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Abstract

As a result of past world wars and the dumping of munition at designated dumping areas,
residual military ordnance are found on and in the seabed, especially in the Wadden Sea, North
Sea and Baltic Sea. Of the estimated 1.5 million tons of military ordnance, roughly ten percent
is classified as Unexploded Ordnance (UXO). There are three main arguments for removing
the military ordnance: environmental protection, human safety and project related. Current
study will focus on the project related removal of munition, specifically for offshore wind cable
installation projects. Recovery of UXO is often preferred over redirection of the cable route due
to cost savings. Current state of the art methods use dedicated clearance ROV’s and divers to
remove the munition ordnance. However, these methods prove to be dangerous, inefficient or
even impossible to use in shallow water areas (0-10 m) with strong tidal currents. The objective
of current study is to develop a remotely-operated munitions detection and removal concept for
use in coastal water areas and assess its feasibility.

First, a programme of requirements for the novel concept is obtained. During a systematic
ideation process, fifteen different conceptual ideas are conceived and compared in a multi-criteria
analysis from which the most promising concept is chosen: an excavator carrying a munitions
toolskid on a moored pontoon.

The second part of the study focuses on assessing the feasibility of the proposed concept for two
project sites. Specifically for this study, the workability in waves is assessed. Limiting criteria
are defined for two critical components on the munitions toolskid to ensure a safe operation; the
motion amplitude of the detection coils, limited to X vertical motion and the motion amplitude
of the manipulators, limited to X absolute motion. The latter limit is based on user experience
of existing ROV operations and is thus subject to interpretation. The motion amplitude of
manipulator and detection coils is modelled by combining three sources of motion; backlash
mobilization in the excavator, bending deflection of the excavator arm and wave induced pontoon
motions. Three different types of mooring are modelled; gravity spuds, backhoe-type spuds (i.e.
preloaded spuds) and a jack-up system.

Results of the workability assessment for two case studies show that the gravity spuds pontoon is
not a feasible solution, mainly due to the freedom of heaving and pitching. Both defined motion
limits are exceeded by more than X. When using backhoe spuds or jack-up system, the criterion
for the scanning coils is satisfied. The criterion for the manipulators is slightly exceeded by
respectively X and X absolute motion for the backhoe and jack-up system. It can be concluded
that none of the assessed solutions is workable if an exceedance of the motion limit for the
manipulator is strictly prohibited. However, considering the exceedance of the limit is slight
and the motion limit of the manipulator should be interpreted as an indication, the backhoe
and jack-up system may prove to be workable solutions. Reassessment of the limiting criterion
for the manipulator is required to give insight if a slight exceedance of the limit is allowable.
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Chapter 1

Introduction

1.1 Context

As a result of past world wars and the dumping of ammunition at designated dumping areas,
residual military ordnance are found on and in the seabed, especially in the Wadden Sea, North
Sea and Baltic Sea. Experts estimate that ten percent of the 1.5 million tons of military ord-
nance deployed during the World Wars has failed to explode in German territorial waters alone
[1]. The unexploded ordnance (UXO) include aerial bombs weighing hundreds of kilograms,
shells, torpedoes, high-explosive bombs, bombs of chemical origin, hand grenades and small
ammunition, for a total of more than 50 million individual items (see figure 1.1).

Figure 1.1: Overview map of underwater munition locations in German waters. Courtesy of
the German program on munitions in German waters.

1



Introduction 2

The three main agruments for removal of the underwater munitions are:

• Project related (Wind-farms, subsea cables, pipe laying projects, oil, gas and mineral
exploration and capital dredging project)
• Environmental / Ecological
• Human safety

Current study will focus on the project related aspects of the removal of underwater munitions.
Specifically, the munitions will be removed to clear the route for offshore cable-laying operations
and development of offshore wind farms. The global offshore wind market has grown in average
more than 30 % annually in the last five years and is expected to keep growing in the coming
years [2]. Removal of the UXO is often preferred over redirection of the cable route due to
cost savings. An example of recent UXO remediation work is the Riffgate offshore wind farm.
During construction work, 2.7 metric ton of munitions where discovered and salvaged [3].

Some of the underwater munitions is of chemical origin. Because of rust degradation these
underwater munitions can release toxic chemicals which pollute and destroy the marine envi-
ronment, hence the environmental reason for removing the munition. The chemicals, for example
phosphor and mustard gas, are destructive for the marine ecosystem and the animals that live
in it. Removal of munitions will therefore ensure a cleaner and healthier marine environment.

Lastly, the human safety argument for removing munitions is to reduce the chance of munition-
related human accidents. According to [4], there are three types of danger that munitions
dumped at sea can cause to human life:

1. Direct physical contact with either chemical or conventional munitions.
2. Contamination of marine organisms and the environment in proximity of dumped muni-

tions which could in the long run lead to harmful concentration of toxic waste in human
food chains.

3. Spontaneous explosions which can be life threatening.

Direct physical contact or disturbance of munitions can occur with various marine activities for
example fishing and diving. Still often fishermen are injured after detonation of an UXO pulled
on board in their nets. Recently in 2005, three fishermen lost their lives in the southern part of
the North Sea when a World War II bomb exploded on board their fishing vessel after having
been hauled aboard in their nets [5].
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1.2 State of the Art

1.2.1 Munitions recovery in general

In cases of buried unexploded ordnance a desk study is done by interpretation of available
historical data. Modern techniques can combine geophysical and survey methods with modern
electromagnetic and magnetic detectors. This provides mapping of munition contamination
with the aim to better target subsequent excavations, reducing the cost of digging on every
metallic contact and speeding the clearance process. [6]

Currently, there is a lot of research into the detection and discrimination of munitions from scrap
metal [7][8]. Much of the cost of munitions removal comes from removing non-explosive items
that the metal detectors have identified, so improved discrimination is critical. New techniques
such as munition reconstruction from magnetic data and better noise reduction techniques
will reduce costs. (Electro)magnetometer probes can detect UXO and provide geotechnical
data before removal is carried out. Probing is mostly done by hand-held, sled-mounted or cart
mounted tools (figure 1.2a). For deep buried UXO, an intrusive survey might be required (figure
1.2b).

If an UXO is found, it needs to be dismantled. Many techniques exist for making safe of a bomb
or munition. Selection of a technique depends on several variables. The greatest variable is the
proximity of the munition to people or critical facilities. EOD personnel have many tools for
remote operations, one of which is remotely controlled vehicle, also known as the "Wheelbarrow".
The wheelbarrow can help to get an idea of what the munition or device is [9] (figure 1.3a and
1.3b).

(a) Hand-held tools for scanning. (b) Intrusive survey method.

Figure 1.2: Examples of UXO detection methods on land
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(a) Remotely controlled vehicle or ’Wheel-
barrow’.

(b) Wheelbarrow putting UXO in a con-
tainment vessel.

Figure 1.3: Disposal techniques

1.2.2 Offshore munitions recovery

Also for offshore UXO survey, a desk study of historical data is carried out. A towfish, re-
mote operated towed vehicle (ROTV) or autonomous underwater vehicle (AUV) equipped with
magnetometers, electromagnetic and sonar scanners is used to survey the seabed and obtain an
approximate location of possible UXO (figure 1.4a).

Current methods which are used for underwater UXO recovery are EOD diving and removal
by ROV. Diving requires a team of EOD certified divers to manually locate and remove each
individual target. After the target has been marked by a survey, the divers enter the water with
an underwater magnetic sensor to precisely pinpoint the target. Once the target is located, the
diver begins the investigation and recovery process. Either using his hands or hand tools, he
uncovers the item. Targets buried more than 1 m typically cannot be successfully recovered
using this approach regardless of whether the bottom sediments are sand, shell, silt/mud, or
clay. Divers have access only to small hand tools. After the target is uncovered, the diver
identifies the target visually if possible, or by feel if visibility is limited. The UXO supervisor
then determines if the item can be safely moved or whether it must be disposed of on location.
The removal is done by crane-lifting or with the help of an array of electromagnets, as shown
in figure 1.4b.

There are few specialized underwater removal methods that don’t involve diver intervention.
One example is the Boskalis Schilling HD ROV outfitted with manipulators, a dredge pump
and metal detection coils. This method is currently used for munitions recovery in benign sea
states. Another example is the ROUMRS (Remotely operated underwater munitions recovery
system) by Ordnance Reef Technology [10]. This is similar to Boskalis’ ROV solution and consist
of an off-the-shelf ROV that is equipped with force-feedback manipulators and a storage skid
for recovered UXO. It recovered 74 pieces of UXO’s and 2,300 small arms munitions, clearing
most of the area off the Waianae Coast of Hawaii.

Another recently developed concept is a small muntion recovery work boat developed by the
Environmental Security Technology Certification Program [11]. The work boat is anchored next
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(a) Deployment of towfish with electromagnetic
scanning equipment.

(b) UXO removal with magnets.

Figure 1.4: Examples of offshore UXO removal equipment

to a barge. It is stabilized by two spuds that are driven into the seabed. A deck crane is used
to lower a cylindrical shroud onto the target position and a remotely operated dredge is used to
excavate the sediment from the hole to expose the target. The target is remotely examined using
either a camera or an imaging sonar system to identify the target. If a supervisory munitions
technician determines that the target is safe to recover, it is remotely retrieved using an array
of electromagnets. The tool is designed for lakes lagoons with negligible wave action.

1.3 Problem Identification and Objectives

Current technologies are well developed if the water depth is greater than 10 meters and the sea
state is benign. However, when recovery in water depths between 1 and 10 meters is required,
in challenging coastal environments, the methods prove to be dangerous and inefficient or even
impossible to use. The following list gives the reasons why a new approach is preferred over
current methods for shallow water UXO recovery in water depths of 1 - 10 meter.

• Recovery of munitions with the help of EOD qualified divers is dangerous work and proves
to be laborious for deep buried targets. Furthermore the workability of divers in waves
and current is very limited. Thus, a diverless removal method is preferred.

• Some of the shallow water areas are located in tidal bassins and channels. The current
velocities in these areas are significant. This makes remediation of munition by current
ROV’s impossible since screw-propelled vehicles can not keep station in high current ve-
locities.

• A lot of munition targets are located in areas where it is too shallow for current vessel- and
ROV-based munition removal tools to work in. These methods simply require a minimum
amount of water depth.
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Objectives
The proposed objective for this study are:

1. Develop a remotely-operated munitions detection and removal concept, to create an safe,
reliable and cost-efficient method for use in recovering suspicious targets in challenging
coastal water areas.

2. Assess the feasibility of the proposed concept.

1.4 Thesis Approach

To reach the objectives of this study, a systematic approach is used. It is important to have
a detailed design procedure in order to find satisfactory solutions and to ensure timely and
efficient concept development. This procedure must be flexible and at the same time be capable
of being planned, optimised and verified.

The approach used for this study is displayed in figure 1.5. The study is divided in two parts; a
concept study and a proof of concept. These parts are again divided in several steps. The study
is initiated with a introduction where the problem and requirements for the new concept are
stated. The requirements are based on stakeholders wishes and demands, environmental data
(chapter 3) and a functional breakdown of the tool. A programme of requirements is obtained at
the end of chapter 4. Once the details of the design are clearly identified, the concept ideation
process is initiated. Multiple concept alternatives are generated in chapter 5 to achieve the
design goals and satisfy the requirements. With the help of a multi-criteria analysis (MCA),
the most promising alternative(s) are selected for further analysis in chapter 6. The chosen
solution at the end of chapter 6 may prove unworkable for any number of reasons and may
require redefining the problem, collecting more information, or generating different solutions.
This continuous iterative process is represented in the figure as an iteration block. The overall
layout and embodiment of the chosen concept will be elaborated in chapter 7.

The second part of this study is the proof of concept. Specifically for this study, the workability
of the concept in waves is tackled. Chapter 8 defines the approach that is used too determine the
workability. Chapter 9, 10 and 11 are the main part of the proof of concept. In these chapters,
the workability of the proposed concept is evaluated with the help of several theoretical models.
Finally, conclusive remarks and recommendations are summarized in chapter 12.
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Figure 1.5: Chart of the approach of current study.





Chapter 2

Theory

In this chapter the fundamentals of the theory on waves (section 2.1), ship hydrodynamics
(section 2.2) and the Morison equation (section 2.3) is given which will be used throughout the
study. For a more elaborate explanation of the considered theory, reference is made to (Journée
and Massie, 2000).

2.1 Waves

2.1.1 Regular waves

A regular wave in this study is described by the following wave characteristics:

Surface elevation: ζ(x, t) = ζa sin(ωt− kx)
Wave amplitude: ζa = 0.5 ·H in [m]
Wave height: H in [m]
Wave period: T in [s]
Wave length: λ [m]
Wave angular frequency: ω = 2π/T in [rad/s]
Wave number: k = 2π/λ
Water depth: d in [m]

A schematic view of a regular wave with its characteristic is depicted in figure 2.1.

Figure 2.1: Description of a regular wave.

The wave particle velocities can be obtained from the velocity potential φ using linear wave
theory. Linear wave (Airy wave) is considered as the simplest ocean wave, and is based on the
assumption of homogeneous, incompressible, inviscid fluid and irrational flow. In addition, the

8
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wave amplitude is assumed to be small compared to the wave length and water depth; hence the
linear free surface condition is used [12]. The wave particle velocities in horizontal and vertical
direction following linear wave theory are given by:

ux = ûx sin(ωt− kx) and uz = ûz cos(ωt− kx) (2.1)

with the amplitudes:

ûx = ωζa
cosh[k(d+ z)]

sinh(kd) and ûz = ωζa
sinh[k(d+ z)]

sinh(kd) (2.2)

With z the vertical coordinate, which is zero at the still water interface and −d at the seabed.
These velocities are the orbital wave particle velocities because they correspond to the motion
of the particles in a closed circular of elliptical path. In deep water, i.e. when the kd→∞, the
expressions for the velocity amplitudes ûx and ûz reduce to:

ûx = ûz = ωζae
kz (2.3)

In deep water, the wave particles move in circles, with the radius of the circle at water surface
equal to the wave amplitude a. These expressions show that the velocities decrease exponentially
with increasing distance from the still water level as shown in figure 2.2. Water is assumed deep
when d ≥ 1

2λ.

In very shallow water, i.e. when kd→ 0, the expressions of the amplitude reduce to:

ûx = ωζa
kd

and ûz = ωζa(1 + z

d
) (2.4)

In very shallow water, the amplitude of the horizontal velocity component is constant over
depth, whereas the vertical velocity amplitude varies linearly over depth as shown in figure 2.2.
Equation (2.2),(2.3) and (2.4) give three different expressions for each velocity amplitude. The
shallow water equation (2.4) can be used when d ≤ 1

20λ, the intermediate equation (2.2) when
1
20λ ≤ d ≤

1
2λ and the deep water equation (2.3) when d ≥ 1

2λ.

Figure 2.2: Orbital wave motions
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Wave accelerations

The water particle accelerations follow directly from a differentiation of the velocity components
(Eq (2.1)):

u̇x = ζaω
2 cosh(k(h+ z))

sinh(kh) · sin(kx− ωt) (2.5)

u̇z = −ζaω2 cosh(k(h+ z))
sinh(kh) · cos(kx− ωt) (2.6)

Maximum Wave Height
It is often desirable to make a statistically-based guess as to the highest wave that can be
expected in a certain time span. For this study, the maximum wave height during a munitions
removal operation will be defined. With the help of the Rayleigh distribution, the maximum
wave height in certain time span can be calculated by:

Hm = Hs

√
lnN

2 (2.7)

in which N is the number of waves in the operational window expressed as:

N = 3600 h
Tz

(2.8)

Where h is the duration of an operation in hours and Tz the zero up-crossing wave period.

2.1.2 Irregular waves

A realistic image of the sea surface can be represented by using a linear superposition of regular
wave components. For current study, it is assumed that all the wave components are in the
same direction, i.e. unidirectional waves. A description of an irregular sea state can be obtained
by measuring the wave surface elevation as a function of time. The following characteristics are
obtained from a statistical analysis of the measurements:

• Significant wave height Hs

The significant wave height is the mean of the highest third of the waves in a time-series
of waves representing a certain sea state. This corresponds well with the average height
of the highest waves in a wave group. Hs computed on the basis of a spectrum, is referred
to as Hm0.

• Mean wave period Tm
The mean wave period is the mean of all wave periods in a time-series representing a
certain sea state.

• Peak wave period Tp
The peak wave period is the wave period with the highest energy. The analysis of the dis-
tribution of the wave energy as a function of wave frequency for a time-series of individual
waves is referred to as a spectral analysis.
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• Mean wave direction
The mean wave direction which is defined as the mean of all the individual wave directions
in a time-series representing a certain sea state.

Since an irregular wave can be seen as the superposition of a series of sinusoidal waves, one
can study the frequency characteristics of such an irregular signal using Fourier series analysis.
Hereby, obtaining the amplitudes of each wave component in the signal. The wave amplitude
ζa can then be expressed in a wave energy spectrum, depicted in figure 2.3. The expression for
the wave energy spectrum is:

Sζ(ω) · dω = 1
2ζ

2
a,n (2.9)

Several theories exist that attempt to describe a wave spectrum in a standard form. For current
study, the JONSWAP wave spectrum is used.

Figure 2.3: Schematic of how to obtain the energy density spectrum.

JONSWAP
Analysis of the extensive wave measurements data in the North Sea in 1968 and 1969 yielded
a spectral formulation for fetch-limited (or coastal) wind generated seas. The spectrum is
described by:

Sjs(ω) = 320H2
s

T 4
p

· ω−5 · exp
(
− 1950ω−4

T 4
p

)
· γ

exp

(
−

ω

fp − 1
σ
√

2

)2

(2.10)

where
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Hs = Significant wave height [m]
Tp = Wave peak period [s]
fp = Peak wave frequency = T−1

p in [s]
ω = Angular wave frequency [rad/s]
σ = 0.07 for ω ≤ ωp

0.09 for ω > ωp

In figure 2.4 the JONSWAP wave spectrum is depicted and compared with another spectrum,
Bretschneider wave spectrum which is frequently used for open seas. The figure shows the more
pronounced peaks of the JONSWAP spectra.

Figure 2.4: Graph showing the JONSWAP spectra compared to Breitschneider.

2.1.3 Shoaling and Breaking waves

As ocean waves approach the shore, they are affected by the decreasing depth, which causes
gradual changes in wave speed, height and shape. These changes are usually referred to as
wave shoaling. Very close to shore, shoaling causes wave height to increase and wavelength to
decrease; hence, at some point, waves become too steep and break. The surfzone extends from
the point where waves start to break to shore, and this is a region of high vorticity, turbulence,
and dissipation for the wave flow. The proposed concept will be working in or near the surf
zone. To model breaking waves, a sophisticated fully non-linear wave model would be required.
This is out of scope of current thesis, since it would require an elaborate CFD model to calculate
the wave loads and thus the ship motions. However, assuming linear wave theory usually gives
a good approximation of the wave loads, even when working in the surf zone [13].
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2.2 Ship dynamics

2.2.1 Definitions

The harmonic 6 rigid body motions are defined by 3 translations and 3 rotations of the body’s
center of gravity (COG) as follows (see figure 2.5):

x = xa cos(ωt+ εx,ζ) (Surge) (2.11)

y = ya cos(ωt+ εy,ζ) (Sway) (2.12)

z = za cos(ωt+ εz,ζ) (Heave) (2.13)

φ = φa cos(ωt+ εφ,ζ) (Roll) (2.14)

θ = θa cos(ωt+ εθ,ζ) (Pitch) (2.15)

ψ = ψa cos(ωt+ εψ,ζ) (Yaw) (2.16)

Figure 2.5: Definition of ship motions.

Knowing the motions around the body’s COG one can calculate the motions in any point on
the structure by employing the superposition principle. For small angles, the transformation
matrix from the body-bound coordinate system to the steadily translating coordinate system is
given by:

 x

y

z

 =

 1 −ψ θ

ψ 1 −φ
−θ φ 1

 ·
 xb
yb
zb

 (2.17)

Using the equation the absolute harmonic motion of a certain point P (xb, yb, zb) relative to the
COG of the vessel can be determined.
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2.2.2 Equation of motion

The response of a ship to waves is described by:

6∑
j=1

Mkj ẍj = F ek (2.18)

Where Mkj is the body inertia matrix including moments of inertia for rotational modes of the
vessel. ẍ represents the rigid body acceleration for all six degrees of freedom (surge, sway heave,
roll, pitch and yaw). The right hand side gives the hydrodynamic forces and moments acting
on the body, divided in the following components:

F ek = Fr + Fw + Fv + Fs + Fm (2.19)

in which:

• Fr = Radiation forces appearing due to change in momentum of the fluid because
of the body motion, further decomposed to added-mass forces (proportional to body’s
accelerations) and damping forces (proportional to body’s velocities).

• Fw1 = First order wave forces separated into the Froude-Krylov forces and the diffrac-
tion forces. The Froude–Krylov force is the force introduced by the unsteady pressure
field generated by undisturbed waves. The diffraction force is due to the floating body
disturbing the waves.

• Fw2 = Second order wave drift forces, slowly varying wave loads.

• Fv =Viscous forces which are non-linear damping forces due to non-conservative phe-
nomena of energy dissipation (skin friction, flow separation phenomena).

• Fs = Hydrostatic forces or restoring ’spring’ forces, proportional to body’s translations
and rotations. The non-zero spring coefficients are in heave roll and pitch.

• Fm = Mooring forces, in case the floating body is moored.

For more detailed information about the above forces reference is made to [12]. The forces and
moments follow from an integration of the pressure, p, over the submerged surface, S, of the
floating body. Equation (2.18) can also be written as:

6∑
j=1

(Mkj +Akj)ẍj +Bkj ẋj + Ck,jxj = Fex,k Where k = 1,2, ... 6 (2.20)

in which:
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Mkj = Body inertia matrix including moments of inertia for rotational modes
Akj = Added mass coefficient matrix
Bkj = Damping coefficient matrix
Ckj = Hydrodynamic and static inertia restoring matrix including mooring stiffness
Fex,k = Wave exciting forces and moments

The expression for the frequency dependent equation of (2.20) where xj = x̂j · e−iωt and Fex =
F̂ex · e−iωt is:

[ 6∑
j=1
−ω2(Mkj +Akj)− iωBkj + Ck,j

]
x̂j = F̂ex,k (2.21)

in which:

x̂j = Amplitude of the periodic motions of the vessel
F̂ex,k = Amplitudes of wave exciting forces and moments

2.2.3 Ansys AQWA

Ansys AQWA, which is based on 3D panel method, is selected to compute wave forces in
the frequency domain for current study. The method is a numerical method to calculate the
potential flow around a body, based on the Green’s integral theorem. In this theorem, the three-
dimensional linear homogeneous differential equation is transformed into a two-dimensional
integration equation. Thus, the three-dimensional potential equation can be transformed to
a surface integral equation, known as Green’s identity [14]. To solve the integral equation
numerically, the ship body is divided in panels, shown for the pontoon used in this study in
2.6. The boundary conditions to be applied to the problem are linearised and they determine
either the potential or the normal velocity on each panel. Hydrodynamic forces are determined
from pressure integration and the motion responses of the vessel are determined (i.e. Response
Amplitude Operators, RAO’s). RAO’s are effectively transfer functions used to determine the
effect that a sea state will have on the motions of a ship. For example, equation (2.22) shows
the frequency dependent heave RAO:

RAOz(ω) = za
ζa

(ω) (2.22)

Where za is the heave amplitude and ζa is the wave amplitude for a certain wave frequency.

The 3D panel method has a couple of limitations. The method is restricted to arbitrarily
shaped bodies with zero forward speed, which is the case in current study. Furthermore, the
method assumes that the oscillation amplitudes of the fluid and body are small relative to the
cross-section dimensions of the body.
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Figure 2.6: Screendump of a pontoon panel mesh in AQWA.

2.2.4 Response in irregular waves

Once the transfer functions (RAO’s) between wave energy and motion (component) energy
are known, one can transform any wave energy spectrum to a corresponding motion energy
spectrum. The wave energy spectrum was defined in section (2.9). For example the heave
response is defined as:

Sz(ω) =
∣∣∣∣zaζa (ω)

∣∣∣∣2 · Sζ(ω) (2.23)

The principle of this transformation of wave energy to response energy is shown in figure 2.7 for
the heave motions considered in the equation. The moments of the heave response spectrum
are given by:

mn,z =
∞∑
0
Sz(ω) · ωn · dω (2.24)

where n = 0,1,2 provides the respectively the area, first moment and the moment of inertia
of the spectral curve. The significant motion amplitude can be calculated from the spectral
density function of the motions. For example, the significant heave amplitude, defined as the
mean value of the highest one-third part of the amplitudes, is:

zsign = 2√m0,z (2.25)
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Figure 2.7: Method of calculating the body responses from waves.

2.3 Morison Equation

When using the Morison equation, the wave forces are composed by adding up the drag and
inertia loads of the structure. The equation is applicable, when the drag is significant. This is
mostly the case when the structure is relatively small compared to the wavelength. The rule
of thumb is D/λ < 0.2. Here D is the (equivalent) diameter of the structure in meters. The
Morison equation can be expressed as follows:

F = ρwCmV u̇+ 1
2ρwCdAu|u| (2.26)

in which:

ρw = Density of seawater = 1025 [kg/m3]
Vr = Reference volume [m3]
Cm = Inertia coefficient [-]
Cd = Drag coefficient[-]
u = Flow velocity in direction of the considered force [m/s]
u̇ = Flow acceleration in direction of the considered force [m/s] [m/s2]
A = Projected area normal to the flow direction [m2]
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The inertia coefficient is related to the added mass coefficient by Cm = 1+Ca. The added mass
coefficient and the drag coefficient of the structure is determined by the geometrical shape and
roughness. For this study, the coefficient are determined with help of [15].
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Part 1: Concept Study





Chapter 5

Concept screening

In this chapter, several new concepts are envisaged. The concepts are ideated by means of
individual thinking and group brainstorm sessions. The brainstorm sessions are organised with
the research and development team of Boskalis and with the client team of Heinrich Hirdes.

5.1 Ideation Approach

Initially, all the ideas envisaged by the contributors of the brainstorm sessions and individuals
are listed. During this stage, it is important to go for quantity, thereby making sure that the
the production of concepts is divergent. Furthermore, criticism of ideas generated should be
discouraged. By suspending judgment, participants will feel free to generate unusual out-of-the-
box ideas. In the second stage, ideas are combined and clustered to obtain new ideas. Ideas that
are clearly non-feasible are removed for the ideas list. The ideas are also checked with the initial
design requirements. The ones that do not fit the design requirements are removed. Current
chapter focuses on the concept ideas that remained after this stage. In the last stage, ideas are
checked on different criteria with the help of a multi-criteria analysis. During this stage, the
most promising idea or ideas are chosen. This stage is elaborated further in chapter 6.

For the generation of concepts, a systematic approach is used by combining existing components
or ideas into a new concept for the removal of munitions. Also some out-of-the box ideas are
envisaged, although most of the time these ideas were considered non-feasible because of its
long development time or high costs and are therefore not mentioned in current work.

All the envisaged ideas belong to a certain common basic concept;

• Seabed-based (section 5.2)
• Amphibious (section 5.3)
• Separate crawler-vessel (section 5.4)
• Vessel-based (section 5.5)
• Semi-submersible (section 5.6)

Each basic concept has a number possible variations, which will be elaborated in the following
sections. Some of the considered variations are too complex, expensive or impractical. These
are removed from the concept analysis. Conclusions regarding the variations that will be taken
into account in the multi-criteria analysis are depicted in a box.

21
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5.2 Seabed-based concept

Figure 5.1: Trenchformer, tracked submersible vehicle owned by Boskalis.

The seabed-based concept consists of a submersible, remotely-operated crawler. All equipment
required to detect and remove munitions (i.e. manipulators, dredge pump, detection coils) is
mounted on the crawler. The vehicle is maneuvered over the seabed by means of a locomotion
system. The vehicle is non-buoyant, thus situated on the seabed. This way, the vehicle is
more stable in harsh environmental conditions than a conventional hovering ROV. During the
ideation process, several variations of this concept were identified. The variations are split in
two groups; locomotion system and power supply method. These variations are explained in
the following subsections. The pros and cons of this concept are listed in table 5.1.

The idea for this concept is derived from existing submersible crawlers. An example is the
Trenchformer owned by Boskalis shown in figure 5.1. This large tracked submersible crawler
is designed for subsea cable trenching. The two large tracks make it a stable platform for
trenching, even on soft soils.

Table 5.1: Advantages and disadvantages for the seabed-based concept.

Advantages Disadvantages

• Fixed to the seabed, thus stable plat-
form in waves and current.
• Operable over the full range of proposed
water depths (1-10 m)
• Proven concept in the offshore sub-
mersibles industry.

• High financial and engineering in-
vestment, based on experience from the
Trenchformer.
• The mobility of the vehicle in soil-

dependent. This could lead to problems
when trying to move over boulder fields
as defined in chapter 3.
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Locomotion system

Several variations of the locomotion of the vehicle are possible. The locomotion system for vehi-
cles moving predominantly on the ground can be classified in the following main classes: tracked,
legged and wheeled locomotion. Moreover, there also exist vehicles featuring combinations of
these locomotion classes, known as hybrid locomotion. A elaborate review and comparison of
different land-based locomotion system can be found in Appendix C.

Examples of different locomotion system are displayed in figure 5.2. Figure 5.2a shows "The
Crabster" CR200 robot, a six-legged underwater walking robot for precise inspection and ma-
nipulation on the seabed. Figure 5.2b shows the Zebro, a six-legged robot with inherently high
mobility. Its independently controlled legs produce special gaits that enhances its rough ter-
rain climbing abilities with minimal operator input. Figure 5.2c shows a vehicle with amphirol
locomotion. This system has excellent capability of moving over extremely soft soils, but is
inefficient on hard soils.

(a) Legged locomotion: The
Crabster. [16]

(b) Hybrid wheel-leg loco-
motion: Zebro developed

by TU delft. [17]

(c) A vehicle with an "amphirol" loco-
motion system

Figure 5.2: Examples of crawlers with different locomotion systems.

Conclusion
The comparison conducted in Appendix C shows that a wheeled solution would not have
sufficient traction, while legged and hybrid locomotion requires a significant investment
and development time. Since this is not desired for current work it can be concluded that
the only viable solution for current concept is a tracked locomotion system.
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Power supply

The vehicle requires power for the locomotion system and all its tooling, sensors and other
equipment required for munitions recovery. An option is to supply power to the vehicle by an
umbilical originating from a generator on a nearby support vessel. An example of an application
of this method is the Trenchformer by Boskalis shown in figure 5.1. Power supply by umbilical
has proven its use in the underwater vehicle industry many times before, mostly for cable
trenching purposes. Drawback of an umbilical is that it decreases the maneuverability of the
crawler. In strong tidal areas, the current load on the umbilical can become significant.

Another method to supply power is by using a conventional diesel engine but rising the engine
components out of the water. An example of this method is displayed in figure 5.3a. The
photo shows two elevated excavators, the Starfish I and II, designed by Jan de Nul. These
vehicles are adjusted versions of the Hitachi EX 120 ton excavator. The operating depth of
the vehicles is limited to six meters. The Starfish I (right of 5.3a) is fixed to its undercarriage
by means of a big tube. The Starfish II features a scissor-mechanism, which can adjust the
height of the top platform of the vehicle. A clear advantage of the elevated platform solution
is that it uses a conventional diesel motor and electronics, making it an cost-efficient solution.
Furthermore the maneuverability of the vehicle is unrestricted. Disadvantage is the working
depth and workability of the vehicle. The elevated platform makes it subtle to overturning in
case of uneven/rough seabed or strong current conditions.

The last considered method of power supply for the seabed based concept is the snorkel engine.
The submersible vehicle has an watertight diesel engine and takes in air by means of a snorkel
that protrudes above the water surface. Komatsu designed an underwater dozer using this
method of powering, displayed in figure 5.3b. The vehicle is capable of underwater operations
at a maximum depth of 7 m. The vehicle is remote-controlled giving it unrestricted maneu-
verability. For this power supply method the working depth and workability of the vehicle are
limited, since the protruding snorkel makes it subtle to wave and current loads which could lead
to lack of traction or overturning.

(a) The starfish elevated platform excavators. (b) The Komatsu underwater dozer
with snorkel attachment

Figure 5.3: Examples of (semi-)submersible crawlers.
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Some unconventional power supplies were also considered, such as solar power, batteries, nuclear
power and surface independent diesel engines (closed-loop). However, these solutions where
rendered clearly non-feasible because of their lack of technology readiness, high costs or dangers.

Conclusion
Taking the advantages and drawbacks into account, it can be concluded that there is no
significant advantageous power supply solution. Therefore all the above options will be
taken in consideration in the multi-criteria analysis.
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5.3 Amphibious concept
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Figure 5.4: Layout sketch of the amphibious concept. (Note: the figure displays a single
variation of the base concept)

This concept consists of a remote operated munitions toolskid that is deployed by means of an
amphibious vessel. When the project area is too shallow a locomotion system will take over
the function of mobilizing the vehicle. The vehicle carries a toolskid, which consists of a frame
on which all equipment required for the safe removal of munitions is mounted. The skid is
lowered to the seabed by a deployment system mounted on the amphibious vessel. A sketch of
the concept is displayed in figure 5.4. The pros and cons of this type of concept are listed in
table 5.2. The following paragraphs explain the most important variations on the amphibious
concept.

Table 5.2: Advantages and disadvantages for the amphibious concept.

Advantages Disadvantages

• Operable over the full range of proposed
water depths (1-10 m)
• Can move quickly over land and wa-
ter without rearrangements and thus can
potentially have a high production.

• Conflicting interest when designing for
an hydrodynamic balanced floater which
can work in harsh current and waves, and
on the other hand a soft terrain crossing
vehicle.
• Barely used in the offshore industry.

Locomotion system

The possibilities for the locomotion systems of the amphibious concept are similar to those of
the seabed-based concept. Refer to section 5.2 for more information on the locomotion systems.
For similar reasons as noted in section 5.2 the tracked locomotion system is identified as the
most feasible solution for mobilizing the amphibious concept.
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Propulsion when floating

When in floatation mode, there a two possible propulsion methods that are considered: self-
propelled or towed/pushed by a support vessel. When self-propelled, the vehicle is more agile in
maneuvering and positioning. However, the thruster system requires the ability to be remotely-
controlled from a distance, since no personnel is allowed on deck during a munitions removal
operation. Thus, this would require two self-propelled vehicles; the amphibious vehicle itself
and a support vessel from which the amphibian thruster system is controlled. This will results
in a higher investment, day-rates and maintenance costs compared to begin towed. Taking this
in account, the method of towing/pushing the amphibious vehicle will be more cost-effective.

Conclusion
A towed or pushed vehicle is the most economically viable solution for the propulsion of
the amphibious concept compared to self-propelled. Thus, only the self-propelled solution
is taken into account in the MCA.

Position keeping method

During the scanning and removing of munition, the vehicle’s position and heading needs to be
maintained. When on land, the vehicle is moored to the ground by its own weight. When
sailing, the concept will require a position keeping method. The methods considered for this
study are classified as: anchoring, spud pole system, jack-up system and dynamic positioning.

Anchoring is mechanically the most simple solution. After the anchors are deployed there is no
chance of running off position by system failures or blackouts. However, the biggest drawback of
anchoring is that it requires handling tugs to position the anchors at the correct location. This
increases the operational effort and time significantly. Furthermore dropping the anchor at an
unknown location on the seabed in a possible UXO contaminated field could lead to dangerous
situations.

Another option is position keeping by spud poles, which is also a low investment solution. An
additional advantage is the short setup time compared to anchoring. A drawback of the spud
pole systems is the limited maneuverability when the spuds are deployed. Furthermore, the
holding capacity of the spuds depend on the soil conditions in the specified area. Two different
methods of spuds are possible: gravity spuds and pre-loaded spuds. For convenience, the two
methods are combined in the multi-criteria analysis. More information on the difference between
these two methods will be discussed in chapter 7.

Another position keeping solution is the jack-up system. The platform will be completely lifted
out of the water. Therefore the workability in waves and current for this solution will be high.
However, the jack-up is mechanically more complex than spud poles and also requires stable
soil conditions. Another drawback is the long time required to jack-up and lower the platform.

Dynamic positioning (DP) has no setup time and will therefore result in the lowest required
operational time. The workability of the DP system is independent of the soil conditions and is
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not limited by water depth. However, it requires a complex and high-investment thruster and
control system. Another drawback of the use of a DP system is that in very shallow water the
thrusters will lift soil of the seabed dispense it in the water. This will significantly reduce the
visuals during the operation.

Conclusion
Anchoring is a definite no-go, since it can results in dangerous situations when dropping the
anchors in a UXO contaminated field. A DP system is also rendered impractical because
of its relatively high costs and limited workability in shallow water depths. Taken this
in account, it can be concluded that anchoring and DP are not feasible position keeping
solutions for current concept. Spud poles and jack-up systems are identified as the most
viable solutions and are thus taken in consideration in the multi-criteria analysis.

Toolskid deployment

Two different methods for positioning the toolskid over the target are investigated for current
work; deployment by wire rope winches and deployment by an hydraulically controlled rigid
arm.

The idea for the first method is to lower the toolskid by wire rope winches and land it on the
seabed. This method has the advantage of being mechanically very simple and robust. Subsea
lifting by wire rope is frequently used in the offshore industry and well understood. When
the toolskid is deployed on the seabed the wire rope is slacked, thus the toolskid motions are
uncoupled from the ship motions, making it a stationary and stable platform for munitions
recovery. However, the dynamic behaviour during lowering of the deployed object is influenced
both by the motion of the vessel and the direct wave loading and current drag load on the object
and wire rope. This will create pendulum motions of the skid and could lead to inaccurate
landing on the seabed. This can potentially cause hazardous situations when the toolskid
touches a suspicious target on landing.

The idea for the second method is to hover the toolskid over the target by means of a rigid
hydraulically controlled arm, without touching the seabed. This results in better controllable
positioning of the skid . However it also creates an extra demand on the vehicle’s/vessel’s
hydrodynamic stability, since the skid will mostly follow the motions of the vehicle/vessel.
Another drawback is the limited working depth of a hydraulic arm compared to deployment by
a wire rope.

Conclusion
Taken all the above in account, there is no clear advantageous method yet. The dynamic
behaviour of these two methods is completely different (rope vs stiff arm) which makes them
hard to compare. Further analysis of both the hydraulic arm and wire rope deployment
methods will show which method is best.
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5.4 Separate vessel-crawler concept
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Figure 5.5: Layout sketch of the separate crawler-vessel concept. (Note: the figure displays a
single variation of the base concept)

An remote-operated crawler crane or excavator carrying a toolskid is placed on a barge or
pontoon. When at the desired location, the crawler lowers the toolskid to the seabed. When
the water is too shallow for the vessel to operate, the crawler can be deployed from the vessel’s
deck by means of a deck ramp. A sketch of the concept is displayed in figure 5.5. The pros and
cons of this type of concept are listed in table 5.3. The following paragraphs explain the most
important variations on separate crawler-vessel concept.

Table 5.3: Advantages and disadvantages for the separate crawler-vessel concept

Advantages Disadvantages

• Low investment solution; requires
mostly existing and simple components.
• Most of the components for this concept
are available worldwide (pontoon, excava-
tor/crane)
• Operable over the full range of proposed
water depths (1-10 m)

• Two separately operated vehicles, thus
increased operational complexity.
• The vessel requires a sophisticated roll-
on/roll-off system to deploy the crawler.

Locomotion system of crawler

The possible locomotion systems for the crawler vehicle are similar than for a seabed-based
vehicle. Thus, only a tracked locomotion system is considered for this concept. Refer to section
5.2 for more information on the possible locomotion systems.

Position keeping method

The position keeping methods for this group are similar to those of the amphibious group in
section 5.3. This gives two feasible methods: spud pole system or jack-up system.
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Propulsion

Also for this group, the vessel can be self-propelled or towed/pushed. Towing/pushing by means
of a support vessel is favoured due to its simplicity and low investment, since this method requires
only one propelled vehicle (see section 5.3 for more info).

Tool deployment

The methods for toolskid deployment are similar to those of the amphibious concepts. In this
case, the hydraulic arm method refers to a vehicle with an hydraulic arm, thus an excavator.
The wire rope deployment refers to a mobile crane. For more information on these methods refer
to 5.3. Both methods are further analysed for current concept in the multi-criteria analysis.
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5.5 Vessel-Based concept
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Figure 5.6: Layout sketch of the vessel-based concept. (Note: the figure displays a single
variation of the base concept)

For this concept, the toolskid is lowered to the seabed by a fixed deployment system mounted
on a vessel. The vessel has no ability to move over the seabed and can only position itself by
thrusters. Therefore the operational water depth is dictated by the draft of the vessel. A sketch
of the concept is displayed in figure 5.6. The pros and cons of this type of concept are listed in
table 5.4. A couple of variations on this concept are possible and will be explained in the next
paragraphs.

Table 5.4: Advantages and disadvantages for the vessel-based concept

Advantages Disadvantages

• Low investment solution. Requires only
a barge and a toolskid.
• Most components are off-the-shelve

available word-wide (pontoon, excava-
tor/crane)

• The operational water depth is limited
by draft of the vessel.

Position keeping method

The position keeping methods for this group are similar to those of the amphibious group in
section 5.3. This gives two feasible methods: spud pole system or jack-up system.

Propulsion

Also for this group, the vessel can be self-propelled or towed/pushed. Again the towing by
means of a support vessel is favoured due to its simplicity and low investment. (see section 5.3
for more info)
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Tool deployment

Also the tool deployment options are similar to those of the amphibious concepts. For more
information on these methods refer to 5.3. Both tool deployment methods for his concept are
taken in consideration for the decision making process.



Concept Screening 33

5.6 Semi-submersible concept
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Figure 5.7: Layout sketch of the semi-submersible concept

A remote-operated semi-submersible type structure is outfitted with munitions removal equip-
ment. The equipment is positioned above a large opening in the middle of the platform with
the help of a x-y-slide mechanism or similar. The platform can be submersed and landed on
the seabed by means of water ballasting. When the ballast tanks need to be emptied, air is
supplied by four air shafts at the each corner of the platform. The shafts protrude out of the
water at all times. Power for the ballast pumps and munitions removal equipment is supplied
by a support vessel. The support vessel pushes or tows the platform to the target location. A
concept sketch is displayed in figure 5.7.

Inspiration for this concept are for example the semi-submersibles of Dockwise. Figure 5.8a
shows the Dockwise Vanguard, an enormous semi-submersible vessel for transporting oil rigs
and other mega-structures. Figure 5.8b shows the NDSQ semi-submersible barge, which is also
used for heavy transport but has a much simpler design. The ballast pump can be clearly seen
on top of the air shafts.
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For this concept, no important variations are identified. The pros and cons of this type of
concept are listed in table 5.5.

(a) (b)

Figure 5.8: Pictures of the Vanguard and NDSQ semi-submersible vessel.

Table 5.5: Advantages and disadvantages for the semi-submersible concept

Advantages Disadvantages

• Grounded on the seabed during oper-
ation, thus stable platform in waves and
current.
• Simple and cost-effective design.

• The concept requires engineering effort,
since it has to be custom built.
• The operational water depth is limited
by draft of the submersible platform.
• The platform has a large footprint

on the seabed, inaccurate landing on the
seabed could lead to accidentally landing
on an UXO.
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5.7 Generation of concepts

The next step in to combine the possible variations of the basic concepts to create new solutions
for the removal of underwater munitions. Table 5.6 shows a morphological chart which yields a
matrix of the concepts and their variations, as defined in previous sections. The generation of
concepts is done by choosing a base concept in the first row of the matrix. A new concept can
be obtained from the chart by assigning a feasible solution to each of the sub-functions of the
concept. As discussed in previous sections, Some of the solutions to sub-functions displayed in
table 5.6 are rendered impractical or feasible. These solutions are displayed in grey italic.

In some cases, sub-functions are not applicable to the chosen base concept. For example,
if a seabed-based concept is chosen, a propulsion function is not applicable since a seabed-
based vehicle will only require a locomotion system to maneuver. Furthermore, the toolskid
deployment function is not applicable to the seabed-based vehicle since it does not require a
toolskid for the removal of munitions.

Table 5.6: Morphological chart of the base concepts with possible variations. (Rejected
solutions are displayed in grey italic)

Function Solutions

Base concept Seabed-based Amphibious
Separate
crawler &
vessel

Vessel-based Semi-
submersible

Locomotion Wheeled Tracked Legged Hybrid N/A

Propulsion Towed /
Pushed Self-propelled N/A

Power
supply Umbilical Snorkel engine

Elevated
platform
engine

Conventional
(vessel)engine

Position
keeping DP Anchors Spuds Jack-up By its own

weight

Toolskid
deployment By wire-rope By hydraulic

arm N/A
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After combining each basic concept idea with all possible variations, a total of sixteen feasible
concepts are devised:

1 Seabed-based

1a Submersed tracked crawler with umbilical

1b Submersed tracked snorkel crawler

1c Submersed tracked elevated platform crawler

2 Amphibious

2a Tracked amphibian, spud pole system, toolskid deployment by wire rope

2b Tracked amphibian, jack-up system, toolskid deployment by wire rope

2c Tracked amphibian, spud pole system, toolskid deployment by hydraulic arm

2d Tracked amphibian, jack-up system, toolskid deployment by hydraulic arm

3 Separate crawler-vessel

3a Spud pontoon, toolskid deployment by crane

3b Jack-up pontoon, toolskid deployment by crane

3c Spud pontoon, toolskid deployment by excavator

3d Jack-up pontoon, toolskid deployment by excavator

4 Vessel-based

4a Spud pontoon, toolskid deployment by wire rope

4b Jack-up pontoon, toolskid deployment by wire rope

4c Spud pole pontoon, toolskid deployment by hydraulic arm

4d Jack-up pontoon, toolskid deployment by hydraulic arm

5 Semi-submersible

5a Semi-submersible platform





Chapter 6

Concept evaluation

In this chapter the most promising concept(s) from previous chapter is/are determined with
help of a multi-criteria analysis (MCA). First, the approach is discussed in section 6.1. The
criteria used for the MCA are selected based on the most important performance features that
were selected during interviews with all people that will be involved in working with the finalized
concept and are listed in section 6.2. Finally, the results and conclusion of the MCA are given
in section 6.3 and 6.4.

6.1 Evaluation approach

The concepts from previous chapter are compared to each other by means of a MCA. Multi-
criteria analysis establishes preferences between the concepts by reference to a set of objectives
that are identified, and for which measurable criteria have been established to assess the extent
to which the objectives have been achieved. An MCA offers a number of ways of aggregating the
data on individual criteria to provide indicators of the overall performance of certain concepts.
MCA techniques commonly apply numerical analysis to a matrix in two stages:

1. Scoring: the expected consequences of each option are assigned a numerical score on a
strength of preference scale for each option for each criterion. More preferred options score
higher on the scale, and less preferred options score lower. In current study, scales ranging
from 0 to 5 are used, where 0 represents a least preferred option, and 5 is associated with
a most preferred option. All options considered in the MCA therefore fall between 0 and
5.

2. Weighting: numerical weights are assigned to define, for each criterion, the relative value
between the top and bottom of the chosen scale. In case of current study, the scale is 0 -
1.

The total score of each concept are compared to select the most promising concept.

6.2 Criteria selection

The criteria decide on how to compare the contribution of different ideas to meeting the objec-
tives of current study. This requires a selection of criteria to reflect the performance of each
concept. Each criterion must be measurable, in the sense that it must be possible to assess, at
least in a qualitative sense, how well a particular option is expected to perform in relation to the
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criterion. Each criteria is giving a weight based on its importance. This weight is determined
during several meetings with operators and experts on current munitions removal tools. The
importance or weight of each criteria is determined by assigning it a mark from 0 to 10. The
weight is than obtained by normalizing the mark. The next paragraphs give a description of
the criteria used for the MCA in this study.

Productivity; Defines how many targets can be recovered in a certain time span. Important
things to keep in mind are the transit time between targets and the time it takes to scan, free,
remove and store objects.

Operational complexity; Defines the complexity of a typical operation during a project.
Import aspects that are considered are the number of separately controlled vehicles or vessels,
required personnel and the number of actions required to obtain the desired operational result
i.e. removal of the target.

Workability; Defines the ability to operate the tool in a sea state with waves, currents and
wind velocities.

Robustness; Defines the degree to which a system operates correctly and is reliable in the
presence of exceptional inputs or stressful environmental conditions, but also the reliability
during normal conditions. Import aspects that are considered are the probability of failure of
certain components, the consequences of this failure and the complexity of a recovery of the
concept after failure.

Area coverage; Defines the ability to use the tools in confined and shallow water areas, as
defined in chapter 3.

Feasibility; Defines the resources required to fabricate and the expected success of the pro-
posed tool. Important aspects that belong to this criteria are technology readiness, required
development time and technical complexity of the envisaged concept. Also the availability of
the materials required for the concept are taken into account.

Costs; Defines the overall capital and operational expenditures of the tool.

6.3 Multi-criteria analysis results

(Confidential)

6.3.1 Sensitivity analysis

(Confidential)
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6.4 Conclusion

(Confidential)
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Conceptual layout

(Confidential)

40





Part 2: Proof of Concept -
Workability





Chapter 8

Workability analysis approach

The workability of the concept is identified as the most important aspect influencing the feasibil-
ity and performance of the proposed concept. Specifically, the horizontal and vertical motions of
the toolskid attached at the end of the excavator are assumed to be the most critical. Therefore
the remaining part of this study is dedicated to determining the operational limits for which
the motions of the skid are within the limit as will be defined in section 8.1. The model that is
used to check the limiting criterion is defined in 8.3.

8.1 Limiting criteria

(Confidential)

8.2 Physical parameters

For the motion analysis carried out in current study, only the cyclic motions of the toolskid are
important. Thus, only the motions due to wave action is investigated. The current and wind
load on the structures are assumed constant, and will therefore only lead to static offset. A
range of physical parameters is used as input in the model to obtain an estimate of the maximum
motions for all possible sea states. The range of parameters used in current thesis is noted in
table 8.1. The parameters are chosen based on the expected environmental conditions that are
found in coastal and confined waters.

Table 8.1: Physical parameters ranges used in the workability analysis.

Variable Range Step size
Significant wave height Hs 0.50 - 1.50 [m] 0.25
Peak wave period Tp 2 - 8 [s] 1
Wave direction 0o - 360o 15
Water depth d 2, 5, 10 [m] -

8.3 Sources of motion

The proposed concept consist of many components from which motion can originate. The
following list discusses all the identified sources of motion in a top-down order (starting from
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the toolskid) and discuss why - or why not the source is taken into account in the workability
analysis.

1. Wave-induced bending of the excavator arm. Due to the long arm of the extended
boom and stick, the wave load can cause high bending moments, and thus a significant
motion response in the tip of the excavator. The motion due to bending is taken into
consideration in the workability analysis in chapter 9.

2. Excavator backlash mobilization due to tolerances. There will be cyclic wave load-
ing of the excavator arm whereby the backlash in the different joints will be constantly
mobilized. Due to the long arm of the excavator, even small tolerances can cause significant
motions of the excavator tip. This source is described in chapter 9.

3. Hogging and sagging of the pontoon. (i.e bending of the ship’s hull due to waves).
Assumed to be negligible compared to other motion sources, since the wave action in
shallow and confined water is benign. This source can become significant for high sea
states (Hs > 2 m) .

4. Wave induced motions of the pontoon. This is identified as one of the main sources
of motion and is thus taken in consideration in chapter 10.

5. Spud system backlash mobilization due to tolerances. Also the spuds and spud
keepers have certain tolerances incorporated in their design. However, this problem can be
easily solved by using an hydraulic clamp on deck which maintains a constant horizontal
load on the spuds, hereby eliminating the mobilisation of the tolerances. This system is
mimicked from the Aeolus jack-up vessel [18]. Thus, no further analysis of the backlash
in the spuds system is carried out.

6. Spud-seabed interaction. It is expected that the spuds are not actually fixed on the
seabed, but can move laterally and vertically due to soil shearing. However, to reduce the
extent of current study, the motion due to spud-soil interaction is neglected. The motions
due to this sources are assumed to be negligible compared to other sources.

The items that are taken into account in the workability model of current study are underlined.

8.4 Motion amplitude

For each of the motion sources of previous section which are considered for current study, a
maximum motion amplitude of the excavator tip is calculated. The total amplitude is then
determined by summing the motion amplitude of each individual source. This is expressed as
follows:

we = wt + wd + wp (8.1)

in which we is the total motion amplitude in m and wt, wd and wp are respectively the maximum
motion amplitudes due to excavator backlash mobilisation, excavator arm bending deflection
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and pontoon motions in m. These motion amplitudes are in turn the resultant of the motion
amplitude in x,y and z-direction. For example, the maximum motion amplitude due to backlash
mobilization is expressed as:

wt =
√
x2
a,t + y2

a,t + z2
a,t (8.2)

in which xa,t, ya,t and za,t are the motion amplitudes in x, y and z direction due to backlash
mobilization in m.





Chapter 9

Excavator motion analysis

Considering only the excavator, the motions of the tip have two causes: mechanical backlash
mobilisation and arm deflection due to wave loading. The next two sections show how these are
modelled and calculated in current study. The results of the model are discussed in 9.3.

9.1 Mechanical backlash

Backlash is defined as the maximum distance or angle through which mechanical connections
can move with applying small force. The force on the boom and stick due to wave loading
is cyclic. In this study, it is assumed that the hinges and connection are constantly moving
over their clearance distance in order to determine a conservative estimate of the motions. The
motion amplitude is determined by a tolerance stack up, defined as the amount that parts can
move at assembly due to the clearance between the assembly’s internal features such as holes
and external features such as a fasteners.

2

3

1

Figure 9.1: Overview of the joints with tolerances resulting in an excavator tip offset.

For current study, the worst case tolerance stack-up method is used [19]. This method assumes
that all dimensions in the tolerance stack-up may be at their worst-case maximum or minimum,
regardless of the improbability. The backlash due to tolerance stack-up in two different planes
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are estimated: x-y-plane and x-z-plane. The main sources of mechanical backlash which are
analysed are displayed in figure 9.1 and consist of:

1. Swing bearing, connecting the excavator base to the undercarriage. The tol-
erance of the swing bearing is specified by the manufacturer as a given tilting clearance
and a tolerance in the gear system. The dimensions of the swing bearing are estimated
by help of excavator drawings.

2. Pin-shaft and bush joints connecting the boom to the base and hydraulic
cylinders. The tolerances of the pin-shaft joints are determined by the ISO 258 guideline
for joint tolerances [20]. This guideline specifies the maximum allowable clearance between
pin and shaft as they leave the factory.

3. Pin-shaft and bush joints connecting the stick to the boom and hydraulic
cylinders. Determined by the ISO 258 guideline [20].

9.1.1 Assumptions

In order to simplify the backlash mobilisation model, a couple of assumptions are required. The
following is assumed in this study:

• It is assumed that the motion amplitude due to backlash mobilisation is independent of
the wave load or direction, since the backlash is mobilized by applying small force.

• To incorporate the change of tolerance due to wear or changing temperature, the tolerances
are multiplied by a factor of safety of 1.5 [19].

• The boom and stick are assumed to have no weight and no friction in the joints. Thus
the joints are free to move in any direction.

• The analyzed backlash is assumed to work in only one plane at a time. Thus, the maximum
motion amplitude is defined as the maximum value of the motion in x-y-plane and x-z-
plane.

9.1.2 Tolerance Analysis: X-Y-plane

The backlash in the x-y-plane is determined by the rotation around the z-axis of the excavator
swing, boom and stick due to tolerances in these components. A schematic of the components
with an exaggerated rotation is displayed in figure 9.2. The sources which result in a angle of
rotation are numbered. Each source results in a certain angle of rotation. The results are given
in table 9.1.

The maximum attainable rotation of the boom or stick due to tolerances of a single joint and
the corresponding offset of the tip is given in table 9.1. An elaboration of the way of calculating
this rotation is given in Appendix G. The total offset of the tip of the excavator due to assembly
rotation is calculated by:

wt = (θb)
2π · ab

360 + (θb + θs)
2π · as

360 (9.1)
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Figure 9.2: Schematic overview of the rotations in the x-y-plane due to tolerances. The
desired position of the excavator arm is represented by the dotted lines.

in which:

θb = Maximum rotation of the boom due to tolerances
θs = Maximum rotation of the stick due to tolerances
ab = Arm of the boom (determined in chapter 7) = 10 [m]
as = Arm of the stick (determined in chapter 7) = 8.2 [m]

Table 9.1: Rotations of the excavator arm due to tolerances and the resulting tip offset in the
x-y-plane.

Source # Description Max. angle [deg] Tip offset [cm] Rotator

1 Swing bearing gear ±0.026 ±0.8 Boom
2 Pin-shaft joint, base-boom ±0.118 ±3.7 Boom
3 Pin-shaft joint, boom-stick ±0.119 ±1.8 Stick

Total tip offset (worst case) wt ±6.3 [cm]

9.1.3 Tolerance Analysis: X-Z-plane

In the x-z-plane, the backlash mobilisation results from the rotation of the boom and stick
around the y-axis due to the tolerances in different components. A schematic of this plane is
displayed in figure 9.3. The results of the tolerance analysis is summarized in table 9.2. The
total offset and the direction of the tip of the excavator due to assembly shift in this plane is
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dependent on the angle of the boom and stick with respect to each other and the excavator
base. For this simplified case, it is assumed that the tip can move in a circle with a radius wt
calculated by equation (9.1) and depicted in figure 9.3. An elaboration of the way of calculating
the rotation given in the table is given in Appendix G.

𝑤𝑡

𝜃𝑏

𝜃𝑠
1

2
3

5

64

𝑧

𝑥

Pontoon

Hydraulic cylinder

Figure 9.3: Schematic overview of the rotations in the x-y-plane due to tolerances. The
desired position of the excavator arm is represented by the dotted lines.

Table 9.2: Rotations of the excavator arm due to tolerances and the resulting tip offset in the
x-z-plane.

Source # Description Max. angle [deg] Tip offset [cm] Rotator

1 Swing bearing tilt clearance ±0.084 ±2.4 Boom
2 Pin-shaft joint, base-boom ±0.028 ±0.6 Boom
3 Pin-shaft joint, boom-cylinder ±0.024 ±0.5 Boom
4 Pin-shaft joint, boom-cylinder ±0.040 ±0.6 Stick
5 Pin-shaft joint, cylinder-stick ±0.040 ±0.6 Stick
6 Pin-shaft joint, boom-stick ±0.035 ±0.5 Stick

Excavator tip offset (worst case) wt ±5.0 [cm]

The excavator tip ofset due to backlash mobilization in the X-Y-plane has the highest value.
Thus, for the remainder of the study the tip motion amplitude due backlash wt = 6.3 cm..
This amplitude is independent of the wave load and direction.
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9.2 Excavator Arm Bending

Another cause of dynamic movement of the excavator tip is the deflection of the boom and stick
due to cyclic wave loading. The following paragraphs discuss the steps taken to determine the
magnitude of the deflection due to bending.

9.2.1 Assumptions

The following assumptions apply to this section:

• The boom and stick are treated as two separate cantilever beams.

• The geometry of the excavator arm is complex. To obtain an estimate of the deflection,
a simplified rectangular tube model is used. The boom and stick assumed to have equal
cross sections, and the cross sectional area is constant over the length. Specifications and
a schematic of the geometry can be found in Appendix E.

• Current loads and wind loads on the excavator arm are neglected since the current and
wind velocity is assumed constant in time. Therefore these loads will only lead to static
bending of the excavator arm, thus not important for the dynamic analysis considered in
this study.

• The tip of the boom is assumed to be loaded by the reaction forces and moment at the
fixed end of the cantilever beam of the stick (see figure 9.4).

• To simplify the calculation and obtain a worst case scenario, the stick is assumed to be
always perpendicular to the flow (see figure 9.4).

9.2.2 Deflection model

As explained, the boom and stick are modelled as two separate cantilevers. The two cantilever
models are displayed in figure 9.4 for two different wave directions. The deflection of the tip of
the excavator arm is calculated with Euler-Bernoulli beam equation [21] expressed as:

EI
d4δ

dx4 = q(x) (9.2)

in which

E = Young’s modulus, assumed constant over length of the beam [Pa]
I = Second moment of area, assumed constant over length of the beam [m4]
x = horizontal position on the beam
δ = Deflection of the beam in z-direction [m]
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Figure 9.4: Schematic overview of the cantilever model used to calculate the bending of the
excavator arm. Left: case for head and following waves. Right: case for beam waves

For a cantilever the boundary conditions at the fixed end are: w|x=0 = 0 ; dw
dx |x=0 = 0 and

at the free end are determined by the applied forces and moment. Solving eq. (9.2) for these
boundary conditions gives an expression for the deflection at the tip of the cantilever due to
point loads and moments:

δ =
n∑
i=1

(
Fix

2
i

6EI (3Lb − xi)
)

+ ML2
b

2EI (9.3)

where

Fi = Point load i at position x perpendicular to the beam [N]
n = Number of point loads [-]
xi = Horizontal position of the point load i on the beam [m]
Lb = Length of the beam [m]
M = Applied moment on the beam [N/m]

The maximum deflection of the tip of the excavator is the sum of the deflection of the two
cantilevers due to the wave loads discussed in the following subsection. When the loads are
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known, the total dynamic deflection of the beam is calculated as:

δtot = δb + δs (9.4)

Where δb and δs are the maximum deflections of the respectively the boom and stick calculated
with (9.3). The maximum motion amplitude due to bending of the arm is than equal to the
total deflection, i.e. wd = δtot.

9.2.3 Wave loads

The wave loads are split in two components; the wave load on the toolskid Fs and the wave load
on the excavator arm Fa as depicted in figure 9.4. The characteristic length of the toolskid and
the arm are much smaller than the considered wave lengths (i.e. D ≤ 0.2λ), thus the Morison
equation is applied.

Wave load on toolskid Fs
Using the Morison equation given in (2.26), the wave load on the toolskid can be expressed as:

Fs(t) = ρwVtCmu̇(t) + 1
2ρwCdSu(t)|u(t)| (9.5)

in which:

ρw = Density of seawater = 1025 [kg/m3]
Vt = Reference volume of the toolskid estimated at 1 [m3]
Cm = Inertia coefficient of the toolskid [-]
Cd = Drag coefficient of the toolskid [-]
u(t) = Horizontal wave particle velocity, time dependent [m/s]
u̇(t) = Horizontal wave particle acceleration, time dependent [m/s2]
St = Projected area of the toolskid normal to the force direction [m2]

The horizontal wave particle velocity is calculated with equation (2.1). To obtain the maximum
horizontal particle velocity amplitude in a certain sea state (for a given Hs and Tp), the wave
elevation amplitude is determined by (2.7). The guideline for a conservative drag coefficient for
a typical complex subsea structure in oscillatory flow is given in [15] as Cd = 2.5. The inertia
coefficient of the toolskid is estimated at Cm = 2.5, following the guideline for a box shaped
structure [15]. The projected area of the toolskid is estimated from the preliminary design of the
toolskid shown in figure (confidential). In longitudinal direction St = (hs · bs) = 1.0 · 1.4 = 1.4
m2 and in lateral direction St = (hs · ls) = 1.4 · 1.2 = 1.68 m2
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Wave load on excavator arm Fa
The sectional drag force on the excavator arm is calculated by using the Morison equation:

fa(z, t) = ρwArCm · v̇(z, t) + 1
2ρwCdSa · v(z, t)|v(t)| (9.6)

where:

z = vertical distance from the still water level downwards [m]
Ar = Reference cross sectional area of the beam, for rectangular Ar = π · a2 [m2],

where a = 1
2 width of the beam. [15]

The drag coefficient for the excavator arm is derived from a rectangular cylinder [15], Cd = 2.
The inertia coefficient is determined for a similar shape, Cm = 1.5.

The total load on the arm is determined by integrating equation (9.6) over the submerged part
of the stick:

Fa(t) =
Ls∫
0

(
ρwArCm · u̇(t) + 1

2ρwCdSa · u(t)|u(t)|
)
dz (9.7)

This load is distributed over the submerged length of the excavator arm. Figure 9.5 shows a
graph of the sectional wave load on the excavator arm (in steps of 0.1 m). It shows that the
load distribution is roughly quadratic. Thus, an equivalent point load of the distributed load
is assumed to work at 1

3 of the length of the stick below the still water line. Since the stick
is assumed to be perpendicular to the still water surface, the wave lift and downward load is
assumed to be negligible compared to horizontal wave load.
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Figure 9.5: Graph showing the distribution of wave load on the excavator arm.

9.2.4 Offset

Both loads are schematically shown in figure 9.4. As discussed earlier the total tip offset due to
bending of the excavator arm is determined by equation (9.4). The offset of the stick can now
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be determined by combining (9.3), (9.5) and (9.7):

δs(t) = Fa(t)l2a
6EI (3ls − la) + Fs(t)l3s

3EI (9.8)

in which la is the arm length of the wave load on the excavator stick and ls is the length of
the stick in m. This expression is equal for both following and beam waves as shown in figure
9.4. The expression for the deflection of the boom is different, depending on the angle between
the boom and stick α. In the case of beam waves, the reaction force on the boom is in pure
y-direction, while in the case of following waves, the reaction force on the boom is decomposed
in a x- and z-component. Furthermore, the reacting moment on the stick in beam waves is
decomposed in a torsion moment and bending moment, depending on the angle α. While in
the case of following waves, the reacting moment is pure bending. For following waves the
expression for the deflection of the boom is:

δb1(t) = Rz(α, t)l3b
3EI + M(t)l2b

2EI (9.9)

For beam waves the expression for the deflection of the boom is:

δb2(t) = R(t)l3b
3EI + M(α, t)l2b

2EI (9.10)

To obtain the overall maximum amplitude, the Morison equations are calculated in the time
domain while varying the angle between the boom and stick α. A graph of the maximum motion
amplitude due to bending is given in the following section for varying wave directions.

9.3 Results

Before the results of the discussed models are shown, a definition of the wave direction relative
to the pontoon is given in figure 9.6. Following waves are noted by a direction of 0o. Head on
waves are noted by a direction of 180o. Note that this definition applies to all the polar graphs
in current study.

The horizontal and vertical motion amplitude of the excavator tip due to backlash is determined
in section 9.1. It is assumed that this amplitude is independent of environmental conditions,
and thus has an equal value for each wave direction and sea state. The maximum value of
the two cases is used, which is estimated to be 6.3 cm. A polar plot of the amplitude due to
backlash is shown in 9.7.

In contrary to the motions due to backlash, the motions due to arm deflection are highly de-
pendent on the sea state. For current study, the beam deflection response is based on regular
shallow water waves. The response is calculated for multiple sea states and water depth com-
binations. The maximum value over all water depths is plotted in figure 9.8. It shows the
maximum deflection of the tip for a number of wave directions, wave periods and a significant
wave height of Hs=1 m. To make it comparable with other graphs, the radial range of the graph
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Figure 9.6: Definition of the wave direction relative to the pontoon.

is equal to the graph of the backlash. For a better view, a zoomed version of the graph can be
found in Appendix H. The graphs shows that the effect of bending on the motion amplitude is
highest for beams waves. In this direction the excavator arm is less stiff. (Note: in the the case
of excavator arm bending, the motion amplitude are not linear, since the non-linear Morison
equation is used to obtain the wave loads.)
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Figure 9.7: Motion amplitude of the excavator tip due to backlash.
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9.4 Conclusive remarks

(Confidential)





Chapter 10

Moored vessel motion analysis

The purpose of this part of the study is to identify the motions of the excavator tip due to
wave loading on the pontoon when moored. The method of modelling the pontoon and mooring
configurations in AQWA is explained in section 10.1. The results of the motions analysis is
discussed in 10.2. Conclusive remarks concerning the moored vessel motions are given in 10.3

10.1 Moored vessel models

The following paragraphs define the pontoon and mooring models as used in Ansys AQWA. All
the models are based on the same basic pontoon of which the characteristics and hydrostatics
are defined in chapter 7. First, a free-floating model is conceived, used as a basis for comparison
with other models. Three different mooring system are observed in current study; gravity
spuds, backhoe puds (i.e. pre-loaded spuds), and a jack-up system. The first two are modelled
in AQWA. The jack-up system is not implemented, since for this study the jack-up is assumed
to have no wave-induced motions when in jack-up mode.

10.1.1 Base model: Free-floating pontoon

The base model consists of a free-floating pontoon as displayed in figure 10.1. Note that this
model is not a feasible solution for the proposed concept, since the pontoon will not be able
to maintain its position without a mooring system. The results of the motion analysis of this
model is used as a basis for comparison with the moored pontoon models.

Figure 10.1: Screendump of the E801 pontoon panel mesh in AQWA.

56
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10.1.2 Model 1: Gravity spuds mooring

The first moored pontoon model consists of the basic pontoon outfitted with two gravity spuds
on the port side of the pontoon. A deck layout of the pontoon with spuds is shown in figure
(confidential). In AQWA the spuds are modelled as springs, located at the position where the
spuds would penetrate the seabed. A schematic side view of the model is shown in figure 10.2.

𝐺

𝐸, 𝐼 𝐿𝑠

𝐿𝑠𝑘

Figure 10.2: Model of the pontoon with gravity spuds.

According to [22], the spud end acts as a ball-joint at the seabed. The pontoon plus the spuds
are thus modelled as one rigid body, free to rotate around the connection point of the spuds
to the seabed. This model is implemented into AQWA by giving the pontoon an additional
stiffness matrix relative to the center of gravity of the vessel. When a rigid body is supported
by a set of translational springs relative to a defined point as depicted in figure 10.3, the stiffness
matrix of the spuds is expressed as [23]:

Ks =



nkx 0 0 0 kx
∑
ci −kx

∑
bi

nky 0 −ky
∑
ci 0 ky

∑
ai

nkz kz
∑
bi −kz

∑
ai 0

kz
∑
bi

2 + ky
∑
ci

2 −kz
∑
aibi −ky

∑
aici

kz
∑
ai

2 + kx
∑
ci

2 −kx
∑
bici

(symm) ky
∑
ai

2 + kx
∑
bi

2


(10.1)

in which:

n = Number of spuds
k = Stiffness of the spud in x,y or z-direction [N/m]
ai, bi, ci = Position vector from the center of gravity of the pontoon for spud i [m]

In figure 10.3 points pi define the locations where the springs are connected to the spuds. For
current model, two connection points are used: p1 and p2. For the case of gravity spuds, the
stiffness of the vertical springs kz = 0, since the pontoon can move freely in vertical direction
and the friction between the spuds and spud keepers is neglected. Also the pontoon is free to
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Figure 10.3: Rigid body supported by a set of translational springs.

pitch. Thus every heave and pitch component in equation (10.1) is set to zero. Furthermore, it
is assumed that each spud is symmetrical and thus have equal stiffness in x- and y- direction.
This simplifies equation (10.1) for the considered gravity spuds model to:

Ks,1 =



nkh 0 0 0 0 −kh
∑
bi

nkh 0 −kh
∑
ci 0 kh

∑
ai

0 0 0 0
kh
∑
ci

2 0 −kh
∑
aici

0 −kh
∑
bici

(symm) kh
∑
ai

2 + kh
∑
bi

2


(10.2)

in which kh is the stiffness of the spuds in horizontal direction. The horizontal stiffness of the
spuds is determined by the geometrical and physical properties of the spuds and pontoon. A
simple cantilever model is used to obtain the magnitude of the stiffness. An expression used to
determine the horizontal stiffness using equation (9.2) is:

kh = 3EIh
L2
s · (Ls + Lsk)

(10.3)

where:

E = Young’s modulus of the spuds [N/m2]
Ih = Moment of inertia of the spuds around the horizontal axis [m4]
Ls = Length of the free end of the spuds as displayed in figure 10.2 [m]
Lsk = Length from the top to the bottom spudkeeper as displayed in figure 10.2 [m]

For a circular spud the moment of inertia around the horizontal axis is expressed as:

Ih = π · (Do)4 − (Di)4

64 (10.4)

where:
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Do = Outer diameter of the spuds [m]
Di = Inner diameter of the spuds [m]

For an overview of the input parameters used for this model, refer to Appendix I.

10.1.3 Model 2: Backhoe type mooring

The second model consists of the basic pontoon, outfitted with a spud system mimicked from
the Koura backhoe dredger of Boskalis (figure 10.4). The spud system of the Koura is chosen
because its hull has roughly the same dimensions as the pontoon chosen in this study. During
operation the spuds system is able to lift the pontoon slightly out of the water with help of
winches, thereby increasing the anchorage and making it less sensible to waves by fixing the
pontoon to the spuds.

Figure 10.4: Photo of the Koura backhoe dredger.

For this spud system model, an additional stiffness matrix is added to equation of motion of
the pontoon. The stiffness in vertical direction is dominated by the softest spring, which are
the cables lifting the pontoon out of the water depicted in red in figure 10.5. The total stiffness
in vertical direction of a single spud is expressed as:

kz = NwAwE

Lw
(10.5)

in which:

Nw = Number of wires connecting the spud to the pontoon, for current study Nw = 4
Aw = Nominal cross sectional area of the wire [m2]
E = Young’s modulus of the wire [N/m2]
Lw = Length of the wire (depicted in figure 10.5) [m]

The horizontal stiffness of the spuds is calculated by means of equation (10.3). Since the spuds
of the Koura are geometrically complex due to stiffeners and side plates, the horizontal moment
of inertia Ih is given an empirically determined value defined in the specification sheet of the
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Figure 10.5: Model of the pontoon with backhoe type spuds.

backhoe pontoon [24]. For an overview of the input parameters used for this model, refer to
Appendix I.

10.1.4 Model 3: Jack-up system

The dynamic motion of a pontoon lifted out of the water by a jack-up system is assumed to
be negligible compared to the motions due to excavator arm discussed in previous chapter.
Therefore the diffraction analysis for the jack-up is omitted and the wave induced motions of
this model are not assessed.

10.2 Results

The models discussed in previous section are simulated in Ansys AQWA to obtain the motion
response in the frequency domain. The graphs shown in this section are all calculated for a
significant wave height of Hs = 1 [m]. Since linear wave theory is assumed, these results can
easily be transformed to other significant wave heights by multiplying the motion amplitude
value with the desired Hs. All the graphs shown in this section are the resulting motions of
the x-,y- and z-direction. For graphs showing the motion amplitude decomposed in x-, y-, and
z-direction, refer to Appendix H.

Figure 10.6 and 10.7 show the motion response of the excavator tip for the free-floating and
gravity spuds model for Hs = 1. A zoom of the graph showing the smaller wave periods is
depicted in figure 10.8.
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Figure 10.9 shows the motions for the backhoe spuds model. For all wave directions, the motion
amplitudes have a maximum value of 8 cm. The graph shows the largest motion amplitude for
quartering waves(135o and 225o), and the smallest amplitude for following waves (0o).
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(a) Free-floating model.

0

20

40

60

80

100
180°

165°

150°

135°

120°

105°

90°

75°

60°

45°

30°

15°
0°

345°

330°

315°

300°

285°

270°

255°

240°

225°

210°

195°

Significant tip motion amplitude in [cm], gravity spuds 

Tp = 2 s

Tp = 3 s

Tp = 4 s

Tp = 5 s

Tp = 6 s

All: 𝐻𝑠 = 1m

(b) Gravity spuds model.

Figure 10.8: Zoomed: motion amplitude of the free-floating and gravity spuds model.
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10.3 Conclusive remarks
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Additional environmental data
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Types of UXO
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Locomotion systems

The design of the locomotion systems of mobile robots for unstructured environments is generally
complex, particularly when they are required to move on uneven or soft terrains, or to climb
obstacles, which are all found in the subsea environment for which the tool is designed. In this
appendix, a comparative study of the different types of locomotion is discussed.

C.1 Classification

The main classes of ground locomotion are vehicles having tracks, wheels or legs. A combination
of these system is also possible (hybrid).

Wheeled
In general, wheeled robots have a higher power efficiency and are faster than other locomotion
mechanisms with minimal control effort and mechanical complexity. But their capability of
crossing obstacles and moving over soft soil is limited. Since most seabed environments have
areas of soft soil and obstacles, wheels are generally not applied for subsea vehicles. Also in the
case of the proposed tool, the wheeled class will not be applied.

Tracked
Tracked vehicles have a large ground contact surface, making this system ideal for moving over
soft soil. Tracks are also very capable over overcoming obstacles. The power efficiency is fairly
good, but move more slowly and consume more energy than wheeled vehicles. Some examples of
tracked vehicles used in the offshore industry are shown in figure C.1 To improve the movement
over uneven terrain and obstacle crossing, more than two tracks with relative passive mobility
can be used. An example of a subsea vehicle with more than two tracks is the Hi-traq by IHC.
If the mobility of the tracks is active, the tracks are considered articulated and the vehicle is a
tracked-legged hybrid.

Legged
Legged vehicles have the highest mobility of all the locomotion systems. Their obstacles and
uneven terrain crossing are superior. However, their capability of walking on soft soils is limited
due to the small ground contact surface. Also, the power efficiency is low and they move
slow. The system requires complex mechanical components and controls.Two categories can be
defined, static or dynamic vehicles. Vehicles that use static movement are always balanced, their
center of gravity is always within their ground contact base. Dynamic walking is characterized in
that the robot is not always in balance. Many robots that use dynamic walking are continually
“falling” and are much more energy efficient, but require a more complex control system. One
example of a subsea application with a legged vehicle is ‘The Crabster’ developed at the Korean
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Figure C.1: Examples of tracked vehicles: Left-upper: Trenchformer, Boskalis. Right-upper:
ROV with track system. Lower: Hi-traq, IHC

Institute of Ocean Science and Technology shown in figure C.2. The robot is used for seabed
exploration. Another example of a legged vehicle is the RHex, developed by a consortium of six
American and Canadian universities (figure C.2 ). The Zebro is based on the foundations of the
RHex and is developed by TU Delft(figure C.2). These robots have a simple control system and
mechanical components while maintaining high obstacle and uneven seabed crossing capabilities.

Hybrid
Hybrid vehicles combine the advantages of locomotion systems, which makes these vehicles very
interesting. 3 different hybrid classes are possible; track-leg (TL), wheel-leg (WL), leg-track
(LT), wheel-track-leg (WTL). Some examples of hybrid vehicles are shown in figure C.3. These
examples are all land based, hybrid vehicles are not applied yet in the subsea environment,
however some are made waterproof.
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Figure C.2: Examples of legged vehicles. Upper: The Crabster. Lower: Rhex and Zebro
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Figure C.3: Examples of hybrid vehicles



Appendix 75

C.2 Comparison

The criteria used for comparison are split in two parts: the criteria that apply to the movement-
seabed interaction and the remaining criteria. The score for behavior in current & waves is not
yet completed, since this is not known and further assessed. Since movement on the seabed
by wheels is limited or impossible because of the in general soft soils, all locomotion categories
containing wheels are not considered, but are added to the table for completeness. Furthermore,
the dynamic gait legged vehicles category is not considered, since this technology is not even
fully understood for land-based robots. Non-considered system are marked grey in the table.
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Feasibility study of crane deployment
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Appendix E

Geometrical properties of the excava-
tor

The table and figure below list the simplified geometrical characteristics of the excavator as
used in the model of chapter 8. All the geometric are based on the Komatsu PC360LC-10. For
a reasonable estimation, it is assumed that the cross section of the boom is equal to the cross
section of the stick.

𝑙𝑏

𝑙𝑠

𝑤𝑏 , 𝑤𝑠

ℎ𝑏 , ℎ𝑠
𝑡𝑏 , 𝑡𝑠

Table E.1: Specification of the excavator.

Description Symbol Value Unit
Width boom wb 0.4 a [m]
Height boom hb 0.5 a [m]
Thickness boom tb 0.0.02 a [m]
Length boom lb 10 a [m]
Width stick wb 0.4 a [m]
Height stick hb 0.5 a [m]
Thickness stick tb 0.02 a [m]
Length stick lb 8.2 a [m]
E-modulus E 200 b [GPa]

a Estimation based on the specification sheet of the Komatsu excavator defined in chapter 6
b Based on A36 structural steel
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Pontoon characteristics

The hydrostatics calculated are based on the weight distribution given in the table and figure
on the next page. Each component is given a simplified box shape with certain volume in space,
by giving it a start and end coordinate in x, y and z-direction. The ballast tanks (BT) are also
shown in the figure. In current model, ballast tank 4 and 5 are filled, to obtain the optimal
hydrostatic balance.

The center of gravity of the pontoon is also determined from the weight distribution. For the
model used in this study, the coordinates of the CoG (relative to the origin point in the figure
below) are:

x y z

Center of gravity 18.05 [m] 0.23 [m] 1.34 [m]
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X1 [m] X2 [m] Y1 [m] Y2 [m] Z1 [m] Z2 [m] [t]

Ship hull 0.0 36.1 -8.1 8.1 0.0 2.1 232.5

Work shop conttainer 3.0 5.5 -3.1 3.1 2.1 4.6 15.0

Power/control container 7.5 10.0 -3.1 3.1 2.1 4.6 15.0

Remainder 0.0 0.0 0.0 0.0 0.0 0.0 5.0

Excavator 29.1 35.1 -2.0 2.0 2.1 6.0 47.0

Ballast tank 1 0.0 4.5 -8.1 8.1 0.0 2.1 0.0

Ballast tank 2 4.5 12.0 -8.1 0.0 0.0 2.1 0.0

Ballast tank 3 4.5 12.0 0.0 8.1 0.0 2.1 0.0

Ballast tank 4 12.0 18.0 -8.1 0.0 0.0 2.1 96.4

Ballast tank 5 12.0 18.0 0.0 8.1 0.0 2.1 96.4

TOTAL 527.3

BT 1

BT 3

BT 2 BT 4

BT 5

𝑥

𝑧

𝑥

𝑦

𝑂

𝑂
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Tolerance calculation

In this appendix, the information used to calculate the tolerances is elaborated. As already
discussed, the tolerances are determined from guidelines on excavators and standard pin-shaft
connections. The tolerances are divided in two different components: pin-shaft joints and swing
bearing.

G.1 Pin-shaft joints

G.1.1 Lateral

In case the excavator arm is laterally loaded by a small forces as depicted in the figure below,
the pin in the shaft will allow certain angle on the stick relative to the boom, dependent on the
clearance of the hole. This is schematically shown in the figure below.

𝑤𝑡

𝜃1 + 𝜃2

𝜃3

3

1

2

𝑥

𝑦

𝐹

𝑒𝑐

𝛾

𝑑

Figure G.1
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The clearance ec is determined by ISO guidelines. For this case, the preferred fit is ISO code
H11/d11. This code is used for free running fits not for use where accuracy is essential, but
good for large temperature variations, high running speeds, or heavy journal pressures. A table
below shows the clearance for some typical hole and shaft size ranges used in current study.

Table G.1: ISO tolerances for holes and shaft

Nominal size hole/shaft [mm] Tolerance [µm] Max clearance [µm]

Shaft (H11) Hole (d11)

30 - 40 Max
Min

+160
0

-240
-80 400

40 - 80 Max
Min

+190
0

-290
-100 480

80 - 120 Max
Min

+220
0

-340
-120 560

The worst case angle of rotation around the z-axis γz can now be calculated with the help of
these clearances as:

γz = (FoS · ec · 360)
2π · b (G.1)

where

FoS = Factor of safety for wear and temperature changes = 1.5
b = Width of the rotating components [mm]

In the figure above, the rotating component is the stick of which the dimension can be found in
Appendix E.
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G.1.2 Longitudinal

In case the excavator arm is longitudinal loaded by a small forces as depicted in the figure below,
the pin in the shaft will allow certain angle on the stick relative to the boom, dependent on the
clearance of the hole. This is schematically shown in the figure.

𝑤𝑡

𝜃1 + 𝜃2

𝜃3
1

2
3

5

64

𝑧

𝑥

Hydraulic cylinder

36

𝐹

𝑒𝑐

𝛾

5 6

5 6

𝑙ℎ

Figure G.2

Table G.1 is used to determine the clearance of the holes. If a small force is applied at the end
of the stick, as depicted in the figure, the stick will rotate for example around joint 5. Hereby it
will mobilize the clearance in joint six. The rotation over the y-axis which the stick will obtain
in the worst case can be calculated with:

γy = (FoS · ec · 360)
2π · lh

(G.2)

where

FoS = Factor of safety for wear and temperature changes = 1.5
lh = Distance between the two joints [mm]
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This can be done for each joint, since each clearance in the shaft and holes can result in a certain
rotation of either the boom or stick.



Appendix 84

G.2 Swing bearing

An excavator uses a swing bearing to rotate the base relative to the undercarriage. A sketch
of a swing bearing is shown in figure G.3. The swing bearing comprises a couple of tolerances
which can lead to an offset of the excavator tip:

Figure G.3

G.2.1 Rotating clearance / Gear tolerance

The gear of the swing bearing have a certain backlash as depicted in the figure below. Following
the specifications sheets of the swing bearing of the excavator, the maximum gear tolerance is
defined as J = 0.65 mm.

Figure G.4

The rotation of the excavator base relative to the undercarriage around the z-axis can be cal-
culated with:
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γz = (et · 360)
2π ·Dr

(G.3)

where

FoS = Factor of safety for wear and temperature changes = 1.5
J = Maximum gear clearance as depicted in G.4 [mm]
Dr = Diameter of the raceway in the swing bearing [mm]

G.2.2 Tilting clearance

The roller balls in the raceway of the swing bearing have certain geometric tolerances. Further-
more raceway wear of the roller bearing leads to increased tilting clearance shown in the figure
below. The limits for permissible increase in tilting clearance are given in the following table at
which the bearing must always be exchanged.

𝑒𝑡

Figure G.5

Figure G.6

These values are used to calculate the maximum rotation of the excavator base, due to tilting
as depicted in top sketch (marked with a 1) of figure G.2. The rotation is assumed to only
result in a rotation in longitudinal direction. In lateral direction (figure G.1) the rotation due
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to tilting only results in a rotation of the tip and no translations. The rotation of the excavator
base around the y-axis can be calculated by:

γy = (et · 360)
2π ·Dr

(G.4)

where

et = Maximum tilting clearance as given in table G.6 [mm]
Dr = Diameter of the raceway in the swing bearing [mm]

In this case no factor of safety is used, since the values table G.6 are limits of the clearance
when the lifetime of the bearing is over, thus this value already incorporates wear. For current,
a rolling element of 40 mm is used, thus et = 2 mm, and the diameter of the swing bearing is
Dr = 1500 mm.
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Additional motion graphs
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AQWA input values
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