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The Japan Marine Science and Technology Center  JAMSTEC! is now construct-
ing a 10,000 m class deep sea research ROV KAIKO system which consists of a vehicle, a
launcher, cables and a cable handling system. This system is insta/led on the
YOKOSUKA, a support vessel for the manned submersible SHINKAI 6500, and the
YOKOSUKA carries both the SHINKAI 6500 and the KAIKO system,

Construction began in January 1991 and will be completed in August 1993,

The detailed features and key technologies for the KAIKO system will be discussed
in this paper.

INTRODUCTION

The Japan Marine Science and Technology Center  JAMSTEC! is now construct-
ing a 10,000 m class deep sea research ROV KAIKO system which consists of a vehicie, a
launcher, cables and a cable handling system  Iwai, 1992; Okada, 1991!. This system is
installed oa the YOKOSUKA, a support vessel for the manned submersible SHINKAI
6500, and the YOKOSUKA carries both the SHINKAI 6500 and the KAIKO system
 Figure 1!.

With the KAIKO system, the total deep sea research system is complete consisting
of the YOKOSUKA with a multi-narrow beam echo sounder for wide area surveys, the
KAIKO system for medium range surveys, and the SHINKAI 6500 for precise surveys.

The KAIKO system has three mission modes. The first is to survey the ocean floor
to the 6,500 m depth by towing this system. In this mission, the sea floor topography and
the stratum beneath the sea floor are surveyed by a side scan sonar and by a sub-bottom
profliler fitted on the launcher, respectively, and precise observation by TV camera is
done by the freely swimming vehicle. This towing survey is the advanced survey for the
precise survey by the manned submersible SHINKAI 6500.

The second mission is to survey the ocean floor for the full ocean depth. In this
mission, the launcher is not towed but suspended to nearly 100 m above the sea floor and
becomes a platform for the vehicle. The vehicle carries out precise surveys by freely
swimming around the launcher within a 200 m radius,

The third mission is to rescue the SHINKAI 6500 if it becomes unable to ascend by
itself. This mission is just an application of the second mission.

The construction began in January 1991 and will be completed in August 1993,
The fabrication and test of all equipment are now vigorously under way.
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Figure 1. KAIKO system

The features of the KAIKO system are:

�! It has a broadcasting class color TV camera for precise survey of the ocean
floor. It has other four TV cameras for observations on the vehicle and a TV
camera for connection monitoring on the launcher.

�! Very high speed data communication via optical fiber  about 1.2 Gbps! is
available which enables video image transmission of these six TV cameras
and other data/control signals at the same time.

�! It has a pair of bilateral manipulators with seven degrees-of-freedom on the
vehicle.

�! The vehicle has a hydraulic screw pump of constant delivery in order to make
the acoustic noise emission as low as possible. The launcher has a hydraulic
piston pump of variable delivery with noise reduction countermeasures.

�! The launcher has a side scan sonar and a parametric array sub-bottom
profiler for topographic and stratum surveys.

�! The secondary cable between the launcher and the vehicle is a neutrally
buoyant and pressure compensated cable, and the primary cable between the
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support vessel and the launcher is a torque-balanced pressure compensated
cable.

�! The cable handling system consists of a launch/recovery gear, a heave
compensator, a traction winch and a cable store winch. The heave coxnpensa-
tor is a passive ram tensioner. Both the heave compensator and the traction
winch have countermeasures against cable twisting problems,

 8! Automatic control of the vehicle and the launcher is extensively introduced for
the operation and this relieves the pilots of their complicated loads.

 9! The operation support and recoxnxnendation systexn is developed and installed
onboard the support vessel and this helps the captain and the operators to
bring and keep the KAIKO into the target zone.

1XlTAL DEEP SEA RESE4RCH SYb~I:

The total systexn of the deep sea research consists of the YOKOSUKA. the KAIKO
system and the SHINKAI 6500. The concept of this system is as follows.

The YOKOSUKA cruises the survey area activating a multi narrow beam echo
sounder. This sounder can measure the sea floor topography with 45' to both sides. Thus
the sea floor of 6,500 xn depth can be measured by 13 kxn width. But this width is too wide
to spot interesting points for dives of the SHINKAI 6500. So the KAIKO is mobilized for
the medium range survey of the potentially interesting area using side scan sonar of the
launcher towing at about 100 m above the sea floor and with TV cameras of the freely
swixnxning vehicle, After spotting the interesting point, the SHINKAI 6500 dives to the
point for precise survey. This type of survey is down to 6,500 m deep at the maximuxn.

For survey of the deeper area, the xnission xnode becomes the second one, where
the launcher is not towed but suspended to become a stable platform and the vehicle
swims freely to the sea fioor for the detailed observations by TV cameras and samplings
or instrumentation setting by manipulators,

The xnain function of the vehicle is to execute surveys of the sea floor by freely
swimming. Vehicle survey involves the observation by TV camera and sampling or
instrumentation setting by manipulators,

It has four lateral thrusters and three vertical thrusters, and proper thrust force
allocation of these seven thrusters gives the vehicle motion in any direction, This
allocation is automatically done and the operator is required only to order the direction
and velocity by joysticks,

It has a broadcasting class color TV camera with focusing and zooming functions
on a panning and tilting base. A still camera is mounted on the same base and the saxne
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image can be photographed as the TV. It has also three normal color TV cameras at
front, These cameras give a panoramic view of the frontal area to the operators. These
cameras can tilt up and down, The other monochrome TV camera is fixed on the rear
side to look backwards.

The electric TV signals are sent to a pressure vessel, where the signals are
converted to serial optical signals with 1.3 micro-meter wavelength and goes upward via
the optical fiber.

The Arms

It has two electro-hydraulic bilateral manipulators each with seven degrees-of-
freedom. They have force feed-back functions and even very fragile objects like a raw egg
can be handled. Parallax perception of the object can be done using both the high quality
TV camera and the panoramic TV cameras,

The Ears and Voice

It has an obstacle avoidance sonar with a maximum range of 200 m and an
altitude sonar with a maximum 100 m to minimum 0.5 m, It has also a responder for
relative positioning to the launcher.

The thrusters, manipulators, and panning and tilting apparatus are actuated by
hydraulics. The hydraulics is delivered by a hydraulic pump. In order to keep the
acoustic environment quiet, a low-noise screw pump is selected. As this pump is of the
constant delivery type, a pressure regulating valve and a forced oil cooler are fitted to
keep the pressure and the oil temperature in the proper region. The noise level becomes
approximately 30 dB lower than the conventional piston pump of the same capacity.
Other items such as the electric motor and the hydraulic thruster motors, etc., are
carefully selected and modified minimum noise.

Electronics and Pressure Vessels

In order to make the weight of the vehicle as light as possible, tremendous efforts
to reduce the size and the weight of the electronics have been made. These efforts
produced very small-size electronics capable of very high-speed data transmission, and
are contained in a titanium alloy cylindrical pressure vessel of 28 cm diameter by 140 cm
long with heniispherical caps at both ends. There is another pressure vessel containing a
voltage regulator, a gyrocompass, and others. This vessel is the same size as that for the
elec troni cs,

The bare weight in water is about 1.8 tons, and this weight is compensated by
buoyancy material of about 0.63 gr/cm'. The pressure tolerance of this buoyancy material
is more than 1,600 kgGcm 2 in order to correspond to the full ocean depth. This material is
composed of thick wall glass micro balloons and high strength matrix resin,

The vehicle can bring payloads of 150 kg at the maximum in a sample basket at
the front. The 10 kg positive buoyancy at the target depth is achieved by putting payloads
and/or proper ballasts in the sample basket.
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For electricity distribution, cables for trunk lines are the oil-filled type, but cables
for peripheral lines are the rubber molded-type with plastic connectors.

THE LAUNCHER

The main function of the
launcher  Figure 2! is to
become a stable platform for
the vehicle. Also it becoznes a
towed fish with a side scan
son.ar and a sub-bottom profiler
in order to measure the
topography of and the stratum
beneath the sea floor.

During descending and
ascending between the surface
and the depth adjacent to the
sea flooz', the launcher holds
the vehicle under its body. At
the target altitude  usually
about 100m above the sea floor!,
the vehicle leaves the launcher Figure 2, Launcher at dock test
for the survey. After the work
is done, the vehicle returns to
the launcher. As the heave znotion of the launcher is fairly reduced due to the elasticity of
the cable and a heave compensator installed on the support vessel, it becomes a stable
platform, and smooth control of the vehicle for leaving from and returning to the
launcher is achieved. The mating is inonitored by a monochrome TV camera and an
electric sensor. After confirming that both are mated properly, the mating gear is locked,

The launcher and the vehicle are connected by the secondary cable, and this cable
is wound up in a cable reel on the launcher. The distance between the vehicle and the
launcher is measured by a SSBL acoustic z'eceiver on the launcher and the secondary
cable is automatically paid off/on neither not too tight nor over-slacking to give free
swimming capability to the vehicle.

Topographic azid Stratum Measurement

In the towed mode, the launcher is also a stable platform for a side scan sonar and
a sub-bottom profiler,

The side scan sonar can measure the sea floor topography with 1 km width at
each side at an altitude of approximately 100 m from the sea floor.

The sub-bottom profiler is the parametric array type, and a pair of slightly
different high frequency acoustic signals give a low frequency signal with narrow beam
width of about 9', which deeply penetrates the earth. The echoes from beneath the sea
bottom give a very precise structure of the stratum because this measurement is carried
out very close to the sea floor.
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Acmatic System

The acoustic system contains an acoustic LBL receiver. A responder installed on
the launcher triggs the transponders on the sea floor, and the LBL measurement gives
its location precisely. The system also includes an acoustic SSBL system which can
measure the location of the vehicle and transponders. Combination of this LBL and SSBL
also gives the precise location of the vehicle. The signal from the responder is also heard
on the support vessel and its relative location to the support vessel can also be measured.

The system also contains an obstacle avoidance sonar. During the towed mode, the
ulti narrow beam echo sounder of the support vessel gives the change of the sea floor

depth on the routes, and using this data and the obstacle avoidance sonar data, the
launcher is elevated or lowered to avoid the collision with seamounts or other obstacles.
Thus the safe towing operation is carried out.

Acoustic Noise Countermeasure

As the launcher has many ears, the acoustic noise countermeasure is very
important as well as the vehicle. The hydraulic systems are fairly smaller than those of
the vehicle because they are for the secondary cable handling system, panning and tilting
devices for several equipment and others which require fairly less delivery. Therefore a
variable delivery hydraulic pump of smaller capacity with the lower noise level is
selected. Moreover the pump is surrounded by a noise isolation wall.

Ehmtronics and Pressiure Vessels

The launcher contains three cylindrical pressure vessels with hemispherical caps
at both ends made of titanium alloy. The first contains electronics for data transmission
and control capable of about 1.2 Gbps cominunication, the second contains electronics for
acoustic devices such as these for the side scan sonar and the sub-bottom profiler, etc.
and the third is for voltage regulation, the gyrocompass, and others. The inside diameter
of these three vessels is 28 cm and the cylindrical length is 150 cm for the acoustic system
and 160 cm for the first and the third vessels.

The KAIKO system has two cables. One is the primary cable between the support
vessel and the launcher, and the other is the secondary cable between the launcher and
the vehicle  Figure 3!.

Primary Cable

The primary cable suspends the launcher, For elevat,iong or lowering the
launcher, the cable is paid on/off.

The vehicle in water is neutrally buoyant and the launcher in water weighs about
3 tons. The primary cable is required to be strong, and it is not neutrally buoyant but
heavier than sea water. Thus the total load working on the cable becomes about 8 tons at
full ocean depth operation. The breaking strength of the cable is more than 40 tons
considering the safety factor of more t,han 5.

The tension member of the cable consists of doubly layered Kevlar rods. The
twisting directions of these layers are opposite each other to obtain torque balance. The
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Figure 3. Structure of cables

surface of the cable is covered by synthetic tubular braid and sea water can go into the
void space between the rods, which forms the pressure balance for the tension members.

Inside the cable, there are three copper conductors for electricity delivery, a copper
conductor for earth and four optical S1VI fibers for data transmission. Two of the four
fibers are for actual use and the other two are spares. One actual use is for data transmis-
sion from the vehicle to the support vessel via the launcher by 1.3 micro-meter wave
length. The other is for data transmission from the launcher by 1.3 micro-meter wave
length and also control signal transmission from the support vessel to the launcher and
to the vehicle by 1.55 micro-meter wavelength,

These four optical fibers are loosely inserted in grooves on a nylon rod and the
grooves are filled with viscous resin to form pressure balance,

The four conductors and the nylon rod containing the optical fibers are twisted
together and are molded by rubber eliminating any void space,

-169-



The cable load is sustained by Kevlar tension members but no load on conductors
or optical 6bers.

The termination at the cable end has a conical shape and this part mates with the
launch/recovery gear of the cable handling system at the A-frame crane of the support
vessel. This terinination is connected to the launcher by gimbal mechanics,

The secondary cable transmits data between the vehicle and the launcher, and is
is 250m in length. This cable should not restrict the vehicle's motion; it must be flexible
enough and also neutrally buoyant.

To make this cable neutrally buoyant, the surface is covered with thick tubular EF
rubber with a density of 0.90 gr/cm3,

Beneath the EP rubber are tension members. They are tubular braid of nylon
jacketed Kevlar strips. As the estimated maximum load to the cable is very small, the
breaking strength is 3 tons. In order to make this tension meinber pressure balanced,
liquid is filled in the void space of the strips.

Inside the cable, there are three conductors for electricity delivery, a conductor for
earth and three optical Gl fibers for data transmission, As the cable length is only 250 m
long, the material of the conductors is aluminum in order to reduce the weight, One of
the three fibers is for actual use and the other two are spares. This fiber is for data
transmission from the vehicle to the launcher by 1.3 micro-ineter wave length and also
control signal transmission from the support vessel to the vehicle via the launcher by 1.55
micro-meter wavelength.

The structure of the cable inside the tension member is the same as the primary
cable. The termination of the cable is also the same as the primary cable,

CABLE HANDLING SYSTEM

The cable handling system consists of a gimbal sheave hanged down at the A-
frame crane of the support vessel, a heave compensator, a traction winch and a cable
store winch  Figure 4!. The last three are installed in the hangar of the support vessel.

The most important role of this system is to lower and elevate the launcher
isolating the pitching and heaving motion of the support vessel so as to make the
launcher a stable platform in the water, In order to realize this function, ram tensioners
are adopted for the heave compensator which uses an air spring. The spring constant of
the ram tensioner can be adjusted by automatically changing the air pressure and the
volume of accumulator.

The cable twisting problem by sheaves is usually passed over, but it is a serious
problein and sometimes creates cable troubles. There are many sheaves on heave
compensator and traction winches and a countermeasure to the cable twisting problem
is vigorously introduced, The principle is to make the fleet angle of the cable zero. For
this purpose each sheave of the heave compensator is inclined independently. This
countermeasure makes the minimum length of the heave compensator very short and it
can be theoretically twice the sheave diameter.
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Figure 4, Tension-free sheaves for ram tensioner

It is very difficult to adopt independently inclined sheaves for the traction winch
because this winch should drive the cable. So the drive shafts are inclined to each other
by a pitch of groove. This method is not perfect to give a zero fleet angle mathematically
but is effective in actual use,

The cable tension is calculated by measuring the angles of the cable, inclined
angle, and the load of the gimbal sheave.

The cable store winch stores 12,000 m cable at, the maximum, pulling with approx-
imately 100 kg constant tension, A sea water sprinkler is adapted to cool down the cable
temperature due to the electric current,



CONTROL OF THE KAIKO SKI El6

The control room is located at the aft wheel house of the support vessel
YOKOSUKA, There are three persons in front of the control console: a vehicle operator, a
launcher/manipulators operator, and a chief operator manipulating acoustic systems
and others. The chief operator may also serve as the KAIKO conductor or another fourth
person may be the conductor.

The panoramic view and a broadcasting class TV image in front of the vehicle are
shown on the console monitors, The rear view of the vehicle and/or the mating status can
be viewed in one of these monitors by changing channel. Obstacle avoidance sonar
images of the vehicle and the launcher, positions data of the vehicle, the launcher, the
support vessel and the transponders on the sea floor, and control management data can
be shown on other CRTs. By looking at these monitors and CRTs data, operators control
the KAIKO, handling the joysticks and manipulator master arms.

The conditions at the vessel's stern are taken by ITVs and monitored in the control
room.

The sea floor images and other views are monitored at the command and control
center just after the wheel house, and the commander and the captain can grasp the
whole situation of the KAIKO so the captain can operate the vessel in accordance with
the KAIKO operation,

OPERATION OF THE KAIKO

In normal case, the KAIKO and the SHINKAI 6500 are housed in the hangar on
the same rail. For the operation of the KAIKO, the SHINKAI 6500 is sled to sideways,
Then the KAIKO, that means the launcher, the vehicle and launch/recovery gear with
gimbal sheave each on a trolley, is drawn aftward to the stern, dragging the primary
cable.

The launch/recovery gear is at first connected with the A-frame crane and a
mating device hanging by wires down to the launcher and mates with each other, The
launcher, holding the vehicle, is pulled up and the A-frame crane swings aftward, The
hanging wires with heave compensators are wound off until the launcher and the
vehicle comes to approximately 10m deep. At this stage electricity is supplied and the
KAIKO system is activated. After pre-dive check, the wires are wound off to become slack
and entire weight of the KAIKO is sustained by the primary cable. The mating device is
hydraulically disconnected at this point.

ARer this stage the whole KAIKO system is controlled at the control room. The
primary cable is automatically paid off and the KAIKO descends to the target depth. The
captain operates the support vessel following the data shown by the operation support
and recommendation system so that the KAIKO can precisely arrive at the target area.

After the survey is completed, the launcher holding the vehicle ascends to the
surface by winding up the primary cable.

Beneath the surface at about 10m deep, the winding up is stopped and the mating
device of the launch/recovery gear comes down to the launcher and mates automatically,
After conflrming that they mate precisely, the electricity delivery is stopped and the
KAIKO is recovered by the wires, The A-frame crane swings forward and places the



KAIKO onto the trolley. The launch/recovery gear is also placed on the trolley, After
fresh water cleaning and post-dive check, the KAIKO and launch/recovery gear on the
trolley is drawn forward to the proper position in the hangar.

Thus the KAIKO operation comes to end.

PRESENT SITUATION AND PROSPECIS

At this time, fabrication of every part and examination are vigorously under way.
Construction will be completed in August 1993, The final sea trial is scheduled to be
carried out at Mariana Trench to confirm the full ocean depth capability,

We expect the KAIKO to contribute greatly to the earth science.

Iwai, Y., et al. 1992. Key technologies of 10,000m class ROV system under construction,
In: ROV '92.

Okada, H., et al. 1991, Outline of 10,000m class remotely operated vehicle under develop-
ment. In: ROV '91.
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The Ship & Ocean Foundation of Japan has been conducting an extensive
research and development project on superconducting magnetohydrodynamic ship
propulsion funded by the Sasakawa Foundation since 1985. The purpose of this project is
to develop fundamental technologies which are necessary to develop a superconducting
MHD thruster, and finally to construct a prototype experimental ship to demonstrate that
a ship can really be propelled by MHD thruster with all the necessary equipment on
board,

It was also expected that through such actual design and construction of the
experimental ship, problems to be solved in developing higher performance MHD ships
for practical use in the future can be extracted.

The development of fundamental technologies was successfully achieved by 1988,
and the experimental ship was designed and constructed. The ship named YAMATO-1
was completed in the fall of 1991 at the Kobe Shipyard of Mitsubishi Heavy Industries
 Figure 1!, The ship was launched on March 1992, and a series of sea trials has been
started. In this paper the authors intend to describe an outline of the project and of the
experimental ship YAMATO-1 and to report some of the results of the sea trials which
had been conducted and completed at the time of the presentation of this paper.

INTRODUCTION

The basic principle of MHD propulsion is based on the Flemming left hand rule. If
a magnetic flux is generated in seawater by a magnet placed onboard a ship, and electric
current is generated through seawater to be perpendicular to the magnetic field, then an
electromagnetic force  Lorentz force! will be generated in the seawater and will push the
seawater away. Therefore, if the direction of the magnetic flux and the direction of the
electric current in seawater are so arranged that the direction of the Lorentz force is
rearward, the ship will be pushed forward by the reaction of the Lorentz force which acts
directly on the magnet. This idea of propulsion was introduced by Rice �961!.Way of
Westinghouse tested MHD propulsion using model ship  EMS-1! in California in 1966
 Way and Devlin, 1967!. In 1980, Iwata, Saiji, and Sato �980! began to adopt
superconducting magnets for MHD ship propulsion, and tested a 3.6 m ship model



equipped with an external field-type MHD thruster  ST-500! in a model basin of Kobe
University of Mercantile Marine. In the meantime extensive investigations into the
feasibility of superconducting MHD ship propulsion was being undertaken in the United
States  Mitchel and Gubser, 1988; Brown, et al., 1990!.

Figure 1. YAMATO.1 at her debut in Kobe Harbor

In view of recent progress in superconducting magnet technology, the Ship &
Ocean Foundation set up a committee to conduct an extensive research and development
project on superconducting ship propulsion in 1986 aiming to construct a prototype
experimental ship equipped with superconducting MHD thrusters. The details of this
project were presented at the MHDS 91 Symposium in Kobe, Japan in 1991  Motora, et al.,
1991!. In this paper an outline of the project and the experimental ship will be described.

Basic Construction of an MHD '1lanu~ler

The basic configuration of a MHD thruster is shown in Figure 2, A water duct is
surrounded by a set of dipole superconducting coils which generate a magnetic field
perpendicular to the center line of the duct. A pair of electrodes is also provided in the



duct so as to generate an electric current
through the seawater to be perpendicular to
the magnetic field. As a result, Lorentz
force  electro-magnetic force> will be gener-
ated in the seawater in the duct and push
the seawater rearward, The reaction of the
Lorentz force acts directly on the magnet
coils and pushes the ship forward, The en-
tire set-up is contained in a cryostat to main-
tain the temperature of the coils at O'K.

As the thrust generated by the MHD
thruster is proportional to the magnetic flux
density, and the efliciency of a MHD thrust-
er is approximately proportional to the
square of the magnetic flux density, it is
critical to use strong and lightweight, but
less energy consuming, magnet coils.
Therefore, it is essential to develop strong
superconducting magnet coils to make
MHD ship propulsion feasible.

cctrodes

Figure 2. Basic construction of a MHD
thruster

Ac~ltl Consbuetion of the MHD Thruster Used for the Ebqxeimental Ship

Based on the experience of several steps of test manufacture of superconducting
MHD thrusters, the thruster to be mounted on the experimental ship was designed and
constructed. As the thrust necessary to propel the ship at 8 kt was estimated to be 8,000 N,
the necessary Lorentz force to be generated by the thruster s! was estimated to be 16,000 N
where the eKciency in converting Lorentz force into thrust is assumed to be 50%.

As was anticipated, the Lorentz force of 16,000 N was too large to be generated by a
thruster. A decision was made to install two MHD thrusters, each of which can generate
a Lorentz force of 8,000 N. A fringe-type arrangement of the thrusters in which six unit
coils were arranged to form a lotus-like ring was adopted  Figure 3!. The reason for

F.los� ric

Figure 3. Open view of the MHD thruster



Table 2. Particulars of the MHD thruster

DESIGN AND CONSTRUCTION OF THE EXPERIMENTAL SHIP YAMATO-1

As the weight and size of the MHD thruster became clear, the size, hull form, and
basic arrangement of the experimental ship were decided. To contain two bulky MHD
thrusters which should be placed under the water line, a peculiar ship form as shown in
Figure 5 was adopted. As seen in the figure, the hull form is a shallow monohull with
two bulges hanging from the rear part of the main hull. The principle particulars of the
ship are shown in Table 3 and the general arrangement is shown in Figure 6.

Figure 4. Outside view of the MHD thruster Figure 5, The hull form of YAMATO-1
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adopting such an arrangement was
to minimize the leak of magnetic
flux outside the thruster so that
magnetic shielding can be elimi-
nated. The particulars of the unit
coil is shown in Table 1, and the
particulars of the integrated MHD
thruster is shown in Table 2, It
should be noted that the weight of a
thruster is only 18 t instead of 35 t
as initially estimated at an early
stage of the project.

Figure 3 shows the con-
struction of the MHD thruster and
Figure 4 shows an outside view of
the completed MHD thruster, The
right thruster was constructed by
Toshiba Corporation and the left
thruster by Mitsubishi Heavy Indus-
tries, Ltd. A compact and light-
weight helium refrigerator to be
mounted on each MHD thruster

was also developed for which an
expansion turbine of 60,000 rpm
was used.

Table 1. Particulars of the unit coil of the MHD
thruster
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F'igure 6, General arrangement of YAMATO-1

Table 3. Principal particulars of YAMATO-1

The resis tance of the
hull was measured at a towing
tank using a 2 m ship model,
and a self-propulsion test at
which i m pell ers were used
instead of the MHD thrusters,
was also performed, Results
showed that the ship might run
at 8 kt at a thrust of S,OGG N.
Maneuvering tests were also
conducted by the same model
and satisfactory maneuve-
rability was predicted.

As seen in Figure 6, the MHD thrusters are mounted on both sides and in the
underwater part of the hull, and the main generators which will produce electric
current through seawater are placed at the center of the ship. The controlling systems
and the persistent current switches were also incorporated.
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The ship was completed at the end of 1991 at the Kobe Shipyard of Mitsubishi
Heavy Industries, and named YAMATO-1. After several prudent tests on land, the ship
was launched in March 1992 at Kobe Harbor and a series of sea trials was started, At the
tiine of the presentation of this paper at PACON 92, only a bollard pull test to measure the
thrust of the ship had been performed. Therefore, the result of the thrust measurement
test will be described in the following section.

RKSUL'IS OF THE SEA TRL4LS

Trial Condition

The ship
Displacement:
Trim:

Weather and sea condition
Wind:
Temperature:
Wave height:
Specific gravity of seawater:
Water temperature:
Conductivity of seawater:

182 tons
0.42 m aA

Mooring Test and Bollard Pull Test 900

800

700

600

500

400

300

300

400 0

300

200 '

100

0 0
0 500 1O00 lsoo Zooo

Electric current per unit, Js A!

200

100

The test was performed with
two kinds of magnetic flux den-
sity, namely: B=1T and 8=2 T and Figure 7. Result of the boHard pull test
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Preceding speed trials, a
mooring test and a bollard test were
conducted. At the mooring test, the
ship was moored at a pier and
electric current through seawater
was applied to examine whether or
not the electric current induced any
trouble in the magnets or not.

As it was confirmed that
electric current up to 2,000 amp did
not give any adverse effect to the
magnets, a bollard pull test was
conducted to measure the total
thrust.

At the bollard pull test, the
ship was moored at a bollard on a
pier, and a tensiometer was inserted
in the towing rope. The towing force
which was equal to the total thrust
generated by the ship was measured
by the tensiometer.

WNW 5 rn/sec
22.5'C

0.5 m choppy waves
1.022
20,2 C

a = 3.64 s/m



electric current through seawater Js being varied from 500-2,000 amp. Hydrodynamic
pressure at the inlet and outlet of the thruster duct was also measured. The result is
shown in Figure 7.

In Figure 7, F shows the measured value of towing force, in other words, the total
thrust of the ship, TR shows the thrust generated by lVIHD thrusters including the effect
of the duct system which was calculated from measured flow speed and hydrodynamic
pressure in the duct, and L shows the Lorentz force which was calculated using actual
magnetic flux density B and the electric current Js through seawater. The relation
among F, L, and TR is as follows:

L � loss in the duct = Ta
Tq � pressure induced force around the hull = F

 negative in the present case!

Although the Lorentz force was not
measured directly, assuming from the
measured value of towing force F and real
thrust Tg, it can be derived that the
thrusters must generate almost the same
order of the Lorentz force as predicted by
theory. During the mooring test as well as
the bollard pull test, it was observed that a
powerful milky jet stream came out of the
nozzles of the thrusters. In Figure 8 a
picture of a jet stream generated at, B = 3T,
Js = 1,800 amp is shown. Although the sea
surface was covered with sparkling micro
bubbles, there was no trace of chlorine gas

odor, Figure 8. A jet stream generated by MHD
thruster

Speed Tria@

As speed trials were performed in June and July 1992 after the presentation of this
paper at PACON 92, the results are not included in this paper. Instead, it will just. be
mentioned that the YAMATO-1 runs at about 5.5 kt with the magnetic flux density B = 2T
and the electric current through seawater Js = 2,000 amp.
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CAUSEWAY CONSTRUCTION, ONOTOA, KIRIBATI
Gerry Byrne

Kinhill Riedel & Byrne
Melbourne, Victoria, Australia

A causeway is being built between two islands on the atoll of Onotoa in Kiribati,
The causeway is mainly a strengthening of an old rock causeway that suffered periodic
damage from storms. The new design and construction uses wide beaches in place of
vertical rock walls. The paper describes the system of environmental monitoring to
assess the effects of the causeway construction and the removal of sand from borrow pits
on the sand flats on the lagoon side of the causeway.

INTRODUCTION

Onotoa is the southern-most atoll in the Gilbert chain of islands in Kiribati. The
atoll is approximately 20 km long and 5 km wide. On the eastern side of the atoll there
are two main islands of Temao and Otowae, with a smaller group of islands at the
southern end.

Between the two main islands is a typical coral reef flat with three small islands,On this coral reef flat the people of Onotoa have built a causeway to provide transport
between the two main islands. This causeway is presently being upgraded,

For many years the construction of this causeway has been a high priority on theatoll because of the di%culty of access from one island to the other by either walking or
canoe  Government of Kiribati and Australian International Development Assistance
Bureau, 1988!. At high tide it is possible to use a canoe between the north and south butat low tide the exposed reef flat is so wide as to make it extremely inconvenient to travel by
canoe. Most people in Kiribati have land holdings on a number of islands but thedifficulty of access and transport inhibits the development of agriculture  mainly
coconuts, taro, etc.!.

HISTORY

Tradition Methods

The I Kiribati have a long history of coastal construction either to provide
protection against coastal erosion or to provide land reclamation. In addition, the I
Kiribati are very skilled at making elaborate rock fish traps on the ocean fringing reefs
 Government of Kiribati and Australian International Development Assistance Bureau,
1988!. The techniques of rock placing and securing have been extended to seawalls and
also to small causeways connecting adjacent islands.

The traditional method of construction  Figure 1! is to collect either broken reef
rock from the ocean side or part of the algal capping near the outer edge of the reef and to
build vertical walls with the larger rocks wedged securely together, This method has
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worked well for the traditional fish traps because they relatively quickly become cemented
with the coralline algae and then become a permanent feature only to be damaged in
major storms. The method also works well with soine causeways between adjacent
islands because the longshore movement of sand provides a buffer on one or both sides of
the causeway.

Figure 1. Original construction method

On Onotoa atoll, the method of construction was used for a much more ambitious
project to provide a causeway linking the two main islands of Temao and Otowae. The
distance between these two islands is approximately 2.2 km and a causeway was built by
local labour from each of the villages using the traditional methods. This consisted of
two outer vertical walls of large reef rock with a core between of smaller rocks gathered
from the reef flat.

Initially the causeway was built just with local labour using hand-placed rocks.
However because of the magnitude of the task involved, eventually the local Public Works
Department assisted with trucks and excavators.

A number of problems have occurred with the causeway using these traditional
methods.

The most immediate problem was that the height of the causeway was only about
2.2 m above low water mark with a tidal range of about 1.8 to 1.9 m. This meant there was
frequent overtopping and the surface behind the large rocks scoured out and eventually
caused the rock face to collapse. Because the opening was so long there was not enough
longshore sediment transport to bring sand against the causeway and therefore provide
some protection.

In the more traditional reclamation projects the scale of the reclamation is small,
normally consisting of protection of one to two houses or one family group of houses, In
that situation whenever there is storm damage, it is usually very localised and the family
has a vital interest in immediately rebuilding the small section of wall that has
collapsed.

On a large project such as this causeway, when damage occurred it was on a
much larger scale than could be fixed quickly by a team from the local villages. In
addition, as it was seen as a public work, there was much more reluctance on the part of
individual villagers to take immediate action to fix the damage.



Because of the frequent collapses of the causeway walls and the inevitability of it
eventually breaching and remaining breached, the Australian Government, through the
Australian International Development Assistance Bureau, provided funds to rehabilitate
the causeway to an acceptable level of engineering design.

Initially the work under the Australian contract was done by the local Public
Works Department with technical assistance from Australia but for a number of reasons
it eventually became the responsibility of the Australian consulting firm of Kinhill Riedel
& Byrne  a division of Kinhill Engineers Pty Ltd!. Our company is providing the technical
designs and also the construction supervision. However all of the construction work is
being done by I Kiribati, either seconded from the local Public Works Department or from
the villages on Onotoa. The machinery being used for the construction was provided by
Australia to the Public Works Department as part of the project.

OPTIONS

There were a number of options for the strengthening and rehabilitation of the
causeway. These were studied in detail using a physical model built at the Department of
Harbours and Marine Models Laboratory in Brisbane, Australia. The main options
studied were a sloping rock wall using larger reef rock and a beach made from a variety
of sands and gravels dug from nearby.

The model studies showed that if a rock armour solution  Figure 2! was to be
feasible, the height of the rock wall had to be raised by approximately 1 m and the rocks
had to be continuous at 1.5:1 slope on both sides with a rock covering over the top, It was
not possible at any reasonable cost to design a causeway using a rock solution that
prevented overtopping and therefore scour. This necessitated large rocks at the top of the
sloping walls and under the road surface.

Figure 2. Rock armour alternative

The other alternative was to build a berm on both sides of the existing causeway of
sand taken from the lagoonal reef flats  Figure 3!. The aim with this alternative was to
try to duplicate the coastal regime that existed on much of the nearby islands, Model
studies were done of the shape of beach and particularly the height that would be
required to limit runup. Conservative assumptions were made on the volume of sand
required at any point to allow for immediate storm scour, Calculations were made of the
wave refraction/friction across the reef and allowance was made for groynes and offshore
breakwaters  on the reef flat! that would limit longshore transport.
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Figure 3. Beach alternstive

Studies were also done into the feasibility of using artificial concrete armour
units. In particular, an Australian design called Seabee units which could be
manufactured easily locally using the cement and the reef muds was examined.

There was some discussion earlier in the project in Kiribati about the relative
economics of using a rock wall solution or a sand bund solutian. Both were tried initially
and it soon became apparent that the sand bund solution was much more efficient in
terms of the use of machinery and therefore was more economical.

This solution, which was preferred by the consultant, had two other advantages:

~ there was a limited supply of reef rock available for the construction of the
conventional causeway and it was considered that the use of this rock on the scale
required for the rehabilitation of the causeway would cause considerable damage
to the reef flat on the ocean side  there was almost no reef rock available on the
lagoon side of the causeway!;

the sand bund solution could be planted up with a variety of trees and eventually
would blend into the existing land environment. The material for the sand fill
was mainly taken from a number of borrow pits dug from the fan of sand on the
lagoon side of the original openings.

The option that is being constructed now is the sand bund solution. Some concrete
armour units are being produced and these are being tried on an experimental basis on
one of the small islets along the route where the existing road runs close to the shore.

CONFIRUCHON NEEDS

Equipment Maintenanoe

The equipment being used for the project consist of two excavators of about lh
tonne weight, four trucks, a front end loader and grader. These have been working on
the project now for nearly two years in relatively harsh conditions and in salt water.
They require constant maintenance because of the salt water environment and a
workshop is set up at one end of the causeway.
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One of the problems associated with this maintenance is the difficulties of getting
spare parts to this remote location. A satellite receiver has been set iip at the camp and
equipment can be ordered by fax immediately from Australia.

The borrow pits for the excavation of the material are all on the lagoon side of the
causeway as far away from the causeway as is practical, consistent with a reasonable
amount of working time between tides. The material that has been excavated is mainly a
mixture of sands which are predominantly foraminifeious and appear to have been
derived predominantly from lagoonal sediments.

The sands are about 1 m thick and overlay a thick deposit of coral detritus that
appears to have washed through from the ocean side at some stage. This consists of a
wide range of materials from fine muds to sands to gravel sized pieces of heliopera with
some occasional large boulders of porites. Whenever the porites boulders are found they
are segregated and used later for making small offshore breakwaters,

Beach Formation

The method of construction is to place a 14 m wide berm on either side of the
existing causeway and to let normal wave action create a beach. Normally a beach begins
to form within a couple of days and a relatively stable alignment forms in about one
month  Kinhill Riedel & Byrne, 1992d!. Once the beach has formed, it tends to have an
armouring of coral pieces of 25 to 100 mm grain size. A consequence of this method of
construction is that there is quite often a plume of milky fines generated during the beach
formation phase which is swept out to sea across the ocean reef flat  Kinhil] Riedel &
Byrne, 1992a!.

Given the limited amount of data on offshore wave directions available before the
project started, it was difficult to be confident about the accuracy of forecasts of sediment
movement. During the project construction this is being monitored on daily to weekly
basis at a number of locations along the causeway. As sediment moves, small offshore
breakwaters are being constructed to limit the drift of the sediment movement. These
consist of a line of rocks approximately 1 m high. They are on the reef fiat about 50 to 100
m offshore of the causeway itself  the ocean reef flat in the area being considered is about
400 m wide!.

The longterm response of the beach is being inferred from the position and shape
of the very fine muds that are being segregated out from the main part of the fill,
Obviously these very fine materials are much more mobile than the larger pieces and
give a very quick indication of where there is sediment erosion and sediment build up.

Except for the initial plume that is generated as the beach forms in the first week,
very little of the sediment gets washed out across the reef flat, Most of it, even the very
fine material, stays as quite a distinct toe at the bottom of the beach slope  Kinhill Riedel
& Byrne, 1992d!.
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ENVIRONMENTAL ISSUES

A comprehensive series of environmental monitoring activities is being
undertaken throughout the project. These are described in outline form below.

At a very local level, transects are being taken at approximately 50 m intervals
along the causeways on both sides, These are being monitored on a weekly basis and also
immediately after any storm activity, With these transects it is possible to get a very quick
picture of a rate of formation of the beaches and the rate of any sediment movement along
the beach. It is also possible, particularly using the very fine materials, to gain an
understanding of the effectiveness of any groynes and offshore breakwaters that are
being installed.

There was some concern that the plume generated as the beach forms might
aA'ect the corals on the ocean reef flat  Kinhill Riedel & Byrne, 1992a!. These corals are
very sparse as most of the reef Aat is the coralline algae. However control sections have
been set up where there are stands of acropora, porites and easily identifiable algal corals
both in areas where the plumes are likely to go and in other areas where the plume has
no effect. These are being visually monitored on a regular basis to see if there is any
observable stress placed on the corals.

Except in the immediate construction zone to date, there has been no observable
deleterious eA'ect of the plume.

Current Movements

Current movements in the lagoon are being measured to exainine in detail the
exchange of water into the lagoon immediately adjacent to the causeway, As the initial
causeway was built before this project commenced, the current movements are not
measuring the current patterns that would have occurred without a causeway. However
it should be possible at the end of the investigations to determine the rate of exchange of
water on the lagoon side at various parts of the atoll.

At this stage there are plans for the construction of an opening in the causeway to
allow some water from the ocean side into the lagoon. There is an a priori assumption
that some exchange is better than what is occurring now.

In previous studies of the more northern atoll of Tarawa, investigations were
undertaken of the planktonic distribution across the lagoon. While in many ways these
studies were inconclusive, it was quite possible to identify that the plankton in the waters
on the windward side of the atoll and in the lagoon on the windward and leeward side of
the atoll and in the ocean on the leeward side of the lagoon are all different. It was not
possible to say with these plankton what eA'ect the various types had on the ecology of the
lagoon. However it was assuined that because they were different, it was important that
some at least of the plankton from the ocean on both sides were able to enter the lagoon.

Satellite Imagery

Transects done across the lagoon and particularly on the leeward side of the
lagoon have shown large areas of dead coral and coral under stress. There is evidence of
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Crown of Thorns infestation in certain areas but the reason for the loss of coral is not
clear.

SPOT satellite imagery has been ordered for this atoll and for the next nearest atoll
and this imagery will be used to try to examine the differences between this atoll and a
nearby atoll that does not have the same level of causeway construction. In this way it
may be possible to determine the cause of the problem, whether it is localised or whether
it affects the next nearest atoll as well.

There is no existing SPOT image of either atoll however there is a very early
Landsat image of the atoll with some cloud cover.

Historical aerial photography is also being purchased and the photography and
imagery will be used to map the overall picture of the lagoons.

The options for the provision of inaterial for the construction of the causeway are
very limited, There is virtually no material available on land as all the available space on
the islands is used either for villages or for coconut plantations. The only other options
are the reef flats on the lagoon or the ocean side. Earlier activity had taken material from
borrow pits on both sides of the causeway. However, it was considered it was less
desirable to take material from the ocean side of the causeway than from the lagoon side,
specifically because there is some evidence of algal and other growth on the ocean side
and virtually none on the lagoon side, In addition, it was much easier to dig the inaterial
on the lagoon side.

On the lagoon side the two options were to scrape a very large area of the
foraminiferal sands down to about 1 m, or to dig deep ponds and limit the extent of the
excavation, To minimise the environmental effects most of the activity has been
concentrated on digging deep borrow pits. These borrow pits are being monitored on a
regular basis to determine the recolonisation of the borrow pits and whether there are
any longterm detrimental effects.

In fact, the borrow pits are extremely popular with fishermen because they seem
to be a breeding ground for moray eels which are considered a local delicacy, Even when
excavation activity is being undertaken in a particular borrow pit and when that borrow
pit is continually milky white from the effects of the excavation, there are large numbers
of fish recolonising the pits. Initial monitoring activities were inconclusive because
using Western inethods and nets, we were unable to catch many fish and we began to
draw the conclusion that fish were not recolonising in the pits. However, a local
fisherman was engaged to catch fish on a regular basis in the borrow pits using
traditional methods and the change in the results was dramatic.

Ciguatera poisoning is common throughout the Gilbert Group and a number of
outbreaks have occurred over the years on Onotoa, Some surveys are being carried out
during the project to see whether there is any increase in Ciguatera during this project,

While previous construction activity or damage to coral reefs has been cited in very
many papers as an initial cause of the development of Ciguatera, the exact relationship
between the destruction of coral reef and the incidence of Ciguatera is not clear.



Certain guidelines had been developed previously on the method of construction of
holes or channels in a coral reef environment to try to minimise the extent of the exposed
substrate which is known to be the trigger of the series of biological events that eventually
can cause an outbreak of Ciguatera.

With the monitoring that is taking place, to date there has been no evidence of any
abnormal outbreak of Ciguatera on the islands.

Pl~'AYNG

The causeway as constructed consists of a bund 3 m high and about 3S m wide. As
the bund is affected by waves, a beach forms with a slope of about 1:6. The eventual width
of the construction is about 50 m. InitiaHy the total surface was compacted because of the
truck activities but a concerted planting effort is underway where holes are dug at
regular intervals and trees are being planted on both sides of a narrow roadway.

The purpose of this is:

to try to re-establish an acceptable visual outlook along the causeways;
~ to develop a root system in the near surface to act as a buffer to delay the erosion of

sand during storms;

~ to limit the effect of any wind action on the surface and the occasional overtopping
that might occur during storms.

Initially on both sides of the roadway, two lines of coconut trees are being planted
at approximately 5 m spacings and to the seaward of that is a line of pandanus. In
addition, other local coastal vegetation is being encouraged to grow, The planting of the
coconut and pandanus is being assisted enthusiastically by people from the local villages
because the economic benefits of these can be seen.

Other vegetation which might be important from a coastal stability point of view is
growing naturally but with no encouragement from the villagers because the economic
benefits are not iinmediately apparent.

After approximately four months the survival rate of the coconuts is very close to
100% and the survival rate of the pandanus is between 60-80%.

OPENING

There is one existing small opening in the old causeway and water levels and
flows on both sides of the old causeway are being monitored both during spring and neap
tides and through all stages of the tide. There is virtually a continuous flow of water froin
the ocean into the lagoon through the existing opening. This appears to be mainly
because of wind and wave setup on the ocean side and the moating effect caused by thebuild up of coralline algae on the ocean side  even though this moating effect is not nearlyas pronounced as it is on more southern island groups such as in Tonga and the Cook
Islands!,

A large opening is being designed at present  approximately 10 m wide! and the
effects on this opening will be monitored. At this stage, even though the existing very
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small opening of the causeway has been there for some years, it is not possible to easily
identify any change in the biota near the opening compared to other places along the
causeway.

CONCLUSIONS

There is the general perception within the scientific community that any man-
made changes to fragile coral ecosystems is undesirable. There is also a reasonable
amount of literature on the detrimental effects of causeways and other excavation
activities on coral atolls in the Pacific  Weber & Woodhead, 1972; Maragos & Jokiel, 1978;
Goreau, et al,, 1991!. Because of this, there is some reluctance to embark on projects of
this nature. However in the present circumstance at Onotoa, the causeway was
constructed and there was an overriding economic and social reason for strengthening
the causeway to make it into a functional structure.

In the circumstances, the present construction activity is able to be treated as a
full scale experiment of the effects of such construction on a reef and lagoon
environment. A number of model studies have been undertaken of the physical effects of
the causeway and opening and a comprehensive set of environmental measurements are
being undertaken throughout the construction to measure the effects.

It will be some time before the ultimate effects can be known with any certainty.
However at this stage approximately nine months after the commenceinent of large scale
activity and several years after the closure of the initial opening by the causeway, there
are very few detrimental effects on the nearby biota than can be measured.

Environmental monitoring will continue for the duration of this project and for
some time into the future after the project has been completed,
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