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Abstract

Heerema Marine Contractors (HMC) owns and operates several semi-submersible crane vessels (SSCV) used
for offshore heavy lift operations. Throughout the engineering phase of a (dual crane) heavy lift, dynamic lift
models are generated by combining bodies with their hydrodynamic properties, inertia and spring-dashpot
elements. The models represent the mass-spring system of a heavy lift over the different lift stages during
a topside installation. These stages characterize the free floating, load transfer, free hanging and set down
phases.

Hook load fluctuations are governed by the relative vertical motion of the load and the crane boom tip. At the
load transfer phase this motion is governed by both the motion of the vessel and the barge, whereas for the
free hanging phase it is mostly effected by the motion of the vessel. To achieve safe and successful projects,
an accurate prediction of the load and motion responses is essential while advising offshore personnel about
the lift to perform. At the moment an inconsistency exists between predicted load fluctuations and offshore
crane measurements. This is the main reason for this research.

Until now a simplified spring-damper system is used to incorporate the hoist wire reeving system of a crane.
This simplification is not fully justified and three goals are set up to model this in a more detailed manner.
Firstly, the driving parameters of the load-crane-vessel system are assessed. Secondly the dynamic behavior
of the wire reeving system is captured in a numerical model in Simulink. Finally, the dynamic load fluctu-
ations of the model are compared with offshore measurements to both validate the model and analyze the
results.

The dynamical model of the load-crane-vessel system is solved in the time domain and it consists of two
parts. The first part considers the sheave and wire system of the crane. An equation of motion is derived for
each sheave where dry friction is taken into account and leads to a stick-slip effect. This friction originates
from the sheave bearings and from the bending friction of the steel wire rope that runs over it. When a load
is raised, the stress in each rope part increases from the winch to the dead end. With a lowering operation
the effect is the opposite. Due to stick-slip this force difference remains in the crane wires after the operation.
The friction factors of the sheaves in the numerical model are tuned with steps observed in offshore load
measurements during crane operations.

The second part of the model imposes the measured vessel motions to calculate the motion of both crane
boom tips and the topside. This is performed by applying their influences as external forces on the free bod-
ies. With the relative motion the response of the hoist wire forces is determined. A coupling of these two parts
can be made by removing the element of the hoist wire in the imposed motion model and replacing it by a
pair of two nonlinear forces determined from the sheave wire model. These forces have an opposite sign and
are equal in absolute magnitude and phase.

The effect of friction on dynamic hook load fluctuations is also considered with inputs of different amplitudes
and frequencies. The hook load fluctuations at the measuring sheave are lower than applied fluctuations in
the model when friction is taken into account. The simulated force at the measuring sheave is better repre-
sented with higher load fluctuations as the stick condition is exceeded earlier.
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Introduction

1.1. COMPANY INFORMATION

Heerema Marine Contractors (HMC) is a marine contractor specialized in transportation, installing and re-
moving of offshore facilities. These include fixed and floating structures, subsea pipelines and infrastructures
in shallow waters, deep and ultra deep waters. HMC manages the entire supply chain of offshore construc-
tion, from design through to completion. The services include engineering, planning, logistics, project man-
agement and execution of projects all over the world. HMC owns and operates several semi-submersible
crane vessels (SSCV), used for offshore (dual crane) heavy lift operations for mainly focusing on the oil and
gas industry.

1.2. HEAVY LIFT OPERATIONS

In order to facilitate a certain process in an offshore environment several production units need to be in-
stalled before operation begins. These production units normally consists of sophisticated equipment made
out of steel and require a structural integrity to last a lifetime. For this reason these large and heavy mod-
ules can be installed with a semi-submersible crane vessel, which lift this load to its final position. The crane
vessels operated by HMC consists of dual cranes, which can be used separately or in tandem, depending
on the load to be lifted. The cranes are made up of steel members, mainly consisting of rectangular hollow
sections. Both cranes have three hoist blocks (whip, auxiliary and main hoist), with each of them having a
certain capacity. For this research it is chosen to focus on one crane vessel in particular, the SSCV Thialf, as
most offshore measurements are available. The main block of a crane on this vessel has a maximum capacity
of 7100 mT resulting in the total capacity of 14200 mT for a dual lift operation. Throughout the engineering
phase of a (dual) heavy lift, dynamic lift models are generated by combining bodies with their hydrodynamic
properties, inertia and spring-dashpot elements. The models represent the mass-spring system of a heavy
lift over the different lift stages during a topside installation. These stages characterize the free floating, load
transfer, free hanging and set down phases. These are described below.

Free floating

The first stage for a typical lift operation is the free floating stage (Figure 1.1). The load that has to be lifted is
transported to the offshore location with an Heavy Transport Vessel (HTV) or barge, which is moored against
the SSCV. The SSCV is moored with anchors or dynamically positioned along the barge, but the slings are
not tensioned yet. Both the crane vessel and the transportation vessel are moving due to influences of wind,
waves and current.
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Figure 1.1: Free floating phase

Load transfer

After the free floating stage the actual lift operation starts with the load transfer (or pretension) phase (Fig-
ure 1.2) where the barge is positioned along the SSCV and the slings are connected. The SSCV is ballasted
to a draft that is close to the operational draft and is trimmed towards the bow. A portion of the total load
is transferred by hoisting of the lifting equipment and partly by ballasting. Due to the tension by means of
hoisting the vessel starts to pitch towards the stern. Water is pumped from the tanks positioned under the
cranes to the opposite site of the vessel to further increase the tension. The remaining load is picked up by
de-ballasting the SSCV; until the full load of the module is carried by the cranes and the load lifts off.

Figure 1.2: Load transfer phase

Free hanging

Just before the module comes free of the barge, hoisting is applied to rapidly increase the clearance between
the module and the barge to avoid kick back of the barge. When the load is fully transferred from the barge
to the crane vessel the load has entered the free hanging phase (Figure 1.3). In this third stage the SSCV is
repositioning to the exclusion zone to install the topside on its offshore foundation.

Figure 1.3: Free hanging phase
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Set down

After relocation the load is positioned above the substructure and by paying out of the hoist wire it is lowered
until contact is made. This last stage is the set down phase (Figure 1.4). Initial load transfer prevents the
topside to come loose again which could result in high impact loads on the structure. In order to have slow
decrease of the load forces and slow varying motions the load transfer is done by ballasting of the SSCV.

Figure 1.4: Set down phase

The motion and load responses found from dynamic lift models made for each stage are held against the lim-
its of the particular lift to assess the operability criteria of the installation. During the load transfer phase the
load of the object to be lifted is transferred from a transport barge to the SSCV. In this phase, the crane vessel
and barge have both a different motion behavior and are moving in the waves as one coupled system. When
these two bodies move in multiple directions often relatively high hook loads fluctuations occur. Also in the
free hanging phase the hook load is influenced by the influence of the environment. Hook load is the term
used to describe the load suspended from each crane hook. All lifts are exposed to dynamic effects due to
variation in hoisting speed, crane movements, vessel motion, barge motion, lift object motion and numerous
other factors. To inform offshore personnel about the load fluctuations due to these variations, the tension
in the wires is measured at certain positions. These fluctuations are one of the governing operability criteria
while analyzing the feasibility of a certain heavy lift operation.

1.3. PROBLEM DEFINITION

To achieve safe and successful projects, an accurate prediction of the load and motion responses is essen-
tial while advising offshore personnel about the lift to perform. Currently, an inconsistency exists between
the predicted load fluctuations and the offshore measurements and it is questioned whether safety margins
for dynamic effects are correct. The dynamic consequences are at least influenced by the following param-
eters: environmental conditions, rigging configuration, properties of crane vessel, characteristics of lifting
equipment, properties of cargo barge and the weight (distribution) of the object to lift. Until now a simplified
spring-dashpot element is used to incorporate the hoist wire reeving system of a crane in modeling practices.
Initial researches within HMC [Hartmans, 2016] showed that this simplification is not fully justified and that
the hoist wire reeving system behaves in a more complex manner. The goal of this thesis project is to further
investigate the sources of the dynamic load fluctuations and how to improve the existing engineering models.
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1.4. SCOPE OF WORK

In order to approach the problem three objectives are set up. The methods that are used in order to achieve
these goals and the results are threated in this document. The objectives are described below.

1. Assess the driving parameters of the load-crane-vessel system.

First the main engineering parameters controlling the dynamic process of a (dual crane) offshore lift are in-
vestigated. Such variables allow to create a satisfactorily simulation of operations and tests carried out under
a constant- or changing- situation.

2. Capture the dynamic behavior of the wire reeving system in a numerical model.

The driving parameters obtained from the first goal are used as input parameters for a numerical model. In
order to model the crane dynamics a numerical model of the crane wire reeving and the vessel interaction
is made in Simulink. Simulink is a program integrated in Matlab and provides a graphical editor, customiz-
able block libraries and solvers for modeling and simulating dynamical systems. Therefore this is a suitable
software tool to model motions and forces for such a lift operation. An environment is created to make a
starting point of a numerical model, where the model is extended according to correct outcomes and points
of interest.

3. Analyze the dynamic load fluctuations and improve existing engineering models.
Together with the offshore measurements from heavy lifts the results from the model are studied. The out-
come of this analysis is discussed in this report and is the basis for the conclusions drawn.

1.5. REPORT STRUCTURE

This report starts with an explanation of the theoretical background in chapter 2 where the axis definition,
properties of steel wires and background on the friction model are given. In chapter 3 offshore measurements
and its characteristics during a topside installation are discussed. Chapter 4 describes how the numerical
model for the crane wire reeving is created. Followed by chapter 5 where the composed model for an imposed
vessel motion is described. In chapter 6 a comparison study is performed. The discussion of the results and
conclusions can be found in chapter 7. In this last chapter the recommendations and future actions for this
research are written down as well.



Theoretical framework

This chapter describes the theoretical basis for this research. It is divided into five parts which provide a
background to avoid further explanation later in this report. The first section explains how the axes of the
vessel are defined. Followed by the usage of stiffness and damping in steel wires in sections 2.2 and 2.3.
Subsequently a friction model is described for a sliding block and a rotating sheave in section 2.4. In the last
part it is explained how a spectral analysis is performed to characterize the frequency content of a signal.

2.1. AXIS AND SIGN DEFINITION

A ship can be considered to have six degree of freedom motions, it can translate and rotate along or about the
axes given in Figures 2.1 until 2.3. Three of these involve translation (surge x , sway y , heave z) and the other
three rotation (roll ¢, pitch 6, yaw ). The crane boom attached to the vessel has two degree of freedom, the
slew angle a;.,, and the boom angle a,;,. Normally during operations the slew angle is not influenced by
load variations and is considered as infinitely stiff or fixed. However the boom angle is under the presence of
a fluctuating load able to rotate around its hinge point since the boom is suspended by multiple stretchable

steel wires.
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2.2. STIFFNESS OF STEEL WIRES

Considerable interest has been shown in the mechanical characteristics of helically wound steel cables (spiral
strands and/or wire ropes) for the usage in both onshore (bridges, elevators and reinforcement structures),
and offshore (taut mooring lines, drilling lines and towing ropes) applications [Raoof and Davies, 2003]. An-
other important utilization is the handling of steel wires in (offshore) cranes to suspend the crane boom
and/or to be able to hoist or lower a certain object by using winches. The difference between a spiral strand
wire and a wire rope is the way the single wires are laid in successive layers to provide integrity and flexibility.
A spiral strand consists of a group of wires laid in helically layers around a central straight core wire. On the
other hand, a wire rope has generally six strands laid helically over a central king wire which is consisting of
minor separate wire rope or twisted threads. Wire ropes are a lot more flexible in bending, which is why wire
ropes are used as elements over pulleys and winch drums in cranes. Figure 2.4 shows the difference between
a spiral strand and a wire rope. Also the configuration used at HMC SSCV Thialf, the wire type 6xK36WS
IWRC is pictured. The wire ropes used for the main hoist and for the boom suspension are of the same type
although their installed length differs. An additional property for these wire ropes is that they are compacted,
meaning that the individual wires are as close as possible to each other. This results in a higher effective area.
While the wire elongates it starts automatically to twist and to keep this twist as low as possible the cores are
oppositely spiraled. To further oppose this effect a combination of left lay and right lay wires are used in a
symmetrical reeving configuration in cranes. More wire characteristics of the installed Thialf wires can be
found in Table 2.1 from [Bridon, 2016].

Figure 2.4: Spiral strand, wire rope, 6xK36WS IWRC

Table 2.1: Thialf wire properties

Diameter D [mm)] 61.7
Effective steel area Aesp [mm?] 1939
Area A [mm?] 2990
Weight in air Wair (kg/m] 16.9
Installed hoist wire length ~ Lpois;  [m] 4x 2955
Installed boom wire length  Lpgo,,  [m] 2x 3650

In order to model the steel wires as a simplified spring-damper connected between translating and/or rotat-
ing bodies, their properties have to be determined. Generally the spring force of a wire is assumed to be linear
with the elongation, resulting in a constant spring coefficient, see equation 2.1.

EA
IINL = kAL @.1)

Fiinear =
The force that is present due to the elongation AL is linear with the stiffness @ or k, where L is the initial
length of the wire, E the Young's Modulus of the material and A,y the effective area of a wire rope. The ef-
fective area is the net steel area of the cross-section of a wire rope. When comparing two different wire ropes
with the same material properties where rope A is twice as long as rope B, the stiffness of rope A is twice as
low as rope B. The stiffness EA, £f can be obtained from a certificate of a manufacturer, which is determined
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from carrying out load cycle tests.

Recently within HMC [Schaap, 2017] destruction tests were analyzed to determine the axial force at which
a wire rope, used in the cranes on the SSCV Thialf, breaks. The applied force and elongation of the wire
were measured by sensors. From these two parameters the stiffness can be determined. In the executed
tests, sections of 5.6 m long were clamped and elongated. The test results are shown in Figure 2.5, where the
measured strain is plotted against the applied force. The blue lines are the tests carried out and the red line
represents the mean value. The graphs of the test results does not start in (0,0), which is because all clamped
segments had a pretension of 20 kN prior to measuring the elongation.

3000+
=z
=. 2000+
(0]
o
£
1000+
— Destruction tests
= \ean
0 | | | T J
0 0.5 1 1.5 2 25 3

Strain € [%]

Figure 2.5: Strain vs. axial force from [Schaap, 2017]

With these two obtained parameters, the stiffness for a unit length of 1 m can be determined with equation
2.2. Here L is the length of the test section. This creates Figure 2.6. Obviously the obtained stiffness is not a
constant when the applied load is increased and is clearly non-linear. At a low force the wire rope experience
alarge extension and all individual wires settle a bit. In order to eliminate this non-linear effect the tests were
started with a certain pretension to stress the ropes in advance. The central core encounters greatest strain
because the helix wires are at an angle with the centroid. Also due to friction between the individual wires in
a wire rope, since there is more contact at a higher stress level, the resistance to extend is increased.

F
EAepy= 7L 2.2)

The maximum working load (MWL) of the wire can be calculated by adding up all the forces that are present

during maximum capacity. The maximum hoist capacity for the SSCV Thialf is 7100 mT with a reeving of

20x4 single hoist wires. This capacity is excluding the weight of the main block, the weight of the wires and

differences due to friction. The mass of the main block is approximately 236 mT. With equation 2.3 the mass

of the hoist wires can be determined. Here W;, and Ly,;s; are the weight in air and the installed length per

winch. The total hoist wire mass has to be divided by four as the total mass is supported by four winches.
AWqir LHoist

Muyires = 1 =4%16.9%2955=50mT (2.3)

The total weight of the wires is partly supported by the boom and partly by the wires itself, 80 % is good
approximation for the support by the wires itself. A rough estimation of the friction factor C¢ is 1.05. The
maximum force in the hoist wire can then be determined with equation 2.4. This makes the MWL then ap-

proximately 1000 kN. The corresponding stiffness for the force in the wire rope can be determined from Figure
2.6.

MWL

Mioad + Mmain block + Mwires * 0.8 C 7100+236+50%*0.8
= * * O =

1.059.81 ~ 1000kN (2.4
80 r*8 80 Mt 24
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Figure 2.6: Axial force vs. Stiffness

As can be seen in Figure 2.7 the stiffness is depending on the strain as it was also depending on the applied
force. The stiffness that is used in this research for wire ropes with the same properties (cross-sectional area,
material, etc.) are the ones that were also used in the destruction tests. In order to take the non-linear effect
of the stiffness into account, EA.s is written as a function of the strain with a 37 order polynomial fit of
the mean (equation 2.5). The 374 order polynomial gives three constants cj, ¢, c3, where c; is the intercept of
the line. By taking the stiffness into account the resulting desired nonlinear stiffness force can be calculated,
see equation 2.6. For the later described numerical model the stiffness for a single wire is determined by the
mean load. Continuously adapting the stiffness value during a simulation would result in a high calculation
time.

E(©)Aeff = c1+Coe + c3€” (2.5)
E(E)Aeff

Fuonlinear = TAL:E(E)AeffE (2.6)
— 5
S x 10
> 2r
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Figure 2.7: Strain vs. Stiffness

For completeness, the stiffness is also divided by the effective cross-sectional area of wires to get the Young’s
modulus, see equation 2.7 and Figure 2.8. The effective area (or net steel area) is two third of total area (%Dz)
stated by [Raoof and Davies, 2003]. Here D is the diameter of the wire. This corresponds well to the value
for the effective area given in Table 2.1. Note that the cross-sectional area of the wire during the tests is
assumed to be constant, but in fact the diameter slightly decreases due to its elongation. It is remarkable that
there is clearly a difference between the theoretical value for the Young’s modulus of steel (210 GPa) and the
determined value, even when a effective area is taken into account. This is in line with the results found in
the referred research, where the Young’s modulus of steel wire ropes had more or less the same fraction of the
theoretical value. Also in the specification sheet of the wire ropes of the manufacturer an apparent modulus
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of 103 GPa can be found [Bridon, 2016], a value in the same order as was determined from the tests.
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Figure 2.8: Force vs. Young’s modulus

2.3. DAMPING OF STEEL WIRES
Damping is the conversion of mechanical energy of a vibrating structure into thermal energy. To quantify
the level of damping in a structure the absorbed energy per oscillation can be determined. Primary, there are
two basis components that have a contribution to damping in wire ropes, material damping and frictional
damping due to the relative motions between single wires. These quantities can be different depending on
the material used or how an external load is applied, but the frictional damping between adjacent wires seems
to be governing for spiral strands or wire ropes [Chaplin, 1991]. With an axial load the individual wires in the
rope elastically deforms, which has an effect on the lay angles, because the wires (and strands) of a rope are
twisted into a helical form. This axial tension results in a radial loading and thus radial deformation within
the rope. These changes causes frictional shears that reflect the degree of friction and the magnitude of the
lateral loads. In the case when a wire rope is bended, for example while moving around a circular sheave,
these movements are much greater. The wires try to move to equalize the difference in strains between the
inside and outside of a bend. More frictional shears results in more damping. To find a value for the damping,
friction is included and thereby the damping effects in the wire. The motion of an unforced damped harmonic
oscillator is governed by:

mi+bx+kx=0 (2.8)

With displacement x, time derivative x and 2"? time derivative ¥ and where m is the mass, b the damping
and k the stiffness with m >0, b= 0 and k > 0. It has the characteristic equation:

ms®+bs+k=0. (2.9)
with characteristic roots
b+ b2 - dmk (2.10)
Sjo=—b+ Vb~ —amk .
1,2 2m)

Depending on the sign of the expression under the square root, three situations can be distinguished. These
are explained now.

e Case 1: b® < 4mk (Underdamping)
e Case?2: b*>4mk (Overdamping)

* Case 3: b? = 4mk (Critical damping)
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Case 1

If b?> < 4mk then the term under the square root is negative and the characteristic roots are not real. The
damping constant b must be relatively small, in order for b> < 4mk. The system vibrates around the equilib-
rium with a decreasing amplitude. The damping force enforces this behavior.

Case 2
If b* > 4mk then the term under the square root is positive and the characteristic roots are real and distinct.
The damping constant b must be relatively large, in order for b?> > 4mk.

Case 3

The last case is where the square root is equal to zero and the characteristic polynomial has two repeated
roots, —b/2m,+b/2m. With a fixed mass m and stiffness k, choosing b to be the critical damping value. The
critical damping is the minimum amount of viscous damping that results in a displaced system returning to
its original position without oscillation. The damping value b, ;; can easily be determined:

berir =2Vkm (2.11)

Figure 2.9 shows the response for the three cases with initial conditions x=1 m and =0 m/s.
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Figure 2.9: Response for three possible damping cases

Generally there are three ways to implement damping while modeling steel wires [Spijkers et al., 2005], namely:

CONSTANT VISCOUS DAMPING

For this type of damping the damping force is proportional to the velocity and is the most common used in
the engineering applications when the exact damping mechanism is unknown and the qualitative effects are
desired. The energy dissipation Eg;g, per oscillation can be calculated with equation 2.12.

T T
Edm:fo Fdx:fo Fidt = bnwi? 2.12)

Where T is the period of the oscillation, F the damping force, w the frequency and X the amplitude of vi-
bration. Even when the damping is not completely viscous it still has some advantages to approximate it
as a constant viscous dashpot by determining an equivalent coefficient. In that case the equivalent viscous
damping coefficient b, is chosen with the same energy that is dissipated per oscillation:

beg=—-35 = "——_—}p 2.13)

10
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FREQUENCY DEPENDENT VISCOUS DAMPING
When the excitation frequency stays the same the energy dissipation normally grows with the square of the
amplitude. The equivalent damping coefficient can then be calculated by assuming that the dissipated energy
equals to Eg;5; = aX? and can be filled in equation 2.13, which results in equation 2.14. As can be seen the
damping depends on the frequency w of the system, which was not the case in equation 2.13, because the
dissipated energy is also depending on the frequency w.

¥)

ax a

beg (2.14)

T 1o
Often the frequency depended factor « is taken constant for the natural frequency w;, where it should give
the same result. For the other frequencies there is an error, however this is a small error, since the amplitude
of vibration is small there [Spijkers et al., 2005].

COULOMB DAMPING

The effect of damping of Coulomb damping comes from the fact that energy is absorbed due to sliding fric-
tion, where the friction is generated by the relative motion of the two surfaces that press against each other.
The equation of motion looks a bit different, see equation 2.15, where F, stands for the Coulomb friction,
normally depending on a dimensionless factor multiplied by the normal force.

mx+Fcﬁ+kx=0 (2.15)
X

Again the equivalent damping coefficient follows from the energy dissipated, which equals to E;;ss = 4F.#i
for a harmonic motion. Filling this absorbed energy again in equation 2.13, results in:
_AF;

b., =
ed TXW

(2.16)

DAMPING

The logarithmic decrement § can be determined by looking at the amplitude of two or more successive peaks
(equation 2.17). Since the logarithmic decrement between any two successive peaks is constant, the decre-
ment can be determined from the first peak and the peak n oscillations later. In equation 2.17 this is pictured
for the maximums x; and x; + 2, which can be found in Figure 2.10.

6:lm(xi) 2.17)

n Xi+2

Displacement [m]

Time [s]

Figure 2.10: Typical decay of an oscillation

The dimensionless damping ¢ (damping coefficient divided by the critical damping) can also be calculated by

11
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determining the logarithmic decrement based on measurements or signals created in models for an under-
damped system (equation 2.18).

(== (2.18)

2.4. STICK-SLIP

Friction is generally described as the resistance to motion when two surfaces slide against each other. In some
cases friction is a useful phenomena making many ordinary things possible like walking and braking a car.
On the other hand friction can also cause undesirable effects. For mechanical motion systems for example,
friction can deteriorate the performance of the system. A possible way to minimize the influences of friction
is to compensate for it. In order to be able to compensate the effect of friction, it is necessary to describe the
frictional behavior. Since no exact formula for the friction force is available, friction is normally described
in an empiric model. In 2.4.1 the stick-slip phenomena is explained for a sliding block and in 2.4.2 friction
model for a rotating sheave.

2.4.1. STICK-SLIP OF TRANSLATION

Consider a rigid block with a certain mass lying on a flat surface as shown in Figure 2.11 with the properties as
in Table 2.2. Attached to this mass are a linear spring with stiffness k and a dashpot with damping b. Stick-slip
is associated with the difference between kinetic and static friction coefficients for two objects with a relative
velocity. The reason for two different friction factors is due to difference in two physical processes. When two
different surfaces are in rest the possibility exists that they grasp each other at microscopic level. On the other
hand when a object is eventually moving over a surface only macroscopic irregularities have an effect on the
resistance to move. The force that is required to overcome the friction is larger when the block is in rest than
as if it was moving. This friction force in rest is also mentioned as the static friction force and the friction force
when the block has a certain velocity is than the kinetic friction. Sometimes the subscript critical is used for
the static friction, because when this force is overthrown this kinetic friction force becomes active.

X

m F
ext
F, -—
— n
b Ffric
pr—
sz

Figure 2.11: Stick-slip of a block on a flat surface

AN

Table 2.2: Properties stick-slip example

Mass m kgl 1.0
Stiffness k [N/m] 1.0
Damping b [Ns/m] 0.0
Static friction coefficient Ustar - 1.0
Kinetic friction coefficient i, - 0.5

The amplitude of the friction force is depending on the normal force F,, and properties of the surface. The
direction is opposite to the velocity and acting perpendicular to the normal force. The normal force is the
force that pushes the two objects together. When they are pressed harder, the normal force is higher resulting
in a higher friction force. There is no dependency of the friction for the contact area, because when the normal

12



2.4. STICK-SLIP 13

force is kept constant, the same force is distributed over a larger area and thereby a lower local normal force.
Often all influences are simplified to a relation of y, (equation 2.19) and in a stick-slip situation the factors,
Ustar and Ugin. Vyer is the relative velocity between the block and the floor in contact. Figure 2.12 shows
the transition between pg,; and ug;, when the relative velocity V,; is increasing. It is described with a
exponential function to avoid a discrete change, see equation 2.20. This is both undesired for numerical
models to evade instability and is a better representative for reality [Martins et al., 1990]. The factor A has to
be chosen such that the interval to make the transition as desired. A higher value of A decreases the transition
time and a lower value makes it longer. The factor 1 that is used in the simulations is 1000 resulting a short
transition.

Vrel Vrel
Efric=—pF =—pmg—— (2.19)
frie H n|VreI| K g|Vrel|
L
=
Vrel [m/s]
Figure 2.12: Friction coefficients
1= in + (star — Hein)e el (2.20)

With these equations a simple simulation can be performed to analyze the behavior and the influence of a
stick-slip in an oscillation. Figures 2.13 until 2.16 shows the response of the forces (external force F,,;, spring
force Fspring, friction force Fy; ;. and the resulting force Fy¢s). The resultant force is calculated with equation
2.21. As can be seen in the time interval 10-20 s an external force of 5 N is applied and due to the static friction
the block does not move (since Fext < Ffyjc,,,,). However when a force of 100 N is applied (interval 20-30 s)
the block starts to oscillate (since Fext > Ffric,,,,)- The block is released at £ = 30 s and oscillates in its natural
frequency. Because of the friction force that is acting in the opposite direction of the velocity the oscillation is
damped. Every time the block has a zero velocity and thus the spring force has a local maximum amplitude
it is checked whether this amplitude is still higher then the static friction force. When the situation occurs
that this local maximum drops below the critical static friction force the block stops oscillating and is at rest.
There is still an offset visible in the spring force because the block did not come back in its neutral position.
The remaining spring force was lower than the critical static friction force.

Fres=—Fext +Fspring _Ffric (2.21)
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Figure 2.16: Resulting force

The corresponding displacement and velocity of the mass is show in Figure 2.17. These two quantities are
precisely out of phase of each other and the offset in displacement is also visible at approximately 80 s where
the mass is in rest.

14
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Figure 2.17: Motion of block

2.4.2. STICK-SLIP OF ROTATION

Section 2.4.1 described the stick-slip effects for a mass that is translating on a flat surface. However, the same
effect could happen for a sheave that is rotating, see Figure 2.18. The same characteristic figures as produced
in 2.4.1 result from the simulation for a rotating sheave friction model. The only difference comes from the
quantity force that is turned into a moment and the unit displacement changed to radians instead of meter.
See Figures 2.19 until 2.23. The friction, expressed as a moment now, comes from the friction of the shaft and
its bearing and due to the bending friction of the steel wire rope that run over the sheave. When a wire rope
is bended the outer wire of the rope is more extended than the inner wires. The wires try to move to equalize
the difference in strains between the inside and outside of a bend. This causes frictional shears between the
single wires. The contact between the individual wire can again be seen as a block sliding over a surface. They
only have a relative velocity when the external force is higher than the static friction force, resulting in a stick-
slip reaction of the sheave. This effect has earlier been found by [Poe, 2000] where the effects of sheave friction
was researched by measuring the tension in steel wires. In this research a series of sheaves were supporting a
certain load and an increase in wire tension was found due to the cumulative effect of friction in the sheave
bearings and the force required to bend the rope around sheaves. Due to friction in the sheaves, more force
was required to lift the weight.

2

M fric

Figure 2.18: Stick-slip of a sheave

If considered that besides the own weight of the sheave an external mass is hanging on the pin of the sheave
the total normal force can be calculated with equation 2.22. The total force on the pin comes now due to
gravity of the sheave, gravity of the external mass and the dynamic term mZ. A good example for this external
mass could be a crane that picks up a load that is supported by a shaft through the sheave. The friction
moment in equation 2.23 differs from equation 2.20 as it is multiplied by a certain radius R to get to a moment.

15
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This arm R is the distance between the center of the sheave and the point where the friction force acts. The
resulting moment is calculated with equation 2.24

Moment [Nm]

Moment [Nm]

Moment [Nm]

Moment [Nm]

F,=mg+mexiZ (2.22)
Mpric = —pFnr (2.23)
Fres=—Fext+ Fspring - Ffric (2.24)
External Moment
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Figure 2.19: External moment
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Figure 2.22: Resulting moment
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Figure 2.23: Motion of sheave

2.5. SPECTRAL ANALYSIS

Periodic wave forms can be described as the summation of harmonic waves. Fourier transforms (FT) take a
signal and express it in terms of the frequencies of the waves that make up that signal. It gives the frequencies
that are present in the signal and in what proportions. A wave form can be approximated by a large number
of regular waves, each with a different amplitude and phasing with respect to each other. An irregular wave
is a linear superposition of regular waves. Many physical interactions depend on the frequency of vibration,
and many physically measured signals involve complex wave forms. To understand how a physical system
responds to a complex stimulation, you can break that down into a superposition of simple impulses and
when considered in isolation the results can be combined.

The Fourier Transform aims to decompose a cycle of an arbitrary wave form into its sine and cosine com-
ponents; the Inverse Fourier Transform (IFT) goes the other way as it converts a series of sine and cosine
components into the resulting wave form. These are referred as the 'forward’ (time domain to frequency
domain) and 'inverse’ (frequency domain to time domain) transforms. The discrete Fourier transformation
(DFT) is a Fourier transformation that is commonly applied during digital signal analysis and other relevant
disciplines to analyze the frequencies that are present in a sampled time trace. The DFT can efficiently be
calculated by the Fast Fourier Transformation (FFT) algorithm [Cooley and Tukey, 1964]. The results of the
FFT are the same as with the DFT; the only difference is that the algorithm is optimized to remove redundant
calculations and to improve calculation time. More information about discrete Fourier transformations can
be found in [Sundararajan D, 2001].

As mentioned before a signal can be thought of as a collection of frequency components. In order to ex-
tract these components the situation has to be stationary for the duration of the observation and can then
integrated over the time of observation. Measured signals are discretized as they are sampled with a certain
sampling frequency f;. For a signal sampled at discrete times ¢, with a total number of samples N and over
the finite duration NAt, the so called discrete Fourier transform is used, see equation 2.25. k is the number

of frequency components that is considered and Aw the bin size calculated by Aw = ]%,"A”t
N-1 _
Grlw) = Y. g(me aonk (2.25)
n=0

Note that G(w) is a complex number. The original signal can be reconstructed with equation 2.26, which is in
fact the IFT.

1 N-1 .
gm) ==Y Gpeonk (2.26)
N k=0

By taking the square root of the quadratic terms of the real and imaginary part of the DFT G the amplitude of
each separate harmonic wave k can be determined as is done in equation 2.27.

2 2
= \/Re(Gk(w));Im(Gk(w)) 2.27)
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The phase ¢ of the harmonic component can be calculate by the angle between the real and imaginary part
of the DFT G(w) (equation 2.28).

Im(Gy (w))) (2.28)

Re(Gr(w))

The DFT shows the spectral content of the signal in terms of amplitude and phases of the harmonic elements
of the sampled time trace. The power spectral density visualizes how the power of the signal is distributed
over the frequencies. The spectral density is scaled such that both the first moment area of m (or area under
the spectral density curve) based on frequency and the variance (02) based on the time trace is equal.

Qr = atan(

For a signal sampled with the sampling frequency w; = 27 f; components of the spectrum can only be ex-
tracted for frequencies below w < % In order to recover all Fourier components of a periodic waveform, it
is necessary to have a sampling rate at least twice the highest waveform frequency. This is called the Nyquist
frequency (equation 2.29), or the Nyquist limit and is the highest frequency that can be coded at a given sam-
pling rate in order to be able to fully reconstruct the signal. There is also an effect of changing the frequency
bin step in creating spectral plots. Choosing a too large steps size results in a smoothed plot where some
response around natural periods is under predicted. On the other hand choosing a too fine step size results
in a peaked spectrum.
Ws

WNyquist = ? (2.29)

Sometimes the period T is used as unit in a spectral density plot in stead of w in rad/s. This makes it easier
to relate peak periods to periods of the incoming waves. For such a case the spectral density S(w) becomes
S(T). The equation for S(T) is presented in equation 2.30.

S(w)2m

SN ==

(2.30)
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Offshore data processing

The first part (section 3.1) of this chapter explains how the load on the SSCV Thialf is measured and what the
characteristics of a typical load curve is for an offshore topside installation. Clarification of the influence of
friction and determination of the load correction factor is done in section 3.2. Section 3.3 shows the results of
a spectral analysis performed on individual load sensors and their influence to the total load measurement.
Lastly offshore measurements by motion sensors are considered in section 3.4.

3.1. LOAD MEASUREMENT

3.1.1. REEVING ARRANGEMENT

As explained earlier, the SSCV Thialf consists of two cranes to perform dual lifts. A typical reeving arrange-
ment for this vessel can be found in Figure B for the 20x4 reeving arrangement. The crane reeving arrange-
ment of a SSCV consists of many sheaves connected with wire ropes in between. For this research the SSCV
Thialf has been investigated as a reference case since for this vessel a range of offshore measurements is avail-
able. Note that this vessel has two similar cranes with both having the same reeving options.

Depending on the circumstances of the lift the reeving arrangement can be adapted by increasing or decreas-
ing the number of wires between the main block and the boom tip. The possibilities are multiples of four and
can be found in Table 3.1. The choice lies here between having the load distributed over more parallel wires or
having the ability to reach a high water depth with the main hook. This choice is mainly based on two differ-
ent basic scenarios. One scenario might be that the SSCV has to lift something from its deck or from a barge to
the sea floor at a large water depth (wet operation). Another possible scenario is the case where a load has to
be installed on or removed from a substructure above sea level (dry operation). For the understanding of the
dynamics of the crane-load-vessel system the highest interest lies within the installation above sea level. The
reason for this has an origin in the influence of waves on installations. For dry installations the crane capacity
is also higher and therefore more dynamic actions are visible in the measurements. Higher amplitudes and at
the same time less accuracy problems are expected. For wet installations the shape and water conditions (for
example current direction and velocity) induce extra forces which are hard to predict or measure and there-
fore hard to implement in a numerical model. This lies not in the interest of this research. The configuration
that is shown in appendix B is the situation with the highest amount of single wire ropes (4x20 falls) possible
since this configuration is commonly used for dry installations.

Table 3.1: Reeving configurations SSCV Thialf

Reeving [-] 4x3 4x6 4x8 4x10 4x12 4x14 4x16 4x18 4x20
Maximum static hookload [mT] 1065 2130 2840 3550 4260 4970 5680 6390 7100
Maximum water depth [m] 807 340 224 154 107 73 48 29 13

3.1.2. LOAD SENSORS
The depicted configuration in appendix B shows that for each crane a set of two load sensors is installed. The
sensors are installed as shafts for two separate sheaves which measure the load that is carried by the wires
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3.1. LOAD MEASUREMENT 20

that run over this sheave. They are positioned at the opposite end of the winches, where two dead ends are
connected. This connection results that two wires ropes become one wire. An uneven elevation of the main
block can be compensated by controlling two winches separately and this enables to level it. In total there
are four winches installed per crane. The so called load measuring pins are sensors which measures the shear
in the shaft of the sheave. With strain gauges the shear is transformed into a current signal which is trans-
ported to a programmable logic controller (PLC). A strain gauge is a small device which is able to measure the
strain on an object, for example due to a force, moment, pressure, tension, weight or temperature. Typically
it consists of a long, thin conductive strip in a zig-zag pattern. As the object is deformed, the foil is deformed,
causing its electrical resistance to change. The purpose of the foil is that a small amount of stress in the di-
rection of the orientation of the parallel lines results in a larger strain measurement over the effective length
of the conductor surfaces. A larger change in resistance is observed than would be with a single straight-line
wire, making the measurement more accurate. The term strain consists of tensile and compressive strain,
distinguished by a positive or negative sign. Strain gauges can therefore be used to pick up expansion as well
as compression. However in this case the sensor only measures in one direction as wire ropes slacks when
the force in the wire becomes below zero.

The applied force on the load pin is measured via the installed strain gauges inside a small bore through
the center of the pin (see Figure 3.1). To specify the shear planes in the shaft two grooves are lathed on
the outside, positioned at the location of the force being measured. When a load is picked up by the crane
the tension in the wire rope that runs over the measuring sheave is increasing, resulting in a higher de-
flection of the shaft. This deflection is constantly measured by the strain gauge and reported to the PLC
[Huisman Special Lifting Equipment BV, 2007]. Depending on the angle  (see Figure 3.2) between the two
wires of the sheave and the load pin the force in the wire rope can be calculated with equation 3.1.
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Figure 3.1: Strain gauges on load pin

LINEPULL

Figure 3.2: Load pin in sheave

0.5Fpin
cos(f)

Prior to operation the load measuring gauges are calibrate in order to give accurate values for the load that is
picked up by the crane. There are some external factors that may cause a difference between the real load and
the load on the pin. During the calibration procedure it is already taken into account that the own weight of
the sheave, wire rope and main block creates an initial deformation of the load pin and thereby an initial load
measurement. The PLC takes this initial situation as the zero load situation. A drawback in the calibration
procedure is that the crane is calibrated with the maximum capacity (7100 mT) only. The load measurements
at the measuring sheave are done to determine the force of a single wire. For example with a 4x20 reeving
arrangement the load for each sensor (out of 2 per crane) should be multiply by 40. The assumption is made

(3.1)

wire =
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3.1. LOAD MEASUREMENT 21

that the load is equally supported. The total load is then the sum of sensor 1 and 2 multiplied by a correction
factor. This correction factor is described later in section 3.2.

3.1.3. LOAD CURVE

The various phases (free floating, load transfer, free hanging and set down) for a typical offshore installation
of a topside are already explained in section 1.2. Figure 3.3 shows a typical load curve during the installation
for the port side crane and Figure 3.4 does this for the starboard crane. The measurements originate from a
topside installation project performed by HMC stored in the Crane Information System (CIS). The figure is
divided into five parts in time distinguished by four colors. As stated earlier is that the total load measurement
(pink line) is carried out by two sensors which are added up (red and blue line). Clearly it is visible that at the
first part of the curve the load is almost zero (except own weight of equipment) representing the free floating
stage, as there is no tension in the crane wires yet (green interval). However in the second part the tension is
increasing from zero to the total load that is carried by the crane (yellow interval). During this phase the load
is not increasing completely in a linear line as there is a relative motion between the load and the crane tip
due to the dynamic actions. Subsequently the load is more or less a constant value during the free hanging
phase where the load is transported from the barge location to the substructure (blue interval). In this phase
load fluctuations are present as the vessel is moving by environmental influences of the waves. Additionally at
some spots the load curve is lifted to a higher level or brought to a lower level due to crane operations which is
explained in more detail in section 3.2. In the fourth phase, or the set down phase, the load is reducing again
as the lifted structure is transfered from the crane to the earlier installed foundation(pink interval). When it is
fully settled on its offshore support structure and the installation is successfully completed the load reaches
zero again. The vessel is back in the free floating phase.
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Figure 3.3: Load port side crane
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Figure 3.4: Load starboard crane

When comparing the total load supported by the port side and starboard crane there is only a small difference
in the total load that is carried by the cranes. This does not always have to be the case as it depends on the
weight distribution of the load. When there is an eccentricity in the position of the CoG one crane has to pick
up more load than the other crane to compensate the moment created by this offset. An unequal elevation of
the lift points or unequal sling angles could also give this same consequence.

3.2. LOAD CORRECTION FACTOR

As explained in section 3.1 at the free hanging phase where the load curve is expected to be constant (ex-
cluding dynamical influences) several steps appeared in the load signal. These jumps originate from crane
operations performed in this stage. Figure 3.5 shows in detail the time trace of the load signal during the free
hanging phase of the port side crane. This figure also shows the sign of the velocity of the crane winches. A
positive winch velocity (paying in) corresponds to a hoist operation and a negative winch velocity (paying
out) to a lowering operation. When comparing the free hanging part of the load with the crane operation a
relation between those two is found. When the crane operator is hoisting the load, there is a step down in the
signal and when lowering there is a step up. After the operation is completed the load is still on a different
level as it was before, showing a stick-slip effect. In order to correct for this the PLC applies a correction factor
Cr after the load of sensor 1 is added up with sensor 2. The corrected load is determined with equation 3.2.
The correction factor can be determined with equation 3.3.
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Figure 3.5: Load individual sensors port side

Loadcorrected = Cr (Loadsensor1 + Loadsensorz)

Load

Cr=————
f Load+ ALoad

10800

(3.2)

3.3)

The required load correction factors are determined for several installation projects performed by the SSCV
Thialf in the past to get a sense for the amplitude of the friction. This is done by averaging all steps in the
signal during the free hanging phase for each sensor and for each operation (hoisting and lowering). Table
3.2 summarizes these correction factors for the port side crane and Table 3.3 for the starboard crane. In Figure
3.6 and Figure 3.7 these values are visualized for the port side crane. Figure 3.8 and 3.9 does the same for the
starboard crane. In these figures the correction factor from the actual calibration procedure is added as well
represented in red, see Table 3.4.

Table 3.2: Observed load correction factors Cy for the port side crane

Load [mT] | Lowering Hoisting Reeving
Sensor1  Sensor2 | Sensorl Sensor 2

Project A 5000 0.94 0.94 1.02 1.03 4x14
Project B 4300 0.91 0.90 1.06 1.06 4x20
Project C 3476 0.96 0.96 1.06 1.04 4x20
Project D 4418 0.92 0.90 1.02 1.03 4x20
Project E 9092 0.90 0.92 1.05 1.05 4x20
Project F 8630 0.91 0.92 1.05 1.04 4x20
Project G 8400 0.86 0.87 1.03 1.04 4x20
Project H 9400 0.89 0.91 1.03 1.03 4x20
Project I 10200 0.90 0.91 1.03 1.04 4x20
Project] (single lift) | 3100 0.81 0.85 1.02 1.03 4x20
Average 0.90 0.91 1.04 1.04
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Figure 3.6: Load correction factor PS lowering Figure 3.7: Load correction factor PS hoisting
Table 3.3: Observed load correction factors C i for the starboard crane
Load [mT] | Lowering Hoisting Reeving
Sensor 1 Sensor2 | Sensor1l Sensor2
Project A | 5000 0.91 0.89 1.03 1.04 4x20
Project B | 4300 0.91 0.93 1.06 1.09 4x20
Project C | 3476 0.93 0.95 1.07 1.06 4x20
ProjectD | 4418 0.92 0.94 1.06 1.05 4x20
ProjectE | 9092 0.93 0.91 1.05 1.05 4x20
ProjectF | 8630 0.92 0.93 1.07 1.06 4x20
Project G | 8400 0.91 0.93 1.04 1.05 4x20
Project H | 9400 0.90 0.89 1.02 1.03 4x20
Project I 10200 0.91 0.91 1.03 1.04 4x20
Average 0.92 0.92 1.05 1.05
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Figure 3.8: Load correction factor SB lowering Figure 3.9: Load correction factor SB hoisting

The correction factor Cy is kept constant in the PLC for the load that is supported by the crane. It seems that
this is a good approximation as the relative steps that come from the read-out of the sensor are independent
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of the load. For the lowering phase the difference is the largest between the calibration value and the actual
value. However the load is corrected in a way that the displayed value for the crane driver is higher than
the actual topside load, being therefore on the conservative side. It can be concluded that the required load
correction factors for the hoisting operation comes closer to the value in the crane PLC than for the lowering
operation. It might appear that some projects differ a lot from the PLC value, but this comes from the fact
that the sensors are not calibrated again after the reeving arrangement is adapted for another project.

Table 3.4: Load correction factors C r SSCV Thialf

Portside Starboard

Hoisting 1.0524 1.0366
Stop after hoisting 1.0000 1.0000
Lowering 0.9550 0.9276

Stop after lowering  0.9650 0.9452

The load curves are corrected with the correction factors from Table 3.4 which are determined by calibration
tests performed. The load characteristics are now corrected as shown in Figure 3.10 for the port side crane.
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Figure 3.10: Crane load port side with correcting

3.3. SPECTRAL ANALYSIS

For a stationary part of a signal it is possible to perform a spectral analysis. This signal can be thought of as a
collection of frequency components. In order to extract these components the situation has to be stationary
for the duration of the observation and the duration should be long enough. Creating spectra from signals
that cover a short period should be done with care. As a rule of thumb hundred cycles should be present in
the time signal to be able to create a proper spectrum. The effect of frequency bin size is explained before in
section 2.5. This section goes into depth in the frequency components of individual load sensors and their
relation with the total load measurement for both the starboard and port side crane.

3.3.1. LOAD TRANSFER STAGE

Firstly this is performed for the load transfer stage and later for the free hanging stage for the same topside
installation that was considered in the previous section. The load response of this stage is relatively short and
therefore the frequency analysis can only be made of short load measurement. It was found that the load in
this stage is in phase. The square root of the zeroth order moment m of the total signal correspond more
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3.3. SPECTRAL ANALYSIS 26

or less to the sum of the individual square roots zeroth order moments. See Figures 3.11 and 3.12 for the
response of the load transfer stage respectively for the port side and starboard cranes. The,/m, based on the
area is plotted in the legend. A detailed time trace of the load measurement in Figure 3.13 shows clearly that
the total signal is made up out of the two individual sensors measuring in phase.

1200 1200 Project A PS 4000
‘ ——Sensor 1 V“mo =69.62 mT‘ ‘ ——Sensor 2 \’mo =75.74 mT‘
@ 1000 @ 1000 4000
o o )
'E 800 'E 800 ©
— £
~ 600 T 600 5 2000
3 3 3
G 400 $ 400 S
n (%} » 1000
» 200 w 200
0 0 0
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Period [s] Period [s] Period [s]
Figure 3.11: Spectrum load PS - load Transfer
Project A SB 3000
——Sensor 1 Vm_=72.98 mT ——Sensor 2Vm_=76.46 mT
= 600 0 = 600 0 0
N: “lt Q
£ £ = 2000
=400 « 400 £
2 2 g
3 200 3 200 - 1000
(%) %)
0 0 0
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Period [s] Period [s] Period [s]
Figure 3.12: Spectrum load SB - load Transfer
Project A PS - Load transfer
1500
—— Sensor 1
— Sensor 2
— Total

Load [mT]

|
0 10 20 30 40 50 60 70 80 90 100
Time [s]

Figure 3.13: Time trace PS - load transfer

3.3.2. FREE HANGING STAGE

Figure 3.15 shows the PS crane response for the free hanging stage. Figure 3.16 does the same for the SB crane.
The corresponding time traces were given earlier in Figure 3.3 for the PS crane and Figure 3.4 for the SB crane.
In Figure 3.14 the time trace of the port side crane during the first 500 s is given in detail.
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Figure 3.14: Time trace PS - free hanging
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Figure 3.16: Load spectrum SB - free hanging

Remarkable is that the individual sensors do not measure the same amount of energy and not the same peak
periods can be distinguished. Clearly in the time trace it is visible that the measurements by the individual
sensors cancel each other out at some points. Also are the sensors measuring a difference of around 75 mT
whereas they were equal in the load transfer phase. A spectral analysis was performed for all projects per-
formed by the SSCV Thialf with available data sets. The graphs are made up in the same manner and are
displayed in appendix D. An attempt was made to model the rotation of the main block in LiftDyn and thus
the out of phase elongation of the hoist wires that are measured. However this did not lead to a difference
in the phase plot (Figure E.3) at the corresponding mode, being the sway-roll mode (topside-Thialf). More
elaboration on this topic can be found in appendix E. Further research is required to investigate what is hap-
pening in every certain project and how to model this rotation.

3.4. MOTION MEASUREMENT

This section describes how the motions of a particular vessel are measured. On board of the SSCV Thialf
a Motion Response Unit (MRU) is installed. The MRU measures translational change in velocity by means
of accelerations and rotational change in position by means of angular velocity. These changes are used to
determine the position and orientation of the vessel in six degrees of freedom (DoF). Inertial motion measure-
ment can similarly be divided into two tasks: inertial orientation measurements and inertial linear translation
measurements. Inertial orientation measurement requires a gyro-like device which physically measures an-
gular acceleration, angular velocity or angular displacements. Some sensors physically measure angular rate,
and integrate the rate over time to compute the angular displacement in the sensor interface. This allows an
angular rate sensor to perform like an angular displacement sensor. The inertial linear translation measure-
ment requires acceleration measurement. There exists no inertial sensor that directly measures the physical
linear velocity. Consequently, the linear motion is integrated over time twice to obtain the translation and
this puts high requirements on the accelerometers.

Using a rate of change measurement system to measure position and orientation is known to introduce drift.
Over time this drift influence grows and the position and orientation of the vessel with respect to the target
platform becomes inaccurate. In order to correct for the drift other sensors like a GPS is used to correct the sig-
nal over time. Also, the orientation measurement must be very accurate to take the unavoidable gravitational
component of the acceleration into account. The motion data of the SSCV Thialf is stored both in IRIS and
K-IMS (Kongsberg Information Management System). However research performed earlier [Ottens, 2016]
concluded that the measurements by the IRIS system are filtered. Therefore only the motion measurements
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of K-IMS are used in the latter imposed motion model described in chapter 5.

Normally the motion of the load is also measured during its lift operation by a MME (Motion Measuring
Equipment). This equipment consists of a 6DOF sensors, a GPS, a transmitter, a receiver, batteries, and a
solar panel. These devices are standalone and placed on the topside in the free floating stage. Via remote
monitoring an analysis can be performed during critical events of the installation. The data is saved locally
and can be used for later studies. Synchronizing two different measurement systems, one for the motion of
the vessel and one for the motion of the load could not be done accurately enough to impose them simulta-
neously in the imposed motion model in chapter 5.
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Numerical model

In this chapter it is described how the equations of motion are derived to set up the numerical model of the
crane assembly. Firstly, an overview is given of various rigging equipment which are part of the total lifting
equipment in section 4.1. In 4.2 section of this chapter an explanation is given to acquire the motions of the
various sheaves in the crane reeving. Hereafter section 4.4 is about damping of steel wires and section 4.5
describes the equivalent stiffness due to the serial and parallel parts of the hoist wire reeving. Finally the
resulting motions of the sheaves and the individual wire rope forces are explained in section 4.6 and 4.7.

4.1. RIGGING EQUIPMENT

During lift operations the connections between the crane hook and the load are called rigging materials. This
generally consists of slings or grommets and spreader bars. A sling (Figure 4.1) is a steel wire rope with eyes
and/or sockets at both ends and where applicable, connected by means of shackles. This steel wire consists
of strands twisted around a core wire. Use of a synthetic material is also possible, but left out of this research,
since steel wires are commonly used. On the other hand a grommet (Figure 4.2) is a sling with an endless
steel wire and is produced from one single length of steel wire rope.

* C ’

Figure 4.1: Sling Figure 4.2: Grommet

Spreader bars (see Figure 4.3) are designed to spread the connection points of a sling. Basic spreader lifting
bars have two connection points or lugs distributed evenly on the top side of the bar, usually at each end.
These lugs evenly divide the weight of the load and are eliminating the stress on a single lifting point. The
underside of a spreader bar usually has two (or more) attachment points from which the load is suspended.
The attachment points on a spreader bar allow for a direct upward hoist, and stop the load being damaged by
angled slings wearing against it.

Figure 4.3: Spreader bar Figure 4.4: Main block
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4.2. SHEAVE FRICTION MODEL 30

All attachments from the load to be lifted and the crane are made at the block. The crane vessels that HMC
owns have three lifting capacities being the whip hoist, the auxiliary hoist and the main hoist. The focus of
this thesis is on the main block (see Figure 4.4). It consists of four prongs made out of steel where the eyes of
the rigging equipment are laid over. Appendix A derives the equations of motion for a topside that is attached
to the main block. The lower part of the main block is able to hinge along two axes build up on one side of the
structure. In order to avoid that it is pushed away due to the wind while having no load tug wires are attached.
Connected on top of the main block are the hoist wires which run to the boom tip and go through the crane
structure to end up in one of the four crane winches.

4.2. SHEAVE FRICTION MODEL

This section describes the model created which relates an applied force at the main block and operation of
the crane to the forces of the individual wire ropes. Earlier in section 3.1 it was clarified how the measurement
sheaves are making a signal presented to the crane driver from the forces in some individual wires. As can
be seen in the reeving arrangement of the crane in Figure 4.5 some parts of the wires are in parallel and
some parts are in series. As there are eighty wires (4x20) in parallel to support the main hook a number of
eighty sheaves are present for only the parallel part. The reeving diagram is subdivided by four colors which
correspond to the letters A until D to make a clear distinction (see Table 4.1).

Table 4.1: SSCV Thialf reeving distinction

Color Letter Position Winch

Purple  Left A Left Front Drum
Green  Center Left B Right Front Drum
Blue Center Right C Left Rear Drum
Orange Right D Right Rear Drum
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Figure 4.5: Load port side crane

A more detailed overview of the reeving in 2D with the position of the sheave axles can be found in Figure 4.6

In Figure 4.7 the part is shown where the parallel wires come together in the main block. The sheaves of the
main fall axle are associated with the sheaves shown in Figure 4.8 positioned at boom tip

FLEETING
SHEAVES

MAIN FALL
BOOM GUIDE

MAIN FALL
SHEAVES LEAD-IN

s EQUALIZER
\
.
\\ '\\
Vo CROSSOVER |\
Vo SHEAVES |
|
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REAR DRUM

Figure 4.6: 2D view of crane reeving arrangement
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Figure 4.7: Top view of block axle at main block Figure 4.8: Main fall axle

Additionally two times eleven sheaves are configured in the crane structure to direct the wire from the crane
winches to the parallel parts of the reeving and also to direct the wire to the equalizer sheaves. At the equalizer
sheaves two separate wire parts are connected with connection sockets to combine it to one. Note that these
two equalizer sheaves measure the load of the wire that runs over it by determining the stress in the sheave
pin with strain gauges. Further explanation on this topic was eatlier described in section 3.1. For each sheave
that is present in the reeving configuration an equation of motion is derived. A visualization of a typical
sheave is found in Figure 4.9 and the sheave properties as they used in the model can be found in Table 4.2.
The mass moment of inertia is determined by making a 3D drawing in Solidworks where it is automatically
determined.

Table 4.2: Sheave properties

Radius R [m] 0.7
Mass moment of Inertia ] [kgm?] 150
Figure 4.9: Sheave in the crane reeving Mass m [kg] 650

4.3. EQUATIONS OF MOTION SHEAVE

Consider the same dynamical system from section 2.4.2 depicted in Figure 4.10. It consists of an extensible
wire that is pulled over a sheave as shown in the figure. Both ends are fixed to the earth and assumed to
be immovable. Such a configuration describes systematically the rotation ¢; of a sheave. The parameters
of the system are indicated in the figure. The sheave is assumed to have radius R, mass moment of inertia J
and rotate about its axis with dry friction. It is assumed that no slip occurs between the sheave and the wire,
which also implies that the wire can be assumed not to extend (to keep the initial length) over the contact
area with the sheave. This results in the same wire displacement as the angular displacement multiplied by
the radius. It is justified to use this assumption because the normal force of the wire is high resulting in a high
contact friction between the wire and the groove of the sheave. The segments of the wire are extensible and
their motion is governed by the equation for longitudinal motion of a rod.
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22

Mfric

Figure 4.10: Extensible wire attached to fixed points over a sheave

The dynamic interface condition is the dynamic balance of moments applied to the sheave. This balance can
be found in equation 4.1.
Ji = ki R* (=) + ko R*(—pi) + b1 R* (—p;) + boR* (=) — Mfric + Mexs 4.1)

where ¢ () is the angle of rotation of the sheave that is assumed to be positive in the counterclockwise direc-
tion and ¢(¢) its time derivative. k and b are the stiffness and damping coefficients of the steel wire. M fric
(equation 4.2) and Mgy, are the friction moment and external moment respectively. This friction moment is
derived earlier in section 2.4.2.

Myyic=—pFyr (4.2)

The dynamic balance of vertical forces is written in equation 4.3.

mz =k R*(—;) + kaR2(¢1) + b1 R* (=py) + b2 R* (i) — Fpin (4.3)

where z is the translation of the sheave in vertical direction, z its time derivative and m the mass of the load
to be lifted. Due to the dynamic effect of the translation in z-direction the value of the force on the pin of the
sheave F);, isnot a constant value. This leads to a change in the friction moment in equation 4.2. The friction
moment results in a difference between the force in wire 1 and in wire 2. Later in section 4.7 the determination
and the validation of the friction factors is explained in order to correspond to the friction forces which are
determined during calibration tests. The forces in the individual wires are calculated by taking the sum of the
restoring and damping force, see equation 4.4.

Fuire = kR¢p; + bRep; (4.4)

Three different cases are possible whether the sheaves can beside rotate also translate as they are not fixed in
the crane structure:

* Fixed position between sheaves
* Fixed position top sheave, free translation bottom sheaves
* Free translation of two sheaves connected to sheave i

These cases are explained separately:

Case 1: Fixed position between sheaves

In the first case (Figure 4.11) a situation is considered where sheave i is connected by wire 1 at sheave i — 1
and wire 2 at sheave i + 1. The two later sheaves are fixed in the crane structure and have a fixed distance
related to sheave i. The dashed lines represent continuities of the wires after the sheave. The force in wire
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1, positioned between sheave i — 1 and i, is calculated with the angular displacement and angular velocity of
those sheaves, see equation 4.5. The same holds for the force in wire 2, see equation 4.6. By determining the
elongation on both sides of the sheave the resulting moment can be determined with equation 4.7.

Figure 4.11: Case 1: Sheave i connected with two fixed sheaves

Fi=ki(¢pi-1R—}iR) + b1(pi-1R— ;i R) (4.5)
Fo=ko(piR—bi+1R) + b2 (hiR— 41 R) (4.6)

Y My, = ki R?(i—1 — i) + ko R*(=pi + 1) + ...

. ) . i 4.7)
b1R* (i1 — i) + boR“ (=i +Piy1) — Mfric

Case 2: Fixed position top sheave, free translation bottom sheaves
The second case (Figure 4.12) describes a situation where one sheave is able to rotate and is fixed in all other
directions and one sheave is able to rotate and translate. This extra translation results in an additional term z

for the elongation of the spring, see equation 4.8 and 4.9 for the forces and equation 4.10 for the total moment.
The extra term is underlined.

fey

4

:LZ
Figure 4.12: Case 2: Sheave i connected with one fixed to the crane and one fixed to the main block
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Fi=ki(¢pi-1R—};iR) + b1(pi-1R— ;i R) 4.8)
Er=ko(piR—pis1R—2) + bo(piR— pis1R - 2) 4.9)

Y My, = kiR* (i1 — i) + kaR(—pi R+ pis1 R+ 2) + ..

e e _ (4.10)
D1R* (i1 —hi)) + D2 R(=p; R+ pis1 R+ 2) — My

Case 3: Sheave connected with two free translation sheaves

The third and last case (Figure 4.13) illustrates the condition where sheave i is attached to two other sheaves
which are able to rotate and translate in one direction. This translation leads to an additional term z in both
calculations of the wire forces, see equation 4.11 and 4.12 for the forces. The total moment is determined with
equation 4.13. Both additional terms are underlined.

£ "

I

Figure 4.13: Case 3: Sheave i connected with two free sheaves

Fy=ki(¢pi-1R—¢iR—2) + b1 (pi-1R— ;R - %) (4.11)
Er=ko(piR—pis1R—2) + bo(piR— pis1R— 2) (4.12)

Y My, =kiR(pi-1R—piR—2) + kyR(—p;R+ pi 1R+ 2) + ...

. o . . ' (4.13)
biR($pi-1R—Pp;iR—=2) + b2R(=p;R+ iy 1R+ 2) — Myric

With the three cases a model is created with all the sheaves present in the crane reeving configuration. This
creates a 1D model in the direction of the hoist wires with 102 degree of freedom. It solves for each sheave its
equation of motion with dry friction which can result in a stick-slip effect. The distance between all sheaves
is not equal due to the structure of the crane and construction choices of the crane manufacturer. In some
parts the distance is fixed, but in some parts the distance between the sheaves and thus the length of the wire
is depending on for example the angle of the boom or the gap between the main fall lead in and the main
hook. The spring stiffness k of a wire rope segment is therefore not constant.
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4.4. DAMPING OF STEEL WIRE ROPES

In section 2.3 the damping in the axial direction of steel wire ropes is already widely discussed. For the nu-
merical model one of the variables is also the amount of damping that is present in the steel wire ropes. The
damping effects the motion of sheaves in the numerical model that is created. However, without a special-
ized experiment it is hard to predict what the exact value for the damping is as it depends on many variables.
It is a fact that for steel wire ropes the damping is a function of the amplitude, frequency and history of the
vibration [Vanderveldt et al., 1973].

Viscous damping (due to the internal friction and among other things) of wire ropes is therefore not a con-
stant value. Still a considerable amount of damping should be taken into account. An initial value to verify
the model a percentage of the critical damping is used for the axial elongation of the wires. [Chaplin, 1991]
states that the logarithmic decrement § lies within a range of 0.02-0.20 for six strand and multi-strand ropes.
With equation 2.18 an estimate for the damping ratio { can be made which can be used to find an absolute
value for the damping coefficient b with equation 4.14.

1
b={b¢rit = ——=2Vkm (4.14)

1+ (3

Where ( is the dimensionless damping coefficient, m the mass of the load and k the stiffness of the wire. The
value for the damping that is used is to 6=0.1 which correspond to a { of 1.6%.

4.5. EQUIVALENT STIFFNESS

Aswas explained earlier in section 3.1.1, itis clear that there is not an equivalent distance between the sheaves
in the crane wire reeving configuration from appendix B. Partly of the reeving is in parallel and partly of the
total reeving is in series. Because of this the stiffness of the reeving can be written as an equivalent stiffness k.,
build up by the individual components of stiffness of wire ropes between two sheaves. In general the stiffness
k can be calculated with equation 4.15 when a constant Young’s Modulus E and effective cross-sectional area
Aerris assumed.

B EAeff
L

For springs in parallel or in series the equivalent stiffness, elongation and force can be calculated following
Table 4.3:

k (4.15)

Table 4.3: Equivalent stiffness, elongation and force

Quantity Unit Parallel Series

Equivalent spring constant  [N/m]  keg=k; +k %q = ki] + kil
Elongation [m] ALeg=AL1=ALy ALeg=AL;+ALp
Force [N] Feq =h+F Feq =FK=F

Figure 4.14 and 4.15 shows how the wire rope is going through the system from the drum to the dead end
where two wires originate from two different winches are connected. The colors in the figures correspond
to the colors of the wire reeving illustrated in appendix B. The purple wire is passing through a number of
four sheaves before it is part of the parallel section, whereas the green wire has to pass six sheaves. As the
orange and blue part are exactly symmetrical to the blue and purple part respectively they are not depicted.
Later a factor 2 is applied to take their contribution to the overall stiffness into account. The corresponding
lengths L) until Ly between each sheave is determined from drawings of the construction of the crane and
are summarized in Table 4.4 for the purple part and in Table 4.5 for the green part. Note that L, and Lg are a
function of the boom angle @4, as the wire would become larger when the boom is horizontal compared
to a nearly vertical situation.
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Figure 4.14: Position sheaves part A of crane reeving
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Figure 4.15: Position sheaves part B of crane reeving

Table 4.4: Length between sheaves purple part

From To Length

Ly [m] Leftreardrum Fleeting sheave 27.5

L, [m] Fleeting sheave Boom guide sheave  f(@poom)

L; [m] Boom guidesheave Boom tiplead-in 28.8

Ly [m] Boom tiplead-in Main fall lead-in 20.5

Table 4.5: Length between sheaves green part
From To Length

Ls [m] Leftrear drum Fleeting sheave 27.5
Lg [m] Fleeting sheave Boom guide sheave f@poom)
L; [m] Boom guide sheave Lower crossover sheave 1  12.8
Lg [m] Lower crossover sheavel Lower crossover sheave2 3.2
Lg [m] Lower crossover sheave2 Boom tip lead-in 12.8
Ly [m] Boom tiplead-in Main fall lead-in 20.5

In general the stiffness of each single hoist wire segment is determined by its stiffness EA. ¢y and the length
that is suspended. For the parts in both Figures 4.14 and 4.15 the stiffness can be calculated with equation
4.16. For the stiffness k» and kg the calculation for the length depending on the boom angle a0, has been
incorporated, see equation 4.17. Also the stiffness kjs for the wire part between the load measuring sheave

and the main fall lead-in can be determined by its length. This wire rope part has a fixed distance of 12.8 m.

EA
k= 2T 4.16)
L;
Ky = kg = et _ Ederr 4.17)
Ly V/(10.8 +42.2coS(@poom))? + (=18 +42.25in(Apoom))?

After taking the contribution of each segment correctly into account the total equivalent stiffness of the serial
part of the hoist wires can be calculated with equation 4.18 for part A (and D) of the reeving and 4.19.

ki-4= (

) -1
Z?—lki)
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-1
1

ks-10 (2}25 k,‘) (4.19)
The quasi-static displacement of the main block in the model can be determined with equation 4.20. Here
Nraiis is the total number of parallel wires that is in the reeving arrangement, being 4x20 for the example in
appendix B. Note that the stiffness kj,;s; depends on the length of the hoist wires (distance from crane tip
to main block) that are suspended. The quasi-static displacement is computed by the gravity force Fy that
corresponds to the suspended load.

2F4 2Fg 4F,
Fg Nfalls + Nfalls Nfalls

Az

knoist ~ ki-a  ks-10  kwms (420
However, when taking the corresponding wire lengths and using the definition of a constant stiffness k = &
equation 4.20 can be rewritten as 4.21 to get an equivalent stiffness for the hoist wires including the wires in
the crane structure and the redistribution over the sheaves. The constant c is fixed due to the length between
the sheaves in the crane structure and only depends on the crane boom angle @ 0,5,;, in equation 4.22. It is
derived by rewriting equation 4.18, 4.19, 4.17 and 4.20.

EAcrrnfalls
keq - ——

= (4.21)
LpoistNfalis+c

c=358.4+4 *\/(440 +911 * cos(Apoom) + 1780 * cOS(Xpoom)? — 1519 * Sin(Apoom) + 1780 * Sin(@poom)?)
(4.22)

4.6. SHEAVE MOTIONS

The numerical model is created for the whole reeving arrangement as depicted in appendix B. An overview
and explanation of the model in Simulink can be found in appendix F. As was explained in section 3.2 earlier
a step in the hook load is found while operating the crane both in lifting and lowering. Therefore there are
two base cases studied, one of the cases is a hoisting operation and the other case a lowering operation.

4.6.1. INITIAL CONDITIONS

Both cases start with an initial load of 3000 mT hanging in the crane. Due to the elongation of the wires
between the winches and the main fall axle all sheaves have an initial rotation. The elongation needs to be
redistributed over the other sheaves in the parallel part. Moreover due to the load all the wires in the parallel
part elongates equally as well. Both results in a initial displacement of the load in z-direction simultane-
ously. The initial condition of the topside can be checked with the equivalent stiffness calculated earlier in
section 4.5. The corresponding initial conditions are the values of the displacement at t=0 s (before any crane
operations) in Figure 4.17.

4.6.2. LOWERING

Figure 4.16 shows the wire displacement over the winch in meters. As the crane is controlled by a set of four
winches each winch pays out a total of 1.0 m simultaneously in this case. The lowering operation starts at t=1
s and ends at t=11 s. Due to the choice of sign for the winch (paying out is positive) the displacement goes
from 0 m to 1.0 m. The topside displaces from its initial condition (-0.0672 m) to its final situation at -0.1172
m. A total wire length of 4.0 m was distributed over 80 wires, resulting in an overall topside displacement of

84—0 = 0.05 m negative. This equals a decrease of the topside height of —0.1172 — -0.0672 = —0.05 m.
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Figure 4.16: Wire displacement of winches and displacement of topside during lowering

In Figure 4.17 the wire displacement of each sheave for part A of the sheave assembly is drawn. This wire
displacement x is calculated by the rotation of the sheave multiplying by the radius (equation 4.23). The
numbering of the sheave goes from left to right from the crane reeving diagram in appendix B. The top sheaves
are the ones at the main fall axle and the bottom sheave are on the block axle. Again the displacement starts
at t=0 s on its initial condition due to the initial load that elongated all hoist wires. While paying out wire
by the winch the sheaves close to the winch have rotated more than the ones further away. This results in
a higher relative wire displacement. As the crane reeving consists of four parts the other wire displacement
graphs (for part B, C and D) can be found in Figures G.1 until G.3 of appendix G.

x=¢iR (4.23)
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Figure 4.17: Wire displacement over sheaves of part A (purple) during lowering

Besides the sheaves that are in the parallel part of the reeving sections the sheaves in the serial part should
also have rotated. As the winches all pay out 1.0 m the same amount has to pass the serial sheaves because
they are between the winch and the parallel part. The load of the topside provides constantly a tension on
the wires and therefore the serial sheaves rotate as well. Table 4.6 gives the associated abbreviations for these
sheaves and Figure 4.18 displays the displacements. An equal increase between t=1 s and t=11 s of 1.0 m is
present everywhere.
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Table 4.6: Abbreviations of sheave in crane structure

Left frontdrum Right frontdrum Leftrear drum Rightrear drum

Fleeting sheave LF1 RF1 LR1 RR1
Boom guide sheave LF2 RF2 LR2 RR2
Lower crossover sheave 1  n.a. RF3 LR3 n.a.
Lower crossover sheave 2 n.a. RF4 LR4 n.a.
Boom tip lead-in LF3 RF5 LR5 RR3
Main fall lead-in LF4 RF6 LR6 RR4
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Figure 4.18: Wire displacement over sheaves in crane structure during lowering

4.6.3. HOISTING

The previous section showed the case for lowering where this section does the opposite for the hoisting case
(Figure 4.19. Instead of a positive winch displacement a decrease of 1.0 m is now taking place as it is pulling
in the wire. The topside is going from its initial condition (-0.0672 m) to a new situation at -0.0172 m. A total
wire length of 4.0 m was pulled in from 80 wires, resulting in an overall topside displacement of % =0.05m
positive. This equals an increase of the topside height of —0.0172 — —0.0672 = 0.05 m.

Displacement
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Figure 4.19: Wire displacement of winches and displacement of topside during hoisting
The wire displacement graph of the sheaves of part A are given in Figure 4.20. It begins in the same position
as for the other case but the displacement has a negative direction now. Logically a sheave would rotate in

the opposite direction whether the crane is lifting or putting something down. The other wire displacement
graphs (for part B, C and D) can be found in Figures G.4 until G.6 of appendix G.
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Figure 4.20: Wire displacement over sheaves of part A (purple) during hoisting

Figure 4.21 shows the wire displacement of the sheaves in the crane structure. From their initial condition to
their end situation a total of -1.0 m wire has passed each sheave in total.
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Figure 4.21: Wire displacement over sheaves in crane structure during hoisting

4.7. WIRE FORCES

From the rotational velocity and displacement of each sheave the force of each wire segment can be calcu-
lated as was explained earlier in section 4.2. When there is no friction taken into account in the model the
coefficients py;, and ug:4; are zero. When a load is statically supported by a multiple part wire rope reeving
system, the load on each rope part is equal to the weight of the load supported. The load on each rope part is
the total load divided by the number of parts of rope supporting the load (3000 mT in this case):

Load _3000mT _ 3000 *9.81
Nfaus 80 80

Force= =367.9kN. (4.24)

But, when taking friction into account and the same load is raised, the stress in each rope part increases pro-

gressively from the dead end to the lead line. This increased stress is due to the cumulative effect of friction
in the sheave bearings and the internal friction force between the fibers in a wire rope.
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Additionally in order to have equilibrium, those parts of a multiple reeving nearest to the winch have a slightly
higher load than their proportionate load. While those farthest away from the drum have a lower load and
the sum of all forces all parts supporting the load are equal to the weight of the topside. There are also forces
due to accelerating and decelerating of the load, but these are not included in the aforementioned discussion,
since the suspended load is normally displaced with a constant velocity.

When the hoisting operation is ended at a certain moment in time, the force difference in the wires is still
present. This phenomenon is also happening in reality as was found in offshore measurements, see section
3.1. The same results were found in the outcome of the model, see Figure 4.22. In this figure the force in
the twenty hoist wires of part A are plotted. At t=0 s the force in each wire is constant as the load is equally
distributed. At t=1 s the hoisting operation started and a force difference between every two neighboring wires
is present. When the operation is completed at t=11 s the discrepancy is still present. This effect originates
from the stick-slip effect described in section 2.4. Similar figures for part B, C and D of the reeving can be
found in appendix H in Figures H.4 until H.6. Around t=2 s one can see a damped oscillation in the forces
when the topside is suddenly being brought in motion and at t=12 s where it is suddenly being brought to rest
again.
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Figure 4.22: Wire forces of part A (purple) of crane reeving during hoisting

In stead of looking at the force difference between individual wires it is also interesting to see how the differ-
ence between the suspended load and the forces at the modeled measurement sheaves correlate. In section
3.2 the numerous correction factors used in the crane PLC were mentioned. The sheave friction factors are
tuned based on a friction factor of 1.05 for both hoisting and lowering in order to show the effect, thus a de-
crease or increase of the load by 5%. This resulted in a p;, of 0.261 and pg4; of 0.524. Constant friction
factors are assumed for each sheave, but due to unequally wear this does not have to be the case obviously.
From Figure 4.23 can be seen that the load difference corresponds to exactly 5% of the suspended load.
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Figure 4.23: Combined wire force on measurement sheaves during hoisting

The opposite case, lowering, is also considered. The force distribution is again plotted in Figure 4.24 while
using the same friction factors. The spreading of the individual wire forces is now in the opposite direction as
for the hoisting operation. The force at the measuring sheave has increased and at the winch has decreased,
which was found in section 3.1 as well. Similar figures for part B, C and D of the reeving can be found in
appendix H in Figures H.1 until H.3.
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Figure 4.24: Wire forces of part A (purple) of crane reeving during lowering

When zooming in on the model load measurement (see Figure 4.25) a similar step due to cumulative friction
is found around t=1 s, but now in the opposite direction as what was found for a hoisting operation. After the
operation the force is still present. The same phenomenon, a decrease in measured load during hoisting and
an increase in measured load during lowering, as in reality is now modeled with a friction for each sheave. A
similar model could be created for one of the other vessels of HMC: the DCV Balder. In the force measure-
ments of this vessel it was observed that the effect is opposite. During hoisting the hook load increases and
during lowering measurements show a decrease in hook load. When you look at the crane wire reeving of this
vessel in appendix C the measurement sheaves are positioned close to the winches. This is opposite of the
location at the SSCV Thialf where they are as far as possible from the winches. While looking at Figures 4.22
and 4.24 the force in the opposite direction as well if you compare wire 1 (at measuring sheave) and 20 (at
winch). If a similar model was made for the Balder crane reeving the same effect as in reality would be recog-
nized. However the load sensors are there positioned close to the winch, resulting in the opposite effect in the
load measurement. Later in chapter 5 it is described how a coupling is made between this reeving model of
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the SSCV Thialf and an imposed model motion model. This is done to incorporate it in the load-crane-vessel
system.
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Figure 4.25: Combined wire force on measurement sheaves during lowering
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Imposed motions model

This chapter outlines the numerical model created to impose the vessel motion. Section 5.1 explains the
reason why this model is created and how the hoist wire response is obtained. The derivation of the equations
of motion is described in section 5.2. This is firstly performed by solving the Lagrangian’s for a 3D spring
pendulum for a single lift model and followed by creating the motion matrices for a dual lift model with
LiftDyn. To verify the outcome of the model several base cases are made of which the outcome is discussed
in section 5.3. In section 5.4 of this chapter it is explained how the model from chapter 4 is integrated with
the imposed motion model.

5.1. HOIST WIRE RESPONSE

5.1.1. FREQUENCY DOMAIN

In order to gather the responses of the hook load due to the environment it is possible to solve a model in
time domain or frequency domain. When working in frequency domain a wave spectrum describing the sea
state is used to get the response of the hoist wire by determining the force Response Amplitude Operator
(RAO). This could be done with a prediction of the sea state on the desired location from long term wave
statistics or by the actual sea state measured with a wave rider buoy. Using measurements from a buoy is only
possible during an installation itself or when the project is finished. For critical lifts the sea is observed by a
buoy during the installation to know the conditions of the sea. These can either be described by a 2D wave
spectrum or a 3D wave spectrum. In a 3D wave spectrum the direction is incorporated as the wave spectra
are discretized and each wave component has a direction. The force RAO of a hoist wire can be obtained by
creating a model in which separate bodies are able to move freely and are connected to each other by spring-
dashpot elements. These bodies represent the vessel, the rigid parts of the crane assembly and the load each
having their own inertia properties. A total mass, damping and stiffness matrix can be composed. As the mass
and damping for a vessel is frequency depended (added mass and damping due to water) this is formed for
arange of frequencies. With this model the relative motion and velocity RAO between the connection points
of this element can be determined. Together with the stiffness and damping properties of the spring-dashpot
element the force RAO can now be deducted. The response due to the environment can be computed by
multiplying the force RAO squared with the wave spectrum in equation 5.1 (see Figure 5.1).

Storce = S{IRAO forcel? (5.1)

As explained in chapter 3 the load in the crane and thus the forces in the hoist wires are measured as well.
By doing a spectral analysis on the measured hook load the behavior can be compared with the computed
response.

45



5.1. HOIST WIRE RESPONSE 46

Input Model Output Compare

Frequency domain

PS Hoist Wire Response

Frequency [rad/s] —— i

SB Hoist Wire Response
IFFT

Frequency [rad/s] Measured PS Hoist Wire Force

M\ W

Time [s]

Waves

2D:
Wave Spectrum

\

Frequency [rad/s]

Measured SB Hoist Wire Force

WAVAVAVAY

Time [s]

Figure 5.1: Response frequency domain model

5.1.2. TIME DOMAIN

Another way for determining the response of the hoist wire forces is by kinetically imposing the measured
motions of the vessel in a numerical model. Due to the inertia of different components of the load-crane-
vessel system a relative motion is present. The vessel motions have an influence on the motions of the boom
which is in connection with the main block and the suspended load. The relative motion results in dynamic
forces occurring with one or more modes that are amplified. This results in multiple natural periods. For
the reason that the vessel motions are measured in time domain it is possible to solve this in time domain as
well. See Figure 5.2. By using this procedure the inaccuracies of wave measurements and the change of an
incorrect wave diffraction analysis are skipped. The same mass, damping and stiffness matrices created for
the frequency model can be used for a fixed frequency. The frequency depended parts for the vessel due to
the water are no longer considered as the vessel motions are no longer free variables. Its displacement and
velocities (by taking the derivative) are known from the measurements. It could also be possible to impose
the motions of the load, however the mass of the vessel is a order of magnitude higher and the motion of
the topside is already implicit taken into account. In the imposed motions model only heave, roll and pitch
of the vessel are considered. The other three degree of freedom of the vessel (surge, sway, yaw) are not of
relevance because they are in the horizontal plane. After applying the motion of the vessel the simulation
gives a response of the motion of each free body. In order to minimize an initial transient the simulation
is performed twice. In the first run the imposed motions are constant and equal to its first value. With a
high damping value the initial conditions are determined. The relative motion between the two connection
points of the spring-dashpot element gives an elongation or compression of this element. After multiplying
the stiffness with the elongation and the damping with its time derivative the forces of the spring elements
and thus the hoist wire force can be computed. The simulation lasts as long as the time trace of the measured
vessel motion is stationary. The time trace of the determined hoist wire force has logically exactly the same
length. After performing a spectral analysis for both the obtained time trace out of the model and the offshore
measured hoist wire force, they can be compared in terms of frequency components. The non-linear effect
of the hoist wire forces from the sheave model in chapter 4 can be included as well in time domain.
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Figure 5.2: Response imposed motion model

5.2. EQUATION OF MOTION

The required input for the model described in section 4.2 is either the applied force on the main hook of a
crane resulting in a certain displacement or an applied displacement resulting in a force in the hoist wires
represented as a spring element. This section illustrates how this force or displacement is determined by
relating the motions of the vessel and the load. The motion measurement was described earlier in section
3.4 in this report. In order to kinetically impose the measured motions of the SSCV in the total system the
equations of motions are derived. This is firstly performed by solving the Lagrangian for a single lift and later
on by obtaining the motion matrices from LiftDyn, a HMC in-house multi-body dynamics software.

5.2.1. SINGLE CRANE LIFT WITH LAGRANGIAN

One way to obtain the equation of motion is by solving the Lagrangian. The derivation can be found in
appendix I for a single lift. Here the kinetic, potential and dissipation energy of the system is set up. The ap-
pendix is divided into two parts: the first part consist of a spring pendulum with a fixed suspension point and
the second part with a suspension point that is able to translate in three directions. This extra part in terms
of a translation corresponds to the motion of the crane tip due to the motion of the vessel which originates
from environmental influences. As the Lagrangian is only solved for a single lift it is not further discussed
from here, because the highest interest lies in a dual crane lift.

5.2.2. DUAL CRANE LIFT WITH LIFTDYN

In the previous section it is discussed how a motion can be imposed to determine the response of the load for
a single crane lift for a free hanging mass. However HMC’s vessels are specialized in performing lifts with two
cranes (dual lifts). Deriving it with a Lagrangian would be more complicated due to the interaction between
the numerous degree of freedom by two crane tips. In order to model and to derive the motion matrices HMC
in-house software LiftDyn was used. LiftDyn is a linear frequency domain software. As it is limited in doing
frequency domain calculations it is unable to imposed measured motions of the vessel as time traces. On the
other hand it is not possible to couple the model from chapter 4 to incorporate non-linear effects due to the
stick-slip which have to be solved in time domain. The export function of the model in LiftDyn also consists
of the mass matrix M*, the damping matrix B* and the stiffness matrix K* for a range of frequencies. These
matrices are used to calculate the response of the motion and of the forces acting between rigid bodies. An
overview of a typical modeled dual lift can be found in Figure 5.3. In the next paragraphs fixed properties of
the vessel are considered, project related properties that were input of the model can be found in appendix
K.
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Figure 5.3: Model overview LiftDyn

The system normally consists of six bodies (vessel, load, starboard crane boom, port side crane boom, star-
board main block and port side main block) each with six degree of freedom (three translations and three
rotations), resulting in a total of 36 degree of freedom system. Some of these degrees of freedom are omitted
as they are part of another body. This is explained later on. Figure 5.4 shows the visualization of the body
of the vessel without the crane boom and Table 5.1 gives the properties of the body. Note that stiffness and
damping due to interaction with the water is not given as it is of no importance while imposing the measured
motion in time domain. Also make notice of the fact that the position of the CoG differs for each project and
even for each installation phase as additional load is carried by the vessel or a different ballast sequence is
used. Now project specific properties are used.

Table 5.1: Properties SSCV Thialf with 26.6m draft

Mass [mT] 165800
Radius of gyration x-axis  [kgm?] 38
Radius of gyration y-axis  [kgm?] 59
Figure 5.4: SSCV Thialf body Radius of gyration z-axis  [kgm?] 65

Figure 5.5 shows the visualization of the body of the crane boom and Table 5.2 gives the properties of this
body. Only the radius of gyration around the y-axis is given as the crane boom is only able to rotate around
this axis while hinging at the vessel body. The properties are similar for the port and starboard crane boom.
The position of the CoG is with respect to the local coordinate system of the crane boom where the origin lies
at the hinge point and the x-axis is directed along the crane boom to the crane tip.
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Table 5.2: Properties crane boom

Mass [mT] 1003.7
Radius of gyration y-axis  [kgm?]  36.05
Figure 5.5: Crane boom body CoG position [m] (61.3, 0, -0.205)

Figure 5.6 shows the visualization of the body of the main block of the crane and Table 5.3 gives the properties
of this body. There are no radius of gyration given since the main block is modeled as a point mass which is
only allowed to translate and not rotate. This can be read in appendix E where this rotation is added, but gave
no difference in the outcome. The properties are similar for the port and starboard crane main block.

Table 5.3: Properties crane main block

-352

4 Mass [mT] 236

Figure 5.6: Crane main block body CoG position  [m] (000)

In reality steel wires are used to support or transfer forces between bodies. This is done to attach the load to
the crane’s main block, to make a connection to the crane tip and to support the crane boom. In the model
these steel wires are represented as in-line springs or connectors. These single springs are included in the
total stiffness matrix K* by defining it between a point on body n and a point on body m. This spring relates
the motion of the point of body a relative to body b with a force vector. The forces working on each body are
equal but opposite in sign.

Particular bodies have constrains or are connected to other bodies. An example for this is the body for the
crane boom which has a hinge point at the aft of the SSCV. This results in less degree of freedom because
the crane boom is only able to rotate around the hinge point. The other five translations and rotations can
be omitted. This multi body dynamic software is taking care of how these bodies are combined by creating
a joint matrix Tj,;n;. How this joint matrix is constructed is not be explained in this report, because it is
already widely described in the manual of the software [Meskers, 2000]. This joint matrix specifies the relation
between the motion of a body around the CoG and the motion due to their connection. With these joint
matrices the actual matrices for the system with this relation can be calculated, see equation 5.2.

_ gl *

M= TjointM Tjoin:

B= T]’.oimB*Tjoint (5.2)
— U s AP

K=T;,;,,; K" Tjoint

IMPOSING OF PRESCRIBED MOTION
Consider an example with a general 3DOF system, with mass-matrix M, Damping matrix B and stiffness ma-
trix K (all [3x3] for a particular problem, see equation 5.3). All variables are free variables. When the matrices
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are written out with [3x3] matrices the equation looks like equation 5.4. Now when one of the three degree
of freedom (x3 in this case) is described by a predetermined time trace its influence to the other variables (x;
and x,) are written as forces on the right hand side of the equation, see equation 5.5.

X1
Mi+Bx+Kx=F with x=|x (5.3)
X3
mip mpz M3 b1 bz b3 kin ki kis F
my1 My M3 |X+ [bor b bog| X+ ka1 ko2 koz|x=|F (5.4)
m31 mzy m33 b31 b3y b33 k31 k32 ka3 F3
my miz|.  [bn blzl . [kn k12 Fi —my3%3 — bi3x3 — ki3x3
X+ X+ X= .. . (5.5)
[mm mzz] [bZI by ka1 ko2 F> — my3 i3 — bog X3 — ko3 X3

The same that was performed for the 3DOF system also holds for the load-crane-vessel situation. There are
three prescribed displacements (heave z, roll ¢p and pitch 6 motion of the vessel) on a 36x36 stiffness matrix.
When this system is solved the obtained motions have to be transfered back to the motions at the CoG of each
body. With other words, the added relation between bodies that are connected have to be removed. This can
be performed by multiplying the joint matrix T, with the displacement vector x to get x* (equation 5.6).

x* = Tjointx (5.6)

When the motions at the CoG of each body are solved from the system it is required to calculate the force in
each spring-damper element. Consider a spring-damper that is acting between two bodies and is attached
at a certain location of the body. A motion transformation matrix can be created which relates the motion of
a body at the CoG to the motion of point located somewhere else at that particular body see equation 5.8. By
multiplying this matrix with the motion at the CoG, the motion at the desired point of interest can be found.
The vectors a and b are the positions of the CoG and the point of interest (Pol).

1 00 0 (b;—az) —(by—ay)
01 0 —(b;—ay) 0 (by — ay)
0 01 (by—a,) —(by—ay 0
Thotion a— b= 0 0 0 Y 1 Y xO . 0 (5.7)
0 0 O 0 1 0
0 0 O 0 0 1
Xp = TmotionXa (5.8)

When this calculation is performed for both positions of the attachment of the spring element on both bodies
the length of the spring element can be calculated for each moment in time (equation 5.9). Together with the
initial length of the connector which is calculated with the initial conditions of the body (equation 5.10) the
elongation can be determined, see equation 5.11. This is performed for each time step to calculate the force
in the spring-damper during the whole simulation. Finally the corresponding force in the spring-dashpot
element is now computed (equation 5.12) with its stiffness and damping properties.

L=\/(by— a)? + (by - ay)? + (bz — a)? (5.9)
Lo =\ (by, — ax,)? + (by, = ay)2 + (bzy — az,)? (5.10)
AL=L-Lg (5.11)

F=kAL+bAL (5.12)
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5.3. SIMPLIFIED CASES

Four simplified cases are studied to check whether the imposed motions of the vessel are resulting in expected
responses. The first case consists of the vessel being fixed in all degrees of freedom, as if it is standing on the
bottom of a canal. A regular sinusoidal force is applied at the center of gravity of the topside. The amplitude
of the force was 100 mT. To cover the range of the natural periods of the system the simulation was performed
with a frequency range of [g—’g %]. On certain frequencies of the applied load the force in the hoist wire is
amplified. The amplitude of the hoist wire force is determined from the resulting time trace and are plotted
against the frequency to create a response graph. The peaks in the graphs should correspond to the natural
periods of the system. For the damping a default value of { 1.5% of the critical dampingis used. An increase of
axial hoist wire damping would result in a lower amplitude at the natural periods. Another way of determining
the natural frequencies is by using the Matlab function eig(K,M), which returns the generalized eigenvalues
based on K and M, the stiffness and mass matrix. These natural periods and their corresponding mode can be
found in section L.4 in the appendix. They are valid particularly for the model of project A that was consider
as the properties of the load (like CoG, mass, inertia) and of the vessel (slew angle, boom angle, mass) are
different for every offshore installation. Anyway, it is still important to check whether the same responses
are found from the eig-function and the imposed model. These cases are summarized in Table 5.4. Beside
the case where a force is applied also the imposed motions of the vessel are varied. Each degree of freedom
that is imposed is considered. Again for a wide range of frequencies the simulation is done with a regular
sinusoidal wave to draw the response graph. The heave motion had an amplitude of 0.1 m, the roll and pitch
motion with an angle amplitude of 0.1 degrees. The response graph is made for a set of four items. Firstly the
response of the hoist wire force is considered four all cases, see Figures 5.7, 5.8, 5.9 and lastly 5.10.

Table 5.4: Figure overview of obtained responses

Case Response hoist wire force Response module Response Main block Response Crane tip
Force on topside  Figure 5.7 Figure 5.11 Figure 5.12 Figure 5.13
Imposed Heave  Figure 5.8 Figure L.1 Figure L.2 Figure L.3
Imposed Roll Figure 5.9 Figure L.4 Figure L.5 Figure L.6
Imposed Pitch Figure 5.10 Figure L.7 Figure L.8 Figure L.9
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Figure 5.7: Response hoist wire force due to sinusoidal force at topside
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Figure 5.8: Response hoist wire force due to sinusoidal heave motion
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Figure 5.10: Response hoist wire force due to sinusoidal pitch motion

Also the motion response of the topside (or module), main block and crane tip are given. For the first case
(applied force) they can be found in 5.11 until 5.13 and for the other cases in appendix L. The peaks in the
response spectra match with the found natural periods in the same appendix.
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Figure 5.11: Response module due to sinusoidal force at topside
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Figure 5.12: Response main block due to sinusoidal force at topside
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Figure 5.13: Response crane tip due to sinusoidal force at topside

5.4. COUPLING OF TWO MODELS

This section describes how the sheave friction model and the imposed motion model discussed earlier in
section 4.2 and in subsection 5.2.2 are coupled to one model. The sheave wire model in in one direction. The
required input is either a displacement in the direction of the wires (the 1D direction) or a force that is applied
in line. This can for example be represented as a force that is applied on the main block axle whereas other
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sheaves are positioned at the crane tip. In the imposed motion model the hoist wires are represented by a
single spring element, see Figure 5.14.

Figure 5.14: Hoist wire represented as a linear spring-dashpot Figure 5.15: Hoist wire represented as a pair of forces

This connector element has a connection between the same two positions as mentioned before for the sheave
model. It is modeled as a completely vertical spring. It has a contribution to the total stiffness matrix K* and
damping matrix B*. As this component is vertical it is governed by the motions of five variables. These five
variables are the three imposed motions of the vessel (heave z, roll ¢, pitch 8), the z-motion of the main block
zmp and the rotation of the boom aj,0,,. The contributions to the total stiffness matrix K* of a hoist wire with
constant stiffness k are given in equation 5.13. The displacement vector x consists of the five variables that
have influence on the elongation of the hoist wire spring element. The force in the hoist wire element depend
on the total elongation due to one or more displacements of these variables. Ry, Rg are the arms from the
CoG of the vessel to the crane tip. Rpoom represents the crane radius. Note that only the derivation of the
restoring force is considered. The same method for the damping contributions has been taken into account.
Both element contributions are removed from the stiffness and damping matrices for the hoist wire of the
starboard and port side crane. This ends up in a system which cannot be solved as the displacement of the
topside goes to minus infinity because it is unsupported. However if an additional force is added to the force
vector the load is supported again. This is shown in Figure 5.15. This extra force is now coming from the
nonlinear sheave wire model and a coupling is made.

k —kRy kRyg —kRpoom -k z
—kRy kRj, —kRyRy kR Rpoom kRy ¢
Kywx= kRg —kRgRy kRS —kRgRpoom  —kRy 0 (5.13)
—kRpoom kaoomR(p —kRpoomRe lez,oom kRpoom | | ®boom

-k kR —kRyg kRpoom k Zmb

However for the imposed motion model the variables of the vessel do not require an equation of motion as
their displacements are known from measurements. The contribution of the hoist wire is only of importance
for the equations of the boom rotation a4, and the z-motion of the main block z,,;. The stiffness matrix
of the hoist wire element from equation 5.13 can therefore be simplified by deleting the first three rows of the
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matrix. The restoring force F;¢s; on the main block and the restoring moment F,.s; * Rpom Of the boom are
left over. This results in equation 5.14.

Zyessel
[ Frest ] = [_kaoom kaoomR¢ —kRpoomRo kRioom kRpoom (gvessell (5.14)
Frest * Rpoom -k kRgp —kRy kRpoom k al;esse .
oom
Zmass

If equation 5.14 is divided by the stiffness k of the element it ends up in equation 5.15. AL represents the
elongation of the hoist wire in the direction of the element. As mentioned earlier this was the required input
for the sheave wire model. With the obtained elongation a force is calculated in the sheave wire model and
applied on the main block and at the crane tip. Now the bodies in the model can get in equilibrium again.

Zypessel
1
AL — —Rpoom Rbooqub —RpoomRe Rioom Rpoom ngesse 515
AL * Rpoom -1 R¢ —Ry Rboom 1 Zuessel .
mass
®Xpoom

In short the element of the spring of the hoist wire is removed from the model. This element is replaced
by a pair of two forces. These forces are equal in magnitude and phase. Their value has an opposite sign.
When removing the stiffness and damping contributions of the hoist wires correctly from their corresponding
matrices and applying the forces on the correct bodies the model is coupled.
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Comparison study

In this chapter first the influence of friction on the dynamic hook load measurement is discussed in section
6.1. Section 6.2 shows a sensitivity analysis for the friction factors that are used. In section 6.3 the comparison
is made between the imposed motion model and offshore measurements. Later in section 6.4 the comparison
is made between a spring element and the sheave model for the representation of the crane hoist wires.

6.1. EFFECT OF FRICTION ON DYNAMIC LOAD MEASUREMENT

With the sheave wire model described in chapter 4 the effect of friction on the dynamic load measurement
is studied. This is performed for a total of 9 different environmental conditions. Jonswap spectra are created
for three different significant wave heights H; and three different peak periods 7). The peak-enhancement
factor y is set constant at 1.0. The used combinations are created with the following variables:

e H;=[1.0m, 2.0m, 3.0m]
* Tp=18s, 12s, 18s]

From linear frequency domain software LiftDyn a force RAO for a typical dual lift is taken to act as an ex-
ample of the force acting in a hoist wire. This force is then applied on the hook in the sheave wire model
and compared with the force that is measured in the model at the same position where the measuring force
is in reality. The simplification of the model and what the forces represent can be found in Figure 6.1. The
measured force points to the position of the measuring sheave.

"“‘FMeasured

*

y
Fapplied

o

Figure 6.1: Applied and measured force representation
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By comparing these two forces the influence of the friction and the resulting stick-slip motion on the load
measurement can be investigated. The force RAO can be found in Figure 6.2. In this simplified case the force
RAO is taken from a single wave direction as the input wave spectrum is also coming from a single direction
(a 2D wave spectrum).
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Figure 6.2: Force RAO

In Figure 6.3 the input wave spectrum and the resulting force response from the force RAO is given. The force
response is calculated with equation 6.1. In this example it is done for a single case being the lowest significant
wave height of H; = 1.0m and lowest peak period of T, = 8s. It is however done for all cases and summarized
later. Figure 6.4 shows the corresponding wave height and Figure 6.5 corresponding load fluctuation for this
sea state. The wave train is created by doing a IFFT with a random phase. The zeroth order moment m, of
the spectrum should correspond to variance o of the time trace. The load fluctuation is also created with a
IFFT where the phase angle is a combination of the random wave phase and the RAO force related phase.

2
Sforce = S{|RAOf0rce| (6.1)
N Wave spectrum and Force response - H s =1.0m Tp =8.0s v =1.0
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Figure 6.3: Input wave spectrum and corresponding force spectrum
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Figure 6.5: Time trace hoist wire force
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With the applied loads as input for the model the simulation is performed twice for each sea state that is
considered. The first simulation run is done with the static and kinetic friction factors being zero and the
second run with the friction factors that were tuned by offshore measurements. The derivation of the factors
is done by creating the same increase of the hook load due to crane operations in a quasi-static situation. A
lower response in the measured hook load is now found as due to the stick-slip effect the applied load cannot
be fully reconstructed at the measuring sheave in the model. See Figure 6.6 where both time traces of the load
measurement are given. At two points the simulated measured load is different. Firstly the peaks are lower
and secondly the load is constant at certain points when the sheave is in stick condition.

40
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Figure 6.6: Time trace applied vs. measured

Figure 6.7 shows the response of the load that is applied in the model and the simulated measured load for the
no friction case. Expected was that both spectra lie on top of each other as the friction has no influence and
this is also the outcome of the model. Figure 6.8 shows the response where the friction is taken into account.
Now the response of the simulated load measurement is lower.
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Figure 6.7: Output force spectrum: no friction
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Figure 6.8: Output force spectrum: with friction

From the two time traces in Figure 6.6 a RAO can be computed to relate the applied force to the measured
force for a range of frequencies. This shows how load fluctuations applied at the main block relate to mea-
sured hook load fluctuations for a certain sea state, see Figure 6.9. The RAO for the no friction case is equal to
1 as there is no difference between those two. However for the case with friction the RAO is lower than one as
due to friction to observed load fluctuations at the modeled measuring sheave in 6.6 are smaller.

Load RAO

—No friction
- — With friction

RAO [mT/mT]
o
(4]

Frequency [Rad/s]

Figure 6.9: RAO between no and with friction
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As mentioned earlier identical simulations and calculations are performed for a range of sea states. These
are summarized in Figure 6.10. As the input wave spectra were increasing from H=1.0m until 3.0m the load
fluctuations are also increasing. The standard deviation of the applied load is given in the legend. As the load
fluctuation are increasing the force RAO is getting closer to one. This means that the dynamical load mea-
surement is better represented by the load sensor with higher fluctuations. The discontinuities are present
due to the a difference in load variance for each case that is considered.
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Figure 6.10: RAO for all sea states

In order to visualize it even better better in Figure 6.11 the significant double amplitude 40 (which statistically
approximates the maximum single amplitude that is in a signal) is plotted against the relative error. The
relative error is calculated with equation 6.2, where o is the standard deviation. When keeping the friction
factors constant the load measurement in the model is better represented when the load fluctuations are
higher. The slip condition is exceeded earlier. The error goes asymptotic to zero for higher load fluctuations.

Ono friction — Owith friction

Error = * 100% (6.2)

Ono friction
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Figure 6.11: Relative error for all sea states

6.2. INFLUENCE OF FRICTION FACTORS

As explained earlier in section 4.7 the static and kinetic friction factors are based on an overall load increase
or decrease of the wire force at the measuring sheave of 5%. However there might be an uncertainty for this
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percentage. Therefore a sensitivity analysis is performed by varying individual friction factors for a constant
environmental condition of H; = 2.0m and T},= 12s. This corresponded to a significant double amplitude of
40=332 mT. When varying one factor the other one is kept constant. Note that the kinetic friction factor can
not exceed the static friction else it would result in an unrealistic situation. Figure 6.12 and Figure 6.13 show
both friction factors plotted against the relative error between the variation of no friction and with friction.
The relative error is calculated in the same manner as in the equation 6.2. The red dots correspond to the
tuned value with a quasi-static friction increase of 5%. The kinetic friction factor has a higher influence on
the dynamic load measurement as the error is increasing more rapidly.

Kinetic friction factor vs. Relative Error with Hoga™ 0.521 & 0=83 mT Static friction factor vs. Relative Error with Poin = 0.261 & 0=83 mT
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Figure 6.12: Influence kinetic friction py;, Figure 6.13: Influence static friction psrqr

6.3. COMPARISON IMPOSED MOTION MODEL WITH OFFSHORE MEASUREMENTS

In this section the comparison is made for hook load responses for project A between the imposed motion
model and offshore hook loads measurements. The input time traces are the measured vessel motions (heave,
roll and pitch) for the free hanging stage of the installation of the topside. The forces in the starboard and
port side hoist wires represented as single spring-dashpot elements are the outcomes of the model. There
is not yet an integration made with the sheave model, but this is explained in the next section. The output
signal of the time domain model is sampled with a rate higher than the offshore measurement sampling rate.
In order to compare them equally the signal is filtered with a bandpass filter. The filter passes frequencies
within a certain range and rejects frequencies outside that range. The highest frequency that is allowed in
the model time trace is equal to the Nyquist frequency or half the offshore sampling frequency. As the crane
measurement has a sampling frequency f; of 1 Hz, energy can only be found above periods of 2 s. Figure 6.14
shows the obtained load fluctuations for the starboard and port side hoist wire force for the first 100 s. High
frequency components are visible and with a bandpass filter the signal is reconstructed. This results in Figure
6.15.
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Figure 6.14: Outcome imposed motion model unfiltered
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Figure 6.15: Outcome imposed motion model filtered

In Figure 6.16 are the time traces given for the first 100 s of the offshore measurement during the free hanging
stage for both cranes. This load measurement is the combination of both sensors for each crane.

Offshore Measurements
2600~

—SB Load =12 mT
2550 —PS Load 5=15 mT
2500 W
2450

2400~

Load [mT]

2350

2300 I I I I | ]
0 10 20 30 40 50 60 70 80 90 100
Time [s]

Figure 6.16: Offshore crane measurements

From both the original and filtered time trace a spectral density plot is made which can be found in Figures
6.17 and 6.18 for the starboard crane. This is done for the whole simulation and not for the first 100 s only.
It is not expected that the highest frequency components are actively present in reality as well due to the
axial hoist wire damping and bending of the wire at the main fall lead-in sheave. To prevent aliasing the load
measurement is passing an anti-aliasing filter. An increase of the offshore sampling frequency could observe
these high frequency load variation components. The anti-aliasing filter should be adapted then as well.
After filtering the simulated load measurement the energy on the left side of the figure at the high frequency
components disappears. This also results in a lower variance of the signal. In the spectral density plot the
offshore load measurement is also plotted. The same has been performed for the port side crane in Figures
6.19 and 6.20. It is clear that the obtained load fluctuations in the imposed motion are better corresponding
with reality for the starboard crane than for the port side crane. A logical reason can not be given for this. A
similar analysis should be performed for other installation projects to check their outcomes.
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Figure 6.17: Spectrum SB crane unfiltered Figure 6.18: Spectrum SB crane filtered
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Figure 6.19: Spectrum PS crane unfiltered Figure 6.20: Spectrum PS crane filtered

6.4. COMPARISON SPRING ELEMENT AND SHEAVE MODEL

The sheave model is integrated by replacing a linear spring-dashpot element in the imposed motion model
by the sheave model. How this coupling is made was earlier explained in section 5.4. The hoist wire spring
elements of both cranes are replaced. Figure 6.21 shows the same time trace that was obtained by using a
linear spring element together with the force obtained with the sheave model integration. Note that the force
in the sheave model is represented by the force in the wire at the measuring sheave. The kinetic p;;, and
static i, friction factors that are used are the same that were derived from steps in offshore measurements.
The factors correspond to a load increase or decrease of 5 % by a lowering or hoisting operation. When taking
the friction into account the simulated measurement is again lower which is in line with what was observed
in section 6.1.
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Figure 6.21: Model comparison SB crane unfiltered

The comparison is also made for the port side crane in Figure 6.22. In order to remove the high frequency
components the signals are filtered with a bandpass filter again.
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Figure 6.22: Model comparison PS crane unfiltered

After filtering the response results in Figure 6.23 and 6.24. Note that the reconstructed load signals are now
composed of regular harmonic components and the nonlinear effects due to the stick-slip motion are not
longer visible. Due to the friction the variation of the load is lower in the sheave model compared with using
a single spring-dashpot element.
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Figure 6.23: Model comparison SB crane filtered
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Figure 6.24: Model comparison PS crane filtered

The lower response can also be found in Figures 6.25 and 6.26 where the spectral density is visualized between
the spring element in blue and the sheave model in red.
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Figure 6.25: Spectral density comparison SB crane Figure 6.26: Spectral density comparison PS crane
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Conclusion and recommendations

This chapter gives a summary and interpretation of the results of the research related to the research objec-
tives. Also, recommendations with respect to the assumptions used in the thesis are given. Research methods
and models are reviewed and future research points are detailed.

7.1. CONCLUSIONS

FORCES IN INDIVIDUAL CRANE WIRES

A model was created to simulate the behavior of the crane wire reeving. When a load is statically supported
by a multiple part wire rope reeving system, the force on each rope part is the total weight divided by the
number of wires. When the same load is raised, the stress (and thus the axial force) in each rope part increases
progressively from the dead end to the lead line. During a lowering operation the effect is opposite. This
increased stress is due to the cumulative effect of friction in the sheave bearings and the internal friction
force between the fibers in a wire rope. The sum of the forces in all parts is still equal to the supported weight.
With a sensor at the dead-end an increase ofload is measured during hoisting and a decrease during lowering.
When the operation is ended the force difference still present. When modeling dry friction at the sheave and
the resulting stick-slip motion the same effects are observed.

WIRE STIFFNESS

In order to determine the wire rope stiffness an analysis was performed on destruction tests where pieces of
stranded wire ropes were elongated to their brake load. Performing these tests was not part of this thesis.
From the wire rope tests, a non-linear stiffness was found. The obtained stiffness was increasing while apply-
ing a higher axial load for the region between zero and the safe working load. With a low axial force the wire
rope experiences a larger extension as all individual wires settle a bit. Due to friction between the individual
wires the resistance to extend is increased since there is more contact at a higher stress level. By determining
an equivalent stiffness of the crane wire reeving more accurate wire rope elasticity properties were obtained.
The stiffness is different for the stages of the installation as the axial force in the wires is not constant. Instead
of modeling nonlinear stiffness a quasi-static stiffness is used related to the mean load.

HOOK LOAD SPECTRA

For the load transfer and free hanging stages of the installation hook load spectra for individual load sensors
were made and compared with the spectra of the total load. Individual sensors measure an equal force in the
load transfer phase, but for the free hanging phase the sensors are experiencing a different amount of energy
at certain periods. There is no systematical reason why one sensor is experiencing more load fluctuations
as the other sensor. The variance of the total load is not equal to the sum of the variances of the individual
sensors which demonstrates an out of phase load measurement.

INFLUENCE OF FRICTION ON DYNAMIC LOAD MEASUREMENT

The hook load at the measuring sheave in the numerical model is lower than the applied hook load when
applying sheave friction in the model. Measurements are better represented with higher load fluctuations
as the friction is then relatively low and the slip condition is exceeded earlier. When reflecting this to reality
the measured offshore hook load fluctuations are lower than the actual hook load variations. A sensitivity
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analysis showed that the kinetic friction factor has a higher influence than the static friction factor on the
error of the standard deviation.

LOAD CORRECTION FACTORS

For previous topside installation projects the influence of friction of the quasi-static hook load measurement
is investigated. It is correctly taken into account in the crane PLC that the correction factors are independent
of the topside weight. Observed steps in the load measurement due to crane operations were proportional
to the suspended load. The actual correction factors that were calculated from the measurements were both
lower for lowering and hoisting operations. Meaning that the real measurement correction is on the conser-
vative side. Even when another reeving arrangement is used the correction factor for the load can be kept the
same, because the normal force on each pin then changes with the number of wires.

7.2. RECOMMENDATIONS

MODELING

Offshore load measurements of individual sensors show different phenomenon for the load transfer stage and
free hanging stage. The load measurement is in phase in the load transfer stage and (partly) out of phase in the
free hanging stage for some projects considered. Linear frequency domain software does not take rotation of
the main block into account and it requires further efforts to model this properly. One step might be to extend
the sheave wire model with the rotation of the main block. The outcome of the model could also be applied on
other reeving arrangements or other crane vessels. An assumption in the model is a constant friction factor for
each sheave to solve the equation of motion. Due to uneven wear this assumption might be incorrect. Tuning
of the friction factors can be improved by measuring individual wire forces in a test where a wire is bended
around a sheave. Another step is to validate the calculated topside motions with offshore measurements.
A final step could be to impose the motion of both bodies (vessel and load) simultaneously. A drawback of
the imposed motion model is that the vessel motions are not influenced by the behavior of the topside. An
improvement could be to incorporate the sheave model in a time domain simulation where wave forces are
used as input instead of measured vessel motions and create this interaction. Further improvements could
be to reconstruct the imposed motion signals with a smaller step size to have a smooth input signal.

DAMPING

A leading thread through this research was the influence of the damping of steel wires on the model. It is
discussed from a theoretical point of view. However practically it is still hard to take the damping correctly
into account. It is a fact that viscous damping (due to the internal wire friction) of wire ropes is not constant,
but depend on the amplitude, the frequency and the history of the oscillation. However, without a specialized
experiment it is hard to predict how big the exact damping influence is. Dedicated tests could performed
to determine axial damping of wires as a function of amplitude and frequency. The bending of the wire
around a sheave should also be considered here as it could damp out the high frequency response that is
found in modeling practices. It is questionable if all frequencies are able to reach the sensors. Modeling an
additional damping at the sheave could give a first insight into this. Also dedicated tests could be performed
to determine damping for the pendulum motion during a dual crane lift.

STIFFNESS
From analysis of wire rope destruction tests a non-linear stiffness was observed. More research is required to
understand how this non-linear stiffness effects the vessel-crane-load system in different installation stages.

HOOK LOAD MEASUREMENT

To have a better understanding of the offshore crane measurement it is an improvement to increase the sam-
pling rate of the sensors. Until now a sampling rate of 1 Hz is used. With a higher sampling rate the Nyquest
frequency is increased resulting in capturing higher frequency components. An increase of the sampling rate
is recently brought into practice on SSCV Thialf, but the results are not available yet. Another question is how
the filtering of outcomes from time domain simulations match with the filter of the crane PLC.
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CALIBRATION PROCEDURE

The load measuring pins are calibrated once in a few years with a load equal to the maximum capacity of
the crane. The assumption is then made that the strain gauges stretches linearly with the suspended load.
During this process the calibration factors are determined by averaging the effect of the crane operation. The
calibration process and thereby the load measurement would become better if different loads are used to
have more data points between no load and the maximum capacity. This might be possible with a tank that
is slowly being emptied from the full crane capacity to completely empty. The calibration process should also
be performed more often if it is financially and practically possible.

FUTURE PROJECTS

A similar analysis could be performed for other (future) offshore topside installations. Especially for the load
measurement by individual sensors in the free hanging phase, the observed load increase during crane oper-
ations and the imposed motion analysis are suitable for this. For the imposed motion analysis the measured
motions of the vessel (heave at C.0.G., roll and pitch) and crane load measurements in a stationary phase are
required.
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Equations of rigging equipment

To derive the equations of motion for a load connected with slings or grommets between the load and the
main block the displacement method is used. This is done for the motions of the topside connected with
slings to the main block of the crane. The steel wires are represented as linear spring-dashpot elements with
the properties described earlier in section 2.2 and 2.3. The derivation is first performed for a free hanging
load with only a translation in x- and z-direction and rotation around the y-axis (3DOF), see section A.1 and
later for three translations and three rotations (6DOF), in section A.2.

A.1. EQUATIONS OF MOTION 3DOF

A 2D cross-section of rigging equipment is given in Figure A.1 When considering only one of the two slings,
in this case the one on the right, the force of the spring and damper is a function of the motion in the x- and
z-direction and a rotation, see Figure A.2. In this figure the dashed line is the original position of the load. The
left part of the figure shows the force due to the horizontal displacement, the middle part shows the force due
to avertical displacement and on the right the force due to a rotation around the center of gravity is displayed.

Figure A.1: Rigging configuration for free hanging load 3DOF
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byx + b,z + b,d.0 + b,d,0 +
kexx k,z k,d,0 + k,d,0
5 |
dZ “ﬂ_v 9 l

—

Figure A.2: Displacement method for rigging 3DOF

With the forces from Figure A.2 the equations of motion can be found in equation A.1 for this three degree
of freedom system. Where m is the mass and J the mass moment of inertia of the load. In this equation
is the stiffness matrix Kj, see equation A.4, and the damping matrixB;, see equation A.5 composed for each
sling. When multiple symmetric slings are added up together some of the terms cancel each other due to
contradictory signs. However generally the slings are not symmetrically due to the distribution of the mass
and the geometry of the load.

m 0 0 X #Slings | X] #Slings [x
0 m 0 zZ |= ) Bi|z|+ ) Ki|z (A.1)
0 0 Jyyf [veryb n=1 0 n=1 0

The stiffness matrix K; is the matrix for a single sling represented as a linear spring as a function of the angles
ay (angle between sling and x-axis) and «a, (angle between sling and z-axis).

lz+z)
Iy+x

I+ x)
I, +z

The length I, and I, are the initial distances between the connection point and the attachment to the block.
Because this distance increases or decreases due to a displacement x,z or 6, the angle also differs slight, as
can be seen in equations A.2 and A.3, the angle is recalculated every time step and adjusted in the stiffness

and damping matrix. The distance d, and d, represent the distances between the center of gravity and the
connection point of the sling on the load.

Ay = arctan( (A.2)

a, = arctan ( (A.3)

cos(ay) 0 —d;cos(ay)
Ki=k 0 cos(ay) dycos(ay) (A.4)
| —d,cos(ay) dycos(a;) d?cos(ay)+d?cos(ay)]
cos(ay) 0 —d,cos(ay)
B;=b 0 cos(az) dycos(a;) (A.5)
| —d;cos(ay) dycos(ay) d)zc cos(a;) +d§ cos(ay)

A.2. EQUATIONS OF MOTION 6 DOF

The same as was done for the three degree of freedom system in 2D can be done for six degree of freedom
in 3D (Figure A.3). First the displacement method is again used to find the force in a single sling due to the
displacements (Figure A.4). The top three figures show the forces due to the translations and the forces due
the three rotations are displayed in the bottom ones.
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Figure A.3: Rigging configuration for free hanging load 6DOF
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Figure A.4: Displacement method for rigging 6DOF

With the displacement method in 3D equation A.1 can be expanded to in total six displacements, creating a
vector with a length of 6 (equation A.6). Again the damping B; and stiffness K; matrices are constructed for
each single sling, see equations A.11 and A.10. The stiffness matrix is a function the three angles the slings
makes with the block, see eq. A.7 until A.9.

m 0 0 0 0 0 X X X
0 m 0 O 0 0 jy . ¥y , y
o #Slings #Slings
0 0 m O 0 0 Z|_ B; V4 + Z K; z (A6)
0 0 0 Jxx O 0 gb = [0) = 1)
0 0 0 0 J, O 0 0 0
0O 0 0 o0 0 Jzz| ¥ v v
Uy + 2+ U+ 22
a, = arctan( ) (A.7)
Iy+x
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72

Vi + 02+ (I, +2)2
ay = arctan( )
ly+y
VUt 202+ (L + y)?
a, = arctan( )
I, +2z
cos(ay) 0 0 0 —dzcos(ay)
0 cos(ay) 0 —d_cos(ay) 0
Bi=b 0 0 cos(az) —dycos(az) dycos(a;)
1= 0 —dzcos(ay) —dycos(az) dicos(ay)+djcos(az) 0
—d,cos(ay) 0 dy cos(ay) 0 d?cos(az) + d? cos(ay)
dycos(ay)  dyxcos(ay) 0 0 0
cos(ay) 0 0 0 —d_cos(ay)
0 cos(ay) 0 —dzcos(ay) 0
0 0 cos(az) —dycos(az) dycos(ay)
Ki=k 0 —d;cos(ay) —dycos(a;) dicos(ay) +dJ2,cos(az) 0
—d,cos(ay) 0 dycos(ay) 0 d?cos(a;) + d? cos(ay)
dycos(ay)  dycos(ay) 0 0 0
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(A.8)
(A.9)
dycos(ay)
dycos(ay)
0
0
0
df, cos(ay) + d2 cos(a,)
(A.10)
dycos(ay)
dyxcos(ay)
0
0
0
d§ cos(ay) + d2 cos(a)
(A.11)
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Spectral density difference of two sensors

In the following sections the spectral density plots are shown for the free-hanging phase. This is done for
all topside installation projects where data was available for measurements of individual load sensors of the
crane.The blue lines represent the measurement by sensor 1, the red line the measurement of sensor 2 and
the magenta line is the total load measurement (being the sum of sensor 1 and 2).
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Figure D.2: Load spectrum SB project B
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Rotation of main block in LiftDyn

From section 3.3 it was found that the spectral density plot of the total hook load measurement is lower than
the summation of the spectral density of the individual signals. The conclusion that was drawn is that the load
measurement of the individual hoist wires are acting in anti-phase. If they were acting in phase the spectral
density of the total load would be higher as the density of an individual sensor. The anti-phase measurements
may come from the point that the main block is making a rotational oscillation. The crane hoist wires of a
dual heavy lift that are modeled with LiftDyn generally consists of a single connector element (see Figure
E.1). All elements join together in a single point. This makes it unable to model the effect of a main block
that is rotating and thereby the anti-phase in the measurement. In order to take this effect into account the
connector element was replaced by a set of spring elements symmetrically attached to the block (Figure E.2.
Also the attachment of the rigging equipment on the prongs was taken into account. After the adaption the
Force RAO and phase lead of those two hoist wires elements was computed, see Figure E.3. The mode that
should amplify the rotation of the main block is the roll-sway mode (vessel rolls, topside moves in global
y-direction), which has its natural period at 12.81 s. When comparing the phase plots of both connector
elements the phase lies exactly on top of each other, meaning that the load fluctuations are not canceling out
each other.

Figure E.1: Original situation Figure E.2: Situation with rotation of main block
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Figure E.3: Force RAO and phase lead of a set of hoist wires on the same crane
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Simulink crane wire reeving model

This appendix gives an overview of the Simulink model that is created to simulate the rotational motions of
the sheaves. It is divided into several sections where firstly an overview is given and later the inside of a block
is presented. Prior to the simulation a Matlab file is ran to load all variables and initial conditions. During
the simulation all motions of the sheaves are saved and transferred to the workspace in Matlab. After the
completion the post-processing takes place where the wire forces are computed and plots are made of the
outcomes.

F.1. OVERVIEW OF ALL SHEAVES

The overview of the model is divided into four sections distinguished by four different colors where each
block represents one sheave. Inside each block the equation of motion is solved. The output of the sheaves is
used where the wire that runs over it is going to or coming from. The letters A until D relate to the four parts
of the crane reeving of the SSCV and match with the colors used in B, see Table E1. The dark shaded blocks
correspond to the sheaves at the main fall axle and the light colored ones to the sheaves at the block axle. The
cyan blocks correspond to the sheaves between the winches and the main fall lead in. Those sheaves redirect
the wire through the structure of the crane. The winches are represented by the four white blocks on the left
side of the figure. The white blocks on the right side are being the measuring sheaves and have the task to
calculate the hoist wire force.

Table E1: Thialf wire distinction

Purple  Left

Green  Center Left
Blue Center Right
Orange Right

0o w >
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E3. DETAIL OF PART A 84

F.3. DETAIL OF PART A

Figure E2 gives a more detailed overview of how the sheaves in the total model assembly are connected. Each
block represents a sheave and inside the block the equation of motion of that particular sheave is solved. The
five blocks are in fact part of a longer concatenation of sheaves being visualized by the dashed lines. The red
lines show how the sheaves are connected to each other.

|

Top sheave

k4

i

Top sheave
Figure E2: Detail of part A
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F.4. MAIN FALL LEAD-IN SHEAVE BLOCK 85

Normally in Simulink it is usual to show the connecting between two blocks by an arrowed line, (Figure E3)
however with all the connections made it would be impossible to keep overview. Therefore the blocks 'From’
and 'Goto’ (Figure E3) are used to make them invisible, see Figure E4. If method one or method two is used
does not make a difference.

Display Display1

Constant Constant1 Goto From

Figure E3: Method 1: Arrowed connection Figure E4: Method 2: From - Goto blocks

F.4. MAIN FALL LEAD-IN SHEAVE BLOCK

Figure E5 shows the input (top) and output (bottom) of the main fall lead-in sheave of part A. Two of the
inputs come from the motions of the sheaves that are before (i-1) and after (i+1) the main fall lead-in (i).
Another input motion is the z-motion of the main block. Also the length between the sheave i-1 and i are
required as well as the length of the hoist wire in order to calculate the correct stiffness of the steel wires.
There are two outputs created, being the wire force and the motion of the sheave itself. The latter is again
input for sheave i-1 and i+1.
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E5. TOP SHEAVE BLOCK 86
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Figure E5: Main fall lead-in sheave block of part A

E.5. TOP SHEAVE BLOCK

Figure E6 shows the input (top) and output (bottom) of a top sheave of part A. This block looks similar to
the block in Figure E5 but is more simple. Again two of the inputs comes from the motions of the sheaves
that are before (i-1) and after (i+1) the sheave that is being solved(i). The z-motion of the main block is not
longer required. They are canceled out when calculating the corresponding force and has no influence on
the calculation of the moment of the sheave.The length of the hoist wire is required to calculate the stiffness
of the steel wires as it might increase or decrease due to crane operations. There is one output created, being
the motion of the sheave itself and is input for sheave i-1 and i+1 positioned next to it.
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E.6. DETAIL OF TOP SHEAVE BLOCK 87

Top sheave

B
I
O
3
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Figure E6: Top sheave block

F.6. DETAIL OF TOP SHEAVE BLOCK

Figure E7 shows the inside of a sheave block as was given in Figure E6. On the top left side the inputs are
shown which are routed to a Matlab function block which calculates the moment based on the motions of
sheave i-1, i & i+1 and properties like the stiffness coefficient k, the damping coefficient b, the sheave radius
R and the hoist wire length. The calculated moment goes to a memory block in order for the friction model
to work properly in terms of selection and instability of an ODE solver. The friction block itself is marked red
and further details on this block can be found in Figure E8 in the next section. The friction moment My ;.
of the friction model is added to the moment calculated earlier. The rotational acceleration of the sheave
is calculated by dividing the moment by the mass moment of inertia /. Once integrated gives the rotational
velocity and twice integrated the rotational displacement which are processed as outputs of the sheave block.
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E.6. DETAIL OF TOP SHEAVE BLOCK
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E7. DETAIL OF FRICTION BLOCK 89

FE.7. DETAIL OF FRICTION BLOCK

As part of a sheave block a friction block determines the amount of friction that is counteracting the motion
and resulting in force differences between individual wires. The friction model is also taking care of the stick-
slip effect. Inputs of the friction model are the force on the pin of the sheave, the resulting moment that is
calculated earlier in the sheave block, the velocity, the state of the velocity (being positive, negative or zero)
and the friction factors 54, and ug;,- Every time the velocity of the sheave is crossing the zero it is checked
whether the external moment is still higher than the static friction. If this is not the case the sheave quits
rotating else it keeps oscillating. Obviously during the simulation it is checked whether the external moment
is increasing to start a motion again. The friction moment is either zero when there is no rotation or equal to
the kinetic friction moment.

M_friction

=
W

Switch

X

Product1
;Zﬂoﬂag

1

min
Min
Hit
Crossing
x
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Figure E8: Detail of friction model
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F.8. DETERMINATION OF THE HOIST WIRE FORCES

One part of the post-processing is the calculation of the hoist wire forces by determining the elongation of the
wire from the sheave motions. The hoist wire forces are also required during the simulation to compute the
vertical motion of the topside. This is done by using the motion of particular sheaves as input, see Figure E9.
The reason that not all sheave motions are required is that a lot are being canceled out, making the simula-
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FE.8. DETERMINATION OF THE HOIST WIRE FORCES 90

tion faster and it leads to the same result. The calculation of the hoist wire force as a total is performed in the
matlab function block. Finally this force is transferred to the block on the bottom where the z-displacement
of the topside is being calculated by integrating the acceleration twice. The acceleration is known by dividing

the external force by the mass.
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Sheave rotations

G.1. SHEAVE ROTATION DURING LOWERING

Wire displacement over sheaves B-part — Lowering

—— Sheave B Top 1
—— Sheave B Bottom 1 |-
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—— Sheave B Top 5 r
Sheave B Bottom 5
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Sheave B Bottom 7
Sheave B Top 8
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Figure G.1: Wire displacement over sheaves in part B (green) during lowering
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Figure G.2: Wire displacement over sheaves in part C (orange) during lowering
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Figure G.3: Wire displacement over sheaves in part D (blue) during lowering

92

20



G.2. SHEAVE ROTATION DURING HOISTING
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G.2. SHEAVE ROTATION DURING HOISTING
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Figure G.4: Wire displacement over sheaves of part B (green) during hoisting
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Figure G.5: Wire displacement over sheaves of part C (orange) during hoisting
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Figure G.6: Wire displacement over sheaves of part D (blue) during hoisting
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Wire forces

H.1. FORCES DURING HOISTING

Wire forces B—part — Lowering
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Figure H.1: Wire forces of part B (green) of crane reeving during lowering
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Figure H.3: Wire forces of part D (blue) of crane reeving during lowering
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H.2. FORCES DURING HOISTING
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Figure H.4: Wire forces of part B (green) of crane reeving during hoisting
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Figure H.5: Wire forces of part C (orange) of crane reeving during hoisting
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Figure H.6: Wire forces of part D (blue) of crane reeving during hoisting
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Imposed motion with Lagrangian

This appendix is divided into two parts: the first part consist of a spring pendulum with a fixed suspension
point and the second part with a suspension point that is able to translate in three directions. The translation
of the suspension point corresponds to the motion of the crane tip.

Consider the setup with a point mass m on the end of a spring of natural length ry and spring constant k
in 3D, see Figure I.1. The position of the mass can be described in a Cartesian coordinate system by three
translations being x,y,z. Firstly this location is written as a function of the generalized coordinates r, 8 and
¢, see equations I.1.

Figure I.1: 3D spring Pendulum

Location description of point mass m.
x =r1(1)sinf(¢) cosd(t)

y=r(t)sinf(t) sin¢(r) 1.1
z=-r(t)cosO(r)

First, the kinetic energy K is given by the motion of the mass in equation I.2.

K =05m(i% + 3%+ 2%)

( ; (I.2)
= 0.5m(r(0%¢{n’ sin@(1)* + (126 + %)

The potential energy P (equation 1.3 is composed of two parts: the gravitational part mgh and the elastic
spring part 0.5(AL)%.
P =mgz+0.5k(r(t) - ro)?

(L3)
= mg(—r(t) cos(0(1) + 0.5k(r (t) — rp)?
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If the mass keeps rotating or the spring length keeps increasing and decreasing infinite long would be an
unrealistic response. Therefore a damping term, or a dissipation of energy in other words, is added to the
Lagrangian by the expression R (equation I.4). There is a damping factor b for each generalized coordinate.

R=0.5b,7(1)* +0.5bg0()* + 0.5bph (1) (L.4)

After taking the Lagrangian derivatives and rewriting the outcome for each generalized coordinate an equa-
tion of motion can be derived. Equations 1.5 to 1.10 gives pairs of derivatives and equations of motion. Note
that these equations are not linearized.

For coordinate r:
d 0K 0K 0P OR _

iy =0 L5

dior or or or (5
. . k k b7

P = rg? sin(0) + ré? + g cos(0) — — + —2 — 2. (1.6)
m m m

For coordinate 0:
d 0K 0K 0P OR _

22 2,0 T L
dio0 90 "0 a0 =0 @7

—270 +¢.)2 6in(0) cos () — gsin(f) B bgb

é = —
r r mr?

(1.8)

For coordinate ¢:
d 0K 0K 0P OR

Eﬁ_ﬁﬁ-%_‘-%_ (1.9)

. —20¢cos®) 2ip by
¢= sin(6) r mr2sin(@)?2 (1.10)

Until now the spherical pendulum is attached to a fixed point and thus there is no imposed motion possible.
However the previous calculation can also be performed for a slightly different setup where the suspension
point of the spring is able to follow a prescribed displacement, see Figure 1.2. In this case the top displace-
ment is represented by the motion of the crane tip. These local motions come from the global motions of the
vessel (heave, roll and pitch). They are translated by a transformation matrix which relates the motions at the
COG of the vessel to the motion at a point of interest, in this case the crane tip. Again for this system the po-
sition of the mass can be written with the generalized coordinates now including the imposed x, y,z-motion.
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Zimp '
A Yimp

Figure I.2: 3D spring Pendulum with imposed motions

X = Ximp(0) + 1 (£) sinf (1) cos (1)
V= Yimp () + 1 (2)sin@(z) sin (1) (L.11)
Z=Zimp(£) — 1 (1) cosO()

Together with the relation of the position of the mass from equation I.11 relations for the kinetic and poten-
tial energy can be made. As the method is clear now these are not included in this report. After taking the
Lagrangian derivations the equations of motion of the mass are derived. Clearly additional terms (depending
on the acceleration of hinge point) have come along due to the imposed motion compared to the previous
situation, see equations I.12 until I.14.

. . kr kro by
7 = r?sin(0)% + ré? + gcos(@) — Er + ﬁ - % — %imp SIN(O) COS(P) — Jimp SINO) SIN(P) + Zip cOSO) (112)

b 270 + ¢ sin(®) cosd - gsin() bge'z _ impcos(©)cos(@)  Jimpcos(@)sin(@)  Zimpsin() 13)
r mr r r r
. —2¢fcos®) 2ip by Ximp C0S(¢)  Jimp cOS(¢) L1a)

sin(@) r mr2sin@?2  rsin(9) rsin(0)
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Simulink model imposed motions dual lift

This part of the appendix goes into detail of the model that is created to solve the imposed motion model
together with the sheave model. The overview of the model consists of three main parts (see Figure J.1). The
red part is the input from the model were the motions are multiplied by their influences in the mass, damping
and stiffness matrices. See Figure ].2 and J.3 for the detail of this block. This block exports a force vector. This
force vector is transferred to the purple part. Here is the equation of motion solved (see Figure J.4 and J.5.
The equation is governed by the total stiffness, damping and stiffness matrix excluding the contributions
of the hoist wire force. This contribution is calculated in the green part of the model (J.6 and J.7. Here the
motion of the main block and the crane block are used as inputs and where an elongation is determined. This
elongation is then used to determine to hoist wire forces for both cranes with the sheave model. The sheave
model is described earlier in section 22 and is inside the green block of Figure J.7. The force is added to the
force vector and the model can be solved for each time step.
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Figure J.1: Overview
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Figure J.2: External force due to imposed motion detail
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Figure J.3: Imposed motion block

Figure J.4: Solving equation of motion matrices detail
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Figure J.5: Solving equation of motion matrices block
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Figure J.6: Calculation of hoist wire force from sheave model detail
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Figure J.7: Hoist wire force block
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Imposed motion responses

The sections below show the obtained responses for the imposed motion model. In order to verify the model
4 cases were studied which is described in section 5.3. In this appendix the remaining responses can be found
that were not given in the aforementioned section. These are the motion responses of the load, main block
and crane tip for the heave, roll and pitch cases. The natural modes that correspond to the natural periods
can be found in Table L.4.

L.1. IMPOSED HEAVE MOTION
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Figure L.1: Module response due to sinusoidal heave motion
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L.1. IMPOSED HEAVE MOTION 110
Response of Main Block COG
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Figure L.2: Main block response due to sinusoidal heave motion
Response of Crane tip
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Figure L.3: Crane tip response due to sinusoidal heave motion
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L.2. IMPOSED ROLL MOTION
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L.2. IMPOSED ROLL MOTION
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Figure L.4: Module response due to sinusoidal roll motion
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Figure L.5: Main block response force due to sinusoidal roll motion
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L.3. IMPOSED PITCH MOTION 112
Response of Crane tip
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Figure L.6: Crane tip response force due to sinusoidal roll motion
L.3. IMPOSED PITCH MOTION
Response of Main Block COG
3.5 T
—X
—Y
— Z n

Amplitude [m]

|
15 20 25
Period [s]

Figure L.7: Module response due to sinusoidal pitch motion
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L.3. IMPOSED PITCH MOTION 113
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Figure L.8: Main block response due to sinusoidal pitch motion
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Figure L.9: Crane tip response force due to sinusoidal pitch motion
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L.4. NATURAL MODES

L.4. NATURAL MODES

Table L.1: Natural periods
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