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Summary

The TKI PRISMAS3 project explored innovative approaches to reduce emissions and lower the
costs associated with maintenance dredging in ports. TKI Prisma 3 consisted of a strong
consortium comprising the Port of Rotterdam, Rijkswaterstaat, Boskalis, Van der Kamp, Van
Oord, TU Delft, and Deltares.

The research was organised into four work packages (WPs):
WP1: Investigating the effectivity of tidal- and river dynamics utilization for the transport
of dredged sediment towards sea
WP2: Optimize intake and release of sediment using a sediment transport model
WP3: Beneficial reuse of dredged sediment on a large scale
WP4: Data science for more efficient dredging trips

WP1: Use tidal- and river dynamics for final transport of dredged sediment towards sea
In this work package, we investigated if it is effective to spread dredged sediment in the Nieuwe
Waterweg. If this strategy proves to be effective, it could be an alternative for the current
practice of spreading (clean) sediment at sea. In turn, this could lead to reduced sailing
distances, thereby lowering emissions.

To study the effectivity of this strategy, we conducted a field pilot in a highly energetic part of
the Nieuwe Waterweg near Maassluis (Het Scheur), in September 2024. From 9 until 11
September 2024 we spread 9 hopper loads, totalling 14 kTon of sediment (dry matter). To
study the natural sediment fluxes and the fate of the sediment spread at this location, an
extensive monitoring campaign was carried out, in conjunction with modelling efforts. For the
monitoring, we combined long-term monitoring frames, additional short-term monitoring frames
and sailing measurements during the days of the release.

The monitoring campaign provided valuable information on the system behaviour of
hydrodynamics and sediment concentrations and fluxes. For instance, it showed that the
sediment transport of natural background sediment at the release location is ebb dominant, i.e.
seaward. The fate of the released sediment was determined from the monitoring,
supplemented by simulations with a sediment transport model of the area. Despite the seaward
transport direction of the natural background sediment, the majority of the released sediment
(>80%) is transported landward, based on monitoring in the first days after the pilot and
modelling of 1.5 month after the pilot. The small part that moves seaward mostly ends up in
harbour basins, with only a small fraction reaching the open sea. The released sediment stays
closer to the river bed compared to the background sediment. Close to the bed the net transport
direction is landward because of the presence of a salt wedge. This explains the difference
between the transport direction of released sediment and background sediment.

We found that the sediment transport model overpredicts sediment concentrations compared
to the measurements, especially near the bed. As a result, the background fraction at the pilot
site is also flood-dominant in the model, in contrast to the observations. We therefore
recommend utilizing the valuable and unique pilot dataset to further improve the sediment
transport model, thereby enabling an improved understanding of sediment fluxes in the Nieuwe
Waterweg.
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WP2: Optimize intake and release of sediment using sediment transport model

In this work package, we evaluated two alternative strategies for the spreading of dredged
sediment. The first strategy is to transport sediment with a pipeline instead of sailing it out to
sea. The second strategy is to spread sediment at other locations than the current location, i.e.
the Verdiepte Loswal, and to investigate if the spreading strategy can be optimized by
considering release height, tidal phasing and hydrodynamic conditions.

For the pipeline transport, we compared the power required for transporting dredged slurry
(mud) through a pipeline compared to sailing with a hopper dredger. For transport lengths of
up to several kilometres (approx. 2-3 km, based on the considered conditions), the power
required for pumping compared to the sailing and bottom door dumping methods do not deviate
substantially. For longer transport distances, transporting the sediment using a vessel is the
most energy-efficient method.

For spreading the sediment at different release locations, we utilized a sediment transport
model. This was then used to compare the return percentage during the 3-month modelling
period, which is the ratio between the sediment mass depositing in the harbour basins and
access channels and the total released sediment mass. The effects of release height, tidal
phasing, ambient hydrodynamic conditions, and sediment settling velocity were investigated.
Seaward locations, especially offshore ones, show a lower return percentage (typically around
10-35%) than landward locations (typically around 80-90%). The return percentage for the
inland locations can be reduced by only releasing fine sediments near the surface (i.e. for near-
neutrally buoyant active plumes) and during ebb. However, such optimal conditions are difficult
to realise in practice. While the return percentage decreases with increasing distance offshore,
this also results in longer sailing distances. We recommend using these results to optimize the
release location, timing and method of release to find the optimal balance between sailing
distance and return percentage, as an appropriate balance must be established between these
competing considerations.

WP3: Beneficial reuse of dredged sediment on a large scale

To reduce its dredging load, the Port of Rotterdam has set a target to re-use at least 1 million
m? of dredged sediment annually. In the third work package, we explored how beneficial use
on this large scale may become a reality.

Therefore, several beneficial reuse cases were compared against the current dredging
practice. This comparison was based on a decision-making criteria matrix, combining both
quantitative and qualitative criteria. Costs, emissions and time (the quantitative criteria) were
computed using a logistical model. Safety, sustainability, nature value, environmental quality
and bureaucratic difficulties were judged qualitatively. These were weighted and scored based
on the input by a selection of relevant stakeholders. Results show that beneficial reuse can
compete with existing practices when all relevant aspects are included in the evaluation.

In a parallel investigation, a potential bottleneck for reuse of dredged sediment into a usable
solution was addressed: the slow dewatering of mud. Lab experiments demonstrated that
marine worms can significantly accelerate the dewatering and ripening of dredged sediment.
The most effective species, Tubificidi, reduced dewatering time from over 7 months using
passive dewatering to 1 month, and improved final sediment solids content from 0.58 (without
worms) to 0.68 (with worms). The initial solids content in the experiment was 0.42. Marine
worms drastically speed up dewatering and ripening of fluid dredged mud and the final product
has a significantly higher sediment content and thus is more usable. We recommend to explore
if this is a viable option for beneficial reuse on a large scale.
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WP4: Data science for more efficient dredging trips

The aim of the fourth work package was to explore if weekly dredging volumes can be
forecasted based on relevant hydro-meteo variables through a machine learning approach.
This can enable more efficient dredging, thereby resulting in less dredging trips and thus
reduced emissions. We compiled dredging volumes from the dredging database for the port
area, while hydro-meteo data were taken from publicly available sources such as Waterinfo.

In general, the correlations between the hydro-meteo data and corresponding dredging
volumes were found to be rather low, which meant we could not train a functionally working
model. This could be due to multiple factors: the first one is limitations imposed by the status
of the data. The second reason could be that anthropogenic influences are not taken into
account. Influence of ship traffic, the influence of water injection dredging and the man-made
decisions during day-to-day dredging operations were not incorporated. Even though the
machine learning model did not reach the desired accuracy, the overall research provided
valuable insights into the workability of dredging data in combination with metocean and spatial
parameters. The research revealed interesting possibilities for follow-up research, such as
incorporating variables which quantify influential anthropogenic parameters and exploring other
methods to deal with the input metocean data.
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1 Introduction

Each year, the Port of Rotterdam and Rijkswaterstaat dredge approximately 10 million m? of
sediment from navigational channels and waterways to ensure safe and efficient maritime
operations. As part of the Programma Innovatief Sediment Management voor Havens
(PRISMA), the TKI research project PRISMAS3 explores innovative approaches to reduce
emissions and lower the costs associated with maintenance dredging in ports.

The overarching project aim is to advance towards energy-neutral dredging, circularity and
sustainable sediment management. TKI Prisma 3 brings together a strong consortium
comprising the Port of Rotterdam, Rijkswaterstaat, Boskalis, Van der Kamp, Van Oord, TU
Delft, and Deltares.

The project is structured into four specific work packages:

1. WP1: Use tidal- and river dynamics for final transport of dredged sediment towards
sea

2. WP2: Optimize intake and release of sediment using sediment transport model

WP3: Beneficial reuse of dredged sediment on a large scale

4. WP4: Data science for more efficient dredging trips

w
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2 WP1: Use tidal- and river dynamics for final
transport of dredged sediment towards sea

The goal of WP1 is to investigate if it is feasible to release dredged sediment in the Nieuwe
Waterweg, more specifically the ‘Scheur’, rather than releasing it at its current location, the
Verdiepte Loswal in the North Sea. Local release within the port has the advantage that the
sailing distance is much smaller, but the disadvantage is that the return flow of dredged material
to the port basins is expected to be greater.

To assess if this strategy is feasible, we carried out a large-scale pilot in the Scheur, which
would not have been possible without substantial support from both the Port of Rotterdam and
Rijkswaterstaat, by making available, amongst others, staff, survey boat time and
measurement frames. The aim of the dispersion pilot is to quantify how much of the dredged
material is transported to the North Sea by the tidal current and how much remains locally
available or flows back into port basins.

Method

During this pilot, a total of 9 hopper loads (approx. 14 thousand tonnes of dry matter) of dredged
material were spread over three days (10 — 12 June 2024). At the same time, an extensive
measurement campaign was carried out to monitor the resulting dredging plumes and natural
sediment transport in this area. To this end, eight measuring frames were placed on the bottom
of the Scheur and two cross-sections and one longitudinal section were surveyed with three
measuring vessels, see Figure 2-1. From this, the fluxes of water, salt and sediment were
calculated, including the fluxes of the dredged plumes.
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Figure 2-1 Release location indicated with indigo circle in left figure and with orange circle on middle and right

X

figure. The position of measurement frames and monitoring sailing transects are indicated on middle and right
figure.

The quantification of these sediment fluxes is not only based on the field measurements
performed, but also on numerical modelling with a sediment transport model. This combination
was chosen because the dredged plumes are difficult to distinguish from the background over
time and at a greater distance from the release location due to dispersion. In a dispersion
model, this is not a problem because the released dredged material and the background
concentration are labelled separately. Moreover, in the model sediment can easily be released
at alternative locations or under different weather or tidal conditions. This is much more difficult
and expensive in the field.

Results
The measurement campaign shows that the depth and tidal average sediment transport at the
location of the release location is directed seaward. In principle, this is beneficial for the natural
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transport of dredged material to the sea, but this net transport is the sum of a strongly seaward
net transport at the top of the water column and a strongly landward net transport at the bottom
of the water column. This dichotomy is caused by the 'salt wedge', i.e. the river freshwater flows
out at the surface over the denser saltwater that penetrates from sea along the bottom. In
addition, net transport is also the sum of a strongly seaward gross transport during low tide and
a strongly landward gross transport during high tide.

As long as sediment is more or less uniformly distributed over the water column and has about
the same concentration during the ebb and flow phase, the sediment transport is ebb dominant,
i.e. seawards. This ebb dominance has been observed at all but one of the measurement
locations and with the exception of the period when dredged material is released. A possible
explanation for the deviating transport direction of dredged material is that its composition
deviates from the (suspended) background fraction in the Scheur. According to the sediment
balance, a large part of the sediment that flows into port basins via the river and from the sea
deposits, especially the fraction with a higher settling velocity. This fraction in particular is
dredged and, after release, stays closer to the bed. The fraction with a lower settling velocity
remains in suspension and forms the background fraction that is more uniformly distributed
over the water column.

In addition, part of the dredged material is (temporarily) deposited on the seabed, and can
resuspend more strongly during flood flow than during ebb flow, when the peak velocity is
lower. As a result, the transport of the dredged material is flood-dominant: the majority (>80%)
moves landwards back in the direction of the port basins. The small part that moves seawards
partly ends up in harbour basins and hardly reaches the open sea.

The observations of the along-channel track (L-L’) in Figure 2-2 illustrates that the majority of
the released sediment moves quickly (within minutes) towards the lower part of the water
column (below the pycnocline) at the release location. The downward moving speed of the
released sediment is orders of magnitude larger as the settling velocity of the released
sediment. This indicates that despite the gentle and slow release method, still the plume had
a too high density to stay in the upper water layer. Only a small fraction of the released sediment
remains higher up in the water column, where it is effectively transported in the seaward
direction.
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Figure 2-2 Boat ADCP measurements of velocity (m/s) and SSC (mg/l) collected on June 10, 2024 at the
alongshore transect. The pilot release location is at x=4700m. Positive values indicate seaward transport. The
white zone near the bed illustrates a gap where downward ADCP cannot measure.

Recommendations

The combination of monitoring and modelling of the pilot provides a clear picture of the flood-
dominant short-term dispersal behaviour of the released dredged material. This is crucial
system knowledge. The model differs from the monitoring in terms of the behaviour of the
background fraction. In the model, the tidal variations in sediment concentration are modelled
correctly but with a much higher concentration near the bed compared to the observations, see
Figure 2-3. As a result, the background fraction at the pilot site is also flood-dominant in the
model, in contrast to the observations. The current model is mainly calibrated on the volume
and distribution of sedimentation in port basins. Recalibration with the help of the newly
obtained extensive measurement data is therefore recommended. The extent to which
sediment is mixed over the water column during ebb tide is a specific point of attention.
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Figure 2-3 Modelled and measured sediment concentration time series at SC (left) and SB (right) of modelled

concentrations near the bottom compared to the OBS measurements.
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3 WP2: Optimize intake and release of sediment
using sediment transport model

Each year, approximately 10 million m3 sediment is dredged in the Port of Rotterdam. The
current practice is to release clean dredged sediment at an offshore location, i.e., the Verdiepte
Loswal (see Figure 3-2). The Port of Rotterdam and Rijkswaterstaat are considering alternative
strategies to reduce the dredging load and GHG emissions. The aim of Work Package 2 was
to explore these alternative strategies, along two main research lines:

1. Investigate whether a pipe transport system could be an energy-efficient alternative for
sailing towards the Verdiepte Loswal with a dredging vessel;

2. Investigate different intake and outfall locations of sediment with the sediment transport
model of WP1 and determine the return percentage for the different release locations.

1. Comparing the required energy of pipeline transport with sailing and bottom door
dumping

This part of the research was mainly carried out by consortium partner Boskalis Nederland,
with a review by Deltares. Its goal was to provide an estimate of the required power for pumping
sediment through a pipeline compared to transporting it in the hopper of a dredging vessel to
a release location.

The power required for pumping a mixture was calculated by calculating the frictional head loss
in a pipeline for several densities, rheological properties and mixture velocities. As reference
for the calculations the IHC handbook was used. The results included operational
considerations, such as cleaning the pipeline with water after each discharge and an estimate
for the power required to position the vessel at the pipeline connection point while discharging.

The power required for sailing and bottom door dumping was calculated based on a theoretical
average vessel based on several vessels of Boskalis, Van der Kamp and Van Oord, which all
seem suitable for dredging works in Rotterdam port. The required power for sailing and
dumping was derived for this theoretical average ship.

If the energy required for positioning the vessel during discharging is not accounted for, Figure
3-1 shows the required power for both strategies. This shows that the power required for
pumping sediment mixtures strongly depends on the mixture density, grain size distribution
and whether it is in a laminar or turbulent regime. For transport lengths of up to several
kilometres, the power required for pumping and the sailing and bottom door dumping methods
do not deviate substantially. For longer transport distances, transporting the sediment using a
vessel is the most energy-efficient method.
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Figure 3-1 Power required for pumping of various sediment mixtures (dashed, dotted and green solid line)
plotted together with power required for sailing and dumping (orange solid line).

2. Investigate different intake and outfall locations of sediment with the sediment
transport model

In this model study, we investigated the effect of release location and height, tidal phasing,
ambient hydrodynamic conditions, and sediment settling properties on the far-field transport
and fate of dredged sediment in and around the Port of Rotterdam.

Five inland and seven offshore locations have been modelled, for both near-surface and
near-bed release. Releases were either tide-independent or tide-dependent, triggered when
tidal currents were directed seawards for the inland locations (during ebb) or longshore in NE
direction away from the access channel (during flood). Transport and fate were assessed for
three sediment fractions, characterized with settling velocities of 0.5, 1 and 2 mm/s
(representative of floc sizes of approximately 60, 100 and 190 ym). Hydro-meteo forcing
representing a three-month period in both 2023 and 2024 have been used to assess the
sensitivity of transport and fate to this forcing.

The main output is the return percentage over the 3-month modelling period. This return
percentage is the ratio between the sediment mass depositing in the harbour basins and
access channels requiring maintenance and the released sediment mass x100%. An
example of these return percentages is shown in Figure 3-2 , for simulations of the year 2024
when sediment is released at the bottom of the water column.

Seaward locations, especially offshore ones, show a lower return percentage than landward
locations. The lowest return percentage among inland locations was observed at the most
downstream location 'IS' (71% to 88%), while offshore locations such as 'O6' and 'O7' showed
much lower return percentages (9% to 22%). The return percentage for the inland locations
can be reduced by only releasing fine sediments (0.5 mm/s) near the surface (i.e. for near-
neutrally buoyant active plumes) and during ebb. In this ideal case, the return percentage for
‘15" is reduced to 25% and for ‘O6’ and ‘O7’ to only 3%. However, such optimal conditions are
difficult to realise in practice.
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Figure 3-2 The total return percentage derived from the 2024 simulations. The colourmap and contour lines
indicate the interpolated return percentage based on the different release locations.
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These results are intended to support the selection of an optimal release location for dredged
sediments from the harbours and access channels of the Port of Rotterdam. While the return
percentage decreases with increasing distance offshore, this also results in longer sailing
distances; Therefore, an appropriate balance must be established between these competing
considerations.
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4 WP3: Beneficial reuse of dredged sediment on a
large scale

To reduce its dredging load, the Port of Rotterdam has set a target to re-use at least 1 million
m? of dredged sediment annually. This aligns well with its broader ambition to transition towards
a circular economy. This marks a significant step towards sustainable resource management
and highlights the need for balancing environmental, economic, and logistical considerations.

This work package consisted of two main activities:

1. Assess different strategies for beneficial reuse of sediment at a large scale.
2. Laboratory experiments to investigate how marine dredged sediment can be
dewatered faster by adding marine worms to it.

The first goal of this work package is to assess different strategies for beneficial reuse of
sediment at a large scale. Here, we do not focus on technical feasibility but rather on the spatial,
environmental and financial aspects of beneficial use on a large scale. This is done by defining
decision making criteria and evaluating these, both quantitative and qualitative. These criteria
are then combined in a multicriteria matrix, see Table 4-1. The rank for each criterion is based
on the input received during interview with selected stakeholders.

For the quantitative evaluation, we set up a logistical model that provides insight into costs,
emissions and required time. The qualitative criteria are scored based on the input by selected
stakeholders.

Three sediment placement strategies are evaluated using this method:
1. Business as usual — to benchmark the other strategies
2. Raising agricultural land to counteract subsidence
3. Drying dredged sediment and ship it to a concrete factory

Table 4-1 Multicriteria matrix

Rank Criteria Evaluation Explanation

2.5625 Safety Qualitative | Whether the reuse compromises or affects the coastal
safety and safety against flooding of the region.

3.1250 Costs Quantitative | Financial side of a reuse case

3.6875 Sustainability Qualitative | Are, in general, the needs of today without compromising
these of the future.

4.5000 Emissions Quantitative | How much COz2 equivalents are released into the
atmosphere.

4.6250 Nature Value Qualitative | Refers to the ecological importance (biodiversity and
ecosystem services) of the area or ecosystem involved.

4.7500 Time Quantitative | How long it takes to accomplish all operations within a
reuse case.

5.8750 | Environmental Qualitative | Refers to the condition of the environment at the area

Quality where the reuse takes place in relation to health and

sustainability: pollution levels, air and water quality, and
ecological integrity.

6.8750 Bureaucratic Qualitative | To which extent is a reuse consistent with regional

difficulties culture and its set of rules.
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The logistical model has two main components, see Figure 4-1. The first component is the
Logistical Simulation. Essentially, this simulation receives as input a geographical route
including the dredging location and unloading point, vessel type (speed and production
dependent), and volume of sediment to be moved. With this input, the simulation is performed,
resulting in a Gantt chart of the activities. Sailing, dredging or unloading are typical sub-
activities of the Logistical Simulation. At this point, the duration of each sub-activity, leading to
the total navigational time, has been defined. Traffic, refuelling and restaffing are not
considered in the simulation. The second main component of the model is the calculation of
emissions and costs resulting from each sub-activity. The model finally adds these set of figures
up to arrive to the total costs, emissions and time for the considered routes and processes that
occur during the dredging process. The sediment reuse operations on land, like pumping of
sediment through a pipeline, or by transporting it with trucks are also considered. Combining
all the steps for each separate use case yields the costs, emissions and time per dredging
location and reuse case.

( Input \

Route
Vessel
Quantity

\_* Implementation /

Activity log: Logistical

Time per activity A '
Implementation Simulation

Processing . Fuel, Cost, and

: Emission
Calculations Bl

Output
« Total and sub costs
« Total and sub times
« Total and sub emissions

Figure 4-1 Flow chart of the navigational module of the logistical model.

Two dredging areas (Maasvlakte and Nieuwe Waterweg) are considered, see Figure 4-2, and
two reuse cases: 1) using dredged sediment to raise land to combat relative sea level rise and
2) using clay from dredged sediment to decrease the costs of concrete production. Clay,
extracted from dredged sediment and subsequently calcined, can be an adequate binder for
concrete.
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Figure 4-2 Considered dredging and beneficial reuse areas: the Maasvlakte dredging area in the black square
at the upper-left corner and the Nieuwe Waterweg dredging area at the inclined black rectangle and two
beneficial reuse cases in the area indicated with the red square.

As one of the key challenges of beneficial reuse of soft cohesive sediment at a large scale is
dewatering, we have included three different dewatering strategies in our analysis:
1. Drying sediment in shallow ponds or depots;
2. Dewatering in depots, accelerated by the addition of endemic natural agents by e.g.
plants, worms, etc.;
3. Hiring external services to mechanically extract the water by for example cyclones.

The best-performing solutions found in the multicriteria analysis, in order of effectiveness, are
as follows:
1. Raising land with sediment dredged at the Maasvlakte and last 3 km transported by
pipeline to the polder.
2. Raising land with sediment dredged at the Nieuwe Waterweg and last 3 km transported
by pipeline to the polder.
3. Benchmark case ‘business as usual’ comes right after the best two performing
strategies.

This ranking shows that beneficial reuse can compete with business as usual when all relevant
aspects are included in the evaluation. The results of this evaluation are in part affected by the
score assigned to the qualitative criteria. The results should thus be seen as a reasonable first
attempt for evaluating reuse cases, from which general lessons can be learned.

It is worth noting that we do not take the value of the final reuse product into account in our
methodology. If we would consider how much it would cost to buy soil for combating
subsidence, or to acquire the equivalent amount of concrete additives, the results would likely
lead to a worse relative ranking of the business as usual and better scores for the reuse cases.

The other activity of this work package focused on how marine dredged sediment can be
dewatered faster by adding marine worms to it. The slow dewatering of dredged sediment
forms a potential bottleneck for any reuse case. In the previous years, research has shown that
freshwater deposits will dewater substantially faster by adding freshwater worms to them. The
question that arose is whether this will work in a similar way for a marine environment.

To quantify the effectivity of using marine worms to accelerate dewatering, laboratory
experiments were performed with sediment from the Port of Rotterdam. Dewatering fluid mud
with an initial density of 1400 kg/m?3 to 85% of the initial sediment volume is reduced from more
than 7 months without worms to 1 month with worms, see Figure 4-3. Worms bring the final
equilibrium sediment content SC from 0.42 to 0.68, where mud ripened without worms only
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reach 0.58 SC. Table 4-2 summarizes the influence of marine worms on the final SC. Worms
lead to an increase in SC from 0.58 to 0.68 which translates into an additional 28.000 m3 of
dewatering from a 20 ha 1 m deep depot (equal to a water layer of 0.14 m dewatered extra
from the initially 1 m deep depot). Of the tested marine worms the Tubificidi gave best results
with Heteromastus in a close second place. The Hediste worms gave only little or no advantage
compared to the reference case without worms. So, marine worms speed up dewatering and
ripening of fluid dredged mud drastically and the final product has a much higher sediment
content and thus is much better usable. Our results show how adding marine worms to a
deposit leads to accelerated dewatering and ripening of dredged cohesive sediment, thereby
turning it into a usable product.
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Figure 4-3 Dredged mud dewatering during the first month (33 days) in the top panel and up to 250 days
(6000 h) in the lower panel. Dewatering is expressed in Sediment Bed Level SBL (% relative to the initial
sediment height within the columns) from the observed top of the soil interface. The grey dotted line marks the
transition between the saturated and the unsaturated regime.

Table 4-2 Final solids content (SC) from direct measurements of the sediment mass at the end of the

experiment.

Settling SC SC end | Increase in SC | Relative increase in SC w.r.t. reference
experiment start
Reference 0.42 | 0.58 0.16 -
Heteromastus | 0.42 | 0.65 0.23 0.07
worms
Tubificidi 0.42 | 0.68 0.26 0.1
worms
Hediste 0.42 | 0.57 0.15 -0.01
worms
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3 WP4: Data science for more efficient dredging
trips

The aim of Work Package 4 was to explore if weekly dredging volumes can be forecasted
based on relevant hydro-meteo variables through a machine learning approach. This was
carried out by Petra Barddcz, an intern from Wageningen University with a background in Geo-
Information Science.

For this research, weekly aggregated dredging data from both Rijkswaterstaat and the Port of
Rotterdam (PoR) were available. From RWS, data was available starting from 2015 until the
beginning of 2024; and from the PoR from 2007 until mid-2024. In addition to these datasets,
we obtained data about the location, extent and minimum Nautical Guaranteed Depth (NGD)
of the different dredging areas.

In-situ hydro-meteo data on relevant parameters for dredging were harvested using publicly
available services. The hydro-meteo parameter selection was done in collaboration with
experts from RWS, Port of Rotterdam and Deltares.

The research was conducted in three phases:

1) exploratory data analysis, to understand the data.

2) correlation analysis, to find relationships between hydreo-meteo and spatial parameters.

3) machine learning modelling, to train a model to predict dredging volumes based on found
correlations.

In terms of the temporal distribution of dredging, the Maasvlakte is by far the most dredged
basin of the port, followed by dredging areas G and E in the Maasmond. The monthly
aggregated records show that the first six months of the calendar year tend to be the most
active in terms of total sediments removed. Dips in dredging activity occur during the summer
holiday and winter breaks.

For the modelling, a Random Forest model was chosen because it provides insights as to what
the most important features and predictors influencing the model are. Random forest modelling
requires all samples to be of the same size. The aggregation of daily environmental parameters
to a weekly resolution, whilst essential to complement the weekly dredging data, can result in
a notable loss of information. The environmental parameters were aggregated to the point in
time when the decision is made on which areas will be dredged, which is based on the week
prior. The cumulative aggregations were done in windows of 7, 14, 21, and 28 days, and
explored for their correlations.

In general, the correlations between the weekly hydro-meteo aggregates and corresponding
dredging volumes were rather low and only changed slightly when different windows were
considered. None of the hydro-meteo variables resulted in an absolute R? value higher than
0.3 in any of the basins. Nevertheless, the correlation coefficients for certain parameters, such
as the tidal range and the Haringvliet discharge, were slightly stronger when aggregate to the
28-day window. Therefore, this aggregation window was used to create the tables for
subsequent modelling. Reasons why the correlations between dredging and the hydro-meteo
data are low across the basins could be:

1) The dredging datasets contain a substantial amount of noise in the form of dredged

volumes which are a result of preventative dredging and anthropogenic influences.
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2) By aggregating the dredging records to a basin level, there is considerable information
loss. The information loss is due to the merging of dredging areas that are dissimilar from
each other from a system-dynamics perspective.

A trail-and-error approach was taken for the modelling, which resulted in two overarching
phases. The first phase is modelling on basin level, a more generalised approach to tune an
initial model and hyperparameters. The highest R? value is 0.22, which is low for a machine
learning model. The feature importances of the tuned model reveal that the hydro-meteo
variables are not the predictors which are considered to be of the highest importance by the
model. Rather, the model places a higher importance to dredging surface area with larger
dredging volumes. This resulted in the second phase, which is modelling on dredging area
level. Modelling on dredging area level allowed for incorporation of spatial predictors, such as
minimum NGD, size of dredging area and distance to entrance of port basin. Three basins
were investigated, Maasvlakte, Europoort and Botlek The highest R? value was found in the
Botlek, 0.14, which indicates that the model still does not perform well. NGD was ranked as
the most important feature, followed by whether the area under consideration was the area
which contains a Botlek silt trap. The distance to entrance parameter was ranked second
highest in the Maasvlakte model. Generally speaking, in a specific basin, the correlation
between amount of dredging and its identifier number even outranked the hydro-meteo
predictors in these models.

It was not possible to train a functionally working model. This could be due to multiple factors:
the first one is limitations imposed by the status of the data. The status of the data is a
combination of the unclear quality of the weekly dredging dataset, as well as the data
availability of the metocean data. Certain parameters, such as water level and water
temperature, are measured at multiple locations across the study area. For these parameters,
it was possible to obtain time series data that contained only limited gaps. However, data was
less available for parameters such as flow velocity or turbidity. Data on these parameters,
though assumed to be influential in port sediment dynamics, is only available for a few isolated
locations, or is not measured at all in the system. Accuracy could be improved when more in-
situ measurement data is available. The second reason could be that anthropogenic influences
are not taken into account. Influence of ship traffic, the influence of water injection dredging
and the man-made decisions during day-to-day dredging operations were not incorporated.

The thesis project of van Wijngaarden (2024) was used as point of reference during the project.
His research also involved applying a random forest model to predict sedimentation in the port.
There are notable differences in the methodologies between the two projects, but some results
are comparable. Van Wijngaarden used the sedimentation rates derived from bathymetry
surveys in the Botlek area as the target variable, and used dredging as a predictor in his
models. When evaluating the feature importance in the model, he found that the dredging
predictor largely outweighed all hydro-meteo variables. Hence, also in his model hydro-meteo
variables only gave weak correlations. The hydro-meteo variables which followed dredging in
terms of importance were predicted salinity at bottom, discharge, and tidal variation.

Even though the machine learning model did not reach the desired accuracy, the overall
research provided valuable insights into the workability of dredging data in combination with
metocean and spatial parameters. The research also indicated potential for follow-up research,
such as incorporate variables which quantify certain influential anthropogenic parameters.
Explore further methods to feature engineering, especially with regards to the input metocean
data. Instead of aggregating dredging records to the larger management basins, delineate the
different regions in the system based on which areas behave similarly from a system-dynamics
perspective.
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6 Conclusions and recommendations

Research project TKI PRISMA3 explored innovative approaches to reduce emissions and
lower the costs associated with maintenance dredging in ports. TKI Prisma 3 consisted of a
strong consortium comprising the Port of Rotterdam, Rijkswaterstaat, Boskalis, Van der Kamp,
Van Oord, TU Delft, and Deltares.

The research of TKI PRISMA 3 was structured in four work packages:
WP1: Use tidal- and river dynamics for final transport of dredged sediment towards sea
WP2: Optimize intake and release of sediment using sediment transport model
WP3: Beneficial reuse of dredged sediment on a large scale
WP4: Data science for more efficient dredging trips

In the first work package a pilot was conducted to spread 9 hopper loads (14 kTon of dry matter
in total) over three days in a highly energetic part of the Nieuwe Waterweg (Het Scheur) near
Maassluis. An extensive monitoring campaign was set up combined with sediment transport
model simulations to determine the fate of the released sediment. Additionally, the monitoring
provided valuable system knowledge about the sediment dynamics in the area. It was found
that the natural background sediment at the release location is ebb dominant, i.e. seaward.
However, despite the seaward transport direction of the natural background sediment, the
maijority of the released sediment (>80%) is transported landward, based on monitoring in the
first days after the pilot and modelling of 1.5 month after the pilot. The small part that moves
seaward mostly ends up in harbour basins and only a small fraction reaches the open sea. The
discrepancy between background and released sediment transport direction lies in the vertical
position in the water column. The released sediment stays closer to the river bed compared to
the background sediment. Close to the bed the net transport direction is landwards because of
the presence of a salt wedge.

In the second work package two aspects have been investigated. Firstly, the power required
for pipeline transport of dredged slurry (mud) was compared to sailing with a hopper dredger.
For transport lengths of up to several kilometres, the power required for pumping and the sailing
and bottom door dumping methods do not deviate substantially. For longer transport distances,
transporting the sediment using a vessel is the most energy-efficient method. Secondly a
sediment transport model was used to compare the return percentage of released sediment
from different release locations. The effect of release height, tidal phasing, ambient
hydrodynamic conditions, and sediment settling properties was investigated. Seaward
locations, especially offshore ones, show a lower return percentage (typically around 10-35%)
than landward locations (typically around 80-90%). The return percentage for the inland
locations can be reduced by only releasing fine sediments near the surface (i.e. for near-
neutrally buoyant active plumes) and during ebb. However, such optimal conditions are difficult
to realise in practice.

In the third work package, several beneficial reuse cases were compared against the current
dredging practice. This comparison was based on a decision-making criteria matrix, combining
both quantitative and qualitative criteria. Results show that beneficial reuse can compete with
existing practices when all relevant aspects are included in the evaluation. In a parallel line, a
potential bottleneck for reuse of dredged cohesive sediment into a usable product was
addressed: the slow dewatering of mud. It was demonstrated that marine worms can
significantly accelerate the dewatering and ripening of fine dredged sediment. The most
effective species, Tubificidi, reduced dewatering time from over 7 months using passive
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dewatering to 1 month, and improved final sediment solids content from 0.58 (without worms)
to 0.68 (with worms). The initial solids content in the experiment was 0.42.

The aim of the fourth work package was to explore if weekly dredging volumes can be
forecasted based on relevant hydro-meteo variables through a machine learning approach. In
general, the correlations between the hydro-meteo data and corresponding dredging volumes
were found to be rather low. It was not possible to train a functionally working model. This could
be due to multiple factors: the first one is limitations imposed by the status of the data. The
second reason could be that anthropogenic influences are not taken into account. Influence of
ship traffic, the influence of water injection dredging and the man-made decisions during day-
to-day dredging operations were not incorporated. Even though the machine learning model
did not reach the desired accuracy, the overall research provided valuable insights into the
workability of dredging data in combination with metocean and spatial parameters.

6.1 Recommendations

We recommend utilizing the valuable and unique pilot dataset to further improve the sediment
transport model, thereby enabling an improved understanding of sediment fluxes in the Nieuwe
Waterweg. In this study, we found that the sediment transport model overpredicts sediment
concentration compared to the measurements, especially near the bed. As a result, the
background fraction at the pilot site is also flood-dominant in the model, in contrast to the
observations. Recalibration with the help of the newly obtained extensive measurement data
is therefore recommended. The extent to which sediment is mixed over the water column during
ebb tide is a specific point of attention that requires improvement, whilst keeping the correct
sedimentation volume and distribution over the port basins of the present model intact.

We recommend using the results from WP2 to optimize the release location, timing and
method of release to find the optimal balance between sailing distance and return percentage
needed to be dredged again. Alternatively, using a less ideal inland location in combination
with a sediment trap or an innovative release method may also provide a viable solution in
the future.

As WP3 indicated that beneficial reuse of sediment at large scale can be a viable option, it is
recommended to continue research in this area. A field pilot is recommended to bridge the
gap between the available knowledge and full scale application. Further research is
recommended on knowledge gaps for using calcined clay from dredged mud in concrete or
other ways to accelerate dewatering, like thin layers or excess heat from industry. It is also
recommended to study the impact of taking out large volumes of sediment from the system
for beneficial reuse purposes.

The research from WP4 revealed interesting possibilities for follow-up research. Machine
learning models are powerful tools when provided with the right data, we therefore
recommend to incorporate variables which quantify influential anthropogenic parameters and
explore other methods to deal with the input metocean data.
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