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Efficient Consolidation Model for Morphodynamic
Simulations in Low-SPM Environments

J. C. Winterwerp1; Zeng Zhou2; G. Battista3; T. Van Kessel4; H. R. A. Jagers5;
D. S. Van Maren6; and M. Van Der Wegen7

Abstract: This paper presents a new model, using existing consolidation theory, suitable for long-term morphodynamic simulations; we
refer to the dynamic equilibrium consolidation (DECON) model. This model is applicable for muddy systems at small suspended particulate
matter (SPM) concentrations, where the sedimentation rates are smaller than the consolidation rates and small fractions of sand can be
accounted for. Thus, the model assumes quasi-equilibrium of the consolidating bed. It is derived from the full consolidation (Gibson) equation
and is implemented in a mixed Lagrangian-Eulerian bed model guaranteeing stable and non-negative solutions, while numeric diffusion
remains small. The erosion and deposition of sand and mud is accounted for, whereas internal mixing (e.g., bioturbation) is modeled through
diffusion. The parameter settings for the new consolidation model (the hydraulic conductivity, consolidation coefficient, and strength) can be
obtained from consolidation experiments in the laboratory. The model reproduces one-dimensional consolidation experiments and the quali-
tative behavior of erosion and deposition in a tidal flume. The DECON model was also applied to more natural conditions, simulating fine
sediment dynamics on a schematized mud flat and in a schematized tidal basin under tide and wave forcing. The computational results of the
mudflat simulations compared well with the simulations with the full Gibson equation. For the tidal basin simulations, DECON predicted the
expected landward tidal transport of fine sediment during tide-dominated conditions, while the tidal basin withstood erosion during the more
energetic wave-dominated periods. Computational times for the morphodynamic simulations of the tidal basin example without waves in-
creased by a factor of 5 when consolidation was included. For the simulations with waves, this increase in computational times was only a
factor of 2, as simulations with waves are always expensive. Applying a complete consolidation model would be prohibitive. The DECON
model therefore serves as a useful tool to simulate fine-sediment dynamics in complex wave- and tide-dominated conditions, as well as the
effects of seasonal variations. DOI: 10.1061/(ASCE)HY.1943-7900.0001477. © 2018 American Society of Civil Engineers.

Author keywords: Consolidation model; Morphodynamics; Low-concentrated environments.

Introduction

Many natural estuaries, tidal lagoons, and coastal regions contain a
mixture of sand and fine, cohesive sediment. In response to natural
forcing and/or anthropogenic interference, the shape and bathym-
etry (morphos) of these systems may change over time. These
morphodynamic evolutions affect the hydrodynamics in the sys-
tem, coupling back to these morphodynamic evolutions. State-of-
the-art morphodynamic modeling accounts for the effects of sand
only. However, in many cases, the amounts of fines or the changes
in morphology are so large that the system’s morphology is also
affected by the erosion and/or deposition of cohesive sediments.
Differently from sand, the deposits of fine sediments (mud) con-
solidate, thinning and gaining strength with time, which affects
the deposit’s thickness and mechanical features (stability and erod-
ibility). Because of its high water content, the deformations of fresh
mud deposits are large, and the original Terzaghi (1943) consoli-
dation equation is not applicable. The consolidation of such soft
mud deposits is commonly described by the Gibson equation
(Gibson et al. 1967), which accounts for these large deformations
and is generally considered the state of the art for engineering ap-
plications. We do not present a detailed derivation of the Gibson
equation; for further details, see Mitchell (1976), Schiffman et al.
(1985), and other works.

In a stand-alone version, Gibson’s equation is widely used for
studying and simulating the one-dimensional vertical (1DV)
consolidation of mud mixtures in settling columns (e.g., Been
and Sills 1981; Schiffman et al. 1985; Toorman 1996; Townsend
and McVay 1990). Merckelbach and Kranenburg (2004a) assumed
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self-similarity of the mechanical properties of the consolidating
mud and introduced a fractal approach for the material functions,
as a result of which the consolidation equation can be reformu-
lated as an advection-diffusion equation in a Eulerean frame of
reference. Toorman (1996) and later Winterwerp and Van Kesteren
(2004) combined the consolidation equation with a hindered set-
tling phase, using a heuristic formula for the transition between
the hindered settling phase and the first phase of consolidation,
governed by the hydraulic conductivity of the soil. An evaluation
of the performance of various 1DV models was presented by
Bartholomeeusen et al. (2002).

Recently, Zhou et al. (2016) included Gibson’s equation in the
Delft3D software for simulating morphodynamic developments in
estuarine environments. That model was successfully tested against
the development of a virtual tidal mudflat in a tide-dominated envi-
ronment. Although doable for an isolated mudflat, the large vertical
resolution required for real-time resolving consolidation makes
the use of the Gibson equation in large-scale and long-term mor-
phodynamic simulations computationally expensive and at times
prohibitive.

Hence, there is a need for a cheap consolidation model that can
be used for long-term morphodynamic simulations. Sanford (2008)
was probably the first to derive such a fast consolidation model. In
his multiple-layer model, the vertical dry density distribution was
described through an empirical exponential function on the basis of
a sediment’s equilibrium density profile. This distribution alters in
response to the erosion of and sedimentation on the bed at a time
scale governed by two empirical relaxation coefficients, the first-
order swelling and the consolidation rate, respectively. The strength
and erodibility of the consolidating/swelling bed are a function of
the time-varying dry bed density. Although Sanford’s model is
computationally cheap, its parameters cannot be easily determined.
Therefore, we need a consolidation model that not only is fast but
for which the material parameters are obtainable from simple lab-
oratory tests; thus the model should be based on consolidation
physics. This has the additional advantage that the model results
can be compared with a complete consolidation model (the original
Gibson equation).

These requirements can be met when the time scales for con-
solidation are small in comparison with the morphodynamic time
scale. Hence, we presume a quasi-equilibrium for the consolidation
processes. In that case, the equilibrium solution of the consolidation
equation can be obtained analytically, yielding an algebraic relation
that can be implemented in a morphodynamic model. Thus, the
DECON model does not resolve the full time-dependent consoli-
dation process, but it computes the bed-level and mechanical prop-
erties at user-defined time intervals. This approach limits the
model’s applicability to systems with relatively low suspended par-
ticulate matter (SPM) concentrations, where the consolidation rates
are large in comparison with the sedimentation rates. The new
model is therefore not applicable to the conditions under which
fluid mud formation occurs, that is, when the sedimentation rates
exceed the consolidation rates.

We continue on the Eulerian consolidation model developed by
Merckelbach and Kranenburg 2004a (see also Winterwerp and Van
Kesteren 2004), in which the material parameters are described
with a fractal approach, yielding power law relations. The DECON
model is implemented in the generic bed model (GBM) developed
by Van Kessel et al. (2011, 2012). This GBM has been coupled to
the Delft3D software suite, but it can also be operated stand-alone
or coupled to any other morphodynamic model. This implies that
the DECON model can run stand-alone or as part of the Delft3D
software; in the latter case it would be more appropriate to refer
to the DECON module rather than the DECON model. However,

in this discussion we refer to the DECON model only and discuss
the development of this new model using existing consolidation
theory.

The GBM contains a mixed Eulerian-Lagrangian discretization
of the bed in multiple layers, shown in Fig. 1. This approach was
chosen because of numerical considerations, guaranteeing stable
and non-negative solutions, whereas numeric diffusion remains
small. The uppermost layer of the model represents the fluffy layer,
of which the thickness is undefined (see also Mathew and
Winterwerp 2017). Below the fluffy layer, we find the active
layer (AL), of variable thickness and variable dry density. This
Lagrangian active layer may be subdivided into two or more sub-
layers, a property used in the new DECON model proposed in this
paper. Below the (Lagrangian) active layer(s), a number of Eulerian
bed layers are defined (the maximum thickness and the dry density
of different sediment fractions are user-defined). However, the
thickness and sediment composition may vary over time. The sedi-
ment composition in the active and bed layers may vary in response
to mixing/bioturbation. If a Eulerian layer becomes too thick,
it is split, creating a new Eulerian bed layer above that thickening
layer. Similarly, bed layers may disappear when depleted through
erosion.

The GBM can deal with multiple sediment classes, some of
which may be cohesive and some noncohesive (Van Kessel et al.
2011). The sediment composition may vary in time and space.
The exchange of sediment between the bed and the overlaying
water column is described as follows:
• Sedimentation from and erosion of coarse, noncohesive sedi-

ment takes place in/from the (upper) active Lagrangian layer
only; and

• Sedimentation with fine sediment (mud) takes place in the fluffy
layer only. Erosion of fine sediments takes place from the fluffy
layer and possibly also from the upper active Lagrangian layer.
The exchange of fine sediment between the fluffy layer and

the active layer controls the amount of fines in these layers. Mixing
and burial further control the amount of sediments (fine and coarse)
in the active layer and the bed layers. Bed layers may disappear
when depleted, and new bed layers may be created from bed layers
that become too thick.

The GBM is also used for modeling the behavior of bed forms
and the interaction between various coarser sediments, such as
the interaction between sand and gravel (e.g., Blom 2003; Sloff
et al. 2006).

In the DECON model, we maintain the structure of the GBM
with its fluffy, active, and bed layers. This model is described in
detail in the next section. The discretization of the model formu-
lations is explained in the Appendix. The model’s performance is
assessed against a number of simple test cases, including two
morphodynamic simulations.

Quasi-Equilibrium Model for Consolidation in
Low-SPM Environments

To detail the description of the generic bed model (GBM), the
DECON model contains the following features (Fig. 1):
1. The fluffy layer contains mud only, and its thickness is not

defined but its mass is. The fluffy layer is subject to consolida-
tion (transport to the upper active layer) but not to strength de-
velopment. Thus, its erodibility remains constant according to
user-defined parameters (see Appendix). The erosion and de-
position of mud may take place from/on this layer. Although
the dry density in the fluffy layer is not defined, typical values
would amount to the gelling concentration (50–150 g=L). Thus,

© ASCE 04018055-2 J. Hydraul. Eng.
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our approach remains consistent with other applications of the
fluffy-layer concept (Mathew and Winterwerp 2017).

2. The active layers have a variable thickness and variable dry
density and may contain sand and mud. The erosion of mud
may take place from the upper active layer as well, to account
for spatial inhomogeneities (within a computational cell). The
erosion and deposition of sand take place only from/on the
upper active layer. The mechanical properties (erodibility) of
the active layer change with consolidation and mixing.

3. The Eulerian bed layers have varying thickness and mass (dry
density).

4. The active layer is split into six sublayers (but the user may
choose otherwise). Consolidation takes place in these active
sublayers; we refer to the consolidating layers. The user defines
when the (equilibrium) mechanical properties of these layers
are to be updated. The total thickness of these six consolidating
layers is represented by Δc, which is a function of time and
which is determined by the total mass in the active sublayers;
this is the Lagrangian functionality. The relative thickness of
the six consolidating sublayers is user-defined, depending on
the relevant time scales of the problem at hand.

5. When the total thickness of the consolidating sublayers (the
sum of the active layers) exceeds a user-defined value, the sedi-
ment is buried from the lowest active layer into the upper bed
layer. This buried sediment immediately attains the predefined
mechanical properties of that bed layer. Sediment is never ad-
vected from the bed layers toward the active layers, except by
the process of mixing/bioturbation. New active layers can be
formed only from deposition.

6. During erosion, the active layers may be eaten away one by
one, depending on their mechanical properties. In that case,
the sediments in the active layer are not supplemented
from the bed layers below. During erosion, the bed becomes
overconsolidated—too strong—given the reduced mass in the
eroding bed. Therefore, all the bed processes, consolidation,

and mixing (bioturbation) stop. Active layers are reformed or
refilled only from sedimentation. When an active layer regains
the thickness it had before the erosion event, the consolidation
processes become active again. The user is advised to choose the
model parameters such that the active layers never disappear
completely, to prevent a discontinuous buildup of the bed
properties.

7. If all active layers were eaten away by erosion, the first bed layer
would be eroded; the erosion parameters of the bed layer are
constant and user-defined.

8. Consolidation is governed by the mud fraction only. Sand is
passive, only determining the hydraulic conductivity and effec-
tive strength of the soil.

9. The bed layers below the six consolidating layers maintain
their original properties and functions, which are user-defined,
although their mass, thickness, and composition may change
over time by burial from the consolidating layers, by erosion
when all the consolidating layers have been eroded, and/or
by bioturbation (mixing).
Although layers may disappear and be regenerated, from a

numerical point of view it is not advisable that this disappearance/
regeneration occurs too often. The layers should therefore be thick
enough to survive a number of consecutive erosion events. The pro-
posed layer distribution is therefore based on the presumption that
the erosion of the bed is governed by four time scales, which are
typically
1. the tidal time scale, in which the sediments in the water column

are more or less in equilibrium with a thin soft layer of fine
sediment on the bed (the fluffy layer); around slack water, this
layer is typically a few millimeters to a few centimeters, at
most; inclusion of this fluffy-layer concept is crucial for simu-
lating the net sediment transport by tidal asymmetry and other
processes;

2. the spring-neap cycle, in which part of the fines in the
fluffy layer may gain strength/consolidate, as fines are buried

Fig. 1. (Color) Discretization of bed layers in the DECON model, modified from the generic bed model.

© ASCE 04018055-3 J. Hydraul. Eng.
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within the upper active layer, and in this way fines may accu-
mulate on/in the bed during neap tide, to be remobilized during
spring tide;

3. the seasonal time scale, in which fines are subject to biological
activity [bioturbation, biostabilization (algae), and biodestabil-
ization (benthic fauna)], and storm conditions; and

4. the decadal time scale, in which extreme events such as storms
and floods may have a profound effect on the long-term mor-
phodynamics of the system.
Fig. 1 shows a diagram of the generic bed model adapted to

the new consolidation formulations. As discussed previously,
we presume that consolidation is relatively fast, further to our
assumption of low concentrated suspensions under low dynamic
conditions. This implies that mechanical equilibrium is obtained
fast. The basic idea behind the new consolidation model is that
this equilibrium is achieved within a user-defined time scale
(consolidation time step Tc), similar to the approach in morphody-
namic modeling. Thus, within such a consolidation time step, the
mechanical properties of the bed remain constant, as do the erosion
properties of the bed.

The new consolidation model is based on the Gibson equation
for consolidation in a Eulerian frame of reference. The relevant
equations for the consolidation of mud are, assuming a self-similar
(fractal) structure of the consolidating bed (see Merckelbach and
Kranenburg 2004a or Winterwerp and Van Kesteren 2004 for
the derivations)

∂cm
∂t − 1

ρs

∂
∂z ½Δρkc2m� − Γc

∂2cm
∂z2 ¼ 0 ð1Þ

Γc ¼
2

3 − nf

KkKp

gρw
¼ consolidation coefficient ðconstantÞ

k ¼ Kkðϕm=ð1 − ϕsÞÞ−2=ð3−nfÞ ¼ hydraulic conductivity

σ 0
v ¼ Kpðϕm=ð1 − ϕsÞÞ2=ð3−nfÞ ¼ effective stress

ϕm ¼ cm
ρs

;ϕs ¼
cs
ρs

ð2Þ

where subscripts m and s refer to the bulk mud and sand fraction,
that is, the sum of all mud and all sand subfractions, respectively,
in the computational domain; ϕ and c are volumetric concentration
of the solids and the solid’s mass concentration; ρw and ρs are
specific density of water and sediment; Δρ ¼ ðρs − ρwÞ=ρw =
relative density; and t and z are time and the vertical coordinate
(positive upward). The material parameters for the effective
stress Kp (Pa), hydraulic conductivity Kk (m=s), and sediment
structure nf (fractal dimension) follow from laboratory experiments
(e.g., Merckelbach and Kranenburg 2004b) or if unavailable, from
the literature (see also the Appendix). These equations are valid for
small sand concentrations only, that is, well beyond the criterion
for cohesive bed behavior (Winterwerp and Van Kesteren 2004);
the sand content should not exceed a few ten percent, as the
consolidation equation is no longer valid at higher sand concentra-
tions. As the DECONmodel is coupled to the Delft3D software, the
effects of hindered settling are accounted for in the water (sediment
transport) phase.

In the DECON model, we make explicit use of the total mass of
sediment in the consolidation layer (the six active sublayers). This
total sediment mass determines the Gibson height for the total sand
content and total mud content, ζs and ζm, respectively

ζm ≡
Z
Δc

cm
ρs − cs

dz and ζs ≡
Z
Δc

cs
ρs

dz ð3Þ

where cm and cs are mass concentration of all the mud and of all the
sand fractions, respectively, in the active layers; and Δc = total
thickness of the consolidating layer. For the equilibrium conditions,
∂c=∂t ¼ 0 (e.g., Merkelbach and Kranenburg 2004a), and Eq. (1)
can be integrated over the thickness of the consolidating layers Δc

ΔcðTcÞ − ζs − z ¼ n
n − 1

Kp

gðρs − ρwÞ
�
cm
ρs

�
n−1

with n ¼ 2

3 − nf
ð4Þ

where Tc = consolidation time, which is much larger than the
time step in the hydrodynamic and sediment transport model
(the driving forces) but much smaller than the relevant time scales
in the driving hydrodynamics (e.g., the semidiurnal tide or the
spring-neap cycle). Thus, Tc is the time step for updating the equi-
librium density distribution and hence the strength distribution rel-
evant for erosion. Of course, Tc should be larger than the physical
consolidation time, for which a typical time scale amounts to
δ2=Γc, and thus typically of the order of minutes to a few hours
at most for suitable DECON applications. Eq. (4) can be integrated
over the consolidating bed layer

ΔcðTcÞ ¼ ζs þ
n

n − 1

Kp

gðρs − ρwÞ
�
gðρs − ρwÞ

Kp
ζm

�n−1
n ð5Þ

in which Δc is the thickness of the consolidating layers (the
six active layers), and of which the value varies at the time scale
Tc. From this relation, we obtain the equilibrium distribution of the
mass concentration for the sediment (mud content only), often re-
ferred to as the dry density distribution (bulk or total mud content)

ρdryðzÞ
ρs

≡ cmðzÞ
ρs

¼
�
ðΔcðTcÞ − z − ζsÞ

n − 1

n
gðρs − ρwÞ

Kp

� 1
n−1

for 0 < z < ΔcðTcÞ − ζs ð6Þ

Although we can model more than one mud class in the water
column, these are summed in establishing the consolidation proper-
ties of the bed. If sand is present, it is transported by mixing and
burial and not through consolidation. However, sand affects the
material parameters in the consolidation model [Eq. (2)].

Next, we define the exchange processes with the water column.
The exchange processes between the various layers are described
in the Appendix. In the DECON model, the total mass of sediment
in the bed model may change because of erosion/sedimentation
at the computational time steps of the sediment transport model.
However, the thickness and sediment properties (erodibility, in par-
ticular) are updated only every Tc time steps. This might imply a
stepwise change in the erosion properties, inducing irregularities in
the SPM distribution. Therefore, we propose introducing a relax-
ation time in the zero-order erosion parameterME (e.g., Winterwerp
et al. 2012 for more details on this erosion model)

E ¼ αE

Γcρ2m;dry

10ρscuDm;50
ðτb − τ crÞ

�
1 − exp

�
mrelΔt
Tc

��

≡ αEMEðτb − τ crÞRrel ð7Þ

where the erosion parameter ME has the dimension kg=m2 s Pa≡
s=m; Δt = computational time step of the sediment transport
model; and mrel = user-defined relaxation coefficient for erosion.
For instance, for mrel ¼ 0.3Tc=Δt, one would attain 95% of the
equilibrium erosion rate in 10 computational time steps. The coef-
ficient αE is a user-defined, spatially varying parameter to account

© ASCE 04018055-4 J. Hydraul. Eng.
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for spatial inhomogeneities (default value = 1). Note that the ero-
sion formula of Eq. (7) was obtained by assuming that the erosion
rate is limited by the swelling rate of the soil (e.g., Winterwerp et al.
2012). The undrained shear strength cu is approximated by the
yield strength (e.g., Winterwerp and Van Kesteren 2004), again as-
suming self-similar behavior (Kranenburg 1994)

cu ≈ τ y ¼ Kyðϕm=ð1 − ϕsÞÞ2=ð3−nfÞ ð8Þ
where the coefficient for yield strength Ky (Pa) follows from
vane tests in the laboratory (user input). The critical shear strength
for erosion is related to the plasticity index PI of the sediment
mixture

τ cr ¼ ατγcrPIβ withβ ¼ 0.2 andγcr ¼ 0.7 Pað0.35 < γcr < 1.4 PaÞ
PI ¼ AðXcl −Xcl

crÞwithPI in ½%�
Xcl ¼ αclXmud assuming a constant clay-silt ratio;

αcl user-defined input ð9Þ

where PI = plasticity index; A = activity; X = total mud or clay
content; and ατ ðx; yÞ is a user-defined calibration parameter, which
may vary horizontally (x, y) over the computational domain (for
example, different in channel and on tidal flat) and has default
value = 1. The effect of sand on the erosion of the cohesive bed is
accounted for through the PI. Methods to determine values for PI, A
and the critical clay content Xcl

cr can be found in Winterwerp et al.
(2012) and Winterwerp and Van Kesteren (2004).

Vertical Discretization of the Consolidation Model

In this section we discuss the vertical discretization of the DECON
model. Fig. 2 shows a typical vertical dry density profile for equi-
librium conditions. The convex-up power-law profile is very steep
near the bed surface. Therefore, we propose the distribution of the
active and bed layers in the consolidating layer shown in Fig. 2 and
presented in Table 1.

The consolidation time step Tc is input by the user and its value
is determined in relation to the relevant time scales of the various
morphodynamic processes. However, the vertical density profile
is updated only in the case of accretion [ðdζm=dtþ dζs=dtÞ > 0].
If the bed is in erosive mode, the vertical dry density profile is not
updated, allowing the lower, stronger layers to be exposed to
erosion. Hence, we have introduced three numerical time scales.
The first time scale yields the computational time scale Δt for

the water–bed exchange processes (and the sediment-transport
model), which also governs the sediment fluxes from and to the bed
(e.g., erosion and sedimentation). The second time step is the
consolidation time step Tc, that rules the transition of the dry
density profile in the consolidating layers to its equilibrium profile,
determining the mechanical properties of the bed, including the ef-
fects of bioturbation. Finally, a morphodynamic time scale Tm is
used but is not further discussed in this paper (e.g., Roelvink 2006).

Testing the DECON Model

The DECON model is tested against two simple experiments and
then applied using an existing case study of a tidal flat and a large-
scale numerical morphological experiment. The four experiments,
subsequently elaborated, are
1. a consolidation column to obtain the model’s consolidation

parameters and to test the proper implementation of the
equations;

2. a hypothetical tidal flume with erodible bed, assessing the re-
sponse of the model to tidal variations in the flow velocity
and to the sediment supply;

3. a tidal flat to evaluate the consolidation behavior in response
to tide-induced sedimentation and a comparison with the full
Gibson model by Zhou et al. (2016); and

4. a morphodynamic simulation of a hypothetical, schematized
tidal basin that assesses the large-scale behavior of the conso-
lidation model in response to tides and waves.

Consolidation Column

The DECON model was tested against the measured equilibrium
heights obtained from laboratory consolidation experiments for
muds from the relatively sheltered Dutch Wadden Sea, from the
Gulf of Martaban (a fine-grained exposed deposit of the Irrawaddy
Delta in Myanmar), and from the Dutch freshwater lake, Lake
Markermeer (Fig. 3). Settling experiments in previous studies (not
reported here) were analyzed using the consolidation model of
Merckelbach and Kranenburg (2004b) to obtain the material
parameter settings. The same parameter settings were implemented
in DECON and the output of the new consolidation model com-
pared to observations.

The measured and computed interface heights (Fig. 3) shows
excellent agreement. This was encouraging, given (1) the wide
range in environmental settings (exposed marine settings to shel-
tered fresh water); and (2) no need for calibration/fine-tuning. Fig. 4
shows the equilibrium vertical dry density profile for an example of
Lake Markermeer. This dry density distribution was measured with
an acoustic sensor, which is highly sensitive to gas; the large outlier
shown in Fig. 4 at z ≈ 0.1 m is due to a small gas bubble in the soil.
The outlier shown at the sample’s surface is attributed to the
measuring volume of the acoustic sensor. Table 2 presents the
material parameters obtained by the method of Merckelbach and

Fig. 2. Example of typical distribution of mass concentration at final
consolidation with discretized distribution. The thick line represents
an equilibrium density distribution, whereas the thinner staircased line
represents the model’s discretization.

Table 1. Typical layer distribution in consolidating bed (user input)

Layer number Relative thickness

Active Layer 1 δAL1 ¼ 0.05Δc
Active Layer 2 δAL2 ¼ 0.05Δc
Active Layer 3 δAL3 ¼ 0.10Δc
Active Layer 4 δAL4 ¼ 0.15Δc
Active Layer 5 δAL5 ¼ 0.20Δc
Active Layer 6 δAL6 ¼ 0.45Δc

© ASCE 04018055-5 J. Hydraul. Eng.
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Kranenburg (2004b) from analyzing the settling curve of the con-
solidation experiments (results not shown).

Note that the material parameters for hydraulic conductivity Kk
[which follows from the full consolidation model of Winterwerp
(1999)] are not required for the equilibrium consolidation model,
although they implicitly determines the consolidation coefficient
Γc. Moreover, Kk does influence the erosion parameter ME (the
subject of the second experiment), also through the consolidation
coefficient Γc.

Sedimentation and Erosion in a Tidal Flume

Next, sedimentation and erosion by tidal flow and the resulting bed
level variations in a 5-m-deep and 5-km-long flume were studied to
evaluate the response of the bed to variations in flow velocity and
sediment supply. The water level at the downstream boundary was
kept constant at 2 m, while at the upstream boundary we prescribe a
semidiurnal M2 tide (velocity amplitude 0.4 m=s) and M4 overtide

(velocity amplitude 0.1 m=s at a phase difference relative to M2 of
45°, resulting in a peak bed shear stress of 0.53 Pa). The inflowing
SPM concentration was initially set to 1.0 kg=m3, resulting in a
period of net accretion in the flume, followed by an inflowing
SPM concentration of 0.01 kg=m3 yielding a net erosion of the
bed. The initial 1-m-thick sediment bed had a vertically uniform
dry density of 265 kg=m3. The consolidation time step was set
at 5 times the hydrodynamic/sediment model time step. This factor
of 5 was relatively small and could be enlarged to speed up
the simulation. Note that the relatively high SPM boundary condi-
tion would violate the applicability of the model, but it was chosen
to show the model’s response within a reasonable simulation time.

The critical shear stress for erosion was set at 0.225 Pa, which is
in the range of values for fine, poorly consolidated sediment.
In this model setup, the parameters αt and αE were misused to
set the model parameters and speed up the model response; they
were set to ατ ¼ 0.05 and αE ¼ 0.04. The settling velocity was
set at 1 mm=s (representing flocculated sediments), and the erosion
parameters were computed by the model using Eq. (7) with the
material properties provided in Table 2 and D50 ¼ 30 μm. Fig. 5
shows the evolution of the computed bed level and density profile
in time (for a period of 6 days) halfway along the flume (x ¼
2.5 km), with a zoom-in on the upper 12 cm of the bed in
Fig. 5(b). During the first three days of the simulation, the bed ac-
creted, although some erosion occurred during accelerating tide, eat-
ing away the two upper layers. The deposited sediments were buried
in the lower layers by the process of consolidation, and the bed be-
came thicker. After three days, the M2 andM4 tide became in phase,
increasing the mean stress beyond the critical value, and net erosion
of the bed occurred. Layer after layer was eaten away by the erosion.
However, around the slack water, some sedimentation still occurred.
Note that the fluffy layer is not depicted in these graphs.

Sedimentation on a Tidal Flat

The consolidation model developed by Zhou et al. (2016) (on the
basis of the full time-dependent solution of Gibson’s consolidation
equation) was tested against the development of a virtual tidal mud-
flat. We used one of their hypothetical cases, a 2,700-m-long cross
section with an initial depth of 4 m below mean sea level and
a mean tidal range of 5 m, and compared Zhou’s model with
the DECON model results. Both models were implemented in
the same numerical environment, the generic bed model of the
Delft3D software, but they differed in several aspects, the most im-
portant being that the DECON model computes the consolidation
in quasi-equilibrium over a time step much longer than the hydro-
dynamic time step, whereas Zhou’s model solves the Gibson’s
equation at each hydrodynamic time step. Both models applied
the same numerical setting as Zhou et al. (2016), apart from the
layer distribution. In DECON, the 20 layers were set at the relative

Fig. 3. Comparison of computed and measured equilibrium heights.

Fig. 4. Comparison of computed and measured density profiles at equi-
librium for mud from Lake Markermeer.

Table 2.Material parameters for consolidation experiment shown in Fig. 4
[e.g., Eq. (2)], where h0 and c0 are the initial height and sediment
concentration of the consolidation experiment

Parameter Value

h0 (cm) 40
C0 (g=L) 200
Kk (m=s) 1.59 × 10−13
nf 2.69
Kp (Pa) 1.99 × 107

h∞;obs (cm) 18.7
h∞;model (cm) 19.4
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distribution of 0.01, 0.01, 0.015, 0.015, 0.025, 0.025, 0.025, 0.025,
0.025, 0.025, 0.05, 0.05, 0.05, 0.05, 0.075, 0.075, 0.1, 0.1, 0.125,
and 0.125, whereas in Zhou’s model, the upper layer’s thickness
was set at a constant value of 2 cm, and the 19 lower layers
had a constant thickness of 10 cm. In comparing the model results,
we focused primarily on the differences between Zhou’s model and
the DECON model; for a detailed description of the case and a
physical interpretation of the results, see Zhou et al. (2016).

The bed level changes computed with Zhou’s model and the
DECON model compared well (Fig. 6), although DECON pre-
dicted slightly more consolidation. This is also apparent in Fig. 7,
which shows the computed density profiles after 2.5 years of mor-
phodynamic simulation. The dry densities computed with DECON
were a bit higher than in Zhou’s model, which is explained by the
following:
1. The DECON density profiles were always at equilibrium,

whereas equilibrium in Zhou’s model had not yet been attained.
2. Possibly more important were the user-defined conditions in

the active layer of Zhou’s model. In the current simulations,
the user-defined dry density in Zhou’s active layer was set at
150 g=L, whereas in DECON, the dry density in the upper
layers is determined by the equilibrium model.

3. This difference in active layer conditions affected not only the
effective consolidation processes but also the mechanical prop-
erties of the active layer, and thus the erosion of the bed at larger
velocities.
Despite these differences, we may conclude that for this tidal flat

test case, the performance of the DECON model matched that of
the full Gibson model, as implemented by Zhou, and the computa-
tional time decreased from 9 to 3.5 h on a personal computer (PC)
with a Core i7-4810MQ@2.8GHz processor (Intel, Santa Clara,
California).

Fig. 5. (Color) Computed bed development at x ¼ 2.5 km with the complete bed profile and details near-surface with active and bed layers.
The fluffy layer is not depicted (note different density scales).

After 2.5 years
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Fig. 6. (Color) Bed level after 2.5 years of simulation, computed with
DECON and Zhou’s model.
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Fig. 7. (Color) Dry density distribution in the bed after 2.5 years of simulation: (a) DECON; and (b) Zhou’s model.
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Sedimentation and Erosion in a Schematized Tidal
Inlet

In a fourth test, we applied the DECON model for simulating the
morphodynamic evolution of the intertidal area of a hypothetical,
schematized tidal inlet. Essential for the evolution of such intertidal
areas is that fine sediments (1) accumulate on tidal flats by settling
and scour lags (van Straaten and Kuenen 1957; Postma 1961); and
(2) subsequently build up strength to resist erosion during winter
storms. The proper modeling of settling and scour lag requires the
implementation of a fluffy layer concept (Mathew and Winterwerp
2017), and strength buildup requires the modeling of consolidation.
The conventional sediment transport models without consolidation
do not account for these processes and therefore fail in simulating
the long-term evolution of muddy sediments in tidal inlets. In this
section, we show how the DECONmodel generated credible trends
in this long-term evolution.

A tidal inlet typically consists of an outer ebb-tidal delta, a chan-
nel intersecting the coastline, and a lagoon with an intricate pattern
of tidal channels decreasing in size in landward direction. The hy-
drodynamic energy in such systems decreases in landward direc-
tion as a result of decreasing tidal velocities and sheltering from
wave energy. Over longer time scales, fine sediments are trans-
ported toward the head of the inlet by tidal currents, forming inter-
tidal mudflats. These sediments consolidate, thereby gaining
strength, and may become able to withstand erosion during extreme
storm events.

The schematized tidal inlet was created from a Delft3D simu-
lation, starting from an initial flat bed consisting of 0.1-mm-
diameter sand. The model was forced by a semidiurnal tide with
an amplitude of 3 m for a period of 100 years, using the standard
van Rijn (2007a, b) sediment transport formulations. The resulting
bathymetry (Fig. 8) was used as the initial bed level for fine sedi-
ment simulations using the DECON model. The effect of consoli-
dation is tested by running the Delft3D model for mud only,
and comparing computational results with (i.e., DECON) and
without consolidation. DECON is run for 25 years. In one series
simulations with tide-only are done. In a second series, a 25-year
composite forcing was prescribed with each year 10 months of tide-
only and then 2 months of tide and waves (storm conditions). These
storm conditions were accounted for with SWAN software simu-
lations with a significant wave height and period of Hs ¼ 1.5 m

and Tp ¼ 6 s, respectively, at the model’s boundaries. The wind
effects (flow and setup) were modeled with a wind velocity
of 20 m=s.

The effect of consolidation was evaluated by comparison
with two scenarios with sediment beds with constant properties.
All the model scenarios (two without consolidation and one
with consolidation) were forced with fine sediment entering the
model domain through the inlet’s mouth at a concentration of
0.1 g=L, a settling velocity of 0.25 mm=s, and the consolidation
and erosion settings used in the first test case, see Consolidation
Column. The DECON model results were compared with two sce-
narios without consolidation (the standard Delft3D): Scenario 1
had constant properties representing poorly consolidated sediments
(ρdry ¼ 250 kg=m3), and Scenario 2 was set to represent highly
consolidated sediments (ρdry ¼ 800 kg=m3); see Table 3. Note
that the standard Delft3D uses the classical Partheniades erosion
formulation (Ariathurai and Arulanandan 1978). Therefore, the
erosion rate parameter in that model had to be modified to account
for the fact that in the present model the erosion parameter
was not normalized with the critical shear stress for erosion
[ðτb − τ eÞ=τ eversus ðτb − τ eÞ].

The results of the simulations are shown in Fig. 9 and presented
in Table 4. Figs. 9(a, c, and e) show the model results after 25 years
of a prolonged period of tide-only forcing, and Figs. 9(b, d, and f)
show the model results after 25 years of composite forcing, that is,
each year 10 months tide-only and then two months tide and waves.
Without wave-induced resuspension, the basin was primarily
depositional [Figs. 9(a, c, and e)]. Qualitatively, the deposition
pattern by DECON [Fig. 9(a)] was comparable to the deposition
pattern obtained from the traditional Delft3D simulations (without
consolidation), using the constant low-density settings of ρdry ¼
250 kg=m3; compare Figs. 9(a and c). In both simulations, the tidal
channels remained basically clear of mud except near the head of
the tidal basin, whereas throughout the model domain, the intertidal
flats filled up with mud. However, the total amount of sediment
in the tidal basin was only about half the amount computed for
a constant ρdry (Table 4), indicating a lower effective trapping.

Increasing the dry-bed density in the traditional Delft3D simu-
lation to ρdry ¼ 800 kg=m3 (thereby decreasing the erosion rate)
yielded a different pattern, both qualitatively and quantitatively.
Tidal channels then filled in and mud could no longer reach the
head of the tidal basin [compare Fig. 9(e) with Fig. 9(a)], and
the higher intertidal areas remained clear of mud. However, the to-
tal amount of fine sediment in the basin was about 50% greater than
in the DECON simulation (Table 4). It can therefore be concluded
that the high density settings failed to reproduce a realistic depo-
sitional pattern, whereas the low density settings and the consoli-
dation model did reproduce realistic patterns, although the total
amount of mud accumulation differed by a factor of 2.

Next, the effect of waves are discussed. The traditional Delft3D
model at a high ρdry ¼ 800 kg=m3 predicted little effect of waves on
the depositional patterns [compare Figs. 9(e and f)]; that is, the sedi-
ments deposited earlier were basically nonerodible, and they stayed
on the intertidal area and within the channels. Although it was ex-
pected that there be a redistribution of earlier deposited sediments
from the intertidal areas into the tidal channels during storms, as

Fig. 8. (Color) Initial bed topography for the consolidation model,
obtained from a 100-year morphodynamic simulation with 0.1 mm
sand only and a 3 m symmetric tide at the inlet’s mouth.

Table 3. Settings for the nonconsolidation simulations of schematized
tidal inlet

ρdry (kg=m3) τ cr (Pa) ME (s=m)

250 0.225 8.5 × 10−4
800 0.225 4.8 × 10−6

© ASCE 04018055-8 J. Hydraul. Eng.
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shown in Fig. 9(f), the accompanying export of fines from the basin
was not predicted. In contrast, the waves did have a large impact in
the Delft3D simulations with ρdry ¼ 250 kg=m3 [Figs. 9(c and d)],
predicting very low amounts of sediment accumulation in the

computational domain (Table 4). The results of the DECON simu-
lation lay between the results of these cases [Figs. 9(a and b)], pre-
dicting the erosion of all the sediments deposited during the summer
on the tidal flats, but stable accumulations at the basin’s head.

Fig. 9. (Color) Bed-level change after 25 years of mud infill; simulations (a, c, e) without waves; (b, d, f) with waves; (a and b) with the consolidation
model; (c and d) with ρdry ¼ 250 kg=m3; and (e and f) ρdry ¼ 800 kg=m3. Note the different scales in simulations with and without waves. The white
lines in (b) and (d) depict the locations of model output shown in Fig. 10.

Table 4. Computed sediment balance in tidal basin for the various simulations

Detail Without waves (after 25 years)
With waves

(after 25 years; each year 10 months tide only, 2 months tide + waves)

Cons model Yes No No Yes No No

ρdry (kg=m3) By model 300 800 By model 300 800
Figure Fig. 9(a) Fig. 9(c) Fig. 9(e) Fig. 9(b) Fig. 9(d) Fig. 9(f)
Total mass (kg) 17.2 × 1010 8.6 × 1010 28.4 × 1010 4.1 × 1010 0.4 × 1010 20.0 × 1010

© ASCE 04018055-9 J. Hydraul. Eng.
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The total amounts of mud in the model domain decreased by 75%
(Table 4). The seasonal picture shown by Figs. 9(a and b) is in quali-
tative agreement with the observations of the Dutch Wadden Sea,
where stable mud deposits at the head of the basins are found
throughout the year (Van Ledden et al. 2004).

This strong impact of waves in the DECON simulations is
further illustrated in Fig. 10, which shows dry density and bed
level changes along the white lines in Fig. 9. Before the storm
[Fig. 10(a)] the dry-bed density computed with DECON
varied from >800 kg=m3 at the head of the basin to ∼400 kg=m3

further seawards. Most sediment with a density below 500 kg=m3

was eroded during the storm period [Fig. 10(b)] resulting in an
increase in the surface dry density [Fig. 10(c)] and thus an en-
hanced resistance to erosion. However, the eroded layer was fairly
thin, and the resulting bed-level changes were small [compare
Figs. 10(a) with 10(b)]. In contrast, the simulations without con-
solidation and a low dry-bed density (thus, a large erosion rate
parameter), showed unrealistically large storm-induced erosion
rates as much as 2 m in two months’ time.

From a more conceptual point of view, the left-hand pictures
shown in Fig. 9 can be considered representative of summer con-
ditions, when the wave forcing is small. In nature, the intertidal flats
in the middle of tidal basins become progressively more muddy, in
particular in the beginning of summer, when algae further stabilize
these deposits (De Deckere et al. 2002). In wintertime, when waves
become more prominent, these deposits are washed away and the

intertidal areas in the middle of the basin become sandy. Moreover,
the fines are washed out of the tidal basin to ambient waters. Our
simulations showed that this seasonal behavior cannot be repre-
sented with one sediment setting, as in standard Delft3D. Only
the use of a consolidation model, which accounts for the strength-
ening of the bed, allows the simulation of such seasonal behavior.

Discussion and Conclusions

In this paper, we proposed a fast consolidation model suitable
for long-term morphodynamic simulations, on the basis of the
assumption of dynamic equilibrium of the consolidating bed.
We referred to the dynamic equilibrium consolidation (DECON)
model. The DECON model was derived from existing consolida-
tion theory, using Gibson’s consolidation equation. The model’s
material parameters (hydraulic conductivity, consolidation coeffi-
cient, and strength) can therefore be derived from soil mechanical
experiments in the laboratory.

Because of the equilibrium assumption, the effects of pore water
flows are not explicitly accounted for, and water squeezed out of
the bed during self-weight consolidation is not added to the water
column, as that amount is generally negligible in natural systems
(or rapidly compensated for through the open boundaries in a hy-
drodynamic model). The effects of pore water flow, induced by sur-
face and/or tidal waves or by another cause, are also not accounted

Fig. 10. (Color) Cross section of computed dry density: (a) before and (b) after a storm occurring in the 25th year of the model simulation; (c) the dry
density of the near-surface layer for this simulation; and (d) the bed evolution of the model with low density and waves [corresponding to Fig. 9(d)]
with the same pre- and post-storm conditions as (c). See Figs. 9(b and d) for the location of the transect.
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for, be it because no generally accepted approach is known. The
effects of swelling during erosion is not included in updating
the bathymetry, but swelling is implicitly included in the erosion
formula.

The Gibson equation assumes isotropy. However, it is well
known that in the thicker deposits of soft mud, drainage channels
may be formed, which affect consolidation (e.g., Dankers 2006).
Such drainage channels may also occur in shearing mud deposits.
However, no theory/model based on first principles is known to
account for such drainage channels, other than modifying the co-
efficients in the permeability model. As DECON was designed for
low-concentration conditions, during which no thick layers of fluid
mud are formed, drainage channels are likely not formed.

One could argue that the Gibson model combines the Kynch
settling phase and Terzaghi’s consolidation phase. During consoli-
dation, the ratio between advection and diffusion (that is, the Kynch
part and the Terzaghi part) changes, in the sense that the latter be-
comes more important over time. In DECON, this is not the case,
and this ratio therefore depends on the soil at hand, that is, the soil’s
material parameters.

The effects of hindered settling in the DECONDelft3D software
are accounted for in a hindered settling formula, which is solved in
the SPM transport equation in the water column; the user may
choose either the Richardson and Zaki formula (1954) or the for-
mula proposed by Dankers and Winterwerp (2007). As a result, the
first phase of the consolidation results in a concave-up density
profile, whereas the latter phase yields an convex-up dry density
profile. As DECON assumes equilibrium, the density profiles
are convex-up, as shown in Figs. 2 and 4. Note that the Gibson
equation can be derived fully from continuity, Darcy’s law, and
the concept of effective stresses. However, Gibson used the void
ratio e and the material coordinates, whereas DECON uses the
mass concentration of the solids (dry density) and Eulerian coor-
dinates. DECON assumes self-similarity, yielding power laws for
the material properties, that is, the hydraulic conductivity and ef-
fective stress [Eq. (2)]. This fractal approach also yields a power
law for the undrained strength of the bed, which is used in our ero-
sion model [Eq. (8)]. This Gibson approach is therefore very similar
to, for instance, the model proposed by Diplas and Papanicolaou
(1997), although using different independent parameters.

The DECON model is implemented into the generic bed model
(GBM) of Deltares, which is coupled to Delft3D, but it can also
be operated stand-alone and thus coupled to other models. The
GBM is a multilayer bed model with a mixed Lagrangian-Eulerian
vertical discretization for minimizing numerical diffusion and guar-
anteeing stable, positive solutions. In the Delft3D implementation,
three computational time steps are eminent:
1. the time step for the hydrodynamic and sediment transport

simulations, the latter including the water–bed exchange pro-
cesses such as erosion and deposition Δt;

2. the consolidation time step Tc, which is a multiple ofΔt, ruling
the update of the mechanical properties of the consolidating bed
(e.g., thickness, dry-density profile, sediment composition, and
erodibility); and

3. the morphodynamic time step Tm, which governs the update of
the bathymetry, modifying the hydrodynamics.
A proper understanding of these time scales and their evaluation

during the setup of a model is a crucial step in obtaining sensible
results with the model. The DECON model is coupled to the ero-
sion formulae in Winterwerp et al. (2012), which contains soil
mechanical parameters deployed within the consolidation model.
This erosion model implicitly presumes swelling during erosion.
Note that Sanford (2008) explicitly included an empirical swelling
term in his consolidation model.

The DECON model is applicable for muddy systems. The mud
may contain some sand, which is treated as a passive substance af-
fecting only the consolidation parameters. DECON assumes quasi-
equilibrium of the consolidating bed, which implies that DECON is
applicable only when the sedimentation rates are not large. In fact,
these sedimentation rates have to be considerably smaller than the
consolidation rate, as in the case of low-concentrated environments.
For high-concentrated environments, the full Gibson consolidation
model should be considered (e.g., Zhou et al. 2016). From a simple
order-of-magnitude estimation, we can assess the applicability of
the model in more quantitative terms.

Let us assume that settling occurs mainly around slack water
periods that are relatively short and that then all the sediment settles
from the water column. The sedimentation rate thus equals the
amount of sediment collected on the bed, divided by half the tidal
period, that is, the time between two successive slack water depos-
its. The consolidation rate in the initial phase of consolidation is
governed by the hydraulic conductivity of the deposit. This we
may elaborate

DECONapplicable if∶Fs ≪ Fc

Fs ¼
c

ρdry

h
T=2

and Fc ¼ Kkϕ
−2=ð3−nfÞ
s ;with ϕs ¼ ρdry=ρs ð10Þ

where Fs and Fc = sedimentation and consolidation flux;
c = SPM concentration in water column; ρdry and ρs = dry-bed
and specific sediment density; h = water depth; Kk = hydraulic
conductivity parameter; ϕs = solids volume concentration; and
nf = fractal dimension. As an example, let us assume a water depth
of 5 m, and an SPM concentration of 0.1 g=L, whereas ρdry and ρs
are 100 and 2,650 kg=m3, respectively; Kk ¼ 1.59 × 10−13 m=s;
and nf ¼ 2.69 (as provided in Table 2). Substitution into
Eq. (10) yields Fs ¼ 2.2 × 10−7 m=s and Fc ¼ 2.4 × 10−4 m=s;
hence Fs ≪ Fc, and for this example, one may apply quasi-
equilibrium conditions.

Our aim was to develop a fast consolidation model for morpho-
dynamic simulations. The simulations without waves for the sche-
matized tidal inlet required a computational time about five times
larger than in the case of a traditional nonconsolidation model
(a 400% overhead). In the case that waves were included in the
simulations, this overhead dropped to about 100%; that is, includ-
ing the dynamic equilibrium consolidation required twice as much
computational time. The tidal inlet model could not be run with
the full Gibson equation, as the computational times would have
become excessive. The DECON model can account for various
mud and sand fractions in the water column. Within the bed,
the mud and sand fractions are lumped, jointly determining the
material properties for consolidation. Sand is treated as a passive
substance, although affecting the conductivity and effective
strength. All fractions are mixed homogeneously over a computa-
tional grid, and thus the effects of bed stratification can be resolved
only at the resolution of the computational grid.

The DECON model has been evaluated qualitatively against
schematized test cases, as no detailed long-term observations are
available to the authors. The trends predicted by DECON are credi-
ble, showing model behavior that cannot be obtained with the tradi-
tional fine sediment transport models. However, we realize that the
DECON approach will have to prove its value in large-scale appli-
cations in engineering studies.

Traditional numerical models simulating the transport and fate
of the fine sediments in open water systems are calibrated by tuning
the erosion and deposition fluxes from/onto the sediment bed.
We do not discuss tuning sediment input/export over open boun-
daries, which is equally important. These fluxes are classically
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described by the Partheniades-Krone boundary conditions
(Ariathurai and Arulanandan 1978), which contain four parameters
(the critical shear stresses for erosion and deposition, an erosion
parameter, and a settling velocity). In general, it is assumed that
these parameters are constant in time and space and are fully em-
pirical, obtained from model sensitivity runs or, at best, from some
limited laboratory/field experiments.

At first sight, the DECON model seems in need of many more
parameters. This is the inevitable price for introducing explicit de-
scriptions for the soil mechanical response to hydrodynamic
stresses. In the DECON approach, the critical shear stress for ero-
sion and the erosion parameter are explicitly related to the soil
mechanical properties of a consolidating bed. These parameters
can be obtained from standard soil mechanical laboratory experi-
ments. The consolidation and mechanical parameters (Kk, Kp, Ky,
nf , and cu, where Γc follows from Kp, Ky, and nf) follow from
settling tests and vane tests. The Atterberg limits–related parame-
ters (PI, A, and ξcr) follow from the activity plots. The empirical
model parameters Dm;50, χcr, and β have been studied previously,
and the recommended values are given. The ratio αcl between the
silt and clay fractions follows from grain-size analyses and is fairly
constant for a particular open water system. We introduced a bio-
turbation parameter K but did not further elaborate or specify it;
that remains for future work. The model needs the input of a settling
velocity, as in traditional models. Two extra numerical parameters
are required: Tc, the time scale for updating the mechanical bed
properties, andmrel, a parameter for smoothing the model response
to changes in the hydrodynamic forcing. The parameters αE and ατ
allow spatial variability in the model response, which would also be
a logical expansion of traditional models but are set to unity as
default values.

Appendix. Consolidation and Erosion

This appendix describes the equations for the sediment mass
balance for the three layers (fluffy, active, and bed) used in the
consolidation model. We presume that the burial of mud from
the fluffy layer into the upper active layer (the first consolidating
layer) is governed only by the permeability of the fluffy layer. In
terms of the consolidation model, this implies the first is consoli-
dation phase governed by the hydraulic conductivity defined by
Merckelbach and Kranenburg (2004b)

∂cm;f

∂t − 1

ρs

∂
∂z ½Δρkðcm;fÞ2� ¼ 0 ð11Þ

where cm;f = mass concentration of the mud fraction in the
fluffy layer; Δρ = relative density Δρ ¼ ðρs − ρwÞ=ρw, and k =
hydraulic conductivity. As the dry density of the fluffy layer will
amount to about the gelling concentration, it is obvious to set
cm;f ≡ cgel, which is a user-defined input parameter that follows
from laboratory experiments and that is kept constant throughout
the computational domain and with time. Integration over the
(unknown) thickness δf of the fluffy layer yields the flux at the
interface between the fluffy layer and the first active layer

Z
δfl

∂cm
∂t dz ¼ ∂

∂t
Z
δfl

cmdzþ cm
∂δfl
∂t ¼ ∂mf

∂t ¼ −Δρkc2m
ρs

ð12Þ

as cm;f ≡ cgel ¼ constant. This implies that the mass balance of the
fluffy layer is

dmm
f

dt
¼Dm

f −Em
f −Bm

f

Dm
f ¼ edWm

s;bC
m
b

Em
f ¼ ξmMe;fðτb − τ cr;fÞ Me;f ¼minfmm

f Mf;1;Mf;0g
Bm
f ¼ ξmminfmm

f Pf;1;Pf;0g; where Pf;0 ¼Δρkc2m=ρs ð13Þ

dms
f

dt
¼ Ds

f − Bs
f ¼ 0 and ms

f ¼ 0 no sand in fluffy layer

ð14Þ

In these equations, we have defined D = deposition rate; E =
erosion rate; and B = burial rate. Remember that superscripts m
and s refer to the mud and sand class, respectively, whereas sub-
scripts m and s refer to the total (or bulk) mud and sand content.
For the first-order consolidation term Pf;1 we take the same func-
tion as for the erosion rate, accounting for a reduction in mass in the
fluffy layer, as subsequently discussed. The role of the efficiency
for deposition ed is discussed at the end of this appendix.

The mass balance of the first active sublayer (first consolidating
layer) is

∂mm
AL1

∂t ¼ Bm
f − Em

AL1 þ Fm
AL1,2

ξmAL1 ¼ mm
AL1=MassAL1; cmAL1 ¼ mm

AL1=δAL1

Em
AL1 ¼ ξsAL1Me;AL1ðτb − τ cr;fÞRrel for τb > τ cr;f

Fm
AL1,2 ¼ −KAL1,2

∂ðcmAL1,2Þ
∂z ð15Þ

∂ms
AL1

∂t ¼ Ds
AL1 − Es

AL1 þ Fs
AL1,2

ξsAL1 ¼ ms
AL1=MassAL1; csAL1 ¼ ms

AL1=δAL1

Ds
AB1 ¼ Ws

bC
s
b

Es
AL1 ¼ ξsAL1Me;AL1ðτb − τ cr;fÞRrel for τb > τ cr;f

Fs
AL1,2 ¼ −KAL1,2

∂ðCs
AL1,2Þ
∂z ð16Þ

dðMassAL1Þ
dt

¼
XM
m

dmm
AL1

dt
þ
XS
s

dms
AL1

dt
and

dδAB1
dt

¼
XM
m

dmm
AL1

cmdrydt
þ
XS
s

dms
AL1

csdrydt
ð17Þ

where F = diffusion rate between the layers, for example, due to
bioturbation. K is then a bioturbation-induced diffusion coefficient.
We have introduced a relaxation coefficient in the erosion formula
to prevent a too-stiff response of the erosion properties after updat-
ing the bed strength (dry density): Rrel ¼ ð1 − expfmrelΔt=TcgÞ.
Here, Δt = computational time step, and mrel = user-defined relax-
ation coefficient for erosion. For example, for mrel ¼ 0.3Tc=Δt,
one would attain 95% of the equilibrium erosion rate in 10
time steps.

The mutual exchange of mass between the various active
sublayers underneath, between the various Eulerian bed layers
underneath, and between the last active sublayer (e.g., the last con-
solidating layer) and the upper Eulerian bed layer takes place
through bioturbation only.

In the upper layers, a mixed zero-/first-order erosion model is
used, accounting for a possible depletion of those layers from
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sediments. The behavior of the erosion parameter Mef is shown
in Fig. 11.

The zero-order erosion rate follows from Winterwerp et al.
(2012)

E ¼ αE

Γcρ2m;dry

10ρscuDm;50
ðτb − τ crÞ

�
1 − exp

�
mrelΔt
Tc

��

≡ αEMEðτb − τ crÞRrel ð18Þ
where the erosion parameter ME has the dimension kg=m2 s Pa≡
s=m. Further, we introduce αE, a user-defined calibration param-
eters, which may vary horizontally (x; y) over the computational
domain (for example, different in channel and on tidal flat), and
may vary per layer (z).

The undrained strength cu is approximated by the yield strength
(e.g. Winterwerp and Van Kesteren 2004), again assuming self-
similar behavior (Kranenburg 1994)

cu ≈ τ y ¼ Kyðϕm=ð1 − ϕsÞÞ2=ð3−nfÞ ð19Þ
where the coefficient for yield strength Ky (Pa) follows from the
laboratory analyses (user input). The critical shear strength for ero-
sion is related to the plasticity index PI of the sediment mixture

τ cr¼ατγcrPIβ with β¼ 0.2 and γcr¼ 0.7 Pað0.35< γcr < 1.4 PaÞ
PI¼AðXcl−Xcl

crÞ with PI in ½%�
Xcl¼αclXmud assuming a constant clay silt ratio;

αcl user -defined input ð20Þ

where ατ ðx; y; zÞ is a user-defined calibration parameter, which
may vary horizontally (x; y) over the computational domain (for
example, different in channel and on tidal flat) and may vary
per layer (z). The following parameters are user input (constant
for the entire computational domain): Kk, Kp, Ky, nf , D50, ρs,
A, ζclcr, and αcl; all can be obtained from soil mechanical analyses
of soil samples from the sea/river bed to be studied. The parameters
β and γcr in the erosion model are also user input (with default
values given).

In the deposition rate for muddy sediments, a deposition effi-
ciency ed is

D ¼ edWscb ð21Þ
This deposition rate models two aspects that are not properly

accounted for in a sediment transport model (see also Van
Kessel et al. 2012):
1. Horizontal grid resolution—deposition on a sandy substrate.

In the case of a sand-mud mixture, where the sea/river bed con-
sists of a sandy substrate, bed forms are likely. That would
imply that the deposition of fines is spatially restricted to the
troughs of the bed forms, that is, a certain fraction of the area
covered by a computational grid.

2. Vertical grid resolution—hindered settling. It is noteworthy
that even at fairly small depth-mean SPM concentrations of a
few 100 mg=L, near-bed SPM values can become large. The
near-bed sediment settling velocity is thus affected by hindered
settling, substantially reducing the actual deposition flux. In en-
gineering models, the vertical resolution of the computational
grid is rarely fine enough to resolve the associated sediment
concentration gradients near the bed. In such cases, properly ac-
counting for these hindered settling effects may require an effi-
ciency deposition coefficient of about 10%.
It is noteworthy that this deposition efficiency differs fundamen-

tally from the critical shear stress for deposition, often used in the
Krone deposition formula (Ariathurai and Arulanandan 1978),
which relates deposition to the bed shear stress, accounting for
a lack in resolving vertical mixing. By default, and in the applica-
tions presented in this paper, the deposition efficiency is set to 1, as
in standard deposition models.
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