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To improve sediment management strategies in coastal waters, the presented software, PROVER-M,
uses a simple near-field model that projects the active distribution of fine sediments after a disposal
of dredged material. PROVER-M aims to provide valuable input for far-field models, enabling them to
more accurately simulate the disposal of fine sediments on a larger scale. Based on the input, PROVER-
M calculates the dynamic plume behavior, including the convective descent of sediments and their
dynamic collapse on the bottom. The result is a spatial distribution of disposed sediments through the
water column and on the ground.
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1. Motivation and significance

Sediment management (i.e., the dredging and disposal of sed-
iment) plays a vital role in keeping waterways navigable and
ensuring safe access to ports and harbors. To minimize the en-
vironmental impacts of dredged material, international agree-
ments (e.g., [1]) provide guidelines for best practices. Focusing
on Europe, the Marine Strategy Framework Directive (MSFD) [2]
defines several descriptors that help to assess anthropogenic
impacts on the marine environment and achieve good environ-
mental status (GES). According to the MSFD, the disposal of
dredged material may have adverse effects on the integrity of
the seafloor (descriptor 6), contaminate the marine environment
(descriptor 8), or induce underwater noise (descriptor 11). With
growing maritime traffic and increasing vessel sizes [3], the rising
demand for ship-based liquefied natural gas (LNG) and green
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hydrogen [4,5], and the intensified use of coastal areas [6,7], the
amount of dredged material and the associated impacts on the
environment are set to increase in the future. As shown in the
case of the German Bight, sea-level rise (SLR) and the associ-
ated changes in tidal dynamics may also make estuaries more
flood-dominant in the future (e.g., [8,9]), leading to enhanced
landward-directed sediment transport. Hence, today and in the
future, it is of the utmost importance that sediment management
strategies be adopted to ensure that the dredging and disposal
of sediment are handled in a sustainable manner. The localiza-
tion of suitable disposal areas is particularly challenging, though
process-based and complex numerical models may facilitate this
task. However, widely applied numerical models from the field
of coastal engineering (e.g., Delft3D [10]) are usually unable to
accurately represent the dredging and disposal of fine sediments.
Accordingly, near-field models are required to assess such com-
plex small-scale processes. The results of the near-field models
may later be transferred to far-field models (e.g., Delft3D), where
the effects are then considered on a larger scale.
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To address this need, the near-field model PROVER-M was
developed to represent the driving mechanisms for the disposal
of fine sediments in a detailed manner. Given that the PROVER-
M code was published under an open-source license, it may
be applied by scientists and stakeholders from the public and
private sectors who wish to project the effects of fine sediment
disposal. In addition to being open-source and freely available,
the model covers all relevant processes and is simple to use;
it differs from existing near-field models in its approach to the
disposal of fine sediments. Indeed, other models are either poorly
accessible (e.g., Jet3D [11-13]), do not cover the whole disposal
process (e.g., the analytical Krishnappen model [14]), are poorly
maintained (e.g., Short Term Fate (STFATE) [15-19]), or lack rel-
evant processes for fine sediment disposal (e.g., Barged Sediment
Disposal Model (BSDM) [20,21]). Even though the recently pub-
lished BSDM (version 2.0) is more detailed in its consideration
of the shape of the descending cloud compared to PROVER-
M, it is more applicable for sand because it calculates a large
amount of settling, over-predicts the final radius of the sediment
cloud while under-predicting its height, and neglects the im-
portant process of sediment being brought into passive suspen-
sion. Although an MS-DOS version of STFATE exists, it is a black
box in regard to some parameter settings, and it likely under-
predicts the cloud width at the end of the dynamic collapse.
The PROVER-M model addresses these limitations by adapting
existing knowledge and model approaches, simplifying processes
where possible, and making the code as accessible as possible for
further crowd-sourced development.

2. Sediment disposal

Fine sediments mixed with water behave like dense fluid
when released from a dredging vessel. The high water content
and fine particle size allow the assumption of a homogeneous
sediment-water mixture that behaves like a defined cloud when
released into water. The behavior after an instantaneous disposal
is often divided into three phases: (i) convective descent, (ii)
dynamic collapse, and (iii) passive diffusion [15,22,23]. During
the convective descent, negative buoyancy leads to a downward
motion of the well-defined cloud. Rahimipour and Wilkinson [24]
further divided the descent into an initial acceleration phase, a
self-preserving phase, and a dispersive phase, including the anal-
ogy to a thermal. Between the self-preserving and the dispersive
phases, the cloud grows due to entrainment of ambient water.
Additionally, entrainment and turbulent shear stresses on the
cloud’s interface cause parts of the sediment cloud to separate,
which then remain in the water for passive transport [25,26]. This
process is called sediment stripping. The dynamic collapse starts
upon impact with the ground, including the radial horizontal
spreading on the bottom based on the conservation of motion.
While the radial spreading prevails over ambient currents, the
second phase continues with coarser material settling. Passive
diffusion starts as soon as ambient currents become dominant,
at which point the material is diffused by the local currents and
flow fields.

3. Model description

The PROVER-M model is based on mathematical approxima-
tions that describe the fluid—fluid interaction during the convec-
tive descent [15,16,27,28] and the spreading of a density current
after impact on the ground based on the conservation of en-
ergy [18]. Here, the assumption is that the disposed sediment
cloud is a homogeneously mixed unit that descends as one body,
which is approximated as the lower half of a sphere. After impact,
the sediment cloud remains as the upper half of an ellipsoid,
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where the horizontal extent grows while the vertical height de-
creases due to radial spreading. This concept has previously been
applied by [15,16,18] and the model STFATE. Further simplifica-
tions are introduced in the description of the ambient conditions,
where a constant flow field and a flat bottom are introduced.

3.1. Convective descent

The behavior of the instantaneously released sediment-water
mixture is described by the conservation of mass (Eq. (1)), mo-
mentum (Eq. (2)), buoyancy (Eq. (3)), vorticity (Eq. (4)), and
the amount of solids (Eq. (5)). Following Koh and Chang [15],
mathematical formulations for the first phase in the context of
a one-dimensional mathematical framework read as follows:

Conservation of mass. The conservation of mass (volume and
density of the cloud) is determined by the entrained fluid as a
source and the detached sediments as a sink:

0
dVClouda =Ep, — Zsipi (1)

where E is the entrainment rate (Eq. (6)), p, is the ambient
density, while S; and p; are the stripped sediment volume of a
selected sediment fraction i and its specific density, respectively.

Conservation of momentum. By balancing the buoyancy force,
drag force, stripped material, and entrained fluid, the conserva-
tion of momentum is achieved:

dMm .
G =H—D+Epata =) Sim (2)

1

with F being the buoyancy force with its vector j, D being the
drag force, and u, being the ambient velocity for the specified
direction. Regarding further insight into the buoyancy and drag
force, the reader is referred to Brandsma and Divoky [16].

Conservation of buoyancy. The clouds buoyancy is balanced by
considering the change in the density differences between the
cloud and the ambient fluid due to entrainment and stripping:

dB

< = Eul0) = po) — Zsi (0a(0) — pi) 3)

including 04(0) as the initial (surface) ambient density.

Conservation of vorticity. The vorticity of the cloud is reduced by
the relative density difference of the ambient fluid:

dK Ca’g dp,
- == (4)
dt = pa(0) dz

with C as a constant for vorticity dissipation, a as the vertical
extent of the cloud, g as the gravity constant, and d‘% as the
density gradient of the ambient fluid.

Conservation of solids. In the conservation of solids, all material
losses due to stripping lead directly to a decrease in the solids
content in the cloud:

dp;

i Si (5)
Entrainment. A decisive part of the conservation equations is
the entrainment, which is calculated by the lateral cloud surface
and the absolute difference between the cloud motion and the
ambient velocity:

E = 2nd*a |U — Uyl (6)

with U being the cloud motion, U, being the ambient current, and
« being the entrainment coefficient. The entrainment coefficient
is an important calibration parameter in STFATE [29] and can be
determined based on the moisture content [18,30]. In PROVER-M,
the entrainment coefficient is used as a user-defined calibration
parameter and should be treated carefully (see 3.4).
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Sediment stripping. The stripping of sediment, where only fine
sediments are considered, is dependent upon the entrainment of
ambient fluid. Thus, it is calculated according to the amount of
entrainment and an input factor ¥y, defined as follows:

Vsrrip = lI/stripE = "Ijsm‘pzﬂa2 |U - Ua| (7)

In literature, a fraction of 2 — 5% of the disposed sediment is
reported to be stripped during disposal [18,25], which can then
be used to estimate proper values for ¥, during the calibration
process.

3.2. Dynamic collapse

The radial spreading and vertical decline of the sediment cloud
on the ground are described by the conservation of energy. The
initial potential energy (Eq. (10)) and the initial kinetic energy
(Eq. (11)) are estimated based on the last convective descent
state and applied to estimate the spreading in the dimensions
x (Eq. (12)), ¥ (Eq. (13)), and z (Eq. (14)). The concept of en-
ergy conservation balances the change in potential energy and
losses to determine the kinetic energy (Eq. (8)). The mathematical
discretization has been derived by [16,18].

Conservation of energy. The change in Kinetic energy in each time
step is determined by the change in potential energy reduced by
drag, friction, and turbulent losses, considered as work done [18].
Thus, work will reduce the kinetic energy, while the reduction of
potential energy will increase the kinetic energy:

AEpy = Y Work — AEiy (8)

Change in potential energy. Changes in potential energy are based
on the reduction in the distance of the cloud’s center of gravity
to the ground and mass losses due to settling and entrainment:

3
AEpot = 3 (Ape — Apey1) & (Ve — Vi) (ar — Gry1) (9)

with the density difference between the cloud and the ambi-
ent fluid Ap.

Initial potential and kinetic energy. The initial potential energy
at the end of the convective descent is calculated based on the
distance of the cloud’s center of gravity to the ground and its
mass:

Epot = 0.25Apgr%a (10)

The initial kinetic energy is based on the clouds motion and mass
at the end of the convective descent:

1
Eyin = g,onrﬂwz (11)

Cloud spreading in x-, y-, z-direction. The spreading of the cloud
on the ground is divided into the horizontal (x, y) and verti-
cal directions (z). It is based on the growth of the cloud due
to entrainment and flattening of the cloud due to the Kkinetic
energy redirection along the ground. By being approximated by
the upper half of an ellipsoid and taking into account the ratios
of the cloud dimensions, the spreading in x-direction 3—? can be
estimated:

(1 N b2 N a? N 2a? N a2b2> [Ab]z 2Q, [Ab]
Sttt )| 7~ |
c b c c At V(%""%) At

= _ e (12)

with Q. being the entrainment rate, V being the cloud volume,
and Ey, being the total kinetic energy. The spreading in y-
direction % is solely dependent on the ratio between the x- and
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y-dimension of the cloud and the spreading in x-direction, as the
ratio of x and y is kept constant in the horizontal plane:

[ch| b [Ab]
— == — (13)
At c| At

The reduction of the height of the cloud in z-direction % is
based on the conservation of the cloud volume, including the
entrainment rate and the relation of the cloud geometry to the

horizontal spreading:

2]-o(3-1815)

Sediment settling. Based on Partheniades-Krone’s deposition
equation [31,32], the deposition flux D in PROVER-M is calculated
as follows:

D = wsey I (15)

where w; is the fall velocity, ¢, is the near-bed sediment concen-
tration, and I" is a dimensionless reduction factor defined by the
following:

r— 1—% when 6§ <0 (16)

s ’ when 0<68<1

where 7, is the current-induced shear-stress, 7,4 is a user-
defined critical shear-stress for deposition, and § is a user-defined
deposition efficiency. If the value for § is chosen to be smaller
than 0, the reduction factor is determined based on the defined
critical shear-stress for deposition.

3.3. Flow chart

The model code can be divided into five elements: (i) the
user input, (ii) the main program code, (iii) the phase criteria,
(iv) the numerical solver, and (v) the two phase functions. Fig. 1
presents the general structure of the simulation process. Input
defined via the graphical user interface (GUI) is transferred to
the main program code, where the bookkeeping of the calculation
parameters occurs.

An iteration over time for the phase of convective descent is
entered, in which initial variables for cloud and ambient condi-
tions are determined during the first run. Depending on whether
the bottom is encountered, calculations continue in the phase of
convective descent or proceed to the phase of dynamic collapse.
If the cloud has not encountered the bottom, the numerical solver
is entered with the current cloud and ambient characteristics. Pa-
rameter gradients are approximated using the Runge-Kutta 4th-
order method. After that, all required variables are updated using
the conservation equations presented in Section 3.1 (Eqs. (1)-(5)).
Here, the value of the previous iteration is added to the gradient
of the current iteration. Then newly calculated parameters are
passed to the main program code, where the amount of stripped
material is determined, and cloud and ambient characteristics
are stored in an output file. The iteration then continues until
the cloud encounters the bottom. Following the transition to
the phase of dynamic collapse, the described program structure
remains the same. However, now the numerical solver updates
the parameters using the energy concept of Section 3.2 (Egs. (8),
(12), (13), (14)), while the settled material is determined instead
of the stripped material. Once ambient currents prevail over the
radial cloud spreading velocity, the exit criteria is met and the
program code is terminated.
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Fig. 1. PROVER-M flow-chart: The convective descent (left) and dynamic collapse (right) are iterated over time, comprising parameter bookkeeping (main, blue),
parameter gradients per time-step (numerical solver, brown), and phase related functions (conservation and energy concept equations, green). Initialization is done
via the GUI, while model criteria (diamonds) determine the transition to the dynamic collapse (bottom is encountered), and termination of the program (ambient

currents prevail over radial spreading).

3.4. Selection of parameters

The model input is categorized using ambient and hopper
settings and model coefficients. The former describe the phys-
ical parameters of the environment and disposal configuration,
while the latter represent the empirical parameters of the fluid-
fluid interaction. Ranges of the physical parameters are chosen
for expected values in open-water disposal processes, while the
orders of magnitudes for empirical coefficients are based on the
literature sources mentioned below and are calibrated for the
field data used in the illustrative example (see Section 4).

Default values for the entrainment, drag, mass, friction, and
stripping coefficients are based on [29,30], and [18]. Furthermore,
a sediment loss of 2% and 5% (for depths until 30 m) during a dis-
posal process was chosen based on the findings of [18,26,33,34],
and [25].

Users of PROVER-M are advised to consult the source code
repository (see Code metadata Table) for further information re-
garding the model input. Parameter limits within the GUI should
prevent implausible model behavior. When applying PROVER-M
to a specific case, model coefficients should be chosen with care
and calibrated and validated wherever possible.

4. Illustrative example

The PROVER-M model can be applied to various disposal sim-
ulations. The dynamic behavior of a disposed cloud, which was
measured by HR Wallingford [35] in Tees Bay (England) (see
Fig. 2), is used below as an illustrative example. For the sim-
ulation, an average disposal event with an ambient velocity in
the range of 0.2 m/s to 0.4 m/s is taken. An average local water
depth of 27 m with a flat ground is present at the disposal site.
The used hopper dredger had a capacity of 1550 m?, and the
dredged material had an average density of 1150 kg/m?> with
a mean silt content of 50%. Entering the input in the GUI and

running the model with adjusted drag coefficients only results
in a symmetrical, elliptical cloud with a diameter of 166 m and
a center height of 1.4 m (see Table 1). These dimensions reflect
the end of the dynamic/active cloud behavior and can serve as
an input for further far-field simulations. During the descent,
approximately 6.5% of the material is stripped and remains in the
water column. To illustrate the vertical motion and distribution
of sediments, the sediment concentration in the horizontal plain
integrated over time is given in Fig. 3. The high concentrations in
darker red denote the vertical axis of the cloud, while the lighter
red-orange color indicates the stripped material. The descent of
the cloud until the bottom is encountered can be seen from O s
to 8.5 s on the left side of Fig. 3, with entrainment of ambient
water leading to an increase in the radius from 9 m to 12 m. After
that, during the collapse, the cloud decreases non-linearly in the
vertical axis due to the radial spreading until a height of 1.4 m is
reached after 100 s, as shown on the right side of Fig. 3.

During the field test at Tees Bay, the spreading velocity of
the cloud on the ground during the second phase was reported
at a distance of 50 m, 75 m, 135 m, and 155 m, from the
disposal location. These velocities are compared to the simulated
horizontal spreading velocity in Fig. 4a, providing valuable insight
into the physical properties of the cloud. The simulated spreading
velocity can be seen until a cloud radius of 83 m only, at which
point the end of the second phase is reached, and further spread-
ing becomes part of the passive diffusion in a far-field model.
However, the decaying spreading velocity matches the measured
values well at 50 m and 75 m.

By comparing the results of PROVER-M to STFATE and BSDM
for the HR Wallingford study, the strengths of the PROVER-M
model are highlighted in Fig. 4b and Table 1. Wherever possible,
the same input parameters were chosen across all models (sup-
plementary material). While the simulation results for the three
models are relatively similar for the convective descent phase
(dotted lines in Fig. 4b and Table 1), the development of the cloud
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Fig. 2. Top view of Tees Bay with the indicated disposal area mentioned in [35]. Part a) shows the location of Tees Bay, while b) presents the disposal area of the
illustrative case at Tees Bay. Satellite data are taken from Sentinel 2, EO Browser, and bathymetry data originate from the European Marine Observation and Data

Network (EMODnet).
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Fig. 3. PROVER-M simulation results of the sediment concentration in the vertical over time for the HR Wallingford study [35], with high concentrations representing

the cloud and medium concentrations representing stripped material.

width over time during the dynamic collapse reveals considerable
differences. Whereas the STFATE simulation reaches the end of
the dynamic collapse after 32 s with a diameter of 117 m, the
BSDM simulation terminates after 138 s and 443.4 m. In contrast,
PROVER-M reaches the end of the dynamic collapse after 100 s
with a cloud width of 166 m. Although STFATE and PROVER-M
both apply the energy concept to calculate the dynamic collapse,
the development of the cloud width over time differs signif-
icantly. The authors assume that this arises from the applied
conversion of potential energy into kinetic energy (Eq. (8)). When
the loss of potential energy in PROVER-M is considered a sink
for kinetic energy, the model results resemble those of STFATE.
However, it seems to be physically more correct to consider the
reduction of potential energy to be a source of kinetic energy.
The BSDM results suggest the rapid and strong growth of the
cloud width, which is not consistent with the observations of [35].
In addition, BSDM computes a significantly larger cloud width
(>250%) and amount of settled material compared to STFATE or
PROVER-M, while the cloud height is two orders of magnitude

smaller (see Table 1). This might be based on the development
of BSDM for sandy material, although a mean sediment diameter
is part of the model input. Furthermore, BSDM does not consider
ambient currents or calculate sediment stripping. Of the consid-
ered models, PROVER-M is best suited to accurately model and
project the values measured by [35].

5. Impact

A simplified version of the model was implemented into the
dredging- and dumping-module DredgeSim of the process-based
sediment transport model UnTRIM-SediMorph [36] and is applied
at the Federal Waterways Engineering and Research Institute
(BAW). The PROVER-M model contributes to the field of sediment
management by providing an easy tool that can be applied to
project the distribution of disposed fine sediments in estuarine
and coastal environments. Model-based projections of the effect
of fine sediment disposals, where a low resolution and a simple
mass transfer to the bottom are not sufficient, will benefit from
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Fig. 4. Comparison of PROVER-M against field measurements, STFATE, and BSDM. a) Horizontal spreading velocity of the cloud on the ground based on field
measurements by HR Wallingford [35] and PROVER-M. b) Comparison of cloud widths (center to front) over time for the PROVER-M, STFATE, and BSDM models.
Dotted lines indicate the convective descent, while solid lines denote the dynamic collapse phase (the ends of the lines correspond to each model’s internal end of

the dynamic collapse).

Table 1

Model results of PROVER-M, STFATE, and BSDM for the convective descent and dynamic collapse based on the conditions
described in the HR Wallingford study [35]. Models are compared by time, radius, and stripped material at the end of the
convective descent and time, diameter, height, and settled material at the end of the dynamic collapse.

Model Convective descent Dynamic collapse

t [s] r [m] strip [%] t [s] d [m] h [m] setl. [%]
PROVER-M 8.4 12 6.5 100 166.4 14 0.1
STFATE 7.2 132 12 32 117.0 17 5.1
BSDM 11.3 9.9 - 138 4433 0.03 98.8

using PROVER-M. In addition, the model may provide valuable
input for detailed environmental and navigational assessments.
Here, a higher degree of detail enables stakeholders to be more
accurate in projections of the sediment distribution. Potentially,
this can lead to locally more accurate/sustainable disposal strate-
gies (e.g., when to dispose which material at which disposal
site), which in turn can be ecologically and economically ben-
eficial. Given that space in intensively managed estuaries and
coastal areas is becoming scarce and the accurate prediction of
human-induced (disposal) processes is becoming more impor-
tant, PROVER-M has the potential to be attractive for local port
authorities, federal agencies, private companies, and scientists
in regard to sediment management and sediment disposal con-
straints. Furthermore, the accessibility and simple structure of
the model enable it to open opportunities to adapt or further
develop PROVER-M. For example, an integration into existing far-
field models or an extension of further details, such as slope
effects, can easily be made. In addition, the ability to fine-tune
PROVER-M, through input parameters and the open-source code,
allows particularly case-specific model setups.

6. Conclusions

Based on conservation equations and the user-defined input,
the PROVER-M model simulates the near-field dynamic behav-
ior of fine sediments after disposal. The model can be used to
project the vertical and horizontal distribution of sediment clouds

after disposal. Moreover, in contrast to existing near-field models,
PROVER-M is written for fine sediments, covers the important
processes in a simple and comprehensible way, and is open
source. The fully functional source code of the model is written
in MATLAB and comes with a GUI that combines the functions
of the two phases, the numerical solver, and the main book-
keeping. Simulating the important near-field processes, it enables
a more accurate representation of disposals than conventional
far-field models. The use of PROVER-M can be beneficial for all
stakeholders dealing with sediment management and disposals.
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