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Abstract

Depositing and levelling materials used in underwater
construction has always been difficult. Accuracy,
reliability, environmental issues and construction time
have always been issues of concern. Recently, a new
technique known as the scrader® concept has been
developed (including instrumentation) that combines
these two operations.

Experience with this technique has been gained first in
Singapore and again during the construction of the
gravel foundation for the Øresund tunnel between
Denmark and Sweden. Because of the very stringent
requirements related to the foundation accuracy, 
a special vessel, the Multi-Purpose Pontoon (MPP), has
been developed. This vessel is capable of constructing
a gravel bed with high accuracy using the scrading®

method. A special survey system has been installed for
checking the gravel bed after construction. 

The scrading® concept has proven suitable for use with
a wide variety of bulk materials. The material is simul-
taneously placed and levelled at the desired depth.
Optimal placement accuracy is achieved, losses of
material are kept to an absolute minimum, and pollution
of the environment is negligible.  

Introduction

Depositing and levelling materials used in underwater
construction has always been difficult. Accuracy,
reliability, environmental issues and construction time
have always been issues of concern. Grading is a
common method used to create a flat layer of material,
which can be used as an underwater foundation for
tunnel elements or caissons. The disadvantage of this
method is that two operations have to be performed:
depositing the material, followed by levelling.

A new technique has been developed (including
instrumentation) that combines these two operations.
The technique is known as the scrader® concept. 



The basic idea is the employment of a telescopic fall
pipe, mounted on a surface support vessel. The bottom
of the pipe is kept at the desired level. The scrade®

material is fed into the fall pipe by a conveyor. By moving
the fall pipe horizontally (the bottom constantly making
contact with the scrade® layer), material is deposited
and levelled at the same time.

Experience with this technique has been gained by
building a caisson foundation at Pasir Panjang, Singapore.
In 1996, the vessel Zinkoon II constructed a gravel layer
using the scrading® method at 17 m water depth. 
A similar project, also in Singapore (Jurong Islands), 
is currently in progress. This project consists of the
construction of a causeway between Jurong Islands
and the shore. A modified pontoon called the Zinkoon VI
is engaged in the construction of the stone foundation
for the caissons by scrading®. This work will be finished
at the end of 1998. The operation method of the
Zinkoon II and VI is similar to a cutter suction dredger,
swinging around a work spud, but with the telescopic
fall pipe, instead of the ladder, constructing the
foundation. 

Another current project is the construction of the gravel
foundation for the Øresund tunnel between Denmark
and Sweden. The project is distinctive because of the
very stringent requirements related to the foundation
accuracy. For this reason the Multi-Purpose Pontoon
(MPP) has been developed. This vessel is capable of

constructing a gravel bed with high accuracy using the
scrading® method. A special survey system has been
installed for checking the gravel bed after construction. 

THE SCRADER® CONCEPT FOR GRAVEL BED

CONSTRUCTION

Scrader®

The scrader® concept has been devised for construction
of gravel bed foundations for projects such as caisson
walls and immersed tunnels. At present the tool is
employed from a special built vessel called the Multi-
Purpose Pontoon (MPP).
Figure 1 shows a general plan of the Multi-Purpose
Pontoon and Figure 2 a photograph of the Multi-Purpose
Pontoon. The dimensions of this pontoon are 76 by 25 m.
The draught is about 3.50 m. The pontoon is positioned
by two spuds. A spud is positioned on each side of the
construction area so that they do not affect the trench
bottom itself. The fall pipe is positioned on the longer
side of the pontoon and can be moved 47 m, horizon-
tally across the trench. A conveyor belt has been built
on the pontoon for feeding the fall pipe with scrade®

material (Figure 3). 

A barge with scrade® material is positioned behind the
MPP. A loader picks up material from the barge and
places the material through a silo to the feeder belt on
the MPP. The silo distributes the material evenly to the
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Figure 1. General plan of the Multi-Purpose Pontoon.



conveyor belt, which feeds the fall pipe. The bottom of
the fall pipe is moved horizontally across the trench and
kept at the required level by means of hydraulic cylinders:
a horizontal laser plane is used as a reference level and
all motions of the pontoon are registered and compen-
sated for in real time. Thus a berm of scrade® material
is constructed on the seabed. When one track is com-
pleted, the pontoon is shifted along the trench using
the spuds, and the next gravel berm can be constructed.
During the operation, the bottom of the scrade® pipe is
always filled with gravel and is continuously in contact
with the gravel berm.

At present, in spring 1998, the scrader® tool has been
developed to work in an environment where the sig-
nificant wave height is 0.50 to 0.75 m and the current
velocity is 1 m/s maximum. 

The scrader® concept can be applied in the following
fields:
• placing of a wide variety of granular bulk materials

ranging from fine gravel to stones up to a  
Dmax ~ 300 mm, e.g., constructing rubble foundations
and scour protection works.

• placing of bonded materials such as grout, concrete
and clay, e.g., installing waterproof linings.

• simultaneous placing of materials such as quarry
stone and (colloidal) concrete.

Automatic process
The process of scrading® is fully automated, essential
when working within stringent restrictions. In the main,
the traversing speed of the scrade® pipe is set and
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Figure 2. The Multi-Purpose Pontoon (MPP) at the Øresund
project.

Figure 3. The conveyor belt and the fall pipe of the MPP.



adjusted according to the thickness of the layer to be
placed. The speed of the conveyor belt is continuously
adjusted to the theoretical production. Indicators at the
bottom of the pipe register the height of the gravel
column inside the scrade® pipe. 

When this level falls below a set limit, the traversing
speed is reduced and the speed of the conveyor belt is
increased. When the level exceeds a defined upper
limit, the speed of the conveyor belt is reduced until
the desired level is reached again. Hydraulic cylinders at
the bottom of the scrade® foot are activated 20 times a
second to compensate for vertical motion owing to
heave, roll and pitch of the pontoon as measured by
various sensors. By automatically activating the spud
carriers at the sides, the pontoon is shifted along the
trench according to a pre-defined step length, without
interruption of the gravel laying process. 

Process display
To ensure correct functioning of the scrader®, the
actual process is fully monitored. Outputs of many
sensors are shown on-line on the bridge deck, and
alarms are activated when selected signals exceed 
pre-set values. When the bottom of the scrade® pipe
exceeds its tolerance from the theoretical profile, 
the process is stopped automatically. 

Another example of automated process control is an
independent check of the level of the laser plane, 
with the aid of a reference sensor mounted on a fixed
known position. When, for whatever reason, the laser
plane is not stable, the reference sensor detects the
deviation. By means of telemetry, an alarm is sent to
the bridge. Another alarm is activated when level
indicators at the bottom of the pipe record that there is
too little gravel in the pipe, in spite of the automatic
feed control. In this case the traverse speed of the
scrade® pipe is reduced or even stopped, until the
column height in the pipe is corrected.

The system operator observes the process on a monitor,
which displays the underwater actions as well as
positioning information (see Figure 4). Different profiles
are shown on this screen such as the actual trench
profile, the theoretical profile of the gravel and the
depth of the bottom of the scrade® foot. The operator
can switch to a top view for checking the accuracy of
the horizontal position. Additional values, e.g. spud
forces, traverse speed of the scrade® pipe, level of
gravel column in the pipe, conveyor belt speed,
production and horizontal position of the bottom of the
scrade® pipe, can also be presented on the screen. 

Besides presentation of process information from
instrumentation, several cameras have been installed
for monitoring critical parts of the process: for example,
the feeder belt and the transition point between con-
veyor belt and scrade® pipe.

Survey
Before a recently placed gravel bed can be approved for
foundation purposes, it has to be checked thoroughly.
For this purpose a special survey system has been
developed. Special, because when a gravel bed is
constructed with  high accuracy, the accuracy of the
survey system must be even better.

Initially the option of acoustic techniques was rejected.
When surveying with the aid of conventional echo-
sounding techniques, the large slant range (at about 
20 m) results in insufficient accuracy of the measuring
system. However, a combination of high frequency
echo sounders with a short slant range can provide the
required accuracy. The high frequency (which coincides
with a small opening angle) provides a better accuracy
of the echo sounder itself, and the short slant range
gives a small footprint at the gravel bed. Figure 5 shows
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Figure 4. Process display on the bridge.

Figure 5. Influence of opening angle and slant range of an
echo sounder.
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the difference between the results of an echo sounder
with large opening angle (low frequency) and small
opening angle (high frequency), the latter leading to a
better interpretation of the shape of the gravel bed.

Laboratory tests were carried out to investigate the
range of attainable accuracy. Measurements were
performed with a 1 MHz echo sounder on an artificial
gravel bed. The slant range used was 80 cm. 
This gravel bed consisted of stones with a diameter of
35-50 mm, representing the stones to be used for a
real gravel bed. These stones were cemented on to a
plate so that they could not move. For comparison
measurements were made on the same gravel bed
using a levelling staff. At the lower end of the staff a
disc with diameter of 10 cm was installed, which was
approximately equal to the diameter of the footprint of
the echo sounder at the used slant range. Theoretically
the two methods should provide the same result: 
the echo sounders detect the first reflection, which
corresponds to the highest point within the footprint,
while the staff is lowered towards the gravel bed until
the disc touches the highest stone. Figures 6 and 
7 show the set up. 

Results of the measurements with the levelling staff
and with the echo sounder are compared in Figure 8.
Evaluation of the measurements indicated an absolute
measurement accuracy of the echo sounder better than
5 mm. This accuracy was accepted for implementing
an acoustic system for inspection of the gravel bed at
the Øresund project.
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Figure 6. Set up of the laboratory experiment.

Figure 7. Right, The echo sounder and artificial gravel bed at
the laboratory.

Figure 8. Records of echo sounder and levelling staff
measurement.
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Table I. A summary of the main dimensions of the
tunnel.

Tunnel characteristics Element characteristics

Length 3510  m Length 175.25 m
Width 42  m Weight in air ~55,000 tons
Height 8.6 m No. of elements 20

GRAVEL BED CONSTRUCTION BY SCRADING®

AT ØRESUND

Øresund Tunnel Project
By the year 2000, Denmark and Sweden will be
connected by the Øresund Link, a construction consis-
ting of three parts: a tunnel, an artificial island and a
bridge. The tunnel submerges in Denmark, comes
above water at an artificial island in the middle of the
Øresund. From there the connection to Sweden is
completed by a bridge (see Figure 9). The joint venture
Øresund Tunnel Contractors (ØTC) is responsible for
the design, planning and construction of the tunnel.

The tunnel consists of immersed elements and has an
overall length of 3.5 km. The tunnel is constructed of
20 concrete elements, each 176 m long. The tunnel is
42 m wide and is to carry a four–lane motorway and a
two-track railway. With these dimensions, it will be the
largest immersed tunnel in the world (see Table I).

Tunnel elements are placed in a trench dredged in the
seabed. Owing to the high currents which can occur

here the sand flow method was found to be less appro-
priate. Before placing these elements, a foundation
layer of gravel is constructed in the bottom of the
trench. This is required to ensure a solid and flat foun-
dation in order to keep the forces on each element
within acceptable limits. 

Gravel bed characteristics
The gravel bed to be constructed varies between 
0.5 and 1.4 m in thickness. The area for one element
measures approximately 180 by 42 m and consists of 
a pattern of 42 m long gravel berms, 1.65 m wide,
alternated with 1.00 m wide grooves. The foundation
area required for one tunnel element consists of 
65 berms. This pattern of gravel berm construction
introduces several advantages compared with a closed
integral gravel plane (see top view, Figure 10):
• Berm construction with intermediate grooves avoids

the risk of high spots at overlapping tracks of gravel; 
• Possible high spots of gravel can be moved side-

ways into the grooves, avoiding higher stresses in
the element;

• At the joints of the elements the distance between
the berms is increased. In this way the risk of
aggregate particles being trapped between
elements during immersion is minimised;

• Water and silt are more easily dissipated through
the grooves when lowering the element on to the
foundation.

The procedure for gravel bed construction using the
MPP according to the above design is described in the
next paragraph.
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Figure 9. Overview of the Øresund link between Denmark and Sweden.
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Figure 10. The pattern of gravel berms with alternating
grooves.

Figure 11. Right, Scrading®, backfilling and top protection
executed by the MPP.

Figure 12. Configuration of all sensors in the total system.
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After immersion and ballasting of an element, the MPP
is then employed for backfilling the trench around the
element. At the sides of the element sand is placed,
above which a filter layer is constructed. Then the
element is covered with armour stone. The filter layer
prevents the sand from eroding and the armour stone
protects the tunnel against shifting and damage by
anchors (see Figure 11).

Gravel bed construction and system accuracies
The specifications of the construction levels of the
gravel bed are very stringent. Gravel has to be placed
with a vertical accuracy of ±25 mm. This is necessary
to ensure that the forces acting on a tunnel element
are acceptable. As the measuring system (see below)
introduces an extra error, the measuring accuracy of
the gravel bed is specified at ±35 mm. All mentioned
accuracies are defined as twice the standard deviation,
so 95% of the observations are within this accuracy
(2σ, 95%). To obtain this accuracy highly sophisticated

measuring sensors and control systems have been
installed on the MPP. 

Figure 12 shows how the vertical position of the
scrade® pipe is determined. A rotating laser, creating a
horizontal reference plane, is installed on the measuring
tower at the previously placed element. The laser
transmitter signal is received by a light sensitive sensor,
known as the laser receiver, mounted on the scrade®

pipe of the MPP. In this way the vertical position of the
laser receiver at the fall pipe, with regard to the laser
plane, is determined. Actual angles of the fall pipe
owing to vessel movements result in height deviation
of the scrade® pipe and are therefore measured by
inclinometers. The fixed length of the fall pipe and its
actual angle define the position of the lower end of the
fall pipe. Measuring the stroke of the hydraulic cylinders
finally results in the position of the lower end of the
scrade® pipe.

The accuracy of determining the vertical position of 
the lower end of the scrade® pipe depends on the
accuracies of the individual instruments and sensors.
The plane of the rotating laser has an accuracy of ±3 mm
(2σ, 95%) at a distance of 200 m. The laser receiver
can detect the transmitted signal with an accuracy
better than ±2 mm (2σ, 95%). The accuracy of the
inclinometers is ±0.05˚ (2σ, 95%) and the stroke of the
cylinders can be measured to an accuracy of ±1 mm
(2σ, 95%). 

Using the signals from all sensors, the vertical position
of the bottom of the scrade® pipe can be measured to
an accuracy of ±10 mm (2σ, 95%). 

Mathematical simulations have been performed to
investigate the behaviour of the pontoon and the
control system. Various scenarios have been studied,
with different input parameters such as wave height,
wave period and current speed and direction. 
The result of these simulations is that control of the
scrade® foot to an accuracy better than ±20 mm 
(2σ, 95%) should be possible, when operating in the
worst environmental conditions (i.e. bad weather and
strong current).

Given the accuracy of determining the vertical position
of the scrade® pipe and the accuracy of controlling the
scrade® pipe, this sophisticated instrumentation results
in the MPP being capable of constructing the gravel
bed within the required tolerance of ±25 mm (2σ, 95%).

Gravel bed survey system at Øresund
To characterise a berm of gravel with an acoustic
system, a survey beam of five echo sounders in a row,
30 cm apart was constructed. A sixth echo sounder is
mounted horizontally and calculates the actual sound
velocity by measuring the travelling time of sound to a
fixed plate every second. Fluctuations of sound velocity
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Figure 13. Schematic view of the survey beam.

Figure 14. The survey beam mounted on the side of the
scrade® pipe.
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Figure 15. Measurements and histogram of the calibration bar, showing the mean and standard deviation of the measurements.

Figure 16. Measurements and histogram of a gravel berm, showing the mean and standard deviation of the measurements.
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owing to variation of water temperature or salinity are
measured in this way. This signal is used for on-line
calibration of the five bottom measuring echo sounders.

Suppliers of the acoustic system were Seabed Tech-
nology BV from IJmuiden, Holland, and Oy Meridata
Finland Ltd from Lohja, Finland. The construction is
shown in Figure 13. 

The survey beam has been mounted on the lower side
of the scrade® pipe (Figure 14), giving a short slant
range while surveying.

A clear water system between the echo sounders and
the gravel bed has also been installed. In case of dirty
water (seaweed or suspended material), clear water is
flushed between echo sounders and bottom, ensuring
a conditioned measuring environment.
By combining the measurements of the echo sounders
with the measurement of the absolute position of the
echo sounders (by the system of sensors mentioned
above), the absolute level of the gravel bed is determined.

A calibration bar has been installed on site for checking
and calibrating the echo sounder system. This calibra-
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Figure 17. Display of the data processing application, showing statistical information about the survey of the gravel bed.

Figure 18. Patch levels of one berm.



tion bar consists of a stainless steel bar with two
different levels, 30 cm apart. The horizontal and vertical
positions of this bar have been determined by total
station measurement. By measuring the level of this
bar using the acoustic system, it is possible to check its
correctness. 

Measurements of the calibration bar are shown in
Figure 15. The two levels of the calibration bar as
measured by total station were –13.09 and –13.39 m.
From the results of the echo sounder measurements 
it has been derived that the accuracy is better than 
10 mm (2σ, 95%).

Measurements of the first (test) gravel berms showed
deviations of ±20 mm, which is the sum of the deviations
in placing and measuring the gravel bed. An example 
of a measured berm is shown in Figure 16. Statistical
analysis of the raw data of the test berm results in a
standard deviation of ±30 mm (2σ, 95%).

Before judging the foundation quality of the level of the
gravel berm, the raw data from the echo sounders is
averaged and filtered according to a specific procedure.
The reason for this is that individual stones do not
contribute to the support of the tunnel element, nor do
individual holes in the gravel berm. 

First the total area of one tunnel element is divided in
5,200 sub areas (patches). The size of one patch is 
0.50 by 2.65 m. The processing transforms all measure-
ments within one patch to one level, so the end result
is a matrix of 5,200 levels. These levels must satisfy
specified criteria concerning accuracy and spatial distri-
bution before the gravel bed is approved for immersion
of a tunnel element. An example of the output of the
processing application is shown in Figure 17. An over-
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Figure 19. Result of all patch levels for the area of one tunnel element.

Figure 20. The bed cleaning tool at the scrade® foot.



view of patches for the bottom area of a tunnel element
is shown, together with information about patch levels
and standard deviations. Raw data of a patch is also
shown in a separate box.

After the raw data have been processed, the result is
analysed by means of pre-defined statistical tests. For a
quick impression, the processed data are presented in
two- or three-dimensional graphics. Figure 18 shows
the data of one berm, while Figure 19 shows the data
of the area for one tunnel element. These figures 
show that all patch levels are within a tolerance band of
±35 mm, the required measuring accuracy (see above).

Other functions of the Multi-Purpose Pontoon at
Øresund, in relation to gravel bed construction

Bed removal tool
In the event of unacceptable high spots in the gravel
bed, the MPP is equipped with a so-called bed removal
tool. This tool is mounted on the lower end of the
scrade® pipe and consists of a rectangular suction
mouth that can be kept just above the gravel bed. In
combination with a 90 kW underwater pump, the bed
removal tool is capable of removing bed material by
suction action, without disturbing correctly placed
gravel in the direct vicinity of the area to be cleaned.

Bed cleaning tool
Another tool used in combination with the underwater
pump is the bed-cleaning tool (Figure 20). This tool has
been designed for cleaning up silt, mud and fedtmøg 
(a sort of alga) that has sedimented on the gravel
berms in the time span between constructing the
gravel bed and placement of a tunnel element.

The bed-cleaning tool applies the vortex-suction principle.
The central suction mouth is surrounded by tangential
jets. The combination forms a vortex-swirl. The tangential
jets create a horizontal current, eroding the silt on top
of the gravel. When properly designed and operated,
the current of the jets is not strong enough to disturb
the underlying gravel. The silt is entrained into the
central suction mouth, while the gravel stays in position.
To achieve a higher mixture concentration in the trans-
porting hopper barge, the recirculation principle is used:
from the discharge pipe a part of the mixture is fed
back to the tangential jets. 

Trials at Øresund proved that the bed-cleaning tool is
capable of removing a layer of silt from the gravel
without disturbing the gravel itself.

Both systems are employed from the scrade® pipe.
The accuracy and reliability of these removal and 
clean-up operations are assured by the use of the
sophisticated positioning and levelling system of the
scrader® unit.

Conclusions 

The scrading® concept is suitable for placing a wide
variety of bulk materials. For example, it can be used
for rubble foundations and scour protection works.
Simultaneously, the material is both placed and levelled
at the desired depth. In this way, optimal placement
accuracy is achieved, losses of material are kept to an
absolute minimum, and pollution of the environment is
negligible. 

For gravel bed construction at Øresund a scrader®
system has been employed from a specially built Multi-
Purpose Pontoon (MPP).

Results observed at the Øresund project prove that at a
water depth of 20 m, a gravel layer can be placed with
a vertical accuracy of ±25 mm (2σ, 95%). An acoustic
system was used for checking the level of the gravel
bed. The accuracy of this measurement method was
better than ±10 mm (2σ, 95%). 

By using auxiliary tools, the MPP is capable of removing
individual high spots of material such as silt on top of
the gravel bed without disturbing the constructed bed. 

So far (spring 1998), the immersion of eight tunnel
elements has been completed. The final position of
each element has been measured by using levelling
instruments and dGPS antennas. The results show that
the vertical deviations of these elements are well
within the required tolerances, i.e. less than 20 mm
from the design level.
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