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EDITORIAL

The dredging and maritime construction industry, it is oft said, is a capital-, rather than labour-,
intensive business. Whilst it is true that the enormity of modern maritime infrastructure projects
requires intensive planning and serious investments in new generations of equipment and
technologies, that is only one side of the dredging coin. 

The other equally important component is Human Resources. For an industry is only as good as its
personnel. In dredging, there is a strong trend toward the upscaling and internationlisation of the
professional and operational workforce. No matter how large the ships, how technically advanced the
equipment and techniques, highly skilled and well-educated personnel remain an essential ingredient
in the formula for success. Without the best people, the dredging industry cannot sustain the best
technology. Investments in a new generation of human resources are therefore also imperative. 

To achieve this, the industry is committed to offering ongoing education and training to its present
personnel, as well as to continuing to search around the globe for young, astute professionals. 
This issue of Terra emphasises the range of opportunities in the industry, its fascinating aspects and
the significant rewards, by focusing on the various educational routes available to join this dynamic
industry. Be it crewmembers or dredge masters, be it engineers or financial and project planners, 
the career possibilities in the dredging industry are broad. And education is the key. Dredging needs
highly trained, dedicated and inspired personnel. People who see a challenge and go for it.  These are
exciting times for the industry and the search for quality people is a top priority.

The two other articles in this issue of Terra also reflect the efforts of the industry to identify new
talent and imaginative thinkers. One article is based on a paper from the CEDA Dredging Days-Africa
Section which received the IADC Award for the best paper written by an author under 35 years of
age. The other is a newly released paper from researchers studying and working at Technical
University Delft, the Netherlands. Both articles show the dredging industry’s support for original
research and cooperation with institutions of higher learning, as well as its dedication to encouraging
younger people to pursue dredging-related careers. In addition, the upcoming IADC Seminar at its
newest venue in Tampico, Mexico from March 26-30 2007 deserves a mention. This seminar on
dredging and reclamation has taken place at regular intervals all over the world for more than a
decade. It continues to attract young professionals interested in gaining insights into the exciting
world of dredging and maritime infrastructure construction. 

IADC is also happy to announce a new publication series: FACTS ABOUT (see page 29). The aim of
each of these stand-alone brochures is to provide a brief overview of an essential dredging-related
subject. The first in this series, FACTS ABOUT…Site Investigations is now available at the IADC
website: www.iadc-dredging.com. Printed copies can also be ordered. Have a look. We are sure you
will find these “fact sheets” a useful addition to the literature on dredging.

Robert van Gelder
President, IADC  Board of Directors
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MORPHOLOGICAL AND DIACHRONIC
STUDY OF THE LAGOON OF 
SIDI MOUSSA, MOROCCO

KHALID EL KHALIDI

ABSTRACT

For 40 years the shift of the economic
activities of Morocco from the interior to
the coastline has been going on at a
quickening pace. In view of this growing
and continued pressure, the Moroccan
coastline represents a fragile and unstable
physical space, which enjoys neither
protection nor development. The need
therefore is growing, first to ensure the
maintenance and the stabilisation of the
coastline, and, secondly, to study and be
prepared for phenomena that risk harming
its role and/or its development. 

Sidi Moussa lagoon (on the Moroccan
Atlantic Coast) is part of an inter-dunal
fissure of the oceanic territory protected by
a baymouth bar of consolidated dunes
made of bio-calcarenite from the plio-
quaternary age. The lagoon lies on an area
of 4.2 sq km. It is located in a region
placed at the semi-arid tier. The lagoon is
one of the Moroccan sites classified as
humid zones of national importance for the
conservation of birds within the framework
of the Ramsar Convention on Wetlands.
The lagoon of Sidi Moussa is known for its
importance in terms of the safeguarding of
rare birds. 

With the goal of understanding the
mechanisms of the morphogenesis and of
analysing the morpho-dynamic variations of
the split and the sandpit of the Sidi Moussa
lagoon, an alimetric analysis of the beach
profiles is suggested, and the evolution of the
sandpit and the split of the lagoon between
1949 and 1997 was re-formed by using
multi-date aerial photos (1949, 1984, 1987
and 1997). The findings of the evolution
study of the split and the sandpit show that
the evolution is quite slow. It is not clear
whether this evolution could have a tendency
towards a more or less large silting up and a
development of the split, which could trigger
the partial closure of the lagoon and hence
the reduction of the lagoon-ocean exchanges.

This study was carried out with the support
of LagMar-REMER programme funded by
the Ministry of Higher Education and
Scientific Research (Morocco), the Service of
Cooperation of the French Embassy in Rabat
and the Oceanology Center of Marseilles
(France). It has also received the support of
the Integrated Action Plan MA/101/04.

The author also wishes to thank
Bendahhou Zourarah, Mohamed Chaibi,
Mohamed Maaan and Frédéric Leone for
their contributions to this paper. The paper
was first presented at the CEDA-African
Section Dredging Days in Morocco in
November 2006 and appears in the
Conference Proceedings. It is reprinted here
in a slightly adapted version with permission.

INTRODUCTION 

The lagoon of Sidi Moussa is situated on
the Moroccan Atlantic Coast. It pertains to
Morocco’s coastline meseta and is one of the
Moroccan sites classified as a humid zone of
national importance for the safeguarding of
birds as designated by the framework of
the Ramsar Convention on Wetlands. This
lagoon is known for its importance in the
safeguarding of rare birds. Although the level
of scientific knowledge of the other lagoons
in Morocco has already been elaborated, 
the lagoon of Sidi Moussa – apart from the
sedimentological study led by Maanan (2003)
and the studies on the phytoplanktonic
populations or the contamination of sediments
(Sarf and Labraimi, 1997; Bennouna, 1999;
Kaimoussi, 2002) – remains a site about
which little information is available. 

Above, The lagoon of Sidi Moussa is an important part

of the barrier islands along Morocco’s Atlantic Coast,

and a site for the safeguarding of bird life as designated

by the Ramsar Convention on Wetlands.

Morphological and Diachronic Study of the Lagoon of Sidi Moussa, Morocco 3
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The sandy floors of the littoral and coastal
regions often present morphological
structures more or less on periodic
evolution (barrier beaches, tidal pools,
beds, dunes, ridges). These morphological
changes are the outcome of external 
forces (seasons, tides, storms and such).
Within natural contexts, stability is never
reached. Because of hydrodynamic
processes and the strong mobility of 
sand grains, a lagoon always shows
morphological variations (Carter, 1988). 

In this study, the effect of the swell and the
current on the evolution of the sandpit and
on the split, which constitutes the major
tidal inlet of the lagoon of Sidi Moussa, 
are examined in order to have a global
vision of the operating and the evolution 
of these systems.

It is very important that the lagoon of Sidi
Moussa keeps a fixed geometry for several
reasons. Firstly, if the lagoon remains stable,
the quality of the waters and the ecological
richness that depend on this system,
especially rare birds, could survive.
Furthermore, the lagoon plays a key role in
the system of barrier islands. The delta of
the ebb is a real reservoir of sand that could
be used in coastal development operations.
Its volume could attain that of barrier islands
(FitzGerald and Hayes, 1980; Hayes, 1980).
Finally, the maintenance of channel fairways
is necessary for artisanal fishing activities,
especially the socio-economic development
of the inhabitants of the region.

SITE OF THE STUDY

The lagoon of Sidi Moussa (Figure 1)
belongs to the great structural unit called
Meseta Marocaine occidentale. It lies on an
area of 4.2 sq km, and is separated from
the oceanic territory by a chain of
consolidated dunes. At the side of the
mainland, the lagoon is dominated by 
plio-quaternary formation of calcarenites.
The ridges and the inter-dunial depressions
of the hinterland are in general directed
towards the NE-SW. The setup of these old
dune ridges was encouraged by NE trade
winds that were stronger than today’s on
the Moroccan coasts (Weistrock, 1982). 

Rain showers in the lagoon are low and the
rate of evaporation is high. It is classified
as a semi-arid zone. This climate is
characteristic of the Mediterranean area.
The provisions in fresh water in the lagoon
are the manifestation of the resurgences 
of the plio-quaternary nappe of the
continental front of the Sidi Moussa
lagoon. The tide in the lagoon is
semidiurnal with a tidal range of 2 to
4 metres, and the state of the tide changes
following its evolution in time (Chaibi,
2003). At the level of tidal inlets, the speed
of the current is always higher than that of
the ebb during shorter periods, which
creates an important internal tide delta
shown by the sandpit. The external tide
delta is almost non-existent. The intensities

documented at the level of tidal inlets are
86 cm/s (Hilmi et al., 2002). 

Moderate winds from W, N, and NE are
predominant all along the coastline. 
But strong winds (11 to 16 m/s) always blow
from the W and SW. The W and NW swells
are almost permanent. Amplitudes range
between 0.5 to 7 metres (swells reaching
9 metres can occasionally be registered).
Periods vary between 8 to 18 seconds, with
the strongest amplitudes linked to periods
ranging between 10 to 16 seconds 
(in Maanan, 2003). SW agitation is associated
with local winds and occurs only in the winter.
The number of days of the SW swell was
estimated at 21 per annum, with amplitudes
from 1 to 3 metres and a period of 7 seconds.

Figure 1. Geographical localisation of the lagoon of Sidi Moussa.



The sedimentary circulation along the
coastline of Sidi Moussa lagoon can be 
of different types: general currents linked 
to mass circulations of oceanic waters 
(in Attilah, 1993); currents triggered by the
swell; and currents created by the wind,
especially during storms. 

The present form of Sidi Moussa lagoon
was imposed by the morphology of the
inter-dunial depression. It is limited by 
the Ouljien cliff, covered by a soltanian 
rock avalanche and, to the West, by a 
post-Ouljien dune ridge. This translates 
into an extended form that is part of a
straight strip that runs parallel with the
coast at an average length and width of
5.5 km and 0.5 km, respectively. 
The total area of the lagoon is evaluated at
4.2 sq km. 

Four morphological units could be
distinguished in the lagoon: two tidal inlets;
the channels and the inter-tidal zone; 
and the salt-marshes and the baymouth
bar, which is a sandbar that can completely
close access to a bay, thus sealing it off
from the main body of water. The lagoon
of Sidi Moussa is marked by the existence
of relatively different coastlines on each
side. The NE coast is rocky, while the SW
coast is a slender spit. 

MATERIALS AND METHODS

Diachronic Study 
The historical evolution of the baymouth
bar and of the sandpit that exists inside 
the lagoon of Sidi Moussa is determined
based on two types of documents: 
the topographic map and aerial photos.
The aerial photos are compared and
analysed in such a way that allows for
obtaining evolution maps of the coastline.
The morphological evolution of the lagoon
of Sidi Moussa between 1949 and 1997
was re-formed by using aerial photos
dating from 1949, 1984, 1987 and 1997. 

Each of the two types of documents
(topographic map and aerial photos) 
is a source of intrinsic error (Dolan et al.,
1980; Niang-Diop, 1995). In order to solve
these problems, at the first stage the

Constantijn Dolmans, Secretary General of IADC

(left) presented the IADC Best Paper Award 

to Khalid El Khalidi (second from right).

Standing with (left to right) Mohamed Bachiri,

Chairman of the African Section of CEDA,

Ms Asmaa Mhamdi Alaoui recipient of an

award from the Association of Sand Producers

(ASP, Morocco), and CEDA President Rewert

Wurpts (far right). Khalid El Khalidi is working

on his PhD in Environment, Development 

and Integration Management of Coastline

Spaces ST/18/05, School of Science El Jadida,

Morocco. His subject of research is hydro-

sedimentary dynamics, recent evolutions,

risks and consequences of the planning of 

the south coastline of El Jadida (from Jorf

Lasfer to Oualidia), Morocco (photo courtesy 

of Tony Slinn).

Morphological and Diachronic Study of the Lagoon of Sidi Moussa, Morocco  5

topographic map of Sidi Moussa region
(1/25000) has been geo-referenced. 
To do so, cartographic data that are based
on this map have been used. As to the
projection, the Lambert Maroc Nord
projection was chosen. Subsequently, 
the aerial photos have been geometrically
corrected; the procedure consists of
localising on the image to be rectified the
position of a noticeable pixel and assigning
to it two data (latitude and longitude)
taken from the reference document
(the geo-referenced topographic map). 

At the second stage, the aerial photos that
had been corrected and geo-referenced are
taken back to be digitised. Evolution maps
of the baymouth bar and the sandpit of the
lagoon are thus realised.

Contour Survey-based Study
Contour surveys allow for achieving
emerged beach profiles and thus to
produce a cartography of their morphology.
When comparing the surveys, the
morphological variations were visualised. 

Contour surveys with the help of a level are
classically used in coastline geomorphology
in order to measure the altimetrical
evolution of beaches. In general, the
morphological follow-up is reduced to 
the achievement of transversal profiles in
the beach. Contour surveys are, therefore,
carried out following the perpendicular
radials alongside the coast down to the
shallow water.

The follow-up of the topographic evolution
of Sidi Moussan lagoon was carried out
following five profiles in transverse place
(Figure 2), and according to random point
DTM taking into account the nickpoints. 

These surveys were carried out at low tide
during spring tides. The surveys were led
during spring tides every other month for
two years (between March 2001 and
January 2002). The processing of raw data
of the topographic surveys was done after
the transfer of data to the computer in
order to represent profiles, and therefore,
analyse them to calculate the sediment
surface displaced all along each profile
(emaciation, growth). 
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RESULTS AND DISCUSSIONS

Classification of the Lagoon
The classification of the lagoon was a
subject of several studies (Bruun and
Gerritsen 1960; Postma 1969; Galvin 1971;
Oertel 1972; Hayes 1975; Jarret 1976;
Nichols and Allen 1981; Hume and
Herdendorf 1987; Steijn 1991, and many
others). The findings of these studies, showing
characteristics that are peculiar to each
system, have allowed for the establishment
of morphological and energetic
classifications or classifications based 
on the operating mode of these systems. 
According to Maanan (2003), the lagoon is
mesotidal according to the classification of
Hayes (1975), neutral according to Postma
(1969), completed by the estuarian type of
Nichols and Allen (1981). Based on the
morphological classification of Hume and
Herdendorf (1987, modified), the Sidi Moussa
lagoon is a “barrier enclosed lagoon” type 4
“single spit enclosed.” And, according to
the geometrical classification established by
Galvin (1971), the lagoon of Sidi Moussa is
an “overlapping offset”.

The most recent classification of the
descriptions according to the hydrodynamic
parameters of Davis and Hayes (1984,
modified) leads to the conclusion that the
lagoon’s type is strong mesotidal to
macrotidal: moderate since the tidal range
is situated between 2 and 4 metres. 

Diachronic Study
In this section the results of the study of the
evolution of the baymouth bar and the sandpit
(delta of the ebb) of Sidi Moussa lagoon based
on the aerial photos that cover the 1949-
1997 period (Figure 3) are presented. 

As far as the 35-year period from 1949 to
1984 is concerned, the observation was
made that the baymouth bar moves
northward, and that the morphology of the
sandpit inside the lagoon is changed by
migrating towards the NW, while
conserving about the same morphology.

During the 5-year period from1984 to 1989,
the baymouth bar changed its morphology
especially towards the top where it was
observed that it is rather inclined towards the
NE. The sandpit continues to move westward
while getting closer to the baymouth bar,
and a diminution of the volume of sand in
the northern coast can be seen.

In the 8 years from 1989 through 1997,
the baymouth bar remained stable. On the
other hand, the western part of the sandpit
withdrew, and a change in the morphology
of the northern coast was noticed. 

Westward and north-westward swells,
whose amplitude ranges between 0.5 and 
7 metres (occasionally 9-metre swells were
observed) with periods varying between 
8 to 18 seconds, are almost permanent. 

These data do not explain the migration 
of the baymouth northward; because these
swells are due to bring about a coastline
drift from the north to the south. 
After the analysis of the results the
conclusion can be drawn that the major
agents that participate in the movement 
of the baymouth to the north-east are the
following: tide currents, the currents that 
by-pass the rocky bar help sand particles
move northward. To this is added the
agitation towards the south-west which is
associated with local winds even if they only
blow in wintertime. 

The baymouth bar did not remain stable as
it appears in the comparison of aerial photos
of the years 1989 and 1997, because the
1997 photos were taken after the storm
that struck the region in December 1996. 
The evolution of the sandpit is primarily a
result of the tide currents that are the major
intra-lagoon currents, which could explain 
the movement of the sandpit westward. 
The sandpit could also be affected by the
currents created by swells and seasonal
storms, hence the appearance of the other
channel of the northern side of the sandpit.

Figure 2. Localisation of the profiles.

Figure 3. Chart of the evolution of the littoral arrow and the sand pit of the lagoon of Sidi Moussa between 1949

and 1997.
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Carruesco (1989) and Zourarah (2002) have
pointed out the presence of some cyclicity of
15 to 20 years in the evolution of the ebb
delta at the Oualidia lagoon. 

Contour Survey-based Study 
The results shown (Figures 4A, 4B, 5A and
5B) are the outcome of several bi-monthly
altimetrical campaigns. The chosen profiles
are listed in Figure 3. In the study zone, the
topography is quite varied. For each profile,
the move was successfully made from the
dune to the beach and to the foreshore. 
Profile 1 in Figures 4A and 5A shows that
the evolution is situated chiefly at mid-
foreshore. It is there that changes could
occur up to 3 metres. During the period
March through July, a considerable

accumulation at the dune as well as at the
foreshore was noted. This accumulation can
be estimated at about 1.25 m. The period
July through November seems calm. But
starting November up to January, large
erosion especially in the foreshore can be
seen. The annual sheet of this profile is
more or less stable. 

As to profile 2 in Figures 4A and 5A, they
show that during the period March through
July, the losses affect the foreshore, but
gains profit the dune. During this period,
erosion is estimated at -0.6m. As to the
period of July through January, not much
change is noted; the profile seems stable.
The balance sheet of this profile shows 
that it undergoes a 1-m erosion.

-1

1

3

5

7

9

11

0 20 40 60 80 100 120

March-01

May-01

July-01

Sept.-01

Nov.-01

Jan.-02

Altitude (m) Profil 1 (Sidi Moussa)

Distance (m)

-1

1

3

5

7

9

11

0 20 40 60 80 100 120 140 160

March-01

May-01

July-01

Sept.-01

Nov.-01

Jan.-02

Altitude (m) Profil 2 (Sidi Moussa)

Distance (m)

-1

1

3

5

7

9

11

0 20 40 60 80 100 120

March-01

May-01

July-01

Sept.-01

Nov.-01

Jan.-02

Profil 3 (Sidi Moussa)Altitude (m)

Distance (m)

Figure 4A. Morphological evolution of profiles 1, 2 and 3 between March 2001 and

January 2002.
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Figure 5A. Variation of volumes of profile 1, 2 and 3 between March 2001 and

January 2002 and the assessment of each profile.

The analysis of profile 3 in Figures 4A and 5A
shows that during the March to July period,
the accumulation is situated at the foreshore,
but large losses are pointed out at the dune.
The sheet of these months shows a gain
estimated at 1.7 m. As to the period of July to
September, it appears rather calm. During two
months from November to January, the sheet
shows a loss estimated at -1.4 m. The annual
balance sheet of this profile shows it is stable.

Profile 4 shown in Figures 4B and 5B shows
that the most significant losses occur between
March and July. They can reach 0.8 m at the
foreshore, and they mainly touch the beach
and foreshore. The sheet corresponding to
this period could reach 1.7 m. The period
running between July and September is
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marked by accumulations at the level of the
foreshore, but the September-January period
shows accumulations could also touch the
dune. The general balance sheet of this profile
shows it is eroded at -1 m. 

For profile 5 in Figures 4B and 5B sand
accumulations are noticeable on both the
dune and the foreshore, but they are more
significant in the foreshore. This mainly
happens between March and July. Gains
are, thus, estimated at 0.7 m. Between July
and September, the evolution of the profile
is calm. From September to January, losses
are noted that appear either on the dune or
on the foreshore. The general sheet of this
profile is positive; it is estimated at 0.15 m. 

Based on the analysis of profiles, the
conclusion was drawn that the evolution
touches each profile from the top to the
bottom, which explains the combined
action of winds and swells on the profiles.
Three main periods have been distinguished:
- March to July: a tendency towards

growth for all profiles, except for profile 4;
- July to September: a generally calm

period. The evolution of profiles is more
or less stable;

- September to January: a period marked
by a tendency towards emaciation,
except for profile 4. 

These results show that the direction and
the power of swells undoubtedly govern
the evolution of these profiles, because it
can clearly be seen that during the season
when the swells are aggressive, they cause
the emaciation of profiles. On the other
hand, the periods when swells are calm or
when they run in a direction that allows the
baymouth bar to be sheltered by the rocky
bar situated before the tidal inlets of the
lagoon on the north are characterised by
the growth of the profiles. One could
conclude, therefore, that the rocky bar
contributes to damping and dissipating
westward and north-westward swells that
are almost permanent. 

As to the case of profile 4, during site visits
the existence of a rocky mass, which
appears only during low water and spring
tide periods, was observed. This explains
the evolution of this profile contrary to the
others. Profile 4 constitutes then a reservoir
for the beach from each side. It is mobilised
mainly thanks to the coastline drift. 

CONCLUSIONS

The goal of this work was to understand the
mechanisms of the morphogenesis and to
analyse the morpho-dynamic variation 
of the baymouth bar and of the sandpit 
of the lagoon of Sidi Moussa. The lagoon of
Sidi Moussa was categorised as a “barrier
enclosed lagoon” type 4 “single spit
enclosed,” “overlapping offset” of 
the type strong mesotidal to macrotidal. 
Breaking swells constitute the most important
transport and erosion agent in coastline
dynamics. The dominating swells are caused
in 78% of the cases from NNW and NW
directions, that is to say the opposite
direction of the prevailing coastal winds: this
co-existence of two sub-parallel but opposed
dynamics is one of the possible explanations
of the complexity of the observed
sedimentary transports characterised by
divergences and convergences all along the
beach of Sidi Moussa. The evolution of the
sandpit and the baymouth bar seems to be
quite slow. However, it is certain that this
evolution could move towards an increasingly
significant silting up and further development
of the baymouth bar, which could trigger a
partial closure of the lagoon and thus reduce
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January 2002.
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lagoon-ocean exchanges. Profiles show that
the morphological variation happens during
three seasons (March to July, July to
September, and September to January). 
The influence of the rocky bar on the
evolution of these profiles, as well as the
rocky mass in the lower foreshore of profile
4, has been noted. In order to better
understand and establish precise circulation
and sedimentary balance sheets in this coastal
zone, it is necessary to follow-up and multiply
on-site measures (beach profiles, Aeolian
traps and such). The evolution towards the
lagoon landfill with tourist and industrial
development requires more profound study
and a regular follow-up of the sedimento-
logical and geochemical conditions of the
coastline environment in order to ensure
efficient intervention, to develop applicable
knowledge in the form of help tools for
taking decisions that facilitate the
permanence of the activities of the region
(agriculture, oyster culture, tourism, fisheries,
exploitation of salt and so on), and to
understand the evolution of the tidal inlets 
of the lagoon and neighbouring beaches. 
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ABSTRACT

The intricacies of today’s maritime
infrastructure construction and dredging
industry require a highly skilled workforce.
Given the variety of the types of skills
needed, companies are on a constant look
out to recruit top-notch people from all
levels of the educational ladder. The process
is twofold. Firstly, candidates must be
found, not only from technical secondary
schools and technical universities, but also
from economic, legal and managerial
backgrounds. Secondly, and equally
important, an integral element in
recruitment is retainment. More and more
companies are offering the promise of
“continuing education” for employees. For
the member companies of the International
Association of Dredging Companies this
continuing education may take the form of
on-the-job training, as well as specialised
outside education and training provided 
by the employer to support employees in
further developing their intrinsic talents 
and existing skills. The aim of these
programmes is to provide opportunities to
transform “a job” into a career. This offers
an employee a chance for growth and at
the same time guarantees the companies 
a successful transition into the future. 

INTRODUCTION

One hundred years ago when dredging was
a family business, workers in the dredging
industry were born, not made. Expertise 
was handed down from grandfather to
father to son. Not so in the 21st century. 
The modern international dredging
company is a large corporation with
thousands of employees, with affiliates
worldwide, linked to many subsidiaries 
and joint ventures, where work is often 
far from the headquarters or home base.
The complexities of economic and
environmental issues, the enormity of the
vessels in size and in variety of functions,
and the technologies with which these
ships are equipped, are beyond the
expertise of a single individual, beyond
transference of information simply by 
word of mouth.  

In fact, be it capital or maintenance or
remedial dredging, the construction of
airports, harbours, land reclamation or
offshore projects, maritime infrastructure

construction is a more accurate description
of the activities of modern dredging
companies. And these maritime construction
projects require teamwork. A typical team
may comprise financial planners, contract
experts, project managers, site investigators,
scientists, engineers, dredge masters,
skippers and mechanics. 

In that context it has become incumbent
upon the companies themselves and the
educational institutions to promote under-
standing of what dredging and maritime
infrastructure construction mean to society.
The industry must learn to enhance its own
social status and prestige (NAS, 2005) in
order to attract qualified people.

To reach the goal of finding and hiring the
best and brightest young people, companies
must actively recruit new personnel on all
levels to fill a wide range of positions, from
dredging crews to research engineers, men
and women who are highly trained in their
particular fields of expertise. Dredging and
maritime construction companies nowadays
depend on structured and structural
education and training programmes. 
As a recent article in The New York Times
described it: “One thing that executives at
even the most successful corporations

Above, Dredging and maritime construction projects take

place all over the world. They require a highly skilled

workforce, people who are able both to work as a team

and to take individual responsibility for details and safety.
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hours intrinsic to the dredging industry. 
To attract quality candidates, a particular
entry-level position should be seen as a
stepping-stone to a broader-based, long-term
career. 

There are a wide variety of possible careers
within a dredging company, ranging from
jobs on-board immense dredging vessels, 
to civil and maritime engineers and project
managers. Dredging companies often look
for well-educated people in the obvious
places – from technical universities,
students in the fields of civil engineering,
technical earth sciences, environmental
science and industrial design. They also
look at people in other higher education
organisations in shipbuilding, hydrography
and maritime officers, safety/quality control
engineer, surveying and dredging
technology. Other related but significant
areas of study necessary to the modern
dredging industry include lawyers, contract
specialists, economists and accountants. 
But for personnel departments, defining
the job title is only part of the “job”.
Dredging is a dynamic industry that
demands certain personal as well as
educational characteristics. Independent
thinkers and problem solvers are sought,
people who are able to adjust to

challenging circumstances. People with
leadership qualities who are able to think
long-term and imagine the next generation
of technologies and projects. And common
to most positions in the dredging industry
is the interest in a diversity of cultures and
the desire to experience these cultures
firsthand (Figures 1 through 4).

struggle with is how to lure talented
candidates into their organizations or
professions…how to ‘incentivize’ a job… 
so that an entry-level position has a chance
to become a lasting career” (Gertner, 2006).

RECRUITMENT  

To begin with, international dredging
companies are in competition with other
related maritime industries, and with each
other, to attract well-qualified candidates.
That means that Personnel & Organisation
(P&O) departments must clearly define 
the needed skills and development
opportunities, and offer a package that
rewards ingenuity, dedication, and the long

The dredging industry needs personnel with a wide

variety of skills and dredging and maritime construction

often means working on-site, day and night, in distant

countries. Figure 1. Crewmembers preparing to change

the cutter head in Jamaica; Figure 2. Pipe and cable pull

at night for an offshore project between Singapore and

Indonesia; Figure 3. A surveyor taking measurements in

the water; and Figure 4. Crewmember onboard

operating the control panel. 

Figure 4

Figure 2Figure 1

Figure 3



WORK-STUDY

Working and studying simultaneously has
gained more and more favour over time. 
As the costs of studying increase, and the
technical know-how grows more specialised,
work-study programmes become more
attractive. Attractive to students who often
are able to earn some income as they
continue their studies, and to the employers
who are able to gain insight into the qualities
of these potential full-time employees. 

In this framework, the member companies
of the International Association of Dredging
Companies offer internships for qualified
students to get hands-on experience
working within the company for a period of
time ranging from three months to a year.
Often these interns are placed on projects
abroad where they get a real understanding
of the demands, challenges and excitement
of major maritime infrastructure works.
These on-site assignments abroad at
dredging and construction sites are
opportunities for the young engineer or
crewmember, to gain a real feel for the
industry, applying to a practical situation the
theoretical lessons they have learnt in the
classroom. As part of coordinating these
internships, a mentoring programme is
often in place as well. Mentors ensure that
the interns know that, whilst in one sense
they are being thrown into the deep, on the
other hand they are provided a life jacket. 
A good mentor from within the company 
is essential to maximising the student’s
learning experience. At the same time the

mentor is introducing these young people
to the culture of the company, and
evaluating the ease with which they adapt
to unusual situations that living and
working abroad can present.

Cooperation with universities
IADC companies also work with universities
and technical schools in their respective
countries, by sponsoring or financially
supporting research for thesis projects in
areas that the company has targeted as
potentially useful. Very often a good
relationship with leading universities is also
maintained through joint technical research
between an in-house technical institute and
the universities' technical and engineering
faculties.

University research is an important platform
for Research & Development and has resulted
in important discoveries for the industry, such
as more efficient turbidity modelling,
improved cutter teeth, and environmentally
more sensitive dredging methods. 

At the same time, this cooperation provides 
a source of students who can become
potential employees with insight into the
industry. Indeed, the interaction of university
research and practical implementation by the
dredging industry “has been of major
importance in showing the way forward in
the development of dredging equipment,”
as the late Prof. de Koning (1993) remarked.
Clearly there is a symbiotic relationship
between the industry and educational
institutions.

PRESENT STAFF, SENIOR MANAGEMENT
AND INTRAPRENEURSHIP

Whilst attracting new employees is an
ongoing activity, attention is also being spent
to the present pool of employees working
within the IADC companies. The aim is to
help them evaluate and achieve their own
personal goals and also to provide a clearer
growth and career path. These programmes
are not only in areas of technical expertise
but also emphasise personal development
and leadership qualities. They provide an
incentive for employees to remain in the
company, using their skills for long-term
career development (Figure 5).

Most recently some IADC companies have
instituted courses or training programmes
that focus on in-depth technical expertise
and senior management abilities. With
regard to senior management abilities, the
emphasis is on encouraging what has often
been called “intrapreneurship”. That is,
encouraging amongst other things, daring
and foresight, qualities that one finds in an
entrepreneur, but then within the context
of the company. Intrapreneurship is an
excellent means of revitalising individual
jobs, as well as a method for revitalising
business processes more generally. The
entrepreneurial spirit is also characterised by
taking responsibility for managing yourself
and others, improving the financial
performance of projects, recognising and
minimising risks including financial risks,
and envisioning new commercial and
marketing possibilities. 
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Figure 5. Young people are the

core of vitality in a dredging

company. Here a group of

younger personnel are

attending an in-house course. 



The importance of leadership and
management skills in the modern 
maritime construction industry cannot 
be underestimated. The enormity and
complexity of tendering, designing and
constructing a project demands a multitude
of organizational skills. Quite often the
services of outside management training
organisations and consultants are being
utilised to develop extensive coursework,
which has been customised to suit the
particular needs of the dredging industry.
Through training techniques, such as
Competency Management, IADC member
companies are fulfilling a double goal:
helping employees develop their own
potential and simultaneously preparing a
new generation of managers. 

PERSONNEL FOR THE FLEET

Of course the basics of dredging require
highly skilled crews, skippers, ship
engineers and dredge masters. With the
increased technologies and size of current
dredging vessels the need for “continuing
education” on this front is more
demanding than ever. To that end, the
companies in cooperation with schools,
such as Shipping and Transport College in
Rotterdam (STC) as well as IHC’s Training
Institute for Dredging, have developed
vocational courses to train new fleet
personel. Also in cooperation with
shipbuilders and technology consultants,
IADC companies have provided input for 
so-called simulators for training the “next
generation” of crewmembers about the
“next generation” of equipment (Figures 
6 and 7).

Training simulators for trailing
suction hopper dredgers 
With the growing fleet of large trailing
suction hopper dredgers (TSHDs) as well 
as shorter working times per crew, there 
is a need for more dredge operators. 
To increase capacity and reduce risk, 
TSHD training simulators (Figure 6) have
been developed to supplement theoretical
and onboard training.

The advantage of a simulator, with a
dredge control desk replicating that
installed on a modern-day TSHD, is the
ability to train for difficult situations, whilst
in practice such exercises are hard to create
and are preferably avoided. When mistakes
are made they can be corrected without
harm. In addition, training costs are
considerably lower on a simulator as several
people can be trained simultaneously.

Simulators have been tested by experienced

dredgemasters and the test results indicate 

true-to-life operating situations. Utilising a

simulator allows efficient training of larger

numbers of people annually, in different and

difficult situations which would be too risky 

to do at sea. Figure 6. Control panel of a

simulator for a trailing suction hopper dredger. 

Figure 7. A simulator for a cutter 

suction dredger.

Figure 6
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Figure 7



All related processes including sensors,
actuators and the dynamic relationship
between the processes can be simulated 
to obtain a realistic process. Actuators
(pumps, valves, doors and so on) can be
controlled manually as well as automatically
using the installed automation equipment.
The instructor can initiate dangerous process
situations or faulty equipment to teach the
trainee (operator) to find the fault by using
the on-board diagnostics. Furthermore, all
powers for jet-water, pump-process, trailing
and auxiliaries are calculated to simulate the
load of the diesel engines. The operator has
to optimise the dredging process within 
the load limitations. 

Software for the simulators is elaborate,
and simulators can be adapted to the
characteristics of different TSHDs by
selecting a number of specific options at
the start of the training session, for
example as electrical or direct driven
pumps, drive-mode of gearboxes, and
suction tube configurations. The hardware
of a simulator consists primarily of an
integrated bridge, equipped with touch-
screen monitors and the related controllers
and indicators for the suction tubes, yield,
potentiometers for adjusting the engine
speed of the diesels, and various
(emergency) controls for valves and pumps. 

Cutter dredger training simulators
Simulators have also been developed that
mimic the equipment and monitors of a
self-propelled cutter dredgers (Figure 7),
which similarly are implemented for crew
training. Here too the same rules apply:
training on-board complicated cutters can
lead to unwanted damage and loss of
productivity, so a cutter simulator affords
the trainee the opportunity to learn
without risks. The correct usage of pumps,
including optimal speed, influence of pipe
diameters, wear and tear, nature of the
seabed, anchoring, automation, and other
practical examples of regulation of a cutter
are all given attention. The set up of the
simulation system is based on automation
techniques recently developed and applied
to the automation of several dredgers, and
can be best typified as "Flexible integrated
monitoring and control automation".
Evaluation methods for the training have

also been developed (see the IHC website). 
These simulators are essential to the
updated training for dredge masters,
captains, machinists and pipe-operators to
work with the newest state-of-the-art
vessels as they are developed. And once
again, costs and risks are minimised.

In addition to the simulators, IADC
companies organise in-house courses and
participate in external programmes on a
regular basis so that their crews are kept
up-to-date for on-board safety, First Aid,

resuscitation courses, as well as global
maritime distress and safety systems.
Supplemental language courses are also
made available.

OTHER “CONTINUING EDUCATION”
POSSIBILITIES

The International Association of Dredging
Companies as the largest umbrella
organisation of the private dredging
industry also plays a role in ensuring the

Figure 8. The IADC Seminar in Bahrain. This international group of participants, shown onboard a dredger, 

were underway to visit the site of a dredging project to get a firsthand impression of the enormity of maritime

infrastructure projects.
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highest standards of professional conduct
and training for both the professionals
within the member companies as well as
for their potential clients and partners. 
Over last fifteen years one way in which the
organisation has striven to support this goal
is through educational seminars. There are
now several such seminars being presented
intermittently throughout the year, and
throughout the world.

The newest addition to the IADC roster is
“Conference and Workshop on Contract
Management for Dredging and Maritime
Construction” which took place for the 
first time in London, UK, October 12-13.
Organised by the Institution of Civil Engineers
(ICE) on behalf of the IADC and the Central
Dredging Association (CEDA) with the
support of FIDIC, the conference aims to
develop amongst contracting partners a
positive approach to planning, designing and
executing maritime construction projects. 

On the agenda as well is the annual
UNESCO-IHE International Seminar on
Dredging and Reclamation developed by
IADC and held in Delft, the Netherlands.
This year the seminar was also presented in
Bahrain in November 11-15. This week-long
seminar provides younger professionals with
practical insights into the industry. Some of
these young men and women work within
the IADC companies, though often they are
clients who work with the IADC companies
(Figure 8). From IADC’s perspective it is 
to everyone’s advantage to have partners
who better understand the nature and
complexities of land reclamation and other
dredging projects. The next seminar in this
series will be presented in Tampico, Mexico
from March 26-30, 2007.

Another landmark course, given under the
auspices of IADC and CEDA, and organised
by the Stichting PAO, is the Seminar on
Environmental Aspects of Dredging. 
This two-day seminar was held from
November 6-7 at Technical University Delft,
the Netherlands, and was aimed at
educating consultants and professionals
from dredging and related industries 
as to the efforts of the dredging and
maritime construction industry to work
in environmentally beneficial ways. 

Keeping in mind the enormous importance
of “thinking green” in the modern world, 
the IADC member companies have
supported this effort wholeheartedly.

CONCLUSIONS

The dredging of the past where knowledge
was transferred from father to son through
on-board practical experience is long gone.
As Professor John Riddell (1996) wrote ten
years ago, “…the level of technology now
available in dredging has resulted in the
realisation that a more formal approach 
to training…. has become desirable”. 
That realisation has translated into new
recruitment policies which reach out
beyond national borders, into intensive
vocational courses, and into the conscious
development of in-house training
programmes. 

The 21st century dredging and maritime
infrastructure industry is diverse, high tech
and demands a highly educated and skilled
workforce. In the last two decades,
dredging has made a huge contribution 
to globalisation by improving worldwide
infrastructure. Projects such as airports 
built on reclaimed land in the water in
Hong Kong, Kansai and the New Doha
International Airport as well as entirely
new land masses for residences and
recreation in Dubai, the many “Palm Islands”,
the World, and now in Qatar, the Pearl are
characteristic of modern-day dredging
projects. Add to this building new and
expanding old harbours as at Le Havre, 
and offshore projects like LNG terminals 
in Raslafan and Sakhalin and you get a
better insight into the diversity of maritime
infrastructure construction. 

These mega-projects are often the result 
of major joint ventures and are dependent
on the dedication and creativity of a wide
range of professionals, not only with
dredging skills, but also with financial,
contractual, legal, organisational and
managerial knowledge. Discovering,
recruiting and retaining good employees
are therefore a necessity. Providing
incentives for long-term career
development is imperative. 

For the IADC companies, the importance 
of investing in the education and training
of personnel has never been more evident
and IADC companies have made this one
of their highest priorities.
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ABSTRACT

Trailing suction hopper dredgers are
primarily used in land reclamation projects.
In such projects, the operators of the
hopper dredger aim to achieve the highest
production possible. This production
depends on the incoming sand production
and on the losses during the overflow
phase. This article presents three models 
to predict these overflow losses. The first
model is based on a piecewise linear
approximation of the mixture density
distribution. The second model is based 
on an exponential density distribution and
the third model is based on a piecewise
constant approximation of the mixture
density distribution, the so-called water-layer
model. The models will be used for an
online optimisation system such as a 
model predictive controller. This application
requires that for every controller sample
time, the model be executed up to 
1000 times. Therefore these models 
must be computationally fast and accurate.
They are validated on data measured
onboard a ship and in a laboratory test rig.
The test rig data show that these models
are able to predict the sand bed height as
well as the overflow density. The ship data
confirm that the best performing model is

the water-layer model. All models are fast
and simulate the dynamics of a whole
dredging process of 1.5 hours in less 
than 0.2 second. The exponential and 
the water-layer model have similar accuracy
for the training data, but the cross
validation results show that the water-layer
model is more accurate. This model is
therefore chosen for the use in the online
optimisation system. The linear model is 
not accurate enough and has been
rejected.

This research is sponsored in part by Senter,
Netherlands Ministry of Economic Affairs
within the project Artificial Intelligence 
for the Control of a Hopper Dredger 
(grant no. TSMA 2017). Thanks go also 
to MTI Holland, especially S. C. Ooijens 
and A. de Gruiter, for supplying the data
measured on the test rig the Schanulleke.
Finally thanks go to IHC Systems for
financial support and for helping to 
acquire the measured data. 

INTRODUCTION

A trailing suction hopper dredger is 
sea-going vessel equipped with one or two
suction pipes that excavate sand from the
sea bottom. Attached to these pipes is a
draghead which acts as a giant vacuum
cleaner (Figure 1). In contrast to the
stationary dredger, this vessel trails the
dragheads over the bottom. 

During dredging, a pump sucks up mixture
of soil and water and transports it to a
cargo hold called the hopper. There the
heavy grains settle to the bottom of the
hopper and form a sand bed. The hopper 
is equipped with two overflow pipes to
discharge excess water. Once the height of
the hopper content in the hopper reaches 
the height of these pipes, water and
lightweight grains start flowing out. 

As the sand bed grows, the density 
of the outgoing mixture increases, 
which leads to higher overflow losses. 
Although the physical behaviour of 
the grains causes some of the losses 
(the natural losses), the operating
conditions, such as the pump speed 
and the change in overflow position,
influence the rest of the losses.  

A COMPUTATIONALLY EFFICIENT MODEL 
FOR PREDICTING OVERFLOW MIXTURE
DENSITY IN A HOPPER DREDGER

J. BRAAKSMA, R. BABUS̆KA, J.B. KLAASSENS AND C. DE KEIZER
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Above, A trailing suction hopper dredger (TSHD) at work

on a land reclamation project in Dubai. Such massive

projects would not be economically feasible were it not

for the high sand production of TSHDs. Achieving

efficient incoming sand production and limiting sand

losses during the overflow phase is essential. 



Usually two crewmembers operate the ship.
One is responsible for maneuvering the ship
and determines the ship’s speed. The other
operator controls the excavation and
storage process. This operator is mainly
concerned with hoisting and lowering the
pipes to prevent the draghead from being
pulled under the ship. This demands a
great deal of attention and leaves little 
time left for optimising the sedimentation
process inside the hopper. Moreover the
operator cannot look inside the hopper to
see whether the settling process functions
properly or whether the set-points need
adjustment. One solution to this would 
be to install additional sensors in the
hopper, but this requires considerable
investments and maintenance. 

The alternative presented here is a model-
based approach. The model is used to
predict the internal behaviour of the sand
bed and the overflow losses. The model
can be used for the following applications: 
- Process monitoring; the operator is able

to see if the sand bed is still growing and
whether the overflow density is too high. 

- Decision support; the model is used to
predict the sedimentation behaviour in
dependence on the set-points and
suggest the best set-points on screen. 

- Model predictive control; this controller
optimises the whole dredging process,
based on predictions of an internal 
model of the process. 

The control objective of such a model
predictive controller can be to minimise 
the integral dredging costs per m3 of sand
or maximise the production per time unit. 
At every sampling instant, for example, 
5 minutes, the optimal future trajectory 
of the set-points is determined. Examples 
of the set-points are the dredge pump
speed (incoming flow rate) or the height 
of the overflow pipe in the hopper. 
To determine the optimal trajectory, 
the model must be simulated over a finite
time horizon up to 1000 times. This leaves
an execution time of the model of less than
0.3 seconds. In the literature, a number of
sedimentation models have been proposed
[1], [7], [9], [11]. These models, however,
cannot be used for real-time control or
optimisation of the dredging process,
because they are based on detailed
modelling of the physical phenomena by
using Partial Differential Equations (PDE)
and thus contain too many uncertain
parameters. Therefore, simplified and
computationally efficient models are
proposed here for the optimisation of 
the hopper sedimentation process. 
The objective of the model is to predict 
the sand bed height and the overflow
density. 

Prior to stating the modelling problem, 
the loading process is briefly described in
more detail. This process shows three
different phases: 
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Figure 1. A schematic drawing of a hopper dredger.
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- In the first phase, the height of the
hopper content ht is below the height 
of the overflow pipe ho (see the list
above for the definition of the symbols). 

- The second phase starts when the hopper
content height reaches the overflow pipe.
The overflow pipe height stays constant,
and therefore this phase is called the
“constant-volume” phase. Typically, water
or low-density mixture is flowing overboard
in this phase. 

- The third phase starts when the ship reaches
its maximum draught. The overflow pipe is
automatically lowered such that a constant
hopper mass is maintained. This phase is
called the “constant-tonnage” phase 
and the overflow losses are typically
larger than in the constant-volume
phase. This phase ends when the losses
become so high that it is no longer
economical to continue dredging. 

The efficiency of the sedimentation process
heavily depends on the type of soil and is
influenced by the flow rate and density of
the incoming mixture and the way the
overflow pipe is controlled. An important
factor in the optimisation of the dredging
performance is the minimisation of the
overflow losses. 

This article is organised as follows: In the
first section, the mass balance equations
are given, followed by a simple model for
the outgoing flow. Thereafter three
different implementations of the overflow
density are proposed and compared using
data measured onboard a dredger with a
hopper volume of 13,000 m3 and on the
test rig the Schanulleke. Finally the
conclusions are presented based on the data.

MASS-BALANCE EQUATIONS

The model must predict the sand bed
height as well as the overflow density. 
For optimisation purposes the model must
be as fast as possible. A model that meets
this requirement is a one-dimensional (1D)
approximation. Of course accuracy must be
maintained and this was verified on the
data of a ship and the data of a test rig
(see below under “Ship Data”).

The model has three state variables: 
- the total mass in the hopper mt,
- the total volume Vt of the mixture in the

hopper, and
- the mass of the sand bed ms.

While the first two states can be derived
from online measurements (the ship draught
and the height ht respectively), the mass of

the sand bed is not measurable. The flow-rate
Qi of the incoming mixture and the
overflow height ho are the manipulated
inputs and the incoming mixture density ρi
is considered in this context as a measured
disturbance. The sedimentation dynamics
are described by the following differential
equations: 

(1)

The first two equations represent the
volume and mass balance, respectively.
The third equation gives the rate of sand
sedimentation, where Qs is the sand flow
rate from the mixture layer to the sand
layer and ρs is the sand density. 

Gravity is the driving force of the flow Qs.

A hopper area

g acceleration due to gravity

hb height of the sand bed

bb0 initial height of the sand bed

hm height of the mixture layer

ho height of the overflow pipe

ht total height of the hopper content

hw height of the water layer

J cost function for parameter estimation

ke erosion parameter

ko parameter for free overflow

k'o parameter for full overflow

kρe density decay factor in exponential model

kρl density slope in linear model

ms mass of the sand bed

mt total hopper mass

p1...12 parameters polynomial function

Qi incoming flow-rate

Qms mixture soup flow-rate

Qo outgoing mixture flow-rate

Qs settling sand flow-rate

Qw water flow-rate

vs settling velocity

vs0 undisturbed settling velocity

Vt total hopper volume

β exponent in settling velocity

ρi incoming mixture density

ρm density of mixture above sand bed

ρo outgoing mixture density

ρq quartz density

ρs density of sand bed

ρw water density

Figure 2. The sedimentation process in the hopper.

V
.
t = Qi – Qo

m
.

t = Qi ρi – Qo ρo

m
.

s = Qs ρs .
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A single grain settles with a velocity vs0,
while particles in a dense suspension have a
lower settling velocity. Based on experiments,
Richardson and Zaki [10] suggested an
expression for the actual settling velocity,
vs = vs0 (1 – Cm )β , where

is the volumetric concentration of the
mixture. 

In non-stagnant flow conditions where
erosion might be important, the sedimenta-
tion velocity is computed by the difference
between the settling flux and the erosion
(pickup) flux. According to van Rhee [9] 
the final settling velocity becomes: 

(2)

where μ is a measure for erosion. This flow
is in steady state considered to be equal to
the overflow rate Qo van Rhee [9] proposed
the following quadratic dependency for μ:

where hm = ht – hb is the mixture layer height. 

The sedimentation process exhibits a
discontinuity in density and velocity at the
sand bed height hb(t), called a shock front.
The evolution of the sand bed layer across
the shock front follows from the conservation
of mass:

where V is the control volume, A is the
area where mass is flowing in or out of the
control volume and vs is the settling velocity
of the particles. In the 1D case presented
here, this equation simplifies to:

(3)

where the density ρ(h), the velocity vs(h)
are functions of the height h and b is a
point well above the sand bed height hb.

Splitting up the integral at the left-hand
side, the results obtained were: 

(4)

The right-hand side of (3) is the following: 

(5)

The first term is zero because the velocity
of the particles in the sand layer is zero.
The second term -ρm vs is the mass flux 
of the particles settling in the mixture. 
The third term -ρw vs is the mass flux of
water flowing upward as a result of the
settling particles. Combining (4) and (5)
gives the following expression: 

(6)

Substituting (2) into (6) leads to: 

Finally the expression for the sand flow rate
follows from Qs = A dhb

dt
:

where A is the hopper area. 

OVERFLOW RATE

The overflow process can operate in two
different regimes. In the first regime, the
outgoing mixture freely flows through the
overflow pipe and the flow-rate Qo is given
by [4]: 

where ko is an uncertain parameter
depending on the overflow pipe shape and
circumference. In the second regime, the
overflow pipe is full (because a valve inside
the pipe is engaged, see Figure 2) and the
following model must be used: 

Clearly, there is some uncertainty in the
modelling of the overflow rate. Moreover,
as a result of the model’s switching nature,
it is not straightforward to estimate its
parameters. 

To circumvent this uncertainty in the model
tuning and validation, an estimate of the
overflow rate based on the volume and
input flow-rate measurements is used. This
estimate is based on the discretised
equation (1):

Here, the bar denotes that the variable is
calculated, index k denotes the discrete
time step and Ts is the sample time. 
As the volume measurement is noisy, an
anti-causal first-order low-pass filter is first
applied to this signal. The cut-off frequency
was experimentally chosen at 0.001 Hz. 

OVERFLOW DENSITY

The accurate prediction of the overflow
density requires a model of the density
profile in the mixture above the sand bed.
The density is a decreasing function of the
height above the sand, but the exact form of
this function is uncertain and time varying. 

Three models are proposed in this section: 
- a linear model, 
- an exponential model and 
- a piece-wise constant (water-layer) model. 

1. Linear Model
This model assumes that the mixture
density decreases linearly in the upward
direction. Under this assumption, the
density ρ(h) at a particular height h above
the hopper bottom is given by:

(7)

The only parameter in this equation is the
slope kpl . It can be uniquely determined by
considering the fact that the average
mixture density ρm

(8)

Cm=
ρm – ρw

ρq – ρw

vs = (1 – μ )vs0
⎛
⎝

ρq – ρm ⎞
⎠

β

ρq – ρw

μ = min ⎛
⎝

Qo
2

, 1 ⎞
⎠ke hm

2

∂
∂t

∫∫
v
∫ ρ dV =∫∫

s
ρvs dS

d
dt ∫

b
0

ρ(h) dh = [ ρ(h) vs(h)]b
0

d
dt {∫

hb
0

(t)ρ(h) dh+∫ b
hb(t)ρ(h)dh}

=(ρs–ρm)
dhb
dt

.

[ ρ(h) vs(h)]b
0

= ρs .0 – (– ρm vs + ρw vs)

( ρs _ ρm )
dhb
dt

= ( ρm _ ρw ) vs .

dhb
dt

= ( 1 – μ) vs0 

ρm – ρw ⎛
⎝

ρq – ρm ⎞
⎠

β

ρs – ρm ρq – ρw

Qs = A( 1 – μ) vs0 

ρm – ρw ⎛
⎝

ρq – ρm ⎞
⎠

β

ρs – ρm ρq – ρw

Qo = ko max (ht – ho ,0)3
2

Qo = ko√ 2 g max (ht – ho ,0).

Qo,k = Qi,k – 1
Ts

(Vt,k+1 – Vt,k ).

ρ(h) = max(ρs – kpl (h – hb ), ρw ) .

ρm =
mt – ms =

ρs (mt – ms)

Vt – ms
ρ

s
Vt ρs – ms
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must equal the average of the density
profile (7): 

(9)

with hm = ht – hb. To solve (9) for kρl, one
needs to distinguish the two situations
depicted in Figure 3.

If ρm > 1
2

(ρw + ρs ), the integral in (9) 
includes the trapezoid, as shown in the
bottom panel of Figure 3. The slope
becomes: 

(13)

Combining equations (11) and (13) yields
the final equation for the slope: 

for

otherwise. (14)

The overflow density is obtained by
substituting h = ho into (7):

(15)

Equations (14) and (15) constitute the linear
model for the overflow density ρo .

2. Exponential Model
This model assumes an exponentially
decreasing function of the height above the
sand layer (Figure 4). 

Computing the integral, results in the
equation:

which can be re-arranged into: 

(17)

with

and

Although this equation cannot be directly
solved for kρe through algebraic
manipulations it can come in the form 
y = xex, whose solution is x = W(y), where
W is the Lambert’s W function [2]. 

First, multiply both sides of (17) by
to obtain the following equation:

whose solution is:

Finally express kρe:

and substitute back for a and b:

(18)

As the Lambert’s W function only depends
on one variable ρm, it can be easily
approximated by a polynomial, in order to
reduce the computation time. To make the
approximated function independent of the
parameters ρs and ρw, define: 

where k =          and k ∈(0,1]. Function
f(k) can be accurately approximated by a
12th-degree polynomial: 

ρm = 1
hm

∫
ht
hb

max (ρs – kρ l (h – hb ),ρw )dh  

ρ [kg/m3]

ρ [kg/m3]

ρs

ρ s

ρw

ρw

hs

hs

ht

ht

h [m]

h [m]hx

Figure 3. Two different situations with the linear density

profile.

The top panel shows the situation in which
the average mixture density ρm is so low
that the mixture only reaches the height
hb + hx < ht . The integral in (9) then equals to:

from which is expressed: 

(10)

and the slope is computed as:

(11)

In the limit case for this situation, the
indicated triangle spans the entire mixture
layer. The substitution hx = hm into (10)
gives the limit condition for ρm:

(12)

ρm = 1
hm

⎛
⎝

ρw hm + 1
2

hx (ρs – ρw ) ⎞
⎠

hx =
2hm (ρs – ρw)

ρs – ρw

kρl =
ρs – ρw =

(ρs – ρw)2

hx 2hm(ρm– ρw)

ρm = 1
2

(ρw + ρs )

kpl =
2 (ρs – ρm)

hm

kpl =

2 (ρs – ρm)

hm

(ρs – ρw)2

2hm(ρm– ρw)

ρm > 1
2

(ρw + ρs )

ρo = max ⎛
⎝

ρs – kpl (ho – hb ), ρw
⎞
⎠

.

ρ [kg/m3]

ρs

ρw

hs ht h [m]

Figure 4. Density profile of the exponential model.

The density ρ(h) at height h is given by: 

(16)

The coefficient kρe can again be uniquely
determined by considering the fact that the
average mixture density ρm (8) must equal
the average of the exponential profile: 

ρ(h) = ρw + (ρs – ρw)e –kρe (h – hb) .

ρm = 1
hm

∫
ht
hb

ρw + (ρs – ρw )e –kρe (h – hb) dh.

ρm =
ρs – ρw + ρw kρe hm – (ρs – ρw)e –kρe hm

hm kρe

1 – akρe = e bkρe

a = 
hm (ρm – ρw)

ρs – ρw

b = – hm .

b
a e

b
a – bkρe

(b
a – bkρe )e (

b
a – bkρe ) = b

a e
b
a

b
a – bkρe = W ⎛

⎝
b
a e

b
a ⎞

⎠
.

kρe = 1
a – 1

b W ⎛
⎝

b
a e

b
a ⎞

⎠

kρe = 1
hm ⎣

⎡ρs – ρw + W ⎛
⎝

ρs – ρwe
ρs – ρw⎞

⎠
⎤
⎦

.ρm – ρw ρw – ρm

ρw – ρm

f (k) W ⎛
⎝

– 1
k e

1
k ⎞

⎠
ρm – ρw
ρs – ρw

fp(k) = p0 + p1k + . . . + p12k
12
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where the coefficients are found by least-
squares fitting. The overflow density is
obtained by substituting h = ho into (16): 

(19)

Equations (18) and (19) constitute the
exponential model for the overflow 
density ρo.

3. Water-layer Model
The density profile above the sand layer is
approximated by a two-layer (piece-wise
constant) model (Figure 5). This model
assumes that a thin water layer is formed on
top of the mixture soup layer [7]. This layer is
formed by an upward flow of water which
is caused by the settling of the grains. 

The displacement of a volume of grains
downwards invokes the same volume of
water flowing in the opposite direction.  

where As is the cross section area of the
grains and Cms is the volumetric concentra-
tion of the mixture soup. Using (2), this
leads to the following expression for the
water flow Qw:

(20)

For small Qo, only pure water from the
water layer is flowing out at the overflow.
However, when Qo becomes larger than Qw,
the mixture soup flow becomes nonzero: 

(21)

The outgoing density ρo is given by the
mixing of the two flows:

(22)

The density of the mixture soup can be
computed as ρms = (hm ρm – hw ρw )/(hm– hw).

However, as the water-layer height hw is
not known, an additional assumption must
be made. It is assumed that the water layer
is very thin and hence the mixture soup
density ρms approximately equals the total
mixture density ρm. Substituting ρms = ρm
into (22), the overflow density is given by: 

(23)

Equations (20), (21) and (23) constitute the
water-layer model for the overflow density ρo.

PARAMETER CALIBRATION AND
MODEL VALIDATION

The models contain unknown parameters
which must be calibrated. Some parameters
depend on the ship’s configuration and
geometry and the rest on the soil type. 
The geometric parameters such as A and
ko are calibrated once and are constant for
all dredging cycles. The soil type dependent
parameters are ρs, vso, ke, hbo and ß, where
hb0 is the initial bed height before dredging.

During dredging, the soil type is not exactly
known and is time varying, therefore these
parameters must be adapted during
operation. The only way of doing this is by
estimating the parameters from the available
measurements on board of the dredger. 

Data is used from a test rig, which is a
scaled down version of the suction dredger,
Antigoon [8]. Although the test rig shows
the calibration results on a scaled down
version of a hopper, it does not guarantee
that the models perform similarly when
used on the actual ship. This performance
is tested with data from a dredger with a
hopper volume of 13,000 m3. Models are
used to predict total mass in the hopper,
which is the only available measurement
related to the overflow density. If the model
is predicting the mass correctly, the model
for the overflow density is also valid on the
actual ship. 

1. Parameter Calibration based on
Data from Test Rig 

1. Available Measurements
The following measurements are available: 
– inlet pipe: the density ρi and the flow-

rate Qi
– hopper: the height of the hopper content

ht and the height of the overflow pipes ho
– overflow pipe: the density ρo and the

flow-rate Qo
– inside mixture: Conductivity

Concentration Meters (CMM) measure the
mixture density at discrete heights with 
a spacing of 20 cm and a radioactive
concentration fork performs an accurate
measurement of the density at one
location, which is varied in time. 

These CCM measurements are not very
accurate, but sufficient to indicate the height
of the sand bed hb. For one loading cycle,
approximately 14 measurements of the bed
height are obtained. Note that there is no
hopper mass measurement available in the
test rig. 

2. Cost Function
The predicted model output is generated 
by dynamic simulation using an Ordinary
Differential Equation (ODE) solver. The result
is compared to the measurements.

ρ (h) = ρw + (ρs – ρw)e –kρe (h – hb )

ρ [kg/m3]

ρ s

ρw

hs ht h [m]ht − hw

Figure 5. Density profile of the water-layer model.

The overflow rate Qo is the sum of the water
flow Qw and the mixture soup flow Qms,
(Figure 6). It is assumed that Qw flowing
out of the hopper equals the upward water
flow at the bed height. The positive flow Qw
is directed upward and of the solids down-
wards (Figure 6). The water flow is equal to
the flow of the solids through the mixture: 

Qw = Qsolids

where Qsolids is the volumetric flow of the
grains (solids) in the mixture. Note that
Qsolids is different from Qs, because Qs is
the sand flow rate relative to the sand bed.
And because this bed is rising the Qs is
different than Qsolids. The flow of solids
through an area in the hopper is given by: 

Qsolids = Asvs = ACmsvs

Qw =

A( 1 – μ) vs0

ρm – ρw ⎛
⎝

ρq – ρm ⎞
⎠

β
.ρq – ρw ρq – ρw

ρo =
ρms Qms + ρw Qw

Qms + Qw

Qms= max (Qo – Qw , 0).

ρo =
(ρm – ρw )Qms  + ρw

.
Qms + Qw
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The following cost function must be
minimised: 

subject to

where N1 is the number of samples of the
first criterion, N2 is the number of samples of
the second criterion,� = [ vs0 ke ρs hb0 β ]T is
the parameter vector, a is a weight, ρo(k,�)
and hb(k’,�) are the model outputs from the
ODE solver and the * denotes a measured
variable. 

Note that the number of measurement
samples of ρo and hb are different. The ρo is
measured with a sample rate of one second
and there are approximately N1 = 800
measurements taken in each cycle. The bed
height hb is limited to N2 = 24 samples
because of the discrete placement of the
CCM sensors. In practice there are at most
14 samples to work with. 

2. Parameter Calibration and
Validation based on Data from Ship

1. Available Measurements
On the actual ship the following quantities
are measured: 
– inlet pipe: the density ρi and the flow-

rate Qi
– hopper: the height ht and the height of

the overflow pipes ho

– hull: the draught of the ship with
pressure sensors, from this data the
hopper mass mt is derived.

No sensors are installed inside the hopper
and in the overflow pipes, therefore the
density ρo and the flow-rate Qo are not
measured. The measurement of the total
mass is used to validate the prediction of ρo.

2. Cost Function
The parameter estimation for the ship data is
different, because the sand bed height and
the outgoing density are not measured. 
This is a more complex estimation problem,
because there is less measurement
information of the process. It is therefore
desirable to reduce the number of
parameters to estimate as much as
possible. The parameter β‚ has a small
influence on the measured mass mt and is
kept constant β = 4. Furthermore the hb0 is

The initial bed height follows from: 

3. Nonlinear Optimisation
As the model outputs are nonlinear in the
parameters, the parameter estimation problem
has to be solved by nonlinear optimisation.
Several nonlinear global optimisation methods
are available, such as multi-start local optimi-
sation, random search, simulated annealing,
genetic algorithms and pattern search
methods [3], [5], [6]. Finding a global
minimum is computationally expensive 
and may result in a local minimum.

The goal here is to use the parameter
estimation in an online application; therefore
multi-start local minimisation (gradient-based
approach) is not suitable because of the long
estimation time (several hours). A pattern
search algorithm for the estimation of the
parameters [6] is used. This pattern search
algorithm shows better performance in terms
of computational time and is less sensitive to
local minima than the gradient-based
approach. 

4. Results for the Test Rig Data
Thirty optimisation runs are performed with
each model, where the parameters are
randomly initialised within the ranges of Table
I. The performance in terms of predicting the
bed height is similar for the three models
when solely looking at the least squares error.
The differences are found in the beginning
of the cycle: the algorithm finds 3 different
initial values for each model of the bed
heights. Based on the cost function, the
exponential model gives the best prediction
(see Table I). This table shows also the
estimated parameters for the three models. 

Figure 7 gives the output density for each
model and Figure 8 the bed height. Both
figures show also the measured data. The
exponential model shows the best prediction
of the output density. The water-layer model
shows similar performance with the
exception of the beginning of the cycle.  

The particle size distribution is known for the
test rig data. The mean particle size is
between 0.11 and 0.14 mm. For this particle

J = min
�

⎛
⎝

a
N1

N1

∑
k=1

(ρo(k ,�) – ρo * (k))2 +

1 – a
N2

N2

∑
k’=1

(hb(k’ ,�) – hb * (k’))2⎞
⎠

�min ≤ � ≤ �max

J = min
�

1
N

N

∑
k=1

(mt(k ,�) – mt * (k))2

calculated beforehand. The cost function to
minimise is in this case the following: 
with � = [vso ke ρs ]T. Sensitivity analysis
shows that this limited set of parameters is
most suitable for the estimation. The initial
bed height hb0 is calculated from the initial
mass and volume. Assuming that initially
the hopper load is composed of a sand
layer with the density ρs and a water-layer,
the initial state of the sand layer: 

ms (0) = ρs
⎛
⎝

mt (0) – Vt (0)ρw⎞
⎠

.ρs – ρw

hb0 =
ms (0) .
ρs A
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Figure 6. A schematic of the water-layer model.
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size according to Stokes the undisturbed
settling velocity is between 8 and 16 mm/s.
Table I shows that the parameter vs0 is in
the same order of magnitude for all the
models, so the physical meaning of the
parameter is preserved. 

RESULTS FOR THE SHIP DATA

Data of 12 dredging cycles are available for
testing the models. The results for three
cycles, randomly selected from the available
data set, are shown here. For each model,
45 optimisation runs are performed on
each cycle, where the parameters are
randomly initialised within the ranges: 

Not every optimisation run is successful;
therefore the 25 best runs for each cycle
and each model are selected for the
analysis given here. The optimal parameters
are given by the median values of the 
25 runs. For all cycles and models, 
an optimal parameter vector � is found.
These vectors are used to validate the
models by predicting the total mass of 
the other cycles than the training cycle. 
The results are summarised in Tables II, 
III and IV, for the exponential, linear and
water-layer model, respectively. The least
squares error of the training results is on
the diagonal and the validation results are
given by the other elements. Note that the
validation errors are in the same order of
magnitude as the training errors. 
This indicates that no over fitting takes
place and that the models describe the
process instead of fitting the data.
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Table I. Results of the parameter estimation of the test rig data.

Parameters Range Models
Linear Exponential Water layer

vs0 [mm/s] 0.1···400 7.7 6.1 14
ke [-] 0.01···1 0.15 0.17 0.14
ρs [kg/m3] 1750···1875 1800 1800 1900
hb0 [m] 0.1···0.8 0.53 0.55 0.47
β [-] 3.5···5 5 5 5
J [-] 1.5 3.1 4.0

Figure 7. Comparison of the simulated output density of the three models and the measured test rig data.

Figure 8. Comparison of the simulated sand bed height of the three models and measured test rig data.

Vs0 ∈ [1 400] mm/s
ke ∈ [0.1 55] -
ρs ∈ [1700 2400] kg/m3

Table II. Least squares error 
of the training and validation cycles,
exponential model.

Validation Training Cycle 
cycle 5 8 9

5 3.7·10-4 4.7·10-4 3.4·10-3

8 3.7·10-4 2.9·10-4 2.1·10-3

9 9.0·10-4 1.1·10-3 2.7·10-3
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Figure 9 shows the prediction of the total
hopper mass by the 3 models for the training
data and Figure 10 for the validation data.
This last figure shows cycle 9 with the
parameters calibrated on cycle 8.  

Figures 9 and 10 also show that the linear
model has very poor performance in the
middle of the data sequence. This behaviour
exists in all the cycles. Clearly the linear model
is not accurate enough and underestimates
the overflow density in the second and the
third phase.  

The least squares error of Tables II and III
reveal that the water-layer model (Table IV) is
the best model. This is also illustrated in the
scatter plots in Figure 11 of the exponential
and the water-layer model. Moreover Figure
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Figure 10. Validation results for cycle 9 with parameters (cycle 8): Left, exponential model; center, water-layer model; right, linear model.

Table III. Least squares error of 
the training and validation cycles,
linear model.

Validation Training Cycle 
cycle 5 8 9

5 7.7·10-4 1.0·10-3 8.9·10-4

8 5.9·10-4 5.6·10-4 6.6·10-4

9 6.4·10-4 1.4·10-3 5.0·10-4

Table IV. Least squares error of 
the training and validation cycles,
water-layer model.

Validation Training Cycle 
cycle 5 8 9

5 3.2·10-4 1.1·10-3 1.0·10-3

8 5.6·10-4 2.5·10-4 3.0·10-4

9 6.4·10-4 2.5·10-4 2.1·10-4

Table V. Results estimation of 
the exponential model on three
different cycles.

Cycle vs0 ke ρs J

5 0.019 12 1980 3.7·10-4

8 0.020 9 1959 2.9·10-4

9 0.021 2.25 2055 2.7·10-3

Table VI. Results estimation 
of the linear model on three 
different cycles.

Cycle vs0 ke ρs J

5 0.015 55 1986 7.7·10-4

8 0.0154 55 1958 5.6·10-4

9 0.0144 16 1971 5.0·10-4
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Figure 9. Training results for cycle 8: Left, exponential model; center, water-layer model; right, linear model.
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10 shows a larger error for the exponential
model at the end of the cycle. The sand bed
height in the exponential model rises too
fast and reaches the overflow height at the
end of the cycle. This gives a large increase
in the overflow density which results in a
large decrease in the hopper mass. 
The calibrated parameters in each cycle 
are shown in the Tables V, VI and VII. 

These tables show that the parameters
have a similar order of magnitude. 
The water-layer model gives the smallest
least square error (J) and the best
validation results. The parameters estimated
for the water-layer model differ significantly
from the other two, especially when
considering the parameters ke and vs0.

CONCLUSIONS

Three different models are proposed to
predict the outgoing mixture density and
bed height in the hopper. The models are
deployed in an online optimiaation strategy
such as a model predictive controller,
therefore models were developed such 
that the simulation time is short. 
The parameters are calibrated using least
squares optimisation on test rig data and
on real ship data. The ship data are used 
to validate the models by calibrating the
parameters on one cycle and predicting the
total mass on the other cycles. This resulted
in the following conclusions. 

The test rig data show that the three
models have similar performance, but 
the exponential model gives the best fit.
The predicted parameter vs0 is in the same
range following the theory of Stokes for all
three models. This means that although
simplified models were used the parameters
still have physical meaning. 

When the models are used for the
prediction of the hopper mass of the ship,
the linear model performs poorly and is
therefore rejected. It underestimates the
overflow losses halfway the overflow
phase. This model is not suitable for the
model predictive controller because it is 
not accurate enough. The exponential and
the water-layer models perform similarly on
the training data, but the validation shows
that the water-layer model is more
accurate. The water layer model has a
simulation time of less then 0.2 seconds
and is therefore suitable for the use in an
online optimisation system with a sample
time of several minutes. This simulation
time is an upper bound and will be less if
the controller code is optimised for speed. 

The predicted value for vs0 for these two
models differs by a factor of 10. This
indicates that the water-layer model predicts
heavier sand than the exponential model. It
is not possible to tell which of the two
models is correct, because no information is
available on the soil type. The water-layer
model will be used for our model predictive
controller.

REFERENCES

[1] Camp, T. (1946). “Sedimentation and the

design of settling tanks”. Trans. ASCE, 895-936.

[2] Corless, R.; Gonnet, G.; Hare, D.; Jeffrey, 

D. and Knuth, D. (1996). “On the Lambert W

Function”. Advances in Computational

Mathematics 5, 329-359.

[3] Eglese, R. (1990). “Simulated annealing: 

A tool for operations research”. European

Journal of Operational Research 46, 271-281.

[4] Franzini, J. (1997). Fluid Mechanics with

Engineering Applications. The McGraw-Hill

Companies, Inc. New York.

[5] Goldberg, D. (1989). Genetic Algorithms in

Search, Optimization and Machine Learning.

Addison-Wesley, Reading, Massachusetts.

[6] Lewis, R. and Torczon, V. (1999). “Pattern

Search Algorithms for Bound Constrained

Minimization”. SIAM Journal on Optimization 9 (4),

1082-1099.

[7] Ooijens, S. (1999). “Adding Dynamics to the

Camp Model for the Calculation of Overflow

Losses”. Terra et Aqua (76), 12-21.

[8] Ooijens, S., de Gruijter, A., Nieuwenhuijzen,

A. and Vandycke, S. (2001). “Research on

hopper settlement using large-scale modeling”.

Proceedings CEDA Dredging Days 2001, pp. 1-11.

[9] van Rhee, C. (2002). “On the sedimentation

process in a Trailing Suction Hopper Dredger”.

PhD thesis, TU Delft, the Netherlands.

[10] Richardson, J. and Zaki, W. (1954).

“Sedimentation and Fluidisation: Part I”.

Transactions of the Institution of Chemical

Engineers 32, 35-53.

[11] Yagi, T. (1970). “Sedimentation effects of

soil in hopper”. Proceedings of WODCON 1970.

mt [kg]

m
* t

[k
g]

mt [kg]

m
* t

[k
g]

1.6 1.8 2 2.2
× 107

1.6 1.8 2 2.2
× 107

1.6

1.8

2

2.2
× 107

1.6

1.8

2

2.2
× 107

Figure 11. Scatter plots of the

two best models (cycle eight),

the training results (left) and

the validation results (right).

Table VII. Results estimation of 
the water-layer model on three
different cycles.

Cycle vs0 ke ρs J

5 0.12 3.6 2116 3.2·10-4

8 0.18 2.6 2145 2.5·10-4

9 0.12 3.4 2059 2.1·10-4

* Exponential model     • Water-layer model



Vertical Drainage Installed from
Pontoons in the Bremerhaven 
Storage Depot 

Rapid dewatering can improve the efficiency of
storage depots. During the extension of the quay 
and the site at a storage depot in the Bremerhaven
Osthafen, Cofra BV installed the vertical drainage
system BeauDrain-S from floating pontoons. 
The 17-metre-long vertical drains were then fitted
with HDPE hoses and connected to vacuum pumps to
carry off pressurised groundwater, increasing capacity
and making the site available for use much earlier. 
In recent years, the system has been developed and
extensively tested at many projects in the Netherlands
for accelerating the settlement process of sites and
roads. The system is also being used for a mega-
project (350,000 m2) at Bangkok airport in Thailand. 

INTRODUCTION

Residues that are not suitable for reuse are often
placed in depots. An example of such a material is
“mine tailings”. These consist of the residue left after
refining metallic ore such as lead, tin or copper and
they are stored in large depots. Ever stricter safety and
environment requirements mean that it is necessary to
concentrate mine-tailing storage at acceptable costs.
Many countries, like Spain, Finland and Romania, want
to dewater these depots rapidly to increase capacity.
Large quantities of dredging material are also
produced during the dredging of harbours and
channels in Rotterdam, Bremen, Hamburg and
Antwerp. The contaminated part of the dredged
material is stored in special depots. Sometimes these
depots are temporary. Often an alternative is sought.
After filling, they may be developed as permanent
nature islands, industrial sites, dike cores, or dunes.
A rapid and reliable dewatering method helps to
reduce costs and shorten building times. 

DEVELOPMENT AND OPTIMISATION OF
VERTICAL DRAINAGE

Around 1927 in California, sand drains were
developed to accelerate subsoil consolidation in 
raised ground. In the Netherlands, the first sand
drains were used in 1950. Dutch soil consists largely
of clay and peat strata that contain a great amount 
of water and can be compressed. Vertical drainage
makes it possible to carry off pressurised water,

resulting in rapid settlement. Pre-fabricated drains
were used for the first time in Sweden in 1937. 
The first synthetic drains were introduced in the
Netherlands in 1972 for the construction of the
Hemweg power plant in Amsterdam, after which
their use became increasingly popular.

Synthetic drains are quick and easy to install. 
In addition, they work better as they result in better
and more reliable filtering. Synthetic drains soon
became a formidable competitor of sand drains,
which have now become almost obsolete. In response
to the high level of demand for high-quality synthetic
drains, Geotechnics Nederland (now Geotechnics bv)
developed the Mebra Drain in 1978. Since then, 
this drainage system has developed into the world's
most widely used vertical synthetic drain. Today more
than 300 million metres of Mebra Drain can be found
in 48 different countries. 

BREMERHAVEN PROJECT 

On instructions from the Bremerport port authority,
Heinrich Hirdes GMBH built a depot for dredged
material in the Osthafen which is scheduled to
become a car storage site. A combined steel-piling
wall was sunk down around the depot to a depth 
of roughly -25.00 m NN. The depot already contained
a layer of silt from about NN –5.50 to NN-17 m.
Pontoon cranes then dredged the harbour outside 
the sheet piling to NN –10.00 m and a positive
displacement pump filled the depot with dredged
material to about NN +0.80 m.

Cofra BV offered the Bremerport port authority 
the BeauDrain-S drainage system as an alternative to
the vacuum consolidation system that was listed in
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TECHNOTES

Figure 1. Installation BeauDrain-S from pontoons in the Osthafen

depot in Bremerhaven.



Technotes  27

the specifications. The port authority accepted this
alternative because BeauDrain-S had proven more
effective and flexible in various international projects. 

When the depot had been filled with material, a
double layer of Naue sand matts – l Type Terrafix B
301G31 – was placed on the waterbed to distribute
the forces from a subsequent sand layer. Then the
trailing hopper Waterway from Boskalis Westminster
in Papendrecht spread sand in 20 cm layers.
However, because of the low bearing capacity of the
dredged material, even a sand layer of some 80 cm
resulted in pressure rises. That made the planned
sand layer of 400 cm impossible. In consultation with
the client, the procedure was modified and Cofra BV
suggested installing the drains from floating pontoons
(Figure 1). For this purpose a new subprocedure was
drafted describing the operating method, the
equipment to be used and the safety regulations.

INSTALLATION IN OSTHAFEN DEPOT 

The drains were prefabricated in a special container.
In this sheltered setting the synthetic drains (MD 88 H)
were cut to length and fitted with a coupling, a 3.5 m
HDPE hose (Figure 2). The 17-metre-long
prefabricated drains were placed into the water bottom
from floating pontoons. A crane monitoring system
based on DGPS NovAtel was used for positioning.
The positions and depths of the drains were
recorded during the work and later recorded on

drawings. 
When the drains had been placed, the water level in
the depot was lowered to the waterbed, so the drain
hoses could be interlinked into strings. The line
strings were linked up to a header connected to a
container unit housing a vacuum pump system. 
The pump system was linked to a GSM signalling
device to report any malfunctions. The pumps
operated 24/7 during the consolidation period. 

A total of 10 container units were used (2 pumps
per unit) at the Osthafen depot: 4 on shore and 6 on
pontoons floating in the depot. The pumped up
water was fed back into the site. The water was
discharged into the harbour at one central location.

Figure 2. Close-up of the BeauDrain-S with attachment hoses.

Project portfolio BeauDrain-S vertical synthetic drainage systems.

Project description Client Number of m2 year
Culemborg service area Tango Netherlands 3,600 2004
Hattem (roundabout) Vinkeveen NTP infra 600 2004
Alphen aan de Rijn Boskalis Infra 6,300 2004
Sliedrecht RW15 comb. Nederwaert 1,100 2004
Gorinchem, Betuwe railway HBSC 4,800 2004
Vinkeveen (building site) Van der Werff 3,000 2005
Ter Aar, waste collection station Cyclus NV 1,800 2005
Delft parking lot Ikea Netherlands 3,700 2005
Bangkok (Svarnabhumi airport) CH.Karnchang Public Company 350,000 2005/6
Reeuwijk (building site) Boskalis Infra 600 2005
Pijnacker (2 stages) Boskalis Infra 2,500 2005
Geertruidenberg Grondbank Netherlands 13,000 2005
Schiedam (Schieveste) Boskalis Infra 1,250 2005
Sloelijn Comb. Boskalis KWS 2,500 2006
Bremerhaven (storage depot) Heinrich Hirdes GMBH 62,000 2006
Singapore (Circle line) Nitsumashu 600 2006
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Settlement monitoring
A total of 22 settlement monitors were placed in 
the depot when the site had been pumped dry.
Measurements from them are taken every week 
to provide an accurate image of settlement in 
the depot. The results showed that, despite the
moderate load of 80 cm, the vacuum system
resulted in settlement of no less than 50 cm 
during the first six weeks. 

Experience and further development
The installation of the vertical drainage system and
dewatering in the Osthafen depot went off very
well, even though the work had to be carried out
during the winter (Figure 3). A special light vehicle
that can operate on a thin sand layer for the
installation of BeauDrain-S in depots is presently
being developed. This will allow for even faster
installation and connection of the drains. This vacuum
drainage system could also save time and money at
depots, for instance, in the Netherlands (Slufter,
Ketelmeer and Haringvliet), Germany (Hamburg,
Bremen) and Belgium (around Antwerp). 

CONCLUSIONS

A number of product innovations have been
introduced to improve the effectiveness of vertical
drainage. In addition to the BeauDrain system 

(a combination of horizontal and vertical synthetic
drainage curtains connected to vacuum pumps), 
the BeauDrain-S system was developed in late 2003.
In this system, the vertical synthetic drains are
connected above the ground to a hose system and
vacuum pumps. It is highly effective and can also 
be installed on surfaces with less bearing capacity,
such as storage depots, without disturbing the
topsoil. 

One of the latest developments is the application 
of BeauDrain-S in a depot for dredged material.
Polluted dredging material must be stored in sealed
depots. This material contains water that takes up 
a considerable proportion of the available expensive
storage space. In addition, it takes quite a long 
time before the depots become accessible again 
or suitable for building. Vacuum consolidation
accelerates the settlement of the dredged material. 

Depending on the composition of the material 
(i.e. sand and sludge content), the BeauDrain-S
system can achieve a considerable level of 
settlement over a period of some 3 to 6 months. 

For further information contact J. Spelt, Cofra BV
Amsterdam, the Netherlands. Information about
Mebra Drain, BeauDrain en BeauDrain-S can also 
be found at:

Figure 3. Osthafen

depot after the

HDPE hoses of 

the BeauDrain-S

system had been

pumped dry.

http://www.cofra.com/papers/MebraRapportNL-2002.pdf



FACTS ABOUT…Site Investigations

INTERNATIONAL ASSOCIATION OF DREDGING COMPANIES

January 2007. 4 pp. Available free of charge.

Looking at dredging from the outside in, it may appear to be a

straightforward, simple operation. Move a cubic metre of sand

from one place to another, from the ocean to an on-shore

location. In reality, for those who are in the industry, or have

come in contact with a dredging or maritime construction

project, it is a complicated and complex undertaking. Before a

grain of sand is moved there are a thousand steps that require

preparation and evaluation. Pre-tendering, tendering, site

investigations, environmental impact assessments and more.

Indeed, there are multiple disciplines that contribute to a

successful dredging project. 

The first question is: How do you define success? A project

that fulfils its function in a sustainable way, meeting the

requirements of all stakeholders, where everyone is satisfied?

Where the client gets new, improved infrastructure at

reasonable costs? Where consultants and the contractors offer

their professional input at a fair price?

For a project to be considered “successful” it is a prerequisite

that all these parties are well informed, understand each other

and work on a basis of mutual trust. To a stakeholder – citizen,

port authority or client – the technical jargon of dredging may

not always be clear. Whilst information on turbidity, monitoring,

and modelling exists in great quantities, it is not always easy to

comprehend. In today’s world where busy people are inundated

with an overload of information and have little time to process

it, this over-abundance of information can become a burden. 

Trying to cut through the overload, the International

Association of Dredging Companies (IADC) has decided to

publish a new series of leaflets which clarify technical

terminology, concepts and language for a broader audience.

This new series of concise, easy-to-read leaflets gives an

effective overview of essential facts about specific dredging and

maritime construction subjects. Each leaflet will provide a kind

of “management summary” for stakeholders who need a quick

understanding of a particular issue. 

The first leaflet in this series is “FACTS ABOUT... 

Site Investigations”.  Designed in a “question and answer”

format, the information is succinct and easy to access.

Frequently posed questions such as “When is a site

investigation necessary?” and “Who should be responsible for

a site investigation?” are answered in a brief, but clear manner.

For those needing more in-depth or detailed information, a

reference list of other literature is provided. 

These leaflets are part of IADC’s on-going effort to support

clients and others in understanding the fundamental principles

of dredging and maritime construction – because providing

effective information to all involved parties is an essential

element in achieving a successful dredging project. 

Other “FACTS ABOUT…” are planned on safety standards,

turbidity and environmental impact assessments. The leaflets

will be released at regular intervals.  “FACTS ABOUT... 

Site Investigations” is now available in PDF form on the IADC

website: www.iadc-dredging.com. 

Printed copies can be ordered by contacting the IADC

Secretariat. For further information please contact the IADC

Secretariat info@iadc-dredging.com.

www.dredgeline.net

IADC/ CEDA/ VBKO /TECHNICAL UNIVERSITY DELFT 

Dredging literature from conferences, universities and studies by

third parties abounds, but it is not always readily accessible.

This so-called “grey” literature is an invaluable resource for

professionals in the dredging industry as well as to the public.

Therefore in 1994, IADC issued a disc called DEBBY containing

a comprehensive bibliography of this literature. In 2001, IADC,

CEDA and VBKO joined forces to put this bibliography online at

the website www.dredgeline.net. 

Supported by the TU Delft Library, an average of 400 new

entries per year are added to the database. The records contain

information on author, title and abstracts, with keywords and

classification codes. This makes relevant information easier to

find. If you have not recently used www.dredgeline.net, it is

worth taking a look. The wealth of information available is

impressive. In addition, in the coming months

www.dredgeline.net will be enhancing its capabilities, so keep

an eye on the site. It’s a great research tool.  

MC
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SEMINARS/CONFERENCES/EVENTS
IADC Dredging and Reclamation Seminar
HOTEL CAMINO REAL TAMPICO, 
TAMPICO, MEXICO
MARCH 26-30 2007

Dredging and its challenges will again be made clear to a

group of international professionals during the 28th IADC

International Seminar on Dredging and Reclamation.

The Seminar target group is future decision makers and

their advisors in governments, port and harbour authorities,

offshore companies and other organisations that have to

execute dredging projects. 

To optimise the chances of the successful completion 

of a project, contracting parties should, from the start, 

fully understand the requirements of a dredging project.

This five-day course strives to provide an understanding

through two types of presentations: lectures by experts 

in the field, and workshops, partly conducted on-site in

order to give the “students” hands-on experience. Some of

the subjects covered are:

• the development of new ports and maintenance of

existing ports;

• project phasing (identification, investigation, feasibility

studies, design, construction, and maintenance); 

• descriptions of types of dredging equipment and

boundary conditions for their use;

• state-of-the-art dredging techniques as well as

environmentally sound techniques;

• pre-dredging and soil investigations, designing and

estimating from the contractor’s view; 

• costing of projects and types of contracts such as charter,

unit rates, lump sum and risk-sharing agreements.

One highlight of the seminar is a visit to a dredging site,

during which participants are shown dredging equipment

in action. In addition, each participant receives a set of

comprehensive proceedings with an extensive reference 

list of relevant literature and, at the end of the week,

a Certificate of Achievement in recognition of the

completion of the coursework. Representatives of port

authorities, companies, and individuals, with an education

level equivalent to at least a BSc or comparable work

experience, interested in attending are requested to 

contact the IADC Secretariat as soon as possible as 

spaces are limited.

For further information contact:

Mr. Frans-Herman Cammel 

Email: cammel@iadc-dredging.com

Tel: +31 70 352 3334

www.iadc-dredging.com

IAPH World Ports Conference
HOUSTON, TEXAS, USA
APRIL 27 - MAY 4 2007

The theme of the 25th IAPH Conference hosted by the 

Port of Houston Authority is “Anchored by Commitment,

Buoyed by Unity”. IAPH Conferences are a biennial reunion

of the world port family to discuss issues of immediate and

long-term interest and concern and to acquaint themselves

with the state-of-the-art port and maritime technology

showcased at conference exhibitions.

For further information please see:

www.iaph2007.com

For exhibition information for USA, Canada and Mexico:

Caroline Binick, The Emmett Company

5518 Chaucer Drive, Suite A

Houston, Texas 77005 USA

Tel: +1 713 521 9339

Fax:+1 713 521 9449

Email: exhibition@iaph2007.com

For the rest of the world:

Manjit Sandhu, Informa Maritime & Transport

Tel: +44 20 7017 4393

Email: manjit.sandhu@informa.com

WODCON XXVIII
WYNDHAM PALACE RESORT,

ORLANDO, FLORIDA, USA

MAY 27-JUNE 1 2007

The Eighteenth World Dredging Congress (WODCON XVIII)

will be held May 27 to June 1, 2007 at the Wyndham

Palace Resort and Spa at Disney World in Lake Buena Vista,

Florida. The theme of the conference and exhibition is

“Global Dredging: Its Impact on the Economy and the

Environment”. This theme will provide a unique forum

between worldwide dredging contractors, port and harbour

authorities, government agencies, environmentalists,

consultants, civil and marine engineers, surveyors,

shipyards, vendors, and academicians who work in the

exciting and challenging fields related to dredging. 

For further information contact:

Lawrence M. Patella, Executive Director WEDA

P.O. Box 5797, Vancouver, WA 98668-5797, USA

Tel: +1 360 750 0209, Fax: +1 360 750 1445

Email: weda@comcast.net 
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Offshore Europe
ABERDEEN EXHIBITION & CONFERENCE CENTRE, 
ABERDEEN, SCOTLAND, UK
SEPTEMBER 4-7 2007

Offshore Europe is the largest oil & gas conference and

exhibition outside North America. A truly global audience

of engineers, technical specialists and industry leaders

gather to source and discuss new exploration & production

technology, to debate new ideas and to discover the

solutions that will deliver sustainable oil & gas in the future.

Offshore Europe (OE) is now widely regarded to be one of

the few ‘must attend’ E&P events in the oil & gas calendar.

The quality of the technical conference, organised by the

Society of Petroleum Engineers (and a committee made up

of industry business leaders), ensures that a worldwide

audience of oil & gas professionals arrives in Aberdeen to

learn about the latest technology and its implementation 

in oilfields across the globe. The conference remains free 

of charge to attend. The exhibition features over

1500 companies displaying a range technology relevant to

today’s E&P industry. 

For further information contact:

The Offshore Europe Partnership

Tel: +44 20 8439 8890, Fax: +44 20 8439 8897

Email: oe2007@spearhead.co.uk

4th International Conference on Port
Development and Coastal Environment (PDCE) 
VARNA, BULGARIA 
SEPTEMBER 25-28 2007

PDCE 2007 is being organised by the Black Sea Association

(BSCA) and supported by the Central Dredging Association

(CEDA). The day before the conference, the CEDA

Environmental Steering Committee, which since 2005 has 

a corresponding member from the BSCA, will sponsor a 

one-day training seminar on environmental aspects of

dredging. The seminar will be open to all conference

participants. The ESC will also present its 2007 year Best

Paper Award at this conference. The conference will be

attended by scientists and practitioners from all over Europe.

For further information contact:

PDCE 2007 Conference Secretariat

Black Sea Coastal Association

Capt. R. Serafimov 1, 9021 Varna, Bulgaria

Tel/Fax: +359 52 391443

Email: office@bsca.bg

CEDA website: http://www.dredging.org/event

BSCA website: www.bsc.bg

23rd Annual International Conference on
Contaminated Soils, Sediments and Water 
UNIVERSITY OF MASSACHUSETTS, 
AMHERST, MASS., USA
OCTOBER 15-18 2007

The Annual Conference on Soils, Sediments and Water has

become the pre-eminent national conference in this important

environmental area. The conference attracts 700-800

attendees annually from Asia, Africa, Europe as well as South

and North America, in which a wide variety of representation

from state and federal agencies; military; a number of

industries including railroad, petroleum, transportation, utilities;

the environmental engineering and consulting community; and

academia are present.“Expediting and Economizing

Cleanups”, the conference's theme, will be supported by the

development of a strong and diverse technical programme in

concert with a variety of educational opportunities available to

attendees. Live equipment demonstrations will augment the

exhibition section which brings real-world application to the

technical theory and case studies which will be presented in

the platform sessions. Focused workshops will provide

attendees with the type of practical application information

which will impact their job performance immediately.

For more information contact:

www.UMassSoils.com or 

Denise Leonard, Conference Coordinator 

Tel: +1 413 545 1239

Email: dleonard@schoolph.umass.edu.com

or info@UMassSoils.com

Europort Maritime
AHOY' ROTTERDAM, THE NETHERLANDS
NOVEMBER 6-9 2007

Europort Maritime is one of the foremost international trade

fairs for maritime technology in ocean shipping, inland

shipping, shipbuilding, dredging, fishing and related sectors.

In addition to the exhibition which attracts high-quality

participants and visitors, the CEDA Dredging Days are held

simultaneously during the Europort Maritime 2007 Exhibition.

For information on participation in the Exhibition contact:

Elly van der Loo at Ahoy’ Rotterdam:

Tel: +31 10 293 32 50

Email: e.vanderloo@ahoy.nl 

Mr. J. Teunisse, Senior Account Manager

Tel: +31 10 293 32 07

E-mail: j.teunisse@ahoy.nl 

www.europortmaritime.nl



32 Terra et Aqua | Number 106 | March 2007

CEDA Dredging Days 2007
AHOY' ROTTERDAM, THE NETHERLANDS
NOVEMBER 7-9 2007

The theme of CEDA Dredging Days 2007 Conference is

“The Day After We Stop Dredging - Dredging for

Infrastructure and Public Welfare”. Before almost every

dredging project begins the question arises, “What will the

effects of dredging be?” Taking the offensive this time,

CEDA is reversing the question and asking, “What are the

consequences if we do not dredge?” CEDA intends to raise

a wider awareness of just how vital dredging is to our

infrastructure and to our economic and social welfare.

The five main sessions and the confirmed keynote speakers

are as follows:

Session 1: Flood defences and beach nourishment:

Keynote: Ronald E. Waterman, Member of Parliament of

the Province of South-Holland; Senior Adviser to the

Ministry of Transport, Public Works & Water Management,

to the Port of Rotterdam and to the Delta Institute,

the Netherlands.

Session 2: Navigation and trade.

Keynote: Freddy Aerts, Head of Division, Ministry of

the Flemish Community, Maritime Access, Belgium

Session 3: Land reclamation. 

Keynote: Dr. Gary Patrick Mocke, Head, Coastal

Management Section (CMS), Dubai Municipality, 

Dubai, UAE.

Session 4: Aggregate production. 

Keynote: Dr Ian Selby, Operations and Resources Director,

Hanson Aggregates Marine Ltd, UK

Session 5: Remedial works (clean-up).

Keynote: Dr. Ole Larsen, General Manager, DHI Wasser &

Umwelt GmbH, Germany

An IADC Award for the best paper by a younger author will

be presented. To complement the conference, a small

dredging exhibition will be located in the area adjacent to

the technical session room. Delegates will be able to take

their refreshments in this exhibition area during the breaks

between the sessions. The CEDA Dredging Days 2007 are

held in association with Europort Maritime 2007 Exhibition

for the international maritime industry. 

For more information contact the CEDA Secretariat:

Tel: +31 15 2682575

Email: ceda@dredging.org

or the Dredging Days website: www.dredgingdays.org.

Port & Finance & Investments 2007
AMSTERDAM, THE NETHERLANDS
JUNE 11-12 2007

This Conference, will examine the challenges associated

with developing, financing and managing port expansion

plans and major investments. It will also highlight the latest

economic trends and determine their impact for investment

and financing opportunities, explore the necessary

investment requirements and analytical assessments, 

as well as explore specific finance mechanisms being

adopted for global port and terminal projects. 

A Call for Papers has been issued with suggested topics:

Privatisation; Port valuation; Risks and rewards; Growing

markets; Equity partners; Land evaluation; Port & terminal

capacity; Emerging markets; Public-private partnership;

Funding options; IPO experiences; Bankers perspective; 

Risk assessment; Sharing risks; and Take-overs.

Ports & The Environment Conference
AMSTERDAM, THE NETHERLANDS
JUNE 14-15 2007

More and more issues arise from port operations and

planning for expansion or new ports comes with

environmental considerations. If not done properly and

plans are turned down the costs to companies can reach

millions of dollars. Sound pollution and exhaust emissions

are damaging the environment considerably but not much

has been done as companies question who will be paying

for the costs of the investments.

A Call for Papers include the following suggested topics:

Dredging and disposal, Noise, Port development, Terminal

planning, Air quality and dust emissions, Ship discharge,

Easing congestion, Legal framework, Cities and ports,

Hazardous cargo, Social-economic development, Bunkering

and Terminal capacity.

Companies and individuals are invited to submit

presentations for consideration, which reflect the current

state of the industry and make a (technical) contribution to

the overall perspective of the event. Abstracts must clearly

state the aims and content of the paper. The work reported

in the papers must be original and should not have been

published or offered for publication elsewhere. 

For further information about both conferences contact:

Millennium Conferences International Chantry House, 

156 Bath Road, Maidenhead, Berkshire SL6 4LB, UK

Tel: +44 1628 580 246, Fax: +44 1628 580 346

Email: info@millenniumconferences.com

www.millenniumconferences.com

CALL FOR PAPERS
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