumed at capacity, neglecting retarded adaptation to 
capacity conditions due to sediment inertia (Bell and Sutherland, 1983; 
Jain, 1992). This assumption is valid for small concentrations of moving 
particles and when the adaptation timescale to changing flow conditions 
is fast with respect to changes in bed elevation (e.g. Armanini and Di 
Silvio, 1988; Garegnani et al., 2011, 2013). With the latter assumption, 
Eq. (1) yields the Exner (1920) equation: 

∂zb

∂t
+

dqb

du
∂u
∂x

= 0 (2)  

where u [m/s] is the mean depth-averaged flow velocity. Eq. (2) implies 
also that the friction coefficient is independent of the flow depth. 
Otherwise, the sediment transport rate would depend on both the flow 
velocity and the flow depth, which would lead to an additional term. 

Given that flow is modelled with the shallow-water equations (Barré 
de Saint-Venant (1871) in one dimension), the flow depth and flow 
velocity represent quantities averaged over length scales on the order of 
several times the flow depth. Hence, individual bedforms such as dunes, 
which scale with the flow depth, are not resolved. When using Eq. (2) in 
combination with a shallow-water model, the bed level must be inter
preted as a mean averaged over the passage of several bedforms. The 
same interpretation holds for the sediment transport rate and all other 
variables. 

Struiksma (1999) realized that Eq. (1) is not suitable for modelling 
conditions in which a non-erodible or fixed layer is exposed at the bed 
surface. Under these conditions, the sediment transport rate is smaller 
than according to relations derived for alluvial conditions. Struiksma 
(1999) proposed to consider a minimum sediment thickness above the 
fixed layer for which the conditions can be assumed alluvial (Fig. 4). 
When the sediment thickness is below this threshold, the sediment 
transport rate is reduced by a factor Ψ ∈ [0,1] [− ]. The reduction de
pends on the exposure of the fixed layer, which is modelled by the ratio 
between the actual sediment thickness δ [m] and the alluvial threshold 
thickness δa [m] (i.e., Ψ = f(δ/δa)). 

Struiksma (1999) proposed a linear relation for Ψ such that: 

Ψ =

⎧
⎨

⎩

δ
δa

for δ < δa

1 for δ ≥ δa

(3) 

Fig. 1. View of the Old Rhine (Rest-Rhein, Vieux Rhin).  
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In this case, the modified Exner (1920) equation is: 

∂zb

∂t
+

∂Ψqb

∂x
= 0 (4) 

In the presence of dunes, the fixed layer will be exposed in the 
troughs. As the bed level is an average over several dunes, Ψ can be 
interpreted as the average fraction of the surface area in which the fixed 
layer is exposed. In this case, the alluvial threshold thickness is related to 
dune dimensions under alluvial conditions (i.e., unaffected by the 
presence of a fixed layer). 

Two main limitations arise when using the model by Struiksma 
(1999). The first one is that the fixed layer can never be eroded 
regardless of the flow conditions. This is realistic when the fixed layer 
represents engineered riprap (e.g., the fixed layers at Sint Andries and 
Nijmegen in the Waal River in the Netherlands, Section 1). However, the 
application in Section 4 will show that the model is unsuitable for pre
dicting morphodynamic development under conditions in which the 
layer of coarse sediment is only immobile under certain flow conditions. 

The second limitation is that the properties of the fixed layer (i.e., the 
grain size) affect neither the sediment transport rate nor friction. In 
reality, the sediment transport rate over a fixed layer is hindered by the 
fact that grains are less exposed to the flow as they “hide” behind the 
larger grains of the fixed layer. This is part of the hiding-and-exposure 
effect known for mixed-size sediment (Einstein, 1950). Similarly, the 
friction experienced by the flow depends on the size of the sediment at 
the bed surface, which depends on the exposure of the fixed layer. 

2.2. Hirano's model 

Both the Exner (1920) and Struiksma (1999) models were devised for 
sediment with uniform grain sizes (uni-size sediment). Using these 
models, one cannot predict changes in bed surface composition (i.e., 
fining or coarsening of the bed surface in space and time). For modelling 
mixed-size sediment morphodynamic changes, Hirano (1971) devel
oped the active-layer model. This can be interpreted as an extension of 
the Exner (1920) model. Sediment is represented by a discrete number N 
[− ] of size fractions with characteristic grain sizes dk [m], where 
increasing index values k = 1, ⋯, N indicate increasing size. The total 
sediment transport is the sum of the transport of each size fraction qbk 
[m2/s]: 

qb =
∑N

k=1
qbk (5)  

The sediment transport per size fraction depends on the volume fraction 
content of size fraction k at the bed surface Fak ∈ [0,1] [− ]: 

qbk = FakQbk (6)  

where Qbk [m2/s] is the sediment transport capacity. This is the sedi
ment transport as if the bed surface would be composed of only size 
fraction k, yet accounting for the hiding-and-exposure effect (Deigaard 
and Fredsøe, 1978; Ribberink, 1987; Armanini, 1995). 

Changes in bed elevation are modelled using Eq. (1). Modelling 
changes in bed surface composition (i.e., in Fak) requires a mass balance 

Fig. 2. Armoured bed of the Old Rhine (Rest-Rhein, Vieux Rhin).  

zb

z0

qb

Fig. 3. Sketch of variables in model by Exner (1920).  
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equation for each sediment fraction at the bed surface. The vertical 
extent of the bed surface is assumed to have a thickness La [m] (i.e., the 
active-layer thickness) such that mass conservation of the active layer 
leads to equation: 

∂Mak

∂t
+

∂qbk

∂x
+Φsk = 0 (7)  

where Mak = FakLa [m] is the volume of sediment in the active layer per 
unit of bed surface and Φsk [m/s] is the flux of sediment (including 
pores) between the active layer and the substrate sediment below 
(Fig. 5). 

The mass balance of the substrate sediment between a fixed datum z0 
[m] and the interface between the active layer and the substrate at zs =

zb − La [m] yields: 

∂Msk

∂t
− Φsk = 0 (8)  

where Msk = FskLs [m] is the volume of sediment per unit of bed area in 
the substrate. Fsk ∈ [0,1] [− ] is the volume fraction content of size 
fraction k in the substrate and Ls = zb − La − z0 [m] is the substrate 
thickness. 

For bookkeeping of stratigraphy, the substrate is numerically dis
cretized into Ns layers of thickness lsl [m], where l = 1, ⋯, Ns [− ] is an 
index denoting substrate layer from top to bottom such that Ls =

∑
l=1
Ns lsl. 

The volume fraction content of size fraction k in each bookkeeping layer 
is fskl ∈ [0,1] [− ] and the volume of sediment per unit area is ms = fskllsl 
[m]. 

The volume fraction contents add up to 1: 

∑N

k=1
Fak = 1,

∑N

k=1
Fsk = 1,

∑N

k=1
fskl = 1∀l (9) 

Under degradational conditions, sediment from the top of the sub
strate is transferred to the active layer. Under aggradational conditions, 
sediment in the active layer is transferred to the substrate: 

Φsk =
∂zs

∂t

⎧
⎪⎪⎨

⎪⎪⎩

fsk1 for
∂zs

∂t
< 0

Fak for
∂zs

∂t
≥ 0

(10) 

Parker (1991) considers that the bed load composition affects the 
composition of the flux under aggradational conditions. This idea is 
encompassed by the flux described by Hoey and Ferguson (1994) in 
which a parameter αs ∈ [0,1] weights the contribution of Fak and the 
fraction of sediment in transport Fbk = qbk/qb ∈ [0,1] [− ] to the flux: 

Φsk =
∂zs

∂t

⎧
⎪⎪⎨

⎪⎪⎩

fsk1 for
∂zs

∂t
< 0

αsFak + (1 − αs)Fbk for
∂zs

∂t
≥ 0

(11) 

The Hirano model crucially depends on the thickness of the control 
volume (i.e., the active-layer thickness). For a given sediment transport 
gradient, a thicker active layer will lead to smaller changes in bed 

qb

zb

z0

δa
Alluvial sediment

non-erodible material

δ

Fig. 4. Sketch of variables in model by Struiksma (1999).  

zb

z0

M
a

ms1

msNs

ms2

L
a

L
s

ls2

ls1

lsNs

Active layer

Substrate

ϕs

qb

M
s

Fig. 5. Sketch of variables in the active-layer model by Hirano (1971).  
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surface composition, as the gradient becomes smaller relatively to the 
volume in the active layer. 

As with all other model variables, the volume fraction content of 
sediment in the active layer is also an average over several bedforms not 
resolved by the flow. This means that mixing due to unresolved bed
forms is not explicitly reproduced by the model. For this reason, the 
active-layer thickness is proportional to the part of the bed reworked in 
the time in which several unresolved bedforms pass. Under plane-bed 
conditions, the dominant unresolved bedforms causing mixing scale 
with the coarsest fractions in the bed. The active-layer thickness can 
then be taken proportional to D84 or D90 of the sediment mixture (e.g., 
Petts et al., 1989; Rahuel et al., 1989; Parker and Sutherland, 1990). 
Under dune-dominated conditions, dunes are the largest unresolved 
bedforms and the active-layer thickness can be taken proportional to the 
dune height (e.g., Deigaard and Fredsøe, 1978; Lee and Odgaard, 1986; 
Armanini and Di Silvio, 1988). 

A general view of the active-layer thickness is achieved by consid
ering a continuous measurement of the bed elevation. A mean bed 
elevation is obtained from the continuous measurement by averaging 
over several unresolved bedforms. The difference between the contin
uous measurement and the mean indicates the thickness of the bed 
reworked by bedforms. The active-layer thickness is usually set to 
90–95% of the probability distribution of bed elevations fluctuations 
around the mean (Ribberink, 1987; Blom et al., 2003). 

The active-layer thickness is often assumed to be constant (e.g. 
Bennett and Nordin, 1977; Ribberink, 1987; Papanicolaou et al., 2004; 
Cui, 2007; Hu et al., 2014). This is reasonable when considering that the 
vertical extent reworked by bedforms at the timescale and length scale 
under consideration is constant in both space and time. In general, dune 
properties or the characteristic grain size of the bed surface changes in 
both space and time. Hence, if these changes are relevant, the active- 
layer thickness is a function rather than a constant (e.g. Rahuel et al., 
1989; Karim and Holly, 1986; Holly and Rahuel, 1990; Van Niekerk 
et al., 1992; Hoey and Ferguson, 1994; Wu, 2004). 

The active-layer thickness does not refer to a layer that can be 
observed or measured in the field, but to the depth below the riverbed 
surface over which sediment is actively mixed. This depth of active 
mixing depends on the bedforms present and on the time scale consid
ered. The active-layer thickness controls the celerity at which changes in 
grain-size distribution propagate through the domain (a thin active layer 
causes changes to propagate fast and vice versa). Hence, the active-layer 
thickness must be related to the dominant physical process responsible 
for the celerity of changes in grain-size distribution. The dominant 
physical process responsible for changes in grain-size distribution de
pends of the problem under consideration and the timescale of interest. 

Suppose a case in which slightly finer sediment than the parent 
material is fed into a dune-dominated river. A fining wave will propa
gate in downstream direction. The celerity of the fining wave is better 
captured when scaling the active-layer thickness to dune height rather 
than grain size because in reality the fed sediment will vertically mix at 
the scale of the dune height and will not be restricted to the top 2D90 of 
the bed. 

The active-layer thickness sets the part of the bed that interacts with 
the flow. This is essentially different from the bed load layer thickness (e. 
g. Van Rijn, 1984a; Luu et al., 2004; Wu and Yang, 2004; Colombini, 
2004; Colombini and Stocchino, 2005) which represents the part of the 
bed that is moving. The sediment in the active layer is available for 
transport and sediment in transport deposits in the active layer. For this 
reason, the thickness of the bed load layer in a fully immobile bed is 
equal to zero, but the active-layer thickness is not zero. 

Several other definitions of the active-layer thickness exist. For 
instance, Armanini and Di Silvio (1988) explain that sediment in the 
active layer is defined as the sediment that can be lifted (i.e., moved 
vertically) by the flow, contrary to the bedload layer where motion is 
primarily in the streamwise direction. The implications of the definition 
by Armanini and Di Silvio (1988) are the same as the ones previously 

introduced. In essence, the active-layer thickness depends on the pre
dominant mixing process. Quoting Armanini and Di Silvio (1988): 

At the time- and space-scales relevant to the process, the continuous 
exchange of particles leaving and reaching the bottom involves not 
only the material presently subject to the water flow, but also the 
material bound to be exposed owing to the propagation of bedforms. 

What we define as “sediment that interacts with the flow” is what they 
define as “sediment bound to be exposed”. 

In a situation in which there are no gradients in the sediment 
transport rate per size fraction (and as such the mean bed elevation is 
constant in time), the only process that can lead to a change in surface 
composition is a change in elevation of the interface between the active 
layer and the substrate due to, for instance, an increase in the active- 
layer thickness. This is a limitation of the Hirano model, as several 
processes are inadequately described in this manner. For instance, lee- 
face sorting causes the deposition of coarse sediment at the dune 
troughs (Blom et al., 2003). As it often happens, the coarse sediment is 
immobile and dunes become composed of the fine sediment only. The 
coarse layer inhibits the entrainment of fine sediment and limits the 
sediment transport rate. 

Although the formation of such a coarse layer is not modelled by the 
Hirano model, the Hirano model does account for the transport of some 
of the sediment fractions while some other sediment fractions remain 
immobile. Whether a particular sediment fraction is mobile or not, de
pends on the closure relation for the sediment transport rate (consid
ering hiding and exposure) and the amount of the particular sediment 
fraction relative to the total sediment at the bed surface (i.e., in the 
active layer). The reduction in sediment transport is intrinsic to immo
bility of part of the sediment in the active. 

A second important limitation is that, as we will see in Section 4, the 
flux between the active layer and the substrate yields physically unre
alistic results when there is immobile sediment in the active layer. This is 
because, although sediment is immobile (i.e., it is too coarse to be 
transported) it moves vertically if the bed level increases, as sediment 
within the active layer moves with the bed level. 

3. Proposed mathematical models 

We propose two solutions for overcoming part of the limitations of 
the existing models. The first solution (Section 3.1) consists of a simple 
modification of Hirano's model. 

The second one (Section 3.2) consists of extending the Hirano model 
by including a mixing layer below the active layer. This solution is 
inspired by the model developed by Tuijnder and Ribberink (2010a); 
Tuijnder et al. (2011) and Tuijnder and Ribberink (2012) for the for
mation of coarse layers under supply-limited conditions. Tuijnder et al. 
(2009) conducted a set of experiments in which bedforms grew from an 
initially-flat bed. A varying thickness of fine mobile sediment was placed 
over a layer of coarse immobile material. The height of the dunes that 
developed depended on the availability of mobile sediment. The 
modelling effort by Tuijnder and coauthors was intended at modelling 
this set of experiments. A review of the model revealed limitations that 
originated from its derivation specifically for the conditions of those 
laboratory experiments (Chavarrías et al., 2020). 

3.1. ILSE model 

In the Hirano model, the active layer follows the bed elevation. 
Assuming a constant active-layer thickness, this means that if there is a 
bed level increase (decrease), the sediment within the active layer 
moves upwards (downwards). If the active-layer thickness varies with 
time, the vertical movement is dependent on the variation of both the 
bed surface and the interface between the active layer and the substrate 
but in all cases there is vertical movement. The vertical movement of 
sediment is inherent to the assumption that the sediment in the active 
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layer is perfectly mixed and it is all equally available for being trans
ported. As sediment deposits, it mixes with the sediment already present 
in the active layer. Hence, part of the deposited sediment is automati
cally present at the bottom of the new active layer, and part of the 
sediment in the original active layer is present in the top part of the new 
active layer. Similarly, as sediment is eroded, all the sediment in the 
active layer is equally available for being eroded. 

In general, this is a good approximation of the undergoing physical 
processes as the active-layer thickness represents the part of the bed that 
is reworked by bedforms (Section 2.2). However, for the case in which 
immobile sediment is present in the active layer, it yields unrealistic 
results under aggradational conditions. In this case, immobile sediment 
is predicted to move upwards, whereas in reality it does not move. 

Under degradational conditions it does not yield unrealistic results. 
Immobile sediment is predicted to move downwards as mobile sediment 
in the substrate enters the active layer. This models the case in which 
fine sediment is winnowed through the immobile sediment at the bed 
surface. Immobile sediment in the substrate also enters the active layer 
as degradation proceeds. As immobile sediment does not exit the active 
layer because it is not transported, there is an increase in the proportion 
of immobile sediment in the active layer, which inhibits further degra
dation (i.e., the bed is armoured). 

In overcoming the limitation under aggradational conditions, a 
modification of the aggradational flux (Eq. (10)) is proposed. This is 
named the ILSE (ImmobiLe Sediment Exchange) model. As aggradation 
occurs, if there is immobile sediment in the active layer this is first 
transferred to the substrate. Immobile sediment is transferred propor
tional to its presence in the active layer. Once all sediment in the active 
layer is mobile, sediment transferred to the substrate has the same 
composition as that in the active layer. 

Parameter kimm is an index denoting the smallest immobile size 
fraction. Hence, grain sizes dk with index 1 ≤ k < kimm are mobile and 
grain sizes with index kimm ≤ k ≤ N are immobile. The flux to the sub
strate is written as:   

The first case in Eq. (12) considers degradational conditions. This is 
the same as in the Hirano model: substrate sediment is transferred to the 
active layer. The rest of the cases consider aggradational conditions. The 
second and third case consider the situation in which there is immobile 
sediment in the active layer. Under these conditions, mobile sediment is 
not transferred to the substrate (Case 2) and immobile sediment is 
transferred proportional to its presence in the active layer relative to all 
immobile sediment (Case 3). The fourth case considers aggradation 
when all sediment in the active layer is mobile. This last case is the same 
as that by Hoey and Ferguson (1994), which is equal to the standard 
Hirano model for αs = 1. 

In stating that sediment size fractions are ordered in increasing size 

and that a particular index discerns between mobile and immobile 
fractions, we are implicitly assuming that reverse mobility does not 
occur (Solari and Parker, 2000). Reverse mobility occurs when the 
hiding-and-exposure effect is so strong that coarse fractions in the 
mixture are more mobile than fine ones (Dhamotharan et al., 1980; Misri 
et al., 1984; Kuhnle, 1993). Relaxation of this assumption is done by 
substituting the 1 ≤ k < kimm by the indexes of the mobile fractions and 
kimm ≤ k ≤ N by the indexes of the immobile ones. 

3.2. HANNEKE model 

3.2.1. Model description 
An additional layer (named “coarse layer”) is considered between the 

active layer and the substrate (Fig. 6). Variable zcl [m] indicates the 
elevation of the top of the layer, Lcl [m] its thickness, Fclk [− ] the volume 
fraction content of size fraction k, and Mclk the volume of sediment of 
size fraction k. 

Immobile sediment in the active layer is transferred to the coarse 
layer at a certain rate, which causes a decrease of the active-layer 
thickness. Only mobile sediment is transferred from the coarse layer to 
the active layer. This process increases the active-layer thickness. 

If the active-layer thickness is below a certain threshold La0 [m], 
which is the active-layer thickness under alluvial conditions, there is a 
flux of mobile sediment (if present) from the coarse layer to the active 
layer at a certain rate. 

If the active-layer thickness is smaller than the alluvial active-layer 
thickness, the sediment transport rate is reduced according to the rela
tion by Struiksma (1999) (Eq. (3)). This models the fact that not all 
sediment at the bed surface can be transported. A fraction of the bed 
surface is covered by immobile sediment which means that the sediment 
transport rate as computed by the sediment transport closure relation 
applied to the mobile sediment needs to be reduced. 

If the active-layer thickness has reached its alluvial value (hence 
there is no immobile sediment in it) and aggradation conditions are 

present, there is a transfer of mobile sediment from the active layer to 
the coarse layer such that the thickness of the active layer remains equal 
to its alluvial value. 

If the active-layer thickness has reached its alluvial value (hence 
there is no immobile sediment in it) and degradation conditions are 
present and mobile sediment is available in the coarse layer, there is a 
flux of mobile sediment from the coarse layer to the active layer such 
that the thickness of the active layer remains equal to its alluvial value. 
In the case there is only immobile sediment available in the coarse layer, 
the active-layer thickness reduces. 

The coarse layer has constant thickness, which simplifies the system 
of equations at the expenses of not capturing the complexity of the 
armouring process in detail. Further extension of the model should 
consider linking the coarse-layer thickness to, for instance, the thickness 

Φsk =
∂zs

∂t

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

fsk1 for
∂zs

∂t
< 0

0 for
∂zs

∂t
> 0 ∧

∑N

k=kimm

Fak ∕= 0 ∧ k < kimm

Fak

∑N

k=kimm

Fak

for
∂zs

∂t
> 0 ∧

∑N

k=kimm

Fak ∕= 0 ∧ k ≥ kimm

αsFak + (1 − αs)Fbk for
∂zs

∂t
≥ 0 ∧

∑N

k=kimm

Fak = 0

(12)   
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of the active layer or the properties of the sediment within it. 
The flux of sediment between the coarse layer and the substrate is 

such that the thickness of the coarse layer is preserved. 
We name this model HANNEKE (HirANo does Not havE the Key 

Exchange). 

3.2.2. Conservation of mass 
As with the previous models, the one-dimensional form is presented 

for simplicity, and the two-dimensional equations are obtained by 
considering the divergence of the sediment transport rate. Constant 
porosity is also assumed. 

Mass conservation of the entire sediment mixture along the whole 
bed thickness is described by equation: 

∂zb

∂t
+

∂Ψ aqb

∂x
= 0 (13)  

where Ψa = La/La0 [− ] is the sediment transport reduction function by 
Struiksma (1999) applied to the active layer. 

Mass conservation of the entire sediment mixture in the active layer 
is described by equation: 

∂La

∂t
+

∂Ψ aqb

∂x
+Φcl − Φimm = 0 (14)  

where Φcl [m/s] is the flux of sediment from the coarse layer to the 
active layer and Φimm [m/s] is the flux of immobile sediment from the 
active layer to the coarse layer (including pores). 

As in the Hirano model, the divergence of the sediment transport rate 
is included in this control volume. This means that it includes the bed
load layer as defined by, for instance, Armanini and Di Silvio (1988). 
This also means that the fluxes related to entrainment of sediment into 
transport and deposition on the bed surface are not modelled and 
assumed instantaneous. 

Mass conservation of the entire sediment mixture in the coarse layer 
is described by equation: 

∂Lcl

∂t
− Φcl +Φs +Φimm = 0 (15)  

where Φs [m/s] is the flux of sediment from the substrate to the coarse 
layer. 

Mass conservation of the entire sediment mixture in the substrate is 
described by equation: 

∂Ls

∂t
+Φs = 0 (16)  

3.2.3. Conservation of mass per size fraction 
Mass conservation per size fraction in the active layer is described by 

equation: 

∂Mak

∂t
+

∂Ψ aqbk

∂x
+Φclk − Φimmk = 0 (17)  

where Φclk [m/s] is the flux of size fraction k from the coarse layer to the 
active layer and Φimmk [m/s] is the flux of immobile sediment of size 
fraction k from the active layer to the coarse layer. The grain-size- 
dependent fluxes are constrained by equations: 

Φcl =
∑N

k=1
Φclk (18)  

Φimm =
∑N

k=1
Φimmk (19) 

Mass conservation per size fraction in the coarse layer is described by 
equation: 

∂Mclk

∂t
− Φclk +Φimmk +Φsk = 0 (20)  

where Φsk [m/s] is the flux of size fraction k from the substrate to the 
coarse layer which is constrained by equation: 

Φs =
∑N

k=1
Φsk (21) 

Mass conservation per size fraction in the substrate is described by 
equation: 

∂Msk

∂t
− Φsk = 0 (22)  

zb

z0

Ma

Mcl

ms1

msNs

ms2

La

Lcl

Ls

ls2

ls1

lsNs

Active layer

Coarse layer

Substrate

ϕcl

ϕimm

ϕs

qb

Ms

Fig. 6. Sketch of variables of HANNEKE model.  
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3.2.4. Sediment flux from the active layer to the coarse layer 
The flux of immobile sediment from the active layer to the coarse 

layer depends on the amount such sediment in the active layer and the 
timescale at which it is transferred: 

Φimm =

La
∑N

k=kimm

Fak

Timm
(23)  

where Timm [s] is the timescale at which immobile sediment is trans
ferred. Following Tuijnder and Ribberink (2010a), the transferring 
mechanism is deep dune troughs. Hence the timescale is associated to 
dune celerity and dune length, which are related to the sediment 
transport rate: 

Timm =
LaΛ
qb

(24)  

where Λ [m] is the average dune length. 
The average dune length Λ can be computed using one of the several 

empirical closure relations available to such an end. In the modelling 
software Delft3D (Walstra and Van Rijn, 2003; Lesser et al., 2004; 
Roelvink, 2006), two options are available. Van Rijn (1984b) proposes: 

Λ = 7.3h (25)  

and a general power relation is implemented: 

Λ = aΛhbΛ (26)  

where aΛ [m] and bΛ [1/m] are parameters and h [m] is the flow depth. 
The flux per size fraction is: 

Φimmk =

{
0 for k < kimm
ΦimmFak for k ≥ kimm

(27)  

3.2.5. Sediment flux from the coarse layer to the active layer 
Under the conditions in which the active-layer thickness is below the 

maximum alluvial value, the flux of mobile sediment from the coarse 
layer to the active layer depends on the amount such sediment in the 
coarse layer and the timescale at which it is transferred Tcl [s]. Under the 
conditions in which the active-layer thickness has reached its alluvial 
value (i.e., there is no immobile sediment in it) and aggradation occurs, 
sediment is transferred from the active layer to the coarse layer such that 
the thickness of the active layer remains constant. This implies that the 
mass flux is equal to the aggradational rate. Under the conditions in 
which the active-layer thickness has reached its alluvial value (i.e., there 
is no immobile sediment in it) and degradation occurs, mobile sediment 
is transferred from the coarse layer to the active layer such that the 
thickness of the active layer is constant: 

Φcl =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Lcl

∑kimm − 1

k=1
Fclk

Tcl
for La < La,0

−
∂qb

∂x
for La = La,0 ∧

∂zb

∂t
≥ 0

−
∂qb

∂x
for La = La,0 ∧

∂zb

∂t
< 0 ∧

∑kimm− 1

k=1
Fclk > 0

0 for La = La,0 ∧
∂zb

∂t
< 0 ∧

∑kimm− 1

k=1
Fclk = 0

(28) 

The flux per size fraction depends on the volume fraction content at 
the interface between the coarse layer and the active layer fkI, cl [− ]: 

Φclk = Φclf I,cl
k (29)  

where: 

f I,cl
k =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Fclk for
(

La < La,0 ∨
∂zb

∂t
< 0

)

∧ k < kimm

Fak for La = La,0 ∧
∂zb

∂t
> 0

(30) 

Note that in the cases not specified, the flux is already zero so the 
volume fraction content is irrelevant. 

In the current set-up, the timescale Tcl is assumed to be infinitely 
small, such that if the active-layer thickness is below the maximum al
luvial value and there is mobile sediment in the coarse layer, this mobile 
sediment will be instantly mobilized and hence transferred to the active 
layer. From a numerical point of view, the timescale is equal to the time 
step and in one time step all mobile sediment is transferred to the active 
layer. 

It is reasonable to think that the adaptation occurs at a certain 
timescale. This would model the fact that, under constant flow condi
tions, time is needed for the dune height (for which the active-layer 
thickness is proxy) to achieve the maximum value. This maximum 
value may be the alluvial value if enough sediment in the coarse layer is 
available or a lower value otherwise. This timescale of dune height 
adaptation can be modelled in several ways within Delft3D. Here a 
constant alluvial dune height has been employed for simplicity. 

3.2.6. Sediment flux from the substrate to the coarse layer 
The sediment flux from the substrate to the coarse layer guarantees 

that the thickness of the coarse layer remains constant: 

Φs = Φcl − Φimm (31) 

The flux per size fraction depends on the sediment at the interface 
between the substrate and the coarse layer fkI, s [− ]: 

Φsk = Φsf I,s
k (32)  

where: 

f I,s
k =

⎧
⎪⎪⎨

⎪⎪⎩

fsk1 for
∂zs

∂t
< 0

Fclk for
∂zs

∂t
≥ 0

(33)  

4. Application 

4.1. Experimental set-up 

The experiments by Struiksma (1999) are used for testing the 
different model concepts. The objective of these experiments was to 
measure the effect of a non-erodible layer in the propagation of a trench 
excavated in the bed. The data of two of his experiments are used here. 
The conditions were the same except for the fact that one was used as a 
reference and did not have a non-erodible layer installed. 

Struiksma (1999) conducted his experiments in a 0.2 m wide, 0.5 m 
height flume with effective length equal to 11.5 m. Two sediment sizes 
were used; one mobile and one immobile. Mobile sediment was a uni
form sand with characteristic grain size equal to 0.45 mm. Immobile 
sediment was a medium gravel in the range 8–16 mm. For modelling the 
coarse sediment the geometric mean grain size (11.3 mm) is used as 
characteristic grain size. Bed elevation profiles were measured manually 
using a rod. The discharge was measured using a sharp-crested weir and 
the water level downstream was controlled using a tailgate. The sedi
ment transport rate was measured by collecting it at the downstream end 
of the flume. Both water and sediment were recirculated. 

In each experiment, the flume was filled with approximately 0.15 m 
of sediment and it was run under constant a discharge and downstream 
water level until equilibrium conditions were obtained. Subsequently, a 
2 m long 0.04 m deep trench was excavated and the experiment 
continued. In one of the experiments, a 3 m long fixed layer 0.016 m 
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below the bed surface was present 1 m downstream from the trench, 
such that it became exposed as the trench propagated. 

The discharge was equal to 9.2 l/s and the downstream water level 
was equal to 0.338 m above the flume bottom. This lead to a flow depth 
under normal flow conditions equal to 0.1 m, a water surface slope equal 
to 2.05 × 10− 4, and a sediment transport rate (without pores) equal to 
5.83 × 10− 6 m2/s. The Chézy friction coefficient was 32.1 m1/2/s. 

This experiment, in which coarse sediment was immobile, is 
modelled in Section 4.3. A thought experiment equal except for the fact 
that the flow discharge (and, accordingly, the downstream water level 
for obtaining normal flow conditions) is higher is modelled in Section 
4.4. In this latter case, coarse sediment is mobile. Finally, in Section 4.5 a 
second thought experiment is modelled resembling the situation after a 
flood wave passes. In this thought experiment the initial composition of 
the bed surface has both mobile and immobile sediment and considers a 
situation in which a coarse layer would form. The cases are summarized 
in Table 1. 

4.2. Numerical modelling 

Two different software have been used in modelling the experiments. 
The HANNEKE model has been implemented in a research branch of 
Delft3D. The ILSE model has been implemented in the research nu
merical model Elv (Chavarrías et al., 2019b). Both software have the 
Hirano and Struiksma models implemented. 

Delft3D solves the unsteady shallow-water equations in 2D and 3D 
on curvilinear grids using an ADI (Alternate Direction Implicit) scheme. 
For this project a grid with only one cell in the transverse direction has 
been used essentially solving a 1D problem. Elv solves the Barré de 
Saint-Venant (1871) equations (i.e., unsteady 1D) using a Preissmann 
scheme with implicit parameter θ = 0.55 (e.g. Lyn and Goodwin, 1987). 

A 12 m long domain has been discretized with uniform space step 
equal to 0.05 m. 8 h are simulated. The time step is set to 0.1 s. Sediment 
and water density are equal to ρs = 2650kg/m3 and ρw = 1000kg/m3, 
respectively. Porosity is assumed to be p = 0.4. A Chézy friction type is 
used without flume-wall correction with the same value as described in 
the experiments. The sediment transport rate is modelled using the 
generalized relation by Meyer-Peter and Müller (1948): 

Qbk =

⎧
⎪⎪⎨

⎪⎪⎩

̅̅̅̅̅̅̅̅̅̅

gΔd3
k

√

1 − p
A(θk − ξkθc)

B for ​ θk − ξkθc > 0

0 for ​ θk − ξkθc ≤ 0

(34)  

where Qbk is the sediment transport capacity including pores (Eq. (6)), g 
= 9.81m/s2 is the acceleration due to gravity, Δ = (ρs − ρw)/ρw = 1.65 is 
the relative sediment density, θk = u2/(C2Δdk) [− ] is the non- 
dimensional bed shear stress of size fraction k, θc = 0.047 [− ] is the 
critical non-dimensional bed shear stress, u [m/s] is the mean flow ve
locity, ξk [− ] is the hiding-and-exposure coefficient, A [− ] is the pre
factor of the sediment transport relation, and B = 1.5 [− ] is the power of 
the excess bed shear stress. 

The prefactor A (which is equal to 8 in the original relation) has been 
calibrated for matching the measured transport under normal flow 
conditions leading to a value of 1.380835. The measured sediment 

transport does not allow for calibration of a hiding-and-exposure func
tion. The function by Parker and Klingeman (1982): 

ξk =

(
Dm

dk

)b

(35)  

where Dm [m] is the mean grain size and b [− ] is a parameter has been 
used. The geometric mean grain size may better represent the mean 
properties of the mixture but as this is not implemented in Delft3D, the 
arithmetic mean grain size is used. A value b = 0.2 has been arbitrarily 
set such that the coarse sediment becomes mobile under the conditions 
of the thought experiment modelled in Section 4.4. Sediment mobility is 
computed based on the excess bed shear stress. A value θk − ξkθc >

0 indicates that size fraction k is mobile and vice versa. 
Periodic boundary conditions for modelling sediment recirculation 

are not implemented in Delft3D. However, given the simulated time, the 
domain is long enough such that the effect of passing of the trench does 
not affect the downstream end of the domain. Hence, the load at the 
downstream end remains constant with time and as such a constant load 
at the upstream end equal to the load under normal flow conditions (i.e., 
5.83 × 10− 6 m2/s without pores) has been imposed. 

Struiksma (1999) considered the alluvial thickness to be 10% of the 
local flow depth. Here the alluvial thickness is set to a constant 
parameter equal to 0.01 m, which is the same as the value used by 

Table 1 
Modelled cases.  

Case Fine 
sediment 

Coarse 
sediment 

Initial composition of 
the bed surface 

Low flow (Struiksma, 
1999) 

Mobile Immobile Fine sediment only 

High flow (thought 
exp.) 

Mobile Mobile Fine sediment only 

Coarse layer formation 
(thought exp.) 

Mobile Immobile Fine and coarse 
sediment  
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Fig. 7. Measured data and modelled results of the reference experiment (i.e., 
without a fixed layer) by Struiksma (1999). No measurements where available 
at 5 h. 
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Struiksma (1999) for normal flow conditions. The active-layer thickness 
in the Hirano, ILSE, and HANNEKE models is also set to 0.01 m. This is 
reasonable considering the active-layer thickness to be 2D90 (Section 
2.2). The substrate is discretized using 50 layers of 0.002 m in thickness. 

In the HANNEKE model, the coarse-layer thickness is set to 0.015 m 
which is approximately 1.5 times the coarse-sediment characteristic 
grain size. The power relation for dune length (Eq. 26) is used with 
parameters aΛ = 0.5 and bΛ = 0 such that the dune length is set to a 

constant equal to 0.5 m. 
Fig. 7 shows the measured data and the modelled results using 

Delft3D (the results using Elv are the same) of the reference experiment. 
As this is a uni-size simulation without a fixed layer, none of the model 
concepts presented are applied and it is only useful to show that the 
calibrated sediment transport relation (as well as all other numerical 
parameters) properly capture the dynamics of the experiment. 

Fig. 8. Initial condition (a) and model results at different times (in columns) applying the model by Struiksma (top row), the model by Hirano (second row from 
above), the ILSE flux (third row from above) and the HANNEKE model (fourth row from above) to a case in which coarse sediment is immobile. 

V. Chavarrías et al.                                                                                                                                                                                                                             



Geomorphology 410 (2022) 108290

11

4.3. Low flow 

In this section we show the results of applying the: (1) Struiksma, (2) 
Hirano, (3) ILSE, and (4) HANNEKE models to the experiment by 
Struiksma with a fixed layer (Fig. 8). The results of the model by 
Struiksma and Hirano are shown as computed with Delft3D and they are 
virtually identical when using Elv, as the only source of differences is 
due to numerical discretization details. 

The model by Struiksma correctly represents the behaviour. Fig. 9 
shows the results of this model together with measured data. The trench 
propagates downstream and disappears on top of the fixed layer for layer 
reappearing downstream. A key point is that after the trench has passed, 
the bed level is the same as initially. This is due to the fact that, both at 
the beginning and at the end of the run, the fixed layer is excessively 
deep to interact with the flow and the initial condition (without the 
trench) was at equilibrium. 

Contrary to the model by Struiksma, the model by Hirano yields 
unrealistic results. The final bed elevation on the fixed layer is higher 
than initially (Fig. 8g). As the bed degrades, immobile sediment enters 
the active layer (Fig. 8e, f). This is to be interpreted as immobile sedi
ment being exposed to the flow and it is realistic. The sediment transport 
rate of fine sediment on the fixed layer is reduced as the volume fraction 
content of fine sediment reduces due to an increase in the presence of 
coarse sediment (see Eq. (6)). As the bed level increases, sediment in the 

active layer moves upwards following the bed level. Hence, immobile 
sediment in the active layer moves upwards too. This causes that, after 
the trench has passed, immobile sediment is found at a higher elevation 
that it was initially. A part of the coarse sediment that entered the active 
layer has been re-deposited in the substrate in the aggradation process. 
However, as the depositional flux is proportional to the presence in the 
active layer (Eq. (10)), part of that flux is fine sediment, while in reality 
it should only be formed out of coarse sediment. 

By using the aggradational flux by Hoey and Ferguson (1994) (Eq. 
(11)) the problem would only be increased, as a larger fraction of fine 
sediment would be transferred to the substrate considering that the load 
is formed out of fine sediment only. 

The final configuration depends on the hiding-and-exposure pa
rameters. A larger hiding-and-exposure effect implies that the presence 
of coarse sediment further limits the transport of fine sediment, which 
causes a larger unrealistic final aggradation. Nevertheless, even without 
considering the role of hiding and exposure, the final bed level is un
realistic, as the mere presence of coarse sediment in the active layer 
causes a reduction of the transport of fine sediment. 

The ILSE model overcomes the problem of the model by Hirano and 
yields realistic results. Coarse sediment enters the active layer as 
degradation occurs (Fig. 8h, i). However, contrary to the Hirano model, 
in the final state the bed surface is formed out of fine sediment only 
(Fig. 8j). This is because, as aggradation proceeds, immobile sediment 
deposits first, as if assuming that it is in the lowest part of the active 
layer. The final result when using the ILSE model is identical to that 
obtained when using Struiksma's model. However, while in Struiksma's 
case the fixed layer is modelled as a non-erodible layer, when using the 
ILSE model the fixed layer is composed of coarse immobile sediment. 

The HANNEKE model also yields realistic results. No step in bed level 
is found and the final bed slope is the equilibrium slope. As the trench 
propagates on the fixed layer, immobile sediment does not enter the 
active layer, hence mimicking the behaviour of the model by Struiksma 
(compare Fig. 8l to Fig. 8c). The active layer is always formed out of fine 
sediment. Hence, in the final state coarse sediment is not found at the 
bed surface which yields a realistic bed elevation profile. 

Fig. 10 shows the geometric mean grain size of the sediment in the 
active layer and in the coarse layer at the middle of the layer of coarse 
sediment (x = 5.525m) with time. The grain size of the sediment in the 
active layer does not change with time as coarse sediment does not enter 
it. Sediment in the coarse layer is initially coarser than the sediment in 
the active layer as part of the coarse layer includes immobile sediment 
from the start. The coarse layer gradually coarsens during the first 
approximately 1.5 h as the bed level lowers and there is sufficient fine 
sediment in the coarse layer. In this case, the active-layer thickness re
mains constant which implies that the coarse layer lowers while 
entraining coarse sediment from the substrate. The proportion of coarse 
sediment (and the mean grain size) increases. Once no more fine sedi
ment is available in the coarse layer, further degradation occurs at the 
expenses of the active-layer thickness. In this case the coarse layer does 
not change elevation and no fluxes of sediment occur. As a consequence, 
the mean grain size remains constant. After approximately 4.5 h of 
experiment, aggradation occurs. Fine sediment enters the coarse layer as 
this moves upwards, which causes a fining of the coarse layer. 

In the final state when using the ILSE model, the substrate has the 
exact same composition as initially. On the contrary, the substrate shows 
a gradient in fraction of immobile sediment when using the HANNEKE 
model. This is because immobile sediment has entered the coarse layer 
and has been transported upwards during the aggradation phase. This is 
unrealistic, although it does not affect the final state as sediment in the 
coarse layer does not interact with the flow. Fig. 10 shows this entrance 
of immobile sediment as the coarse layer is initially finer than at the end. 

4.4. High flow 

In this section the results of applying the four presented models to a 
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Fig. 9. Measured data of the experiment by Struiksma (1999) with a fixed layer 
and model results using the Struiksma model. 
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thought experiment in which all sediment is mobile are presented. The 
conditions are the same as the ones explained in Section 4.1 except for 
the fact that the discharge is 10 times larger (i.e., 92 l/s). The initial bed 
elevation has been adjusted such that initially the normal flow depth 
(equal to 0.465 m) prevails (except for the trench). The sediment load 
under normal flow conditions (i.e., without the trench) is equal to 7.36 
× 10− 5 m2/s. 

Fig. 11 shows the results. The Struiksma model does not predict 
entrainment of the coarse sediment, as this is modelled as a non-erodible 
layer. The results of the Hirano model are identical to those of the ILSE 
model. This is not surprising as the flux to and from the substrate is 
identical in both cases when all sediment is mobile. 

Finally the HANNEKE model predicts very similar results to those of 
the Hirano model. Nevertheless, while in the Hirano model, the sub
strate lays directly below the active layer, in the HANNEKE model there 
is an extra layer moving with the bed level (i.e., the coarse layer). The 
coarse layer is in this case 7.5 times thicker than the substrate layers, 
which causes the observed discretization differences. 

Fig. 12 shows the change in time of the mean grain size in the coarse 
layer. There is an initial (first 1 h) coarsening phase of the coarse layer. 
Similarly to the previous case (Section 4.3) degradation occurs and 
coarse sediment from the substrate enters the coarse layer. Contrary to 
the previous case, the active layer also coarsens as all sediment (i.e., 
including the coarse fraction) from the coarse layer is transferred to the 
active layer. Subsequently, the active layer becomes finer as it aggrades 
and only fine sediment arrives from upstream. The coarse layer also 
becomes finer as it moves upwards and fine sediment is transferred from 
the active to the coarse layer. 

4.5. Coarse layer formation 

This application consist of modelling of a second thought experiment 
in which a coarse layer is formed under constant discharge and normal 
flow conditions. A situation after a flood wave is considered. Sediment 
that is immobile prior to a flood wave is mobilized during the flood wave 
and is found at the bed surface (i.e., interacting with the flow) when the 
flood wave recedes and becomes immobile again. 

The modelled conditions are identical to those in the experiment by 
Struiksma (Section 4.1) except for the fact that no fixed layer nor trench 
are installed. Moreover, the bed surface is initially composed of 50% of 
fine sediment and 50% of coarse sediment. For simulating periodic 
boundary conditions (relevant for the HANNEKE model in which the 
composition changes), a first preparatory simulation is run with a con
stant load and a second simulation is run imposing the load at the 
downstream end from the first simulation. 

Fig. 13 shows the results of applying the different modelling con
cepts. The Hirano model does not predict any changes in bed elevation 
or composition (Fig. 13e, f, g). The sediment transport rate is the same 

everywhere since the start of the simulation (i.e., uniform). Hence, there 
are no changes in bed elevation. Moreover, as the only source of vertical 
sediment fluxes is a change in bed elevation (considering that the active- 
layer thickness is constant), the composition also remains constant. 

Note that a decrease in the active-layer thickness would never lead to 
a change in composition. Moreover, in the case we model, an increase in 
the active-layer thickness would also not lead to a change in composition 
as the substrate sediment has the same composition as the active layer. 

We conclude that the Hirano model does not explicitly predict the 
formation of a coarse layer. Nevertheless, it is relevant to note that only 
fine sediment is transported while the bed surface is composed of 50% of 
coarse sediment. The partial mobility indicates that the bed is probably 
armoured. 

Struiksma's model cannot be applied in this context, as there is no 
layer composed of only immobile sediment. Worded differently, there is 
no non-erodible layer. Immobile sediment is since the beginning at the 
bed surface and the model does not predict the formation of a non- 
erodible layer. 

The ILSE model only causes a different result than the Hirano model 
under aggradational conditions. As no changes in bed elevation occur, 
the ILSE model predicts the same results than the Hirano model. In 
essence, there is no explicit modelling of the formation of a coarse layer. 

The HANNEKE model does predict changes in composition (Fig. 13k, 
l,m). The situation is initially uniform and changes are also uniform (i.e., 
the same changes occur at every position in the streamwise direction). 
Hence, while the sediment transport rate changes with time, the 
gradient in sediment transport rate is always equal to 0 along the entire 
domain and there are no changes in bed elevation. 

Immobile coarse sediment initially present in the active layer sinks to 
the coarse layer and mobile sediment in the coarse layer is transferred to 
the active layer. With time, the active layer becomes finer and the coarse 
layer becomes coarser (Fig. 14). Because the coarse layer is 1.5 times as 
thick as the active layer and initially all layers are composed of 50% of 
each type of sediment, all coarse sediment initially in the active layer 
can be transferred to the coarse layer without reducing the active-layer 
thickness. 

If the coarse layer would have been finer than the active layer, 
immobile sediment in the active layer would have been transferred to 
the coarse layer but the coarse layer would not supply mobile sediment 
to the active layer. Hence, the thickness of the active layer would have 
reduced. In this case, the coarse layer moves upwards and immobile 
sediment is transferred to the substrate. Eventually, the active layer 
would be formed out of mobile sediment only; the coarse layer would be 
formed out of immobile sediment only; and the situation would also 
reach equilibrium. 
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Fig. 10. Geometric mean grain size of the sediment in the active layer (red continuous line) and in the coarse layer (blue dashed line) at x = 5.525m with time in a 
case in which coarse sediment is immobile. 
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5. Discussion 

5.1. Model capabilities 

The Struiksma model can reproduce morphodynamic development 
in the presence of a non-erodible layer (i.e., formed by immobile sedi
ment). However, it fails to model break-up of a coarse layer. On the 
contrary, the Hirano model yields physically unrealistic results in the 

presence of an immobile sediment layer, but it captures break-up of such 
a layer. The results are summarized in Table 2. 

Both the ILSE and HANNEKE models correctly predict morphody
namic development in the presence of an immobile sediment layer. 
However, they achieve this in fundamentally different manners. While 
in the ILSE model immobile sediment in the substrate enters the active 
layer, in the HANNEKE model immobile sediment does not enter the 
active layer. In the HANNEKE model the thickness of the active layer 

Fig. 11. Initial condition (a) and model results at different times (in columns) applying the model by Struiksma (top row), the model by Hirano (second row from 
above), the ILSE model (third row from above) and the HANNEKE model (fourth row from above) to a case in which all sediment is mobile. 
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reduces as there is a lack of mobile sediment, while when using the ILSE 
model the active-layer thickness remains constant. 

The different model behaviour highlights the crucial point that the 
active layer represents different properties in each model. In the ILSE 
model (as in the Hirano model), the active layer represents the part of 
the bed that interacts with the flow, better described in a probabilistic 
manner (Section 2.2). Immobile sediment exposed to the flow is then 
part of the active layer. 

In the HANNEKE model, sediment in the active layer not only in
teracts with the flow but is also regularly mobilized. Sediment in the 
active layer may not be in transport but is mobilized periodically by 
passing bedforms. 

This is similar to the case of the Struiksma model in which the 
thickness of sediment above a non-erodible layer plays the role of the 
active layer in the HANNEKE model. The alluvial thickness in Struiks
ma's model is equivalent to the alluvial active-layer thickness in the 
HANNEKE model. Moreover, it is the alluvial active-layer thickness and 
not the active-layer thickness in the HANNEKE model that has a closest 
correspondence with the active-layer thickness in the Hirano and ILSE 
models. 

Regarding modelling of the formation of a coarse layer, only the 
HANNEKE model explicitly reproduces this process. Nevertheless, the 
Hirano and ILSE models implicitly describe the formation of a coarse 
layer. A coarse layer is present if the active layer contains immobile 
sediment. Worded differently, the bed is armoured if there is a sediment 
size fraction which is in the active layer but not transported. Although a 
decrease in flow velocity suddenly causing coarse sediment to stop being 
transported does not cause a change in bed surface composition (Section 
4.5), the change in sediment transport rate implicitly models the for
mation of the coarse layer. 

5.2. Presence of immobile sediment in the active layer 

Immobile sediment enters the active layer in the Hirano and ILSE 
models but not in the HANNEKE model and both approaches correctly 
reproduce the physical processes. Both manners of modelling the same 
process are valid and it is a matter of how to interpret the results (Section 
5.1). Nevertheless, the fact that in the HANNEKE model immobile 
sediment does not enter the active layer and is transferred out of it if 
present, causes the model to have certain limitations. 

First is that at least some sediment must be mobile. Otherwise, the 
active-layer thickness would tend to be 0, which would imply infinitely 
fast changes in bed surface composition, as the celerity of changes 
inversely depends on the active-layer thickness (Ribberink, 1987; Stecca 
et al., 2014; Chavarrías et al., 2019b). This is not only physically unre
alistic but also numerically challenging. 

Second is that it is necessary to discern between mobile and immo
bile sediment. This model necessity prevents using sediment transport 
relations which do not include a threshold for motion such as Engelund 
and Hansen (1967) and Wilcock and Crowe (2003). One could use such a 
load relation and independently discern between mobile and immobile 
sediment using a criterion such as Shields (1936). This is not recom
mended as it yields physically unrealistic results. Sediment in the active 
layer which is transported would sink to the coarse layer and stop being 
transported if labelled as immobile by the mobility criterion. 

The third limitation is also related to sediment mobility. In the 
HANNEKE model, the properties of the coarse layer are not considered 
in computing the sediment transport rate although sediment in the 
coarse layer is exposed to the flow and interacts with it. As a corollary, 
although one may consider the hiding-and-exposure effect in the sedi
ment transport relation, this does not consider the grain size of the 
immobile sediment in the coarse layer, although it certainly affects the 
mobility of the fine sediment. The effect of hiding and exposure is 
implicitly considered in the sediment transport reduction function (i.e., 
Ψa in Eqs. (13) and (14)). It could be possible to improve the model by, 
for instance, computing hiding and exposure using a mean grain size 
based on the sediment in both the active layer and the coarse layer. 
Furthermore, the whole sediment transport rate could be computed as a 
weighted average of the sediment in the active layer and coarse layer. 
This would yield similar results to the Hirano model, in which the 
sediment in the coarse layer falls inside the active layer. This would 
make the sediment transport reduction function redundant and unnec
essary. Still, an important limitation remains that applies to the four 
models: the usual sediment transport relations (e.g. Engelund and 
Hansen, 1967; Meyer-Peter and Müller, 1948; Ashida and Michiue, 
1971; Wilcock and Crowe, 2003) and hiding-and-exposure functions (e. 
g. Egiazaroff, 1965; Ashida and Michiue, 1971; Parker et al., 1982; 
Wilcock and Crowe, 2003) have not been derived for conditions of high 
bi-modality and large differences in grain size such as the ones we have 
modelled here. Research is needed that focuses on estimating the sedi
ment transport rate under these conditions. 

5.3. Ill-posedness 

A last point regarding model capabilities is about ill-posedness of the 
system of equations. The Hirano model is ill-posed under certain cir
cumstances, particularly when degrading into a substrate finer than the 
active layer (Ribberink, 1987; Stecca et al., 2014; Chavarrías et al., 
2018, 2019c). When the model is ill-posed, spurious oscillations scaling 
with the grid size develop which artificially mix sediment and can even 
cause failure of the numerical solver. Ill-posedness arises from the sim
plifications inherent to the model conceptualization and is not a 
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Fig. 12. Geometric mean grain size of the sediment in the active layer (red continuous line) and in the coarse layer (blue dashed line) at x = 5.525m with time in a 
case in which all sediment is mobile. 
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numerical artefact. 
The ILSE model is equivalent to the Hirano model under degrada

tional conditions. Hence, under the degradational conditions in which 
the Hirano model is ill-posed, the ILSE model will also be ill-posed. 
Under aggradational conditions, the interface between the active layer 
and the substrate in the ILSE model is equal or coarser than the interface 
in the Hirano model. This reduces the likelihood that the ILSE model 

becomes ill-posed. Still, the most relevant case is the degradational one 
so we conclude that the ILSE model does not in general pose a solution to 
the problem of ill-posedness. 

In the HANNEKE model the coarse layer acts as a buffer between the 
active layer and the substrate. If the coarse layer is fully formed and 
degradation occurs by a decrease in the active-layer thickness, there is 
no flux of sediment between the coarse layer and the active layer and the 

Fig. 13. Initial condition (a) and model results at different times (in columns) applying the model by Struiksma (top row), the model by Hirano (second row from 
above), the ILSE model (third row from above) and the HANNEKE model (fourth row from above) to a case in which coarse sediment initially in the active layer 
is immobile. 
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model is well-posed. A case in which all sediment is mobile and degra
dation occurs into a fine substrate will not differ from the Hirano model 
and will equally be ill-posed (if the Hirano model is ill-posed). However, 
if there is immobile sediment in the coarse layer while degrading, the 
proportion of fine sediment entering the active layer will be smaller and 
it is less likely that the HANNEKE model will become ill-posed. 

In conclusion, although we provide no formal proof, we expect that 
the HANNEKE model has a smaller domain of ill-posedness than the 
Hirano model. Still, we are certain that it is not unconditionally well- 
posed. The SILKE model (Chavarrías et al., 2019a) provides an alter
native unconditionally well-posed model. However, the SILKE model is 
computationally more expensive as it requires solving an additional 
advection-diffusion equation for each grain size and the time step must 
be smaller in order to capture a faster timescale. Moreover, it suffers 
from the problems of immobile sediment modelling solved using the 
ILSE and HANNEKE models. 

Another alternative is the regularized Hirano model (Chavarrías 
et al., 2019b). The regularization can be seen as a modification of the 
timescale of the mixing processes that guarantees well-posedness while 
preserving the framework of the Hirano model not adding additional 
conservation equations. While being more expensive than the standard 
Hirano model, it is less expensive than the SILKE model. 

It would be possible to extend the SILKE and regularized Hirano 
models with the concepts of the ILSE or HANNEKE models for better 
modelling immobile sediment. 

5.4. Model choice 

Several modelling options have been presented for considering 
mixed-size sediment processes. While one single option clearly better 
than the rest would facilitate modelling, we find that each model has its 
own domain of application and it depends on the case which model is 
better. Here we provide guidelines for selecting the appropriate model. 

We do not recommend using the Hirano model, as the ILSE model 
represents a small modification of it which only improves it without 
drawbacks. 

If modelling the effect of an engineered fixed layer made with sedi
ment much coarser than the alluvial sediment or, for instance, concrete, 
we would recommend using the Struiksma model. This is better than the 
ILSE model because in the latter the coarse sediment enters the active 
layer and affects the sediment transport of the alluvial sediment while 
the current sediment-transport and hiding-and-exposure relations are 
not fit for these cases. It would also be possible to use the HANNEKE 
model but it would increase the complexity without additional benefits. 

In a case in which all sediment can be immobile or the preferred 
sediment transport relation does not include a mobility threshold, the 
HANNEKE model is not recommended, as in the former the model yields 
unrealistic results and in the latter adds complexity without additional 
benefits. The ILSE model is the preferred option. 

If the interest lays on modelling the dynamics of sediment as this 
becomes mobile and immobile, the key point is whether the explicit 
coarse-layer formation is a process of interest. If indeed the timescale of 
formation of a coarse layer is of interest, the only choice is the HANNEKE 
model. If one is not interested in this process, the ILSE model provides a 
simpler alternative. 

Finally, if the situation can be ill-posed and the dynamics of immo
bile sediment are relevant, one either has to use an extended SILKE 
model or a regularized ILSE or HANNEKE model. The choice would 
depend on whether one is interested in the short-timescale mixing waves 
occurring under these circumstances. Only the SILKE model resolves 
such waves. If only the overall behaviour is of interest, the regularized 
ILSE and HANNEKE models are better options due to their reduced 
computational time. 

6. Conclusion 

Accurate modelling of morphodynamic development under condi
tions in which part of the sediment is immobile is crucial for river 
management. By modelling a laboratory experiment and two thought 
experiments, we have shown that the two existing models of Struiksma 
and Hirano present severe limitations. The Struiksma model is incapable 
of modelling formation and break-up of an armour layer and the Hirano 
model yields physically unrealistic results when part of the sediment is 
immobile. We have proposed the ILSE and HANNEKE models for over
coming these limitations. The two models differ in the interpretation of 
the active layer in which sediment interacts with the flow. The ILSE 
model is a simple modification of the Hirano model in which the flux of 
sediment between the active layer and the substrate is improved for 
correctly capturing the dynamics under aggradational conditions. We 
have found that this improved flux is sufficient for modelling a case in 
which part of the sediment is immobile. The HANNEKE model includes a 
layer below the active layer where immobile sediment is deposited. This 
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Fig. 14. Geometric mean grain size of the sediment in the active layer (red continuous line) and in the coarse layer (blue dashed line) at x = 5.525m with time in a 
case in which coarse sediment initially in the active layer is immobile. 

Table 2 
Model capabilities.  

Model Transport over a 
coarse layer 

Coarse-layer 
break-up 

Explicit coarse-layer 
formation 

Struiksma yes no no 
Hirano no yes no 
ILSE yes yes no 
HANNEKE yes yes yes  
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additional layer allows for explicit modelling of the formation of an 
armoured layer. This is a unique feature of the HANNEKE model, as the 
alternatives model the formation in an implicit manner. 
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