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Abstract
This paper presents the mud dynamics in the harbor basin of Zeebrugge in the Southern North Sea based on an analysis of field
data. Mud is typically transported into and within the harbor basin through advection of suspended particulate matter (SPM).
Three important timescales have been identified. On the intratidal timescale, sediment import occurs from 2 h before high water
to high water. Flood currents in the North Sea (directed northeastward along the Belgian coast) drive the primary gyre in the
harbor mouth which is advected into the basin during rising tide. This results in water inflow near the eastern breakwater and
outflow near the western breakwater. Because of sediment settling in the harbor, this results in a net import of SPM. During spring
tide, the SPM flux into the harbor basin is two to four times higher than during neap tide. However, the volume of sediment
removed from the port by maintenance dredging is kept constant over the spring-neap cycle, causing the amount of mud in the
harbor basin to grow around spring tide conditions. On the seasonal timescale, mud volume within the harbor basin is larger in
winter and reaches a minimum at the beginning of autumn. Moreover, the measured densities within the deposited mud layers are
lower in winter than in summer. The most shallow point of the 210-kHz reflector is also more shallow in winter. Finally, the
profile of the interface of the mud layer in the sheltered Albert II dock is more horizontal in winter than in summer, suggesting
seasonal variations in the strength of the mud layer. The question to what degree the seasonal variation of thickness and density of
the fluid mud layer is related to differences in the suspended sediment input, to differences in the settling rates of suspended flocs,
or to the mud consolidation rate remains open however. The data do not show a strong influence of meteorological conditions
(waves, freshwater inflow) on siltation rates in the harbor basin.
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1 Introduction

The Port of Zeebrugge is subject to high siltation rates of
mainly mud, and as a result, huge maintenance dredging
works are mandatory (Fettweis et al. 2011, 2016).
Obviously, the amount to be dredged depends on the in-
flow of mud into the harbor basin. Maintenance depth and

dredging strategy in the port are guided by the principle
of nautical depth. Pianc (1997) defines the nautical depth
as the level at which physical characteristics of the bottom
reach a critical limit beyond which contact with a ship’s
keel causes either damage or unacceptable effects on con-
trollability and maneuverability. In Zeebrugge, the nauti-
cal bottom is defined as the density level of 1200 kg/m3.
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Present regulations at Zeebrugge prescribe that in order to
have safe maritime access to the port, the ship should have a
positive under-keel clearance (UKC) of at least 10% (relative
to its draft) above the nautical bottom and no more than 7%
negative UKC below the mud-water interface, which is mea-
sured as the reflector of a 210-kHz echo sounder. This means
that for the accessibility of the port, both the vertical position
of the 210-kHz reflector and the 1200 kg/m3 density level are
important. Both levels (together with the 33-kHz reflector) are
monitored regularly to steer maintenance dredging. This op-
erational practice is the result of extensive investigations
(Delefortrie et al. 2007) and is valid for the local mud and
maneuvering conditions in the Port of Zeebrugge.

The sediments between the 210 and 33-kHz reflectors
consist mainly of soft or even fluid mud. Fluid mud is a
high-concentration suspension that typically behaves as a
non-Newtonian fluid (McAnally et al. 2016). Fluid mud is
formed if the rate of sediment deposition on the bottom
exceeds the dewatering/consolidation rate of these de-
posits. Once formed, fluid mud may flow by shear flows,
gravity, and/or wave-induced streaming. If not resuspend-
ed by entrainment processes, fluid mud slowly consoli-
dates to form bed material (McAnally et al. 2007). Fluid
mud typically has a volume fraction between 0.02 and
0.13 (Mehta 1991). We refer to Mehta et al. (2014) for a
description of the properties and behavior of fluid mud in
relation to nautical depth estimation.

Mud is generally transported in suspension or, in some
cases, as near-bed fluid mud (Winterwerp 2005; Kirby
2011). Flow exchange mechanisms at a harbor entrance are
well known and include tides, horizontal entrainment, and
density currents (Vanlede and Dujardin 2014).

The aim of this paper is to describe the different influencing
factors and timescales that are relevant to mud dynamics in the
harbor basin.

2 Study site

Zeebrugge is a tidal port, situated in the dynamic and
turbid Belgian coastal zone. There is a gradient in turbu-
lence and in suspended particulate matter (SPM) concen-
tration from high outside to low inside the harbor basin.
The SPM entering the harbor settles quickly within the
first hundreds of meters. The port was extended seaward
to its present form in the period from 1980 to 1985, with
the construction of two 4-km-long breakwaters extending
about 3 km out to sea (see Fig. 1).

The outer port is maintained at a depth of up to 15.5 m
below LAT (lowest astronomical tide) and the connection
towards the open sea at 15.8 m below LAT; the port and
the channels are thus substantially deeper than the near-
shore area, where water depths are generally less than

10 m below LAT (Fettweis et al. 2009). The analysis in
this paper is limited to the outer port; the inner port
(which lies behind locks) is not considered.

About 5.3 million TDM (tons dry matter) per year or
15,000 TDM/day of mainly fine-grained sediments is dredged
in the outer port (averaged over 1999–2011) and is disposed at
authorized disposal sites in the North Sea, at 5–15 km from the
harbor (Dujardin et al. 2016; Antea 2016). The sediments
dredged in CDNB (the central part of the outer harbor) have
an average mud content of 94% (Pieters et al. 2001).

The fluid mud layer inside the harbor basin (i.e., the
layer between the 210 and 33-kHz reflectors) has a thick-
ness of up to 3 m in front of the entrance of the Albert II
dock, decreasing to 2 m at the harbor entrance (Fig. 2).
The mud-water interface has a concave-down shape which
remains more or less constant in space, though its level
fluctuates over time.

Typical vertical density profiles inside the harbor basin
are shown in Fig. 3. Note that since the vertical density
profiles and the measurements along the leading light line
are not performed on exactly the same time and location,
the position of the 210 (or 33)-kHz reflector may differ
slightly between both datasets. The vertical density pro-
files were measured with the Navitracker instrument,
which is a continuous vertical profiling gamma-ray trans-
mission gauge. Following the limiting volume concentra-
tions given by Mehta (1991), the limiting bulk densities
of fluid mud are 1060 and 1240 kg/m3. The data in Fig. 3
confirm that the material found in between the 210 and
33-kHz reflectors has a density that corresponds with flu-
id mud.

The tides are semidiurnal with a mean tidal amplitude
of 3.6 m. Peak ebb and flood velocities are high in front
of the harbor entrance, due to the port protruding from the
coastline, which deflects ebb and flood flow close to the
coast. Flood flow (directed NE) occurs from 3 h before
HW to 2 h 40 after HW during spring tide. Peak velocity
in front of the harbor entrance reaches 2.1 m/s and occurs
40 min before HW during spring tide conditions (Flemish
Government 2011). For deep-drafted ships, the nautical
accessibility of the port is restricted to a tidal window
with cross-currents less than 1.03 m/s (or 2 knots). For
LNG carriers, stricter criteria are maintained and the ac-
ceptable cross-current at the breakwaters is reduced to
0.77 m/s or 1.5 knots (Eloot et al. 2009).

The flow field inside the harbor basin is characterized
by a primary gyre (Fig. 4 shows the flow field at 1.5 h
before HW), which is driven by the shear at the interface
between water in the port and the flood flow in the North
Sea. It is advected into the basin during rising tide. The
primary gyre drives a smaller, secondary gyre deeper in
the harbor (1 h before HW to HW), which is advected out
of the basin during falling tide (HW to 2 h after HW).
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3 Materials and methods

3.1 Depth soundings

Different datasets with depth soundings during the period
1999–2011 were combined for the analysis in this study.
The 210 and 33-kHz reflectors were sometimes measured as
map data over larger areas in the harbor, and sometimes only
as line data along the leading light line (indicated on Fig. 1).
The map data was interpolated on the leading light line
resulting in a combined dataset of depth along the leading
light line over time.

Sounding data are used to compute changes in the volume
of deposited sediments in the basin. Only those depth sound-
ings that cover more than 50% of the leading light line are
retained. Since the aim is to link observed sediment volume
changes (from the soundings) with data on dredging activity
and meteo conditions between two consecutive soundings, it
is important that the time interval between pairs of depth
soundings in the dataset remains more or less constant.
Therefore, only those pairs of depth soundings are retained

that have a sounding interval of less than 30 days. Following
these selection criteria, 80% of data is retained.

The volume change is then derived from the depth data on
the leading light line by multiplying the average depth differ-
ence with the total surface area of the map data. The uncer-
tainty in volume change when only line data is used has been
estimated from the map data and is about 2% (Dujardin et al.
2016).

3.2 Calculation of the natural depth change
of the mud-water interface

The 210-kHz reflector is considered to be the mud-water in-
terface. A depth change of this reflector corresponds to a
change of the mud volume in the harbor by natural processes
and dredging works. A simple volume balance is set up to
decompose the measured depth change into the natural depth
change and the effect of dredging.

�hm ¼ �hd þ �hn ð1Þ

MOW1

MOW0

Legend

Leading Lights Line
Axis Albert II dock

Stern

Albert II

0

3000

1500

LNG

Hermes

N

1600

0

Fig. 1 Map of the Belgian coastal area (Southern North Sea) showing the
measurement stations outside (MOW0, MOW1) and inside the harbor of
Zeebrugge (Stern, Albert II, LNG, Hermes). The red line is the leading

light line. The blue line is the axis of the Albert II dock. The background
is a satellite image from Google Earth. The harbor entrance is located at
51° 21′ N 3° 11′ E
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