
Guides and bumpers
Energy transfer between guides and
bumpers due to impulse loads

S. L. Tielens

M
a
s
t
e
r

o
f

S
c
i
e
n
c
e

T
h
e
s
i
s





GUIDES AND BUMPERS
ENERGY TRANSFER BETWEEN GUIDES AND BUMPERS DUE TO

IMPULSE LOADS

in partial fulfillment of the requirements for the degree oft the degree of

Master of Science

in Offshore and Dredging Engineering

S. L. Tielens

At the Delft University of Technology,

to be defended on Thursday March 22, 2018 at 14:30 AM.

Student number: 4038282
Project duration: May 15, 2018 – March 22, 2018
Chairman: Prof. dr. A. V. Metrikine
Thesis committee: Ir. J. S. Hoving, TU Delft

Ir. S. Sánchez Gómez, TU Delft
Ir. P. Meeuws, Heerema Marine Contractors
Ir. J. Zwartveld, Heerema Marine Contractors

This thesis is confidential and cannot be made public until December 31, 2023.

An electronic version of this thesis is available at http://repository.tudelft.nl/.

http://repository.tudelft.nl/




PREFACE

This report contains the thesis study "Energy transfer between guides and bumpers". This thesis is the result
of 10 months of research that was conducted to fulfill the requirements for the degree of Master of Science in
Offshore Engineering at Delft University of Technology. The work has been performed at and in cooperation
with Heerema Marine Contractors (HMC) in Leiden and Delft University of Technology. The research has been
performed at the Innovation department of HMC in collaboration with the structural and marine department
at HMC with Pim Meeuws and Jim Zwartveld as main supervisors. At the TU Delft Sergio Sánchez Gómez,
Jeroen Hoving and Dominik Fallais have supervised me during the process.

I want to express my gratitude to the people that have supported me during the past ten months. First of all I
would like to thank my daily supervisors, Pim and Jim for sharing their expertises and insights and especially
their patience. They have really guided me through this process, helping me every step on the way. I also want
to thank Radboud van Dijk for keeping me on track and making time whenever I needed guidance. I want to
thank HMC for giving me this opportunity and making me feel part of the company. I have enjoyed my time
here and it was a great learning environment.

In addition I would like to thank Jeroen for helping me decide on the subject and always making time when
needed, Sergio for the numerous meetings and the explanation of the energy balance, Dominik for his
hard work on the FE model that had to be finished in such short notice and off course Kees van Beek, Fred
Schilperoort and John for guiding and helping me with all the details during my experiment. I would also like
to express my gratitude to prof. Metrikine for his supervision.

Finally I want to thank my fellow graduate students at HMC for their support and for keeping my spirit high.

S. L. Tielens
Delft, March 2018

iii





ABSTRACT

During reverse installation for executing platform decommissioning and removal projects, heavy modules
such as the topside of an offshore platform are cut off their substructures and lifted back on the deck of crane
vessels or onto cargo barges. To assure that the modules are placed on the intended location and to prevent
the modules from moving during transportation, a guide and bumper system is used.

During set-down, it is possible that the module bumps into one of the guides. The relative motions between
the vessel and the barge can cause significant impulse loads when the module and guide make contact. To
prevent the module from being damaged, bumpers are welded onto the module to protect the module during
the contact phase. Both the guide and bumpers are designed to only deform elastically and to cope with
the expected impulse loads. the designs are based on internal standard criteria that state that the guide and
bumper system will be designed for a maximum horizontal load that is 10% of the designed weight of the
lifted module. During the design state, this load is statically applied on the weakest spot of the guide and
bumper system. In reality, the loads are not applied statically but dynamically and it is still unknown how to
correctly estimate the magnitude of the impact.The estimated loads might differ from the actual loads due
to unaccounted forms of energy transfer that occur during the impact, such as the rotation of the module,
motions of the bumper and guides or deformations in the guides and bumpers.

To analyze the energy transfer during impact and to say something about the magnitude of the impact an
experiment was conducted with a model. The model consists of two standard steel guides clamped to steel
plates and a squared module with a bumper that with the motions of a pendulum. The module is pulled back
to a magnet, from where it is let go to hit both the guides once, after which the module is pulled back again. The
impact location on the guides and bumpers is enclosed with sensors that measure the potential energy in the
form of strain and the kinetic energy in the form of accelerations. The sensors are situated so that they enclose
the energy flow in every possible direction. For each of the enclosed segments, an energy balance was set-up.
The guides were tested as a guide with an inclined brace and as a simple cantilever beam. A number of case
studies were tested to analyze the energy transfer as a result of impulse loads and to estimate the magnitude of
the loads; impact location on the guides, bumper height of the module (at the CoG of the module, above and
below), weight of the module, deviation of the module and different damping materials around the guides. The
energy balance comprises of the external energy that enters the segment, which should be equal to the energy
flux, the energy that exits or enters the segment through the cross-section of its boundaries, the energy rate of
the segment and the energy that is dissipated. Both the externally applied load which was needed to calculate
the external energy that enters the system, as well as the rotational velocity that was needed to determine the
energy flux, are computed with an analytical model.

This model compares the response of a unit load of 1 to the responses of the experiment. The difference
between the two is computed as the applied load on the system. The computed energy balance shows the
energy flow through the structure as a result of the impulse load. From the results, it is possible to conclude
that the impulse loads in this experiment can be assumed to be linear elastic. Based on these experiments a
more accurate description of impulse loads can be used as an input for models, for both duration and shape.
The second one is that based on these experiments, at least 97% of the energy is transfered back into motions
of the module, the effect of energy transfer in a linear elastic response has little to no effect on the magnitude
of the loads.
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1
INTRODUCTION

1.1. INTRODUCTION
Heerema Marine Contractors (HMC) is a world leading marine construction company for the oil and gas
industry and specializes in design, transportation, installation and removal of all types of fixed and floating
offshore structures, subsea pipelines and infrastructures in shallow and deep water. HMC offers turnkey
platform decommissioning and removal services with the world’s largest crane vessels: semi-submersible
crane vessel (SSCV) Thialf and the Sleipnir (currently under construction in Jurong Shipyard, Singapore) and
Deepwater Construction vessels (DCV) Balder and Aegir (monohull).
Due to the aging of offshore oil and gas facilities, there is a rapid increase in the demand for removal of offshore
facilities. Over 600 facilities are expected to be decommissioned in the next 5 years with 2000 more to follow
through the year 2040 [11].

Reverse installation has been the main method for executing platform decommissioning and removal projects:
Heavy modules such as the topside of an offshore platform are cut off their substructures and lifted back
on the deck of crane vessels or onto cargo barges. These modules can weight up to 43,000 tonnes [13]. To
assure that the modules are placed on the intended location and to prevent the modules from moving during
transportation, a guide and bumper system is used. During the set down of the modules, the modules are
carefully lowered to the correct position which is demarcated by guides.

Figure 1.1: Example of reverse installation module on barge with guides

Due to the motions of the crane vessel and the cargo barge, it is possible that the module bumps into one of
the guides. The relative motions between the vessel and the barge can cause considerable impulse loads when

1
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the module and guide make contact. To prevent the module from being damaged (see figure 1.2), bumpers are
welded onto the module to protect the module during the contact phase.

Figure 1.2: Example of damaged bumper

The Guide and bumper system is normally designed as a set of horizontal steel beams welded on the lifted
module (purple arrow in figure 1.1) that makes impact onto a set of vertical steel beams (the green arrow in
1.1) that are welded onto a barge that serves as the new site of the module. In this thesis, the guide will always
be the beam mounted onto the barge and the bumper will be the beam welded onto the module.

1.2. PROBLEM DEFINITION
Both the guide and bumper are designed to only deform elastically. To ensure that the guides and bumpers are
designed to cope with impulse loads that result from the contact between guides and bumpers, the designs of
the guides and bumpers are based on internal standard criteria [4]. These standard criteria state that the guide
and bumper system will be designed for a maximum horizontal load that is 10% of the designed weight of the
lifted module. This load is statically applied on the weakest spot of the guide and bumper system (often the
top of the guide and the center of the bumper).

The subject of guides and bumpers is a well researched subject. P.J. Maas showed in 2006 that both the design
where only elastic deformation is allowed and the high stiffness of the currently used guides at HMC, increase
the impulse loads. He also showed that the LiFSiM models inaccurately predict impulse loads if damping is
taken into account[10]. Both P.J. Maas and Pistidda [2] investigated the SC-251[4] guidelines of HMC for guides
and bumpers assuming static loading, E. de Boer described in 2012 that the peak forces are highly dependent
on the stiffness and damping of the guides and bumpers and that the upper segment of the peak forces is
caused by the bouncing of a module between guides[5]. He compared the displacement of a guide with static
stiffness to the displacement of a guide with dynamic stiffness and concluded that the dynamic calculations
consistently show a larger deformation at the upper part of the guide. The loads on guides can therefore not be
assumed to be quasi-static. In 2013 N.P. Autar found, using a finite element model, that the force time history
shows great resemblance with a half sine pulse load and that the forcing frequency is much lower compared
to the first natural frequency and that the dynamic problem therefore can be simplified to a static one[3]. He
also concluded that impulse load reduces once rotations of the module are taken into account and that the
location of impact has a great influence on the magnitude of the impulse load due to the change in stiffness.
Nevertheless it is still unknown how to correctly estimate the magnitude of the impulse loads.The calculated
loads might differ from the actual loads due to unaccounted forms of energy transfer that occur during the
impact, such as the rotation of the module [3].
This gives the following research question:
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What is the effect of energy transfer between guides and bumpers on the magnitude of the impulse loads during
offshore set-down?

To solve this question, the guide and bumper system during the set-down of an offshore platform will be
analyzed. The following step is to design a model that has resemblance to the collision between guides a
lifted module to conduct an experiment and to see how energy is transfered during the impact between guides
and bumpers. The experiment will be compared with a finite element model (FEM) to validate the results and
the models. Based on these results a recommendation will follow.

1.3. CURRENT SITUATION
HMC uses a combination of two computer programs to determine the dimensions of the guide and bumper
system and compute the loads during impact between guides and bumpers; Bentley SACS and either Orcaflex
or LifSim. Since this research only focuses on the structural dynamic behavior of the guides and bumpers and
the motions of the vessel and barge will not be taken into account, Orcaflex and LifSim will not be discussed
any further in this report.

1.3.1. BENTLEY SACS
SACS is an integrated finite element structural analysis program. It is a program that provides in design,
fabrication, installation, operations, and maintenance of offshore structures.
One of the functions of Bentley SACS at HMC is to determine the behavior of steel guides and bumpers as a
reaction to static forces. The stiffness of the guide and bumper system is determined by applying 10% of the
designed weight of the module as a static load to different locations on the guide and bumper system. The
resulting stiffness is used as in input in the computer program Orcaflex or LifSim to determine the motions
and reactions of the whole process including the motions of the barge and vessel.

1.4. SCOPE AND OBJECTIVE
This master thesis study focuses on energy transfer between guides and bumpers and the effect of this energy
transfer on the magnitude of impulse loads. In this thesis only the elastic deformation of the guide and bumper
will be taken into account since the guides and bumpers at HMC are designed to only deform elastically. The
energy transfer will be computed by doing a scaled experiment, where a module with bumper will hit against
two guides. The difference in potential and kinetic energy of the module before and after the impulse load
will be analyzed and compared to the energy that has been transferred in the form of strains and accelerations
in the guides and bumpers. Since the module will only hit the guides horizontally, friction is negligible in this
experiment and will therefore not be taken into account. The results will be used to analyze the energy transfer,
to compare the standard coefficient of restitution (CoR) of steel to the measured values and to estimate the
magnitude of the pulse loads.

1.5. THESIS STRUCTURE
The literature that was used for this research will be discussed in chapter 2. In chapter 3 the design of the
experiment will be discussed, this will be followed by the model analyses of the experiment in chapter 4. Here
the expected values of the experiment will be discussed. Based on these results, the sensors to measure the
strains and accelerations and their locations on the structures will be determined. This, the equipment that
was used for the experiments and the measurements will be discussed in chapter 5. In chapter 6, the results
will be shown, the energy transfer; the magnitude of the impulse loads and the energy loss during the collision
between guides and bumpers. The conclusions and recommendations will be discussed in chapter 7 and the
discussion follows in chapter ??.





2
LITERATURE STUDY

In this chapter the preliminary research of the thesis will be discussed. The first step (2.1) was to investigate
the currently used guide and bumper system of HMC. After this, the different possible forms of energy transfer
will be discussed in section 2.2. The theory of impact loads and the chosen values for the impulse load in this
research will be discussed in section 2.3.The use of the rod-theory and the bending of a beam will be shortly
discussed in section 2.5. The last step of the preliminary research is the coefficient of restitution and this will
be discussed in section 2.6.

2.1. GUIDE AND BUMPERS
At HMC there is a standard criteria for Engineering design of Guides and bumpers ([4]). The relevant
information for this research will be discussed in this section. At HMC there are three different guidance system
types which are generally used for lift operations. For the installation of topside modules supported from one
side (hang-off modules) onto base support arrangements, a horizontal cow-horn bumper and a vertical guide
system are preferred. Since the goal of this research is to conduct a scaled experiment, the guide system will
be a simplified version of the most simple guide system; the vertical guide and horizontal bumper system. A
schematic view of this system is shown in figure 2.1.

Figure 2.1: A schematic view of the vertical guide and horizontal bumper system

2.1.1. DIMENSIONS GUIDE SYSTEM
Normally the dimensions for a vertical guide and horizontal bumper system are:
Height Guide = 3.0 - 4.5 m
Length Bumper = 3.0 m

5
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But the guides and bumpers should allow for the topside movements that are discussed in the section below
and they should allow for the incoming topside to be moved into position 3 meters above major obstacles.
After comparing 44 guide designs, the average guides have a length of 3.0-3.5 m with the first brace at 2

3 of the
height of the guide with a slope of approximately 40±.

2.1.2. TOPSIDE MOVEMENTS
The guide and bumper system have to be designed such that no other part of the topside than the supports or
bumpers will make contact with the guide or other parts of the structure. The movement of the module should
satisfy the following criteria for the three axes:

Vertical movement = ± 0.75 m
Longitudinal movement = ± 1.50 m
Transverse movement = ± 1.50 m

Further cases with regard to tilt and rotation of the topside shall also be included, these are:
Longitudinal tilt = 4 %
Transverse tilt = 4 %
Plan rotation = 4 %

The plan rotation limit is only applicable when the topside has been orientated close to its final position.

Figure 2.2: Topsides Movement criteria for Guide and Bumper Design (SC-251)

2.1.3. IMPACT LOADS
The primary impact loads for which the guides and bumpers are designed, are based on the following criteria:
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Fh = 10 % of topside design weight
Fv = 1% of topside design weight (applied along vertical face)
Fl = 1% of topside design weight (applied along vertical face)

2.1.4. CONCLUSION
During the offshore set-down of a heavy module, the movement of the module may not be larger than 1.50
m and the module cannot rotate more than 4 % . The guides need to be designed for a maximum horizontal
static load of 10% of the dry weight of the module, and should allow the topside to be moved into a position, 3
meters above major obstacles on the new site of the module.

2.2. POSSIBLE CAUSES FOR ENERGY TRANSFER DURING SET-DOWN
This research focuses on the effect of energy transfer between steel structures. Therefore it is important to
discuss the possible causes for energy transfer during set-down. After a number of internal discussions at
HMC and literature research, the following list of possible forms for energy transfers was set-up;

• Plastic local deformation guide/bumper

• Elastic local deformation guide/bumper/module

• Vibrations through guide/bumper/module

• Design (flexibility) guide/bumper

• Friction between guide and bumper

• Friction of rotation around hinge of crane

• Mass of guide/bumper

• Location guide/bumper

• Rotation of module horizontally

• Rotation of module vertically

• Motions of the crane ship/barge

• Human factor

Of this list, the horizontal and vertical rotation of the module are already taken into account in the currently
used models at HMC, as well as the motions of the crane ship/barge. Therefor these will not be taken into
the scope of this research. The human factor will not be taken into account since this will be an entirely
different research by itself and this research only focuses on the structural behavior of the guides and bumpers.
Currently the guides and bumpers at HMC are designed to only deform elastically. This means that the
experiment for this research will be designed in a similar way where plastic deformation will not be assumed
to occur. In the experiment the loads will be applied horizontally on the the guides and bumpers and thus the
friction will be assumed to be so small that they can be neglected. No measurement equipment will be used
to analyze the friction during the collision. The experiment will be conducted without the use of a hinge. The
module will hang from the ceiling through two holes where the friction is so small that it can be assumed to
be zero. This will be tested by the displacement of the module in its stationary position before and after the
collision. A previous research on the location of the impact on guides and bumpers was conducted at HMC
by P.J.Maas in 2006 ([10]). In this research the impact was only applied statically, therefore the location of the
impact on the guides and bumpers will be taken into account since the results might differ due to the static
versus dynamic analyses or due to the model versus experimental analyses. This leaves the following causes
of energy transfer that will be analyzed during this research;

• Elastic local deformation guide/bumper/module

• Vibrations through guide/bumper/module

• Design (flexibility) guide/bumper

• Mass of guide/bumper

• Location of impact on guide/bumper
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2.3. THEORY IMPACT LOADS
In mechanics, an impact is a force or shock applied over a short time period where two or more bodies collide
[7]. The physics of impact necessarily involve conservation of energy and momentum. When a moving object
strikes a structure, the force which decelerates the mass satisfies the conservation of momentum [6]. Impact
loads are described by a short impulse with a certain force; F¢t = m¢v =¢p. Where F¢t describes how long
and hard one ’pushes’. m¢v describes the change in velocity of a certain mass. F is the force in newtons (N ),
t the time in seconds (s), m the mass in kg /m3, v the velocity in m/s and P the impulse in kg m/s or N s.
At least one of the bodies that collide is in motion. All the colliding bodies have a certain amount of potential
energy (Ep ) and if not in stationary position, also a kinetic energy (Ek ). The kinetic energy of the moving body
will partially be converted to strain energy and vibrations in the target and partly dissipated through friction,
local plastic deformation and strain energy radiate away as stress waves. In structures the deceleration of a
body is limited by elastic and plastic deformation, which ’cushions’ the blow. To be able to say anything about
this ’cushion effect’, it is important to make a reasonable estimate on the stiffness (k) at the point of the impact.

2.3.1. DYNAMIC RESPONSE
Since this research looks at the response of a dynamic system, the loads applied to the system will only last for
a short amount of time. Since it is still unknown what the force time history of the impact will be at different
locations on the guides and bumper due to the variance in stiffness over the length, the force time history will
assumed to be as described by N.P. Autar in his thesis ([3]); a half sine pulse load. In the thesis of E. de Boer,
the pulse load has a duration of approximately 0.1 seconds ([5]). In the thesis of N.P. Autar, the pulse load has
a duration of approximately 0.7 seconds, the force time history that will be used to test the reactions of the test
set-up will lie between 0.1 and 0.7 seconds and has the form of a half sine pulse load.

2.4. POTENTIAL ENERGY
One of the forms of energy transfer will be measured by strain gauges. Elastic potential energy is energy that
is stored as a result of the elastic deformation of an object. The elastic deformation will be measured in the
form of strain (≤). Parts of the guides will deform as a result of bending and other parts will deform as a result
of longitudinal motions. Strain is formulated as ≤= L°L0

L0
, where L is the length in meters.

2.5. KINETIC ENERGY
The other form of energy transfer that will be measured is the transfer of kinetic energy in the form of
accelerations. The accelerations will be measured with accelerometers. Kinetic energy is the energy in an
object or a particle due to its motions in the form of accelerations or velocities. During this experiment, the
accelerations of the structure will be measured in G . One G is 9.81 m/s2.

AXIAL DEFORMATION OF A ROD

A part of the guides (the brace) will deform as a result of longitudinal motions. The strains will measure
this deformation as a result of compression or tension in the beam segments. For this compression, the
compression and tension of the beam in the longitudinal direction ( du

d x ) is the measured strain, see figure 2.3.
The du here is the change in length of the segment, and the d x is the length of the segment, which is similar
to the explained strain in section 2.5.

Figure 2.3: Compression of a Rod

Using the assumptions from rod-theory, the equation of motion of the guide in x-direction is assumed to
be[12]:

E A
@2u(x, t )
@x2 °ΩA

@2u(x, t )
@t 2 = q(x, t )| (2.1)

E is the Young’s Modulus in N /m2, A the cross-section of the segment in m2, Ω the density in kg /m3 and q the
load depended on time and space as well as u.
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BENDING OF A BEAM

A part of the guides will bend as a result of the impact loads and the the strains will measure the deformation of
the guides as a result of this bending. When a beam with a longitudinal axis is loaded by lateral forces (which is
the case with the guides during the experiment), the axis is deformed in a curve which is the deflection curve
of the beam (figure2.4). The deflection w is the displacement in the y direction. Following the Euler-Bernoulli

Figure 2.4: Deflection curve beam

model, the following equations apply[1]:

¡= d w

d x
; ∑= d¡

d x
; ≤(y) = y∑ (2.2)

Where y is the distance from the center of the beam within the material. ¡ is the angle of rotation which is a
ratio and k is the curvature in m°1. The moments (M) and shear forces (Q) are calculated with the following
formula’s:

M = E I
d 2w

d x2 Q = E I
d 3w

d x3 (2.3)

With the expression M = E I∑ and the assumption that E I is constant, the following force balance for
Euler-Bernoulli beam can be derived:

E I
@4w(x, t )
@x4 +ΩA

@2w(x, t )
@t 2 = f (x, t ) (2.4)

2.6. COEFFICIENT OF RESTITUTION
Damping in a structure is often referred to as the energy dissipated internally or energy dissipated beyond the
boundaries of the system. In this research the structure is only assumed to deform elastically, meaning that no
energy will be dissipated internally due to deformations. The energy dissipated beyond the boundaries of the
system, effectively decreases the motions of the system. This damping can reduce the magnitude of the impact
loads on a system. A clear example of damping is when a tennis ball is dropped from a certain height. When
the tennis ball bounces back, it will not reach its initial height, showing that a certain amount of energy was
dissipated. This effect can be described with the coefficient of restitution (CoR). Y. Hurmuzlu described the
CoR in 1998 [9] as the ratio between impulse I before and after impact (2.5. Since impact is described as m¢v
and the mass of the object does not change, the CoF depends on the change of velocity. If energy is dissipated
during an impact, the velocity out will be lower than the velocity in.

CoR = Ia f ter

Ibe f or e
= vout

vi n
(2.5)

For steel the CoR is estimated to lie between 0.63 and 0.93.





3
EXPERIMENTAL SET-UP

In this chapter the base test set-up will be discussed. The design will be discussed in section 3.1 where after
the materials will be discussed in section 3.2. In section 3.3 the scaling of the experiment will be explained and
in sections 3.4 and 3.5 the design of the guides and bumpers will be discussed.

3.1. TEST DESIGN
The test setup will suffice as the base experiment to analyze the structural behavior of guides and bumpers
due to impact loads. To get comprehensible results, the test will be simplified in comparison to reality. The
test will be controlled and clearly demarcated to see what the structural reactions of the guides are to a short
pulse load as a result of the module bumping into the guides. The motions of the barge and crane ship will not
be taken into account. This is because the motions of the vessels and barges are already well researched and
modeled within HMC and also to prevent the occurrence of inexplicable phenomena. Since scaling is difficult
and never completely accurate (quote Kaminski), a model-the-model technique will be applied. First a scaled
experiment will be designed, this design will be modeled within SACS Bentley to determine the magnitude of
the reaction of the design and to decide which sensors will be needed to measure these reactions. This will
be discussed in chapter 4. With this information the test set-up for a scaled experiment will be finalized. The
results of this scaled experiment can be used to verify the SACS Bentley model and to compare the results of
a full scale test. The experimental model will be modeled for comparison and for further research, this model
can be scaled and compared to full scale test .

3.2. MATERIAL
The material that is used for offshore platforms and guides is steel. The guides consist of a steel pipe with
braces and the platforms consist of a complex structure of steel pipes, beams and plates. The experimental
model will therefore be built with steel as well. The guides and bumpers are designed to deform only elastically
at HMC. This means that the loads on the guides and bumpers will have to be small enough for the stresses of
the guides and bumpers to remain below the yield stress. Due to the lack of available S355 steel (steel with a
minimal yield stress of 355 N /mm2) at the company where the module and guides were built, the setup was
built with s235 steel.

3.3. SCALING
The first step of the design was to scale the dimensions of the module and guides. The weight of the lifted
topsides in the HMC database varies between 57 and 2510 tonnes. The height of the guides that HMC has
used varies between 2 and 8.6 meters, the diameter between 0.14 and 0.762 meters and the wall thickness
between 12.5 and 38.1 mm. For the scaling of an offshore platform, the standard dry weight of a platform is
assumed to be 1000 tonnes and a guide to have a height of 3.5 meters, a diameter of 0.35 meters and a wall
thickness of 15 mm. The OHS act (Occupational Health and Safety act) demands that a person cannot lift
more than 25 kg for professional purposes. To ensure that the module can be lifted by two professionals or by
one non-professional, the weight should remain below 35-40 kg . This means that the scaling factor for weight
according to Froude scaling will be: ∏3 = m f

mm
where∏ is the scaling factor, m f is the mass of the full scale model

and mm the mass of the scaled model. Assuming a standard platform of 1000 tonnes and a scaled model of
35-40 kg the scaling factor varies between 15.6 and 23.3. The length of the wire that hangs the module from

11
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the ceiling was scaled to the maximum lifting height of the Thialf. The maximum lifting height is based on
the load capacity curves of the Thialf (A,A.3). The lifting height for a weight of 1000 tonnes is approximately
92 m. Scaled this lifting height of the module should be between 3.95 and 5.9 meter. At the test location, the
maximum possible height between the module and the ceiling was 2.3 m. If the guide would be scaled with
the same scaling factor, the guide would have a height of 0.15-0.22 meters and a wall thickness of 0.42-0.38
mm which is too small and too thin to attach sensors on the structures. To ensure a number of test variations
and the correct attachments of sensors, the guides will have a diameter of 3 cm and a height of 1 meter. This
mismatch in scaling should be taken into account when the model will be scaled to full scale.

3.4. MODULE AND BUMPER
Guide and bumper systems are used for the set-down of a wide spectrum of offshore structures, varying in
shape, mass and material; from offshore platforms to jacket-piles. The behavior of these structures depends
on the material properties of the structures, such as stiffness, moment of inertia, density, Young’s modulus and
dimensions. To match the design of an offshore structure to reality, the module should have a higher stiffness
than the guides it collides with. To ensure this stiffness, the module will be a square with cross bracing built
with square tubular pipes. To conform to the OHS and to provide a surface large enough to attach the needed
sensors, the dimensions of the module will be 0.7 m * 0.7 m * 0.7 m. The tubular pipes will have a width and
height of 0.3 m and a wall thickness of 2 mm. The bumper will be attached to one side of the module. The
bumper will be a tubular pipe with a diameter of 0.3 m and a wall thickness of 2.5 mm, similar to the guides.
The bumper will be attached to the module through a clamping system so that the bumper can move from
the top of the module to the bottom of the module. The bumper has a length of 800 mm and is clamped at 50
mm from each end. The connection between the bumper and the module are two square tubes of 105 mm
with similar dimensions as the square tubes of the module. An example of the bumper is shown in figure 3.1
below. The module will weight approximately 35 kg . The module is fastened with 2 cables through 2 holes in
a railing at the roof. The two holes are 120 cm apart and the cables go from one corner of the module through
a hole to the next corner of the module. The cables were fastened to the corners of the module with a clamp,
a hook, a turnbuckle and cable clamps. An example of the cable fastening is shown in figure 3.2. An example
of a turnbuckle and a cable clamp are shown in Appendix A in figure A.1 and A.2. The cable clamps and the
turnbuckles were used to adjust the cable length between the variations of the tests.

Figure 3.1: Clamping system of bumper on module Figure 3.2: Attachment module to roof

3.5. GUIDES
The guides have a length of 1 meter as mentioned in the previous section. The guides are tubular pipes with
a diameter of 0.3 m and a wall thickness of 2.5 mm. A unity check was performed to see whether the guides
could withstand the assumed horizontal force that the bumper would apply on the guides (10% of the dry
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weight of the module). This unity check can be found in A section A.3. On 2
3 of the guide a brace is welded to

the guide with an angle of 40±. The brace has a length of 0.877 m to the bottom. Both guides are welded to
separate steel plates with a thickness of 20 mm. Every 200 mm holes were drilled in these plates so they can
be screwed tightly to a 200 kg structure that suffices as the structure where the guides are normally welded on.
Due to the fact that Grimbergen (the company that builts the guides and module) did not have enough tubular
pipes with a diameter of 0.3m in stock, the braces were steel tubular pipes with a diameter of 0.269 m and a
wall thickness of 2.85 mm. An example of the guides is shown in figure 3.3 and a picture of the whole set up
is shown in figure 3.4. To simplify the results even more, it would be convenient to use guides without braces.
Therefore the braces will be cut off after the first round of test are conducted with the guides with braces.

Figure 3.3: Picture of one of the guides Figure 3.4: The Test setup of the scaled experiment





4
NUMERICAL MODEL: SACS

After the test setup was determined it had to be modelled to gain some knowledge on the magnitude of the
reactions of the system. The test setup was therefore modelled in SACS Bentley. As was explained in the
introduction, SACS is an integrated finite element structural analysis program. This chapter will explain how
this program was used to predict some of the responses of the experiment and how basic information of the
setup was gained. First SACS and the models in SACS will be discussed in sections 4.1 and 4.2.Then the natural
frequencies of the models will be discussed in section 4.3 and the implementation of the impact loads in the
model in 4.4. The results of the model analyses will be discussed in sections 4.5, 4.6 and 4.7.

4.1. INTRODUCTION SACS
SACS is a structural analysis program that can also compute the response of structures to impact loads. The
first step is to design the model and to give it the correct characteristics. In SACS you choose the location of
your nodes and draw lines between them. Per node one can decide how many degrees of freedom it has. The
lines between the nodes represent the material between the nodes. Each line can be given its own properties,
length, thickness, type of material, strength etc. Once the model is finished forces can be applied to the model.
One can choose point loads, uniform distributed loads and pulse loads. Since it is not possible to model two
bodies in SACS and make them collide with one another, the models were built separately and point loads
were applied on different locations on the three models.

4.2. MODEL SACS
Three models were constructed in SACS; The module, a guide with brace and a guide without brace. All three
models consist of the same type of steel with the same material properties:S235 steel, a density of 7849 kg /m3

and a Young’s Modulus of 200 GPa.

4.2.1. MODULE

The module consists of a square, 0.7 m x 0.7 m x 0.7 m built from steel squared pipes. Each of the planes is
cross-braced with squared pipes to increase the stiffness of the module. All the square pipes have a diameter
of 30 mm and a wall thickness of 2 mm. On the front of the module, at the height of the center of gravity (CoG),
a steel tubular pipe (the bumper) is attached to the module by two small links. The tubular has a diameter of
30 mm and a wall thickness of 2.5 mm. The links are 105 mm long and are similar to the square pipes. The
module hangs from the corner points to a point 2070 mm above the module, precisely as the test setup in the
previous chapter was described. A picture of the module in SACS can be found below in figure 4.1

4.2.2. GUIDE WITH BRACE

The guide with brace consists of a 1 meter long tubular pipe that is clamped on one side at the bottom. The
pipe has a diameter of 30 mm and a wall thickness of 2.5 mm. On 2

3 of the pipe, the brace is attached to the
pipe. The brace has a length of 0.877 m and has a slope of 40±. The bottom of the brace is fixed as well. The
brace has a diameter of 26.9 mm and a wall thickness of 2.85 mm. A picture of the guide can be found below
in figure 4.2

15
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Figure 4.1: Module in SACS

Figure 4.2: Guide with brace in SACS Figure 4.3: Guide without brace in SACS

4.2.3. GUIDE WITHOUT BRACE

The guide without brace is a tubular beam of 1 meter clamped at the bottom. This pipe has a diameter of 30
mm and a wall thickness of 2.5 mm. A picture of the guide can be found below in figure 4.3

4.3. NATURAL FREQUENCIES AND MODE SHAPES

The first step of this analysis is to find the natural frequencies and normal modes. These can be used to see
whether the experimental model matches the models in SACS and to check whether the models in SACS are
adequate. The model of the guide without brace in SACS will be verified by comparing the natural frequencies
and normal modes of SACS to the theoretical values. The natural frequencies of the models in SACS will later
be used to compare the results of the scaled experimental model to the models in SACS.

The natural frequencies of the guide without brace can easily be calculated by using the following formula;

!n = Cn
L2

q
E I
Ω§A where Cn is taken as the value from the figure below (4.4), Ω as the density, A as the

cross-sectional area, E as the Young’s modulus and I as the area moment of inertia. De Eigenmodes will be
similar to the clamped modes in the figure below (4.4). The bumper will be assumed to behave like a clamped
clamped beam which is shown in the second row of figure 4.4 and the guide with brace will behave like a
combination of the two.

Figure 4.4: Natural frequencies and modal shapes of beams with constant E IΩA [1]

For the guide without brace this gives the following natural frequencies:
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Freq (Rad/s)
1 173.5
2 1103.9
3 3040.7
4 5963
5 9856.3

Table 4.1: Theoretical natural frequencies

The values from SACS are shown in table 4.2.

Freq (Rad/s)
1 172.5
2 1066.0
3 2947.5
4 5699.6
5 9288.2

Table 4.2: SACS frequencies guide without brace in x-direction only

This shows that the theoretical natural frequencies almost correspond perfectly to the natural frequencies of
SACS. The differences can be explained by the fact that SACS gives the 3D values of the natural frequencies
and the theoretical way only looks at the 2D version of the guide and that the SACS model includes structural
damping.
The natural frequencies of the guides with brace and the module are displayed in table 4.3 and table 4.4.

Freq (Rad/s)
2 910.0
3 1509.4
4 2298.1
5 3191.8

Table 4.3: SACS frequencies of guide with brace in x-direction only

Freq (Rad/s)
1 14.5
2 457.4
3 539.1
4 645.9
5 701.8

Table 4.4: SACS frequencies of module in x-direction only

4.4. IMPACT ANALYSIS
To model the impulse loads in SACS, the dynamic response function was used. The input for this function is
a file where the location of input of a load can be chosen as well as the time and magnitude of the load. From
the thesis of N.P. Autar it shows that the time of the pulse load is approximately 0.02 seconds. The criteria
of HMC say that the maximum horizontal load is 10 % of the dry weight of the lifted object. In this case the
expected weight of the module is 35 kg so the maximum horizontal load is assumed to be 35 N . To take some
extra margins in the experiment, the maximum horizontal load was taken as 70 N. The impulse was designed
as a simplified parabola; at 0 seconds the load jumps to 35 N , after 0.01 seconds the load is 70 N and then it
decreases linearly again to 35 N and drops back to 0 N at 0.03 seconds. This impulse is modelled to see the
reactions of the guides and module to the short impulse. These reactions will be discussed in the following
sections.The impact was modelled on three locations on the guides, at the top, at the height of the welding of
the brace and in the middle of the bottom and the welding of the brace (figure 4.5). The locations of the impact
are similar on the guide with brace as on the guide without brace.
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Figure 4.5: Impact locations on guide

For the module, one impact load was modelled on the weakest spot on the bumper, the midpoint.

4.5. ACCELERATION
The maximum acceleration at the location of impact of the module was calculated by SACS as approximately
0.06 G . For the guide with brace, the maximum acceleration for impact on the top (Top) location is
approximately 16.6 G and for the top location on the guide without brace, the maximum acceleration is 21.45
(figure 4.6)

Figure 4.6: Acceleration at top guide without brace

An overview of all the maximum accelerations per model is given in the table below (4.5).

Maximum Accelerations (G)
Guide with Brace Guide No Brace Module

Top 16.6 24.35
Middle 10.17 1.14 0.06

Low 14.9 6.72

Table 4.5: Maximum accelerations (1G is 9.81 m/s2)
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The maximum acceleration measured by an impact load of 70 N during 0.02 seconds is 21.45 G , which is 210
m/s2.

4.6. DISPLACEMENT
For the Module, the guide with brace and the guide without brace the displacement at each location was
modeled as well. The maximum displacement for the guides is at the top of the guide without brace. The
displacement at this location is shown in figure 4.7.

Figure 4.7: Displacement at top guide without brace

An overview of the maximum displacements per model is given below in table 4.6.

Maximum Displacement (mm)
Guide with Brace Guide No Brace

Top 0.42 1.903
Middle 0.0122 0.1047

Low 0.054 0.604

Table 4.6: Maximum Displacement (mm) due to impact

4.7. STRAIN
The maximum strain was checked at all the locations of the sensors. The maximum expected strain from a
point load of 70 N is 73 µ≤ The maximum strains for the module, guide with brace and guide without brace
can be found below in table 4.7

Maximum strain (µ≤)
Guide with Brace Guide No Brace Module

Top 73 23.4
Middle 7.2 17.6 15.2

Low 21.1 62.6

Table 4.7: Maximum expected strains during impact (µ≤)

4.8. CONCLUSION
The sensors used in the experiment should be able to measure accelerations of 210 m/s2, displacements of
2 cm and strains of 73 µ≤. For the displacement and strain sensors this will be no problem. For the largest
accelerations, accelerometers with a higher range have to be ordered. The standard accelerometer of the TU
Delft has a maximum range of 156 m/s2 (16G).





5
EXPERIMENTAL TESTS

In this chapter the execution of the experiment will be discussed. First the case studies will be discussed
in section 5.1. Sensors, their characteristics and their locations will be discussed in section 5.2. The
used measuring equipment will be discussed in section 5.3 and some examples and an explanation of the
measurements will be shown in section 5.4.

5.1. CASE STUDIES
Since the lifted modules differ in shape, size and weight and sometimes hit the guide on the top and sometimes
at the bottom, there are a number of case studies to see what the influence of stiffness, weight, location of
impact and moment of inertia is on the energy transfer between guide and bumper.

The first case study that has already been discussed in the previous chapter was the location of impact on the
guide. The impact location will vary between the top of the guide (2 cm from the top), which will be the most
flexible part of the guide, the middle of the guide (at the welding of the brace), which will be the stiffest part of
the guide and in between the bottom of the guide and the welding of the brace (22 cm below the welding and
41 cm above the bottom of the guide), see figure 5.1.

Figure 5.1: Case study 1:Impact Location
Top/Brace/Low

Figure 5.2: Case study 2: Bumper height on module
Top/Middle/Low

The second case study was the position of the bumper. The bumper can be moved from the middle of the
module (at the CoG of the module) to the top and bottom of the bumper, where the top is 7.8 cm from the
upper edge of the bumper to the upper edge of the module and the bottom is 8 cm from the bottom of the
bumper to the bottom of the module, see figure 5.2

The third case study is the displacement of the module. The module got pulled back to its start position from
where it was released at the start of each test. The displacement of the module varied between 9.3, 12 and
15.5 cm. The displacement was based on the scaled criteria of HMC. The SC-251 says that the maximum
longitudinal and transverse movement of a lifted module may be ± 1.50 m. With a lift height of 100 m,
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this gives a movement angle of 0.859 ±. The maximum lift height of the setup is 2.3 m which would give a
maximum movement of 3.45 cm. After the first test runs, it showed that the guides could handle a larger
impact than calculated,therefore the standard deviation was set to 12 cm and the other variations in deviation
became 9.3 and 15.5 cm, see figure 5.3

Figure 5.3: Case study 3: Displacement module 9.3/12/15.5
cm

Figure 5.4: Case study 4: Weight and moment of inertia
4/8 kg

The fourth case study was the additional weight and thus a change in moment of inertia. Weight blocks of
4 kg were clamped onto the module. The first variation was to add one weight block in the middle of the
bottom left brace, the second to add another weight block in the middle of the bottom right brace. Another
variation was one block on the middle of the top left brace, one in the middle on the top back brace and one
in the middle of the top left brace together with one in the middle of the bottom left brace, see figure 5.4

The last case study was material on the guide. Two kinds of material were added onto the guide as a damping
material; tape and pipe insulation, see picture 5.5

Figure 5.5: Case study 5: Damping of guide

After running all tests for these case studies, the brace was cut off so that only a simple cantilever beam
remained. All tests were conducted again with the two guides without brace. The guide without brace is more
flexible than the guide with brace at all locations.

5.2. SENSORS
To compute the energy and enclose the energy at each location of impact, each location of impact was enclosed
by sensors; accelerometers and strain gauges. The energy balance can be set up and calculated by using
the information and derived information, gained by these sensors. The sensors that will be used during
the experiment are; strain gauges, accelerometers and a laser sensor. There are ten accelerometers with a
maximum range of 16 G and two accelerometers with a maximum range of 70 G which can only measure 0.5 to
1600Hz. Thirty strain gauges were used. The strain gauges have a maximum limit of 30000 µ≤ and a frequency
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range of 0-200 kH z. The laser sensor measures over a distance of 100 mm and has a frequency range of 0-10
kH z.

5.2.1. LOCATION SENSORS
To enclose the energy that flows through the structures, all possible flow directions should be enclosed by
sensors. If the strain gauges would be placed too close to the welding between the brace and the beam part, the
sensors could measure peak strains which would give a distorted image of the strain in the members. Therefore
the strain gauges had a distance of at least ten centimeters to all the welded parts of the structure. The strain
gauges could not be placed at the location of impact, since the strain gauges would break due to the force of the
impact. The strain gauges are therefore placed around the guide at the height of the impact load, see figure 5.6.
To compute the energy flow at this location, the accelerometers should be placed at the same location as the

Figure 5.6: Cross-section guide/bumper with locations of strain gauges and accelerometer. Yellow dots are strain gauges, green line is
accelerometer and red arrow shows the location of the impact

strain gauges. In the previous section, three different impact locations were discussed; top, brace height and
low, the sensors around each of these locations will be discussed in the following sections. The strain gauges on
the bumper all start with MR and then their number (MR1, MR2 etc.), the strain gauges on the first guide start
with G1R and than their number (G1R1,G1R2 etc.) and the strain gauges on the second guide all start with G2R
and than their number. All accelerometers are indicated with a V (V1, V2 etc.). The measuring amplifier that
was needed to connect the strain gauges to, only had 16 connection entries. Six strain gauges were installed
on the bumper of the module and were connected tot the data equipment at all times. For the remaining
strain gauges on the guides, combinations of sensors at different locations had to be connected to gather as
much information as possible. For each of the guides, five connection entries were available to connect to
strain gauges. The laser and accelerometers did not need to be connected to the measuring amplifier, only to
a data acquisition system (DAQ). An overview of the sensors per impact location is discussed in the following
paragraphs.

5.2.2. MODULE AND BUMPER
To measure the movements of the module, its horizontal and rotational motions, 2 accelerometers where
installed on the module itself, on top of the module in the middle of the module (V2) and at the middle of
one of the right back members (V1). To enclose the energy that flow through the bumper as a result of the
impact, the sensors were placed right and left of the impact locations; MR1, MR2, MR3 and V3 on the right and
MR4, MR5, MR6 and V4 on the left, see figure 5.7.

Figure 5.7: Sensor locations at Module and Bumper
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TOP

When the module hits the guides at the top, the energy only has the possibility to flow downwards. Therefore
the energy transfer as result of the impact can be computed by taking one single location for the sensors. This
location is 21 cm from the top and 10 cm above the welding of the brace. Since the maximum accelerations are
expected to occur at the top, the accelerometers of 70 G where placed at the tip of the guides (2 cm) from the
top, to measure the maximum accelerations in each test run. At the measurement location for the impact at
the top, strain gauges G1R12,G1R11 and G1R10 are placed around the guide, together with accelerometer V5.
Accelerometer V7 is placed at the tip for the maximum accelerations, see figure 5.8. For guide 2 the situation is
similar, V8 for the maximum accelerations, V6 and G2R1, G2R2 and G2R3 at 21 cm from the top which is sown
in appendix C.

Figure 5.8: Sensors around impact location Top

BRACE HEIGHT

When the module hits the guides at brace height, the energy has three possible flow directions; up, down and
into the brace. Therefore sensors were placed 10 cm above the welding, 10 cm below the welding and 10 cm
onto the brace. Since there are only 5 connection entries per guide, the guides were tested separately first to
compare the strains in one guide to one another, with these measurements it is possible to estimate the strains
that should be measured by each sensor as a relation to the sensors that will be connected in the combined test.
Five strain gauges were chosen to measure the strains in both guides during the test runs. The measurements
(Appendix C) showed that the strains measured 10 cm above the welding are lower compared to the strains
measured in the brace and 10 cm below the welding. This means that the contribution of strain in the energy
balance will be lowest 10 cm above the welding of the brace. Therefor only one strain gauge was connected
at this location during the combined test, the one that shows the highest strain value at this location (G1R12).
For both 10 cm below the welding and on the brace, two strain gauges were connected, G1R3 and G1R2 on the
brace and G1R9 and G1R8 below the welding. For the second guide this was G2R1 above the welding, G2R4
and G2R5 below the welding and G2R10 and G2R11 on the brace. A schematic overview of the sensors on guide
1 is given in figure 5.9, the schematic overview of the sensors for guide 2 is shown in appendix C.

Figure 5.9: Sensors around impact location Brace Height
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LOW

When the module hits the guides below the brace, it hits the guides at 22cm below the brace and 41 cm above
the bottom of the guides. The energy has the possibility to flow upwards and downwards. Therefore the sensors
10 cm below the welding will be used to measure the energy flowing up and a set of sensors 10 cm above the
bottom of the guides (90 cm from the top) will be used to measure the energy flow going down. Two measuring
locations mean 6 strain gauges per guide, which means that one of the six strain gauges cannot be connected.
For guide 1 this is G1R9 and for guide 2 this is G2R5. An example of the sensors on guide 1 is given in figure
5.10, the example of guide two can be found in appendix C.

Figure 5.10: Sensors around impact location Low

5.3. INSTRUMENTAL SET-UP
To process the data, the strain gauges had to be connected to a measuring amplifier. The measuring amplifier
than needed to be connected to a data acquisition (DAQ) device, which in its turn was connected to the
computer. The accelerometers and the laser only needed to be connected through the DAQ to the computer.
With 16 connection entries for the strain gauges, 10 accelerometers and one laser, 27 sensors in total were
connected to the DAQ system. The accelerometers were calibrated in the horizontal direction and measured
in G’s. The strain gauges were calibrated and set to zero again before each test-run and measured in micro
strain. The time difference between each of the connection entries in the DAQ are 3,7 micro, 100 µs between
the first and lest entry. A schematic overview of the data equipment is given in figure 5.11.

Figure 5.11: Schematic view of measuring equipment

5.4. MEASUREMENTS
In this section a number of strain measurements and acceleration measurements are shown. The
measurements of five different case studies will be displayed;

• Impact location at the top of the guide with brace
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• Impact location at the top of the guide without brace

• Impact location at brace height of the guide with brace with a combination of strains on the guide

• Impact location at brace height with only the strains on the brace

• Impact location below the welding of the brace on a guide with brace

An example of the measurements of each of the case studies is shown in appendix B.

5.4.1. STRAIN

From the strain one can see very clearly when the impact occurs and when the system goes over in its free
vibrations. The first figure (5.12) shows that the impact starts at 0.143 s and ends at 0.175 s, a duration of 0.032
seconds. The strain gauge opposite to the impact load (G2R1) measures the highest strains as is expected and
during the impact one frequency (31.25 H z)is clearly stronger than the higher frequencies that can be seen
along the line of impact. In the second figure (5.13), where the impact is located at the top of a guide without
brace, the duration of the impact is clearly longer (0.112 seconds, from 0.18-0.292 s) and the higher frequencies
have a relative stronger presence during the impact. There is also a large difference in measured strain at the
guide with brace vs. the guide without brace; -258.717 vs -73.35.

Figure 5.12: Measurements strain at the top of guide
2 with brace

Figure 5.13: Measurements strain at the top of guide 2 without
brace

In the following two figures, the impact location at brace height is displayed. The first figure (5.14) shows the
strain measurements of a combination of the sensors at three locations as a result of the impact load. G2R1
is the strain gauge above the brace. This sensor shows the lowest peak strains. G2R5 and G2R4 are the strain
gauges above the brace and G2R10 and G2R11 are the strain gauges on the brace. The results show that the
strain measured below the brace has a slightly higher peak than the strain measured in the brace. The duration
of the impact at brace height is smaller than the duration of the impact on the top of the guide. At brace height,
the impact starts at 0.1892 seconds and ends at 0.199 seconds giving a duration of 0.0098 seconds. In the
second figure (5.15) the measurements at the brace are displayed. The strains all have the same sign, but there
is still a difference between the opposite sensors. The difference between these sensors will be discussed in
the next chapter to see whether solely compression can be assumed in the brace, or compression and bending
combined.
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Figure 5.14: Measurements strain at guide 2, above
brace, below brace and on brace

Figure 5.15: Measurements strain at the brace of guide 2

The last figure of the strain measurements is the impact below the brace (figure 5.16). Since it was not possible
to measure the impact below the brace with the bumper at CoG height (the module would hit against the plate
below the guides instead of against the guides), the bumper was put in its lowest position to run this test. G2R4
and G2R6 represent the strain just below the brace and G2R7, G2R8 and G2R9 represent the strain just above
the bottom of the guides. The peak strains just below the brace is higher than the peak strains just above the
bottom of the guides, this is probably due to the fact that the impact is closer to the brace than to the bottom.
The impact occurs between 0.2010 seconds and 0.2136 seconds (duration is 0.0126 seconds).

Figure 5.16: Measurements strain at guide 2, below brace and near bottom of guide

5.4.2. ACCELERATIONS

The measured accelerations for the same case study as the previous section are displayed below. The difference
in duration has been discussed in the previous section. You can see that between the first and the second figure
(figure 5.17 and figure 5.18) the accelerations during impact have approximately similar sizes. However, the
accelerations after the impact are a lot higher at the top of the guide with brace than the top of the guide
without brace. The damping in the second figure seems to be larger than the damping in the first figure.



28 5. EXPERIMENTAL TESTS

Figure 5.17: Measurements acceleration at the top
of guide 2 with brace

Figure 5.18: Measurements acceleration at the top of guide 2
without brace

The damping and the accelerations as a result of the impact at brace height (figure 5.19) seem to be quit similar
to the damping and accelerations as a result of the impact at the top of a guide with brace. The accelerations
during impact and after the impact as well as the damping seem to be smaller for the impact below brace
height (figure 5.20).

Figure 5.19: Measurements acceleration at guide 2,
above brace, below brace and on brace

Figure 5.20: Measurements acceleration at guide 2, below brace
and near bottom of guide

5.5. CONCLUSION
It seems that the location of impact has a large influence on the reactions of the accelerometers and strain
gauges. The duration of impact is smaller at stiffer locations, and the accelerations after the impact are larger
at the more flexible locations.
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RESULTS

In this chapter the analyses of the measurements will be discussed. The first step is to check the frequencies of
the measurements and to compare these to an analytical model, this will be done in section 6.1. The second
section (6.2) will describe the linearity of the elastic deformation and the shape of the impact loads. In the
following section (6.3), the loads will be computed using the measurements and an analytical model. Together
with the loads and the measurements, an energy balance will be formulated and calculated in section 6.5. The
last analyses is the CoR in section 6.6. The velocities before the impact will be compared with the velocities
after the impact to establish the energy loss of the module.

6.1. NATURAL FREQUENCIES
To determine the natural frequencies of the guides, the Fourier transform was used. The Fourier function
transforms data in the time-domain to data in the frequency domain where it shows the extend to which
certain time-cycles occur within your data and what the natural frequencies of your system are. The strain
gauges could measure up to 200 kH z while the accelerometers could only measure up to 1600 H z. This
means that the accelerometers will not show higher natural frequencies than 1600 H z (10000 r ad/s) in the
spectra.Two frequency spectra are displayed below in figure 6.1 and 6.2. These spectra are based on the
measured acceleration and strain as a result of an impact at the top of a guide with brace.

Figure 6.1: Frequency spectrum measured strain,
impact at the top of guide

Figure 6.2: Frequency spectrum measured acceleration, impact at
the top of guide

One can see that the most dominant frequency is 881.7 r ad/s which is approximately 140 H z.In the frequency
spectrum of the strain, once can see that there is a peak below 881.7 at 314 r ad/s, this is 50 H z, which is the
frequency of the electricity in Europe. One can also see that there is a peak that goes up, higher than the first
mode, at 0. It then goes to zero just before the peak frequency at 314 r ad/s. In these values, the frequency
of the impact is represented. The impact has the shape of half a sinus, the full sinusoidal wave would have

29
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a frequency between 100 and 300 r ad/s. It is assumed that the signal was compromised by putting it in the
frequency domain due to the fact that the signal is only half a sinus wave. In the spectrum of the accelerations,
the higher natural frequencies are hardly visible. The visibility increases if the y-axis is changed to logarithmic
scale, see figure 6.3 and 6.4.

Figure 6.3: Frequency spectrum measured strain,
impact at the top of guide, logarithmic scale

Figure 6.4: Frequency spectrum measured acceleration, impact at
the top of guide, logarithmic scale

The table below (6.1) shows all the natural frequencies. Accelerometer V6 shows the natural frequencies
measured by the accelerometer V6 which is at the same location as strain gauge G2R1. The differences are
caused by the difference in sampling rate of the sensors. The natural frequencies of the strain gauges also
contain the natural frequencies of the noise, which are at 314, 941 and 1570 r ad/s. If these values are taken
out, one can see the similarities more easily, see table 6.2

Natural frequencies
Acc V6 G2R1

! (r ad/s) ! (r ad/s)
1 880 314
2 1361 881
3 2196 941
4 4660 1364
5 6093 1570
6 2200
7 5572
8 6356
9 9365

Table 6.1: Frequency spectrum measured acceleration and
strain if impact is at top of the guide

Natural frequencies
Acc V6 G2R1

! (r ad/s) ! (r ad/s)
1 - 0
2 880 881
3 1361 1364
4 2196 2200
5 4660 5572
6 6093 6356
7 9365

Table 6.2: Frequency spectrum measured acceleration
and strain if impact is at top of the guide

An analytical model, written by Jim Zwartveld, computed the frequencies that are shown in table 6.3. This
analytical model is written in Python and can be found in appendix D. The analytical model was used to
calculate the magnitude of the impact loads. To validate the model, the natural frequencies were compared
to the natural frequencies of the measured data. Based on these frequencies the model was assumed valid to
determine the external loads that were applied on the guides.
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Natural frequencies
! (r ad/s)

1 879
2 1386
3 2298
4 3466
5 5973
6 10110
5 11439
6 13637

Table 6.3: Natural frequencies analytical model

6.2. LINEAR ELASTIC DEFORMATION

In the literature, the shape of the impact was described as a half sinus wave. It was unsure whether the impact
actually would behave as a half a sinus wave and whether the impact would be a linear elastic process. In
almost all the strain measurements, the shape of the impact is a hyperbolic line. In the situations where
the response is not dominated by the deformation of the structure, but possibly by the multiple collisions
during the impact, this hyperbolic function is not visible. This is because the contact phase is assumed to be
constantly interrupted due to the bouncing of steel on steel. This occurs at locations where the structure is
stiffer (impact location at brace height) and at locations where the deformation due to the impact is smaller
than the effects of the steel on steel interrupted impact. An example of the interrupted pulse load is shown in
figure 6.5. This figure show the impact at the bumper of the module. An example of a linear elastic response of
the guides due to the impact is shown in figure 6.6.

Figure 6.5: Example of non-linear elastic response of bumper
due to impact

Figure 6.6: Example of linear elastic response of guide
due to impact

For every case study except for the once with the impact location at brace height, the measurements of the
strains have a hyperbolic shape overall. The energy as a result of strain for linear elastic materials is formulated
as

E = 1
2
≤æ= 1

2
E≤2 (6.1)

where æ is equal to ≤E . The strain measurements were fit to a polynomial curve and the correlation between
the polynomial fit and the measurements was computed to see whether the impact could be assumed to be
linear elastic. An example of this curve is shown in figure 6.7.
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Figure 6.7: Fitting of strain measurements

The correlation between this polynomial fit and the measurements is 0.9947, which is very high and the
polynomial fit for this curve is;

y = 9.4412e +05x2 °3.0371e +05x +2.4226e +04 (6.2)

The correlations between the polynomial fit and the strain measurements is higher than 0.979 for all cases
accept the ones at the second impact location (at brace height), as you can see in table 6.4. This means that the
impact can be assumed to be linearly elastic where the global deformation is dominant to the high frequency
deformation based on the results from the strain measurements.

Case study Correlation
B1U1G1W1 0.9955
B1U2G1W1 0.9947
B1U2G1W2 0.9968
B1U2G1W3 0.9968
B1U2G1W4 0.9961
B1U2G1W5 0.9967
B1U2G1W6 0.9955

B1U2G1W1M1 0.9967
B1U3G1W1 0.9899
B2U2G1W1 0.9963
B2U3G1W1 0.9943
B3U1G1W1 0.9924
B3U2G1W1 0.9905
B3U2G3W1 0.9793
B3U3G3W1 0.9899

Table 6.4: Correlation to polynomial curves of the second order per case study

6.3. MAGNITUDE OF IMPULSE LOADS
The magnitude of the impulse loads is analytically determined. The first step was to built an analytical model
of the guides. This model can be found in appendix D. The guide was subdivided into three beams; the top
section, L2 (from welding point to the top of the guide), the lower section, L1 (from the welding point straight to
the bottm of the guide) and the brace, L3 (the inclined part of the guide). Both bending and axial deformations
were considered in these beams. For each of these beams, the equations of motions were determined and
the boundary conditions (18 boundary conditions) between the beams and at the end of the beams were
determined. These can also be found in appendix D.The equation of motion was transposed from the time
domain to the frequency domain by using the fourier transform:

E I
@4w(x, t )
@x4 +ΩA

@2w(x, t )
@t 2 +ÆE I

@5w(x, t )
@x4@t

= f (x, t ) (6.3)

after the fourier transform:

E I
@4W̃ (x, w)

@x4 °≠2ΩAW̃ (x, w)+ÆE I (i!)
@4W̃ (x, w)

@x4 = F̃ (x, w) (6.4)
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The general solution for the bending in the beam segments is in the following form:

W̃ (w, x,F ) =C11(!)cos(∞x)+C12(!)si n(∞x)+C13(!)cosh(∞x)+C14(!)si nh(∞x) (6.5)

and for the axial deformation of the beam segments:

Ũ (w, x,F ) =C15(!)si n(Øx)+C16(!)cos(Øx) (6.6)

Where ∞ is:

∞= 4

s
ΩA

E I (1+ iÆ≠)
2p
≠ (6.7)

The Æ is a value for the damping of the structure (in this case 0.00002) and≠ is the frequency range. Ø is equal
to≠/c, c is equal to E/Ω and x is the location of the impact.

The constants can be found by substituting the boundary conditions in the general solutions at the all
frequencies. For each frequency a different set of constants was computed. In the boundary conditions, the
force was defined as a unit load of 1, to find the constants based on the real part of a unit load of 1 and in the
next run, the unit load was defined as 1i to find the constants based on the imaginary part of the unit load.
The load will be estimated by comparing the response function to the measurements. The real part of the
measurements (ReM ) should be equal to real part of the response to the unit load 1 (Re1) times a constant that
represents the real part of the load plus the real part of the response to the unit load i (Rei ) that represents
the imaginary part of the load. Similar for the imaginary part, the imaginary part of the measurements (ImM )
should be equal to imaginary part of the response to the unit load 1 (Im1) times the constant that represents
the real part of the load plus the imaginary part of the response to the unit load i (Imi ) times the constant that
represents the imaginary part of the load. The response functions that correspond to the accelerations is the
second derivative of equation 6.5 over time:

R̃Accel er ati ons =°≠2W̃ (6.8)

The response functions that correspond to the curvature is the second derivative of equation 6.5 over space:

R̃Cur vatur e =°∞2W̃ (6.9)

The response functions for a unit load 1 and a unit load i were split up into their real and imaginary to form
the following matrix:

∑
Im1 Imi

Re1 Rei

∏∑
a
b

∏
=

∑
ImM

ReM

∏
(6.10)

The load in the frequency domain is then defined by:

F = a + i b (6.11)

An example is shown below on how the load was calculated. This example shows the base case scenario, case
study B1U2G1W1; Bumper at CoG, deviation of 12 cm, impact location at the top and no added weights to
the module. For the accelerations, the mirrored frequency spectrum of the measurements is shown below in
figure 6.8 and the mirrored frequency spectrum of the response to a unit load of 1 is shown in figure 6.9:
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Figure 6.8: Mirrored frequency spectrum of
accelerations

Figure 6.9: Mirrored frequency spectrum of response to a unit
load 1

The frequency spectrum of the calculated load is shown below in figure 6.10. The load seems to peak around
zero. This means that there is a very dominant peak at a frequency of 0 r ad/s. This is probably due to the
mathematical error of transforming the pulse load into the fourier domain.

Figure 6.10: Frequency spectrum calculated load based on accelerations

Once the load is transformed back to the time domain, one can see a large curve that dominates the results
(figure 6.11). This overall shape is probably the result of the mathematical error. However, if one zooms in at
the top during the time of impact (0.145 seconds to 0.175 seconds), the response of the impact becomes visible
(figure 6.12). One can see that the load goes over to more stable frequencies after the impact, but the load was
assumed to be zero at this point. It is not zero due to the fact that the measurements were used to compute
the load (here accelerations). The loads are computed by using the frequencies of these measurements, which
means that the load will show a response at all frequencies of the measurements, even after the impact, giving
a load based on the free vibrations. Ideally the load would have a similar shape to the shape that was observed
in the response of the strain gauges or accelerometers (half sinus shape).

Next the mathematical error was filtered out. Filtering has large influences on the values of the results. Once
the frequencies around zero are filtered out, the load curve gives a shape that corresponds more to the expected
shape of the pulse load. The filtering was finally based on the duration of impact so that the curve starts around
0.145 seconds and ends at 0.175 seconds. To get these results, the measured data below 100 r ad/s was filtered
out. The frequency spectrum of the calculated loads based on the filtered accelerations are shown in figure
6.13 and the calculated loads in the time domain, based on the filtered accelerations are shown in figure 6.14
and figure...
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Figure 6.11: Example of computed loads by using
accelerations, guide 1

Figure 6.12: Example of computed loads curve zoomed in at
impact Guide 1

Figure 6.13: Frequency spectrum calculated load based on accelerations filtered

Figure 6.14: Example of computed loads based on
filtered accelerations

Figure 6.15: Example of computed loads based on filtered
accelerations zoomed in at impact
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The loads based on the curvature were computed similar to the loads based on the accelerations. The
frequencies lower than 100 r ad/s were filtered out. The filtered results of this method for the strains is shown
below. The first figure show the calculated load in the frequency domain based on the filtered curvature (figure
6.16. The second and third show the computed load in the time domain (6.17 and 6.18). Figure 6.18 shows the
load zoomed in at the impact.

Figure 6.16: Example of computed loads, guide 1, zoomed in at impact

Figure 6.17: Example of computed loads, guide 1,
zoomed in at impact

Figure 6.18: Example of computed loads curve only during
impact Guide 1

To get the best estimation of the loads with this method, a least-square method should be used to combine the
loads based on the accelerations and the loads based on the strains. Due to the large differences in the loads
and an assumed error in the loads based on the accelerations, the external loads for the energy balance will
only be based on the loads that were calculated with the curvature. More examples of the computed loads are
shown in appendix D.

6.4. CALCULATIONS
This section will explain how all the needed parameters where extracted from the measurements and from the
analytical model.

6.4.1. CURVATURE
The curvature

≤(y) = y∑y (6.12)

≤(z) = z∑z (6.13)
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≤(x) = x
q

(∑2
z +∑2

y ) (6.14)

Where y is the distance from the center of the beam within the material in the y-direction and x is the distance
from the center of the beam within the material in the y-direction. The curvature can be calculated with the
following formula:

∑z =
≤z2 °≤z1

z2 ° z1
∑y =

≤y2 °≤y1

x2 °x1
(6.15)

Figure 6.19: Schematic drawing curvature

To calculate the curvature in the x-direction, the curvature was assumed to be linear between the z and
y-direction. Therefore the theorem of Pythagoras was used to calculate the curvature in the z-direction out
of the curvature in the z and y-direction.

≤(x) = x
q

(∑2
z +∑2

y ) (6.16)

The curvature in the x-direction was compared to the curvature in the y-direction and the contribution of the
curvature in the z-direction was so small that the curvature in the x-direction is assumed to be similar to the
curvature in the y-direction, see figure 6.20 where the curvature in the y-direction lies almost exactly over the
curvature in the x-direction.

Figure 6.20: Curvature z, y vs x-direction

The moments are simply the curvature multiplied by EI;

M = E I
@2w(x, t )

d x2 (6.17)
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6.4.2. ROTATIONAL VELOCITY

The rotational velocity, ¡= @2w(x,t )
@x@t was computed by using the analytical model. To get the rotational velocity,

the first derivative to space and frequency of the general solution was computed in the frequency domain:

¡̃=°∞!W̃F̃ (6.18)

After transposing this equation back to the time domain and integrating it over the considered segment, it can
be used as an input in the energy balance. The rotational velocity as a result of this method is shown below in
figure

Figure 6.21: Rotational velocity at the location of impact (V5)

During the impact, the rotational velocity should only be positive as a result of the strain, which also occurs
only in one direction. After the impact, the rotational velocity should fluctuate above and below zero as a result
of free vibrations. Unfortunately the result do not show this.

6.4.3. VELOCITY
There are two different directions of the velocity needed to compute the complete energy balance. In the
vertical part of the guides where only bending is assumed, only the velocity in the transverse direction of
the guide is necessary to calculate the energy balance. This one can be easily calculated by integrating the
measured accelerations in the transverse direction. Before integrating, the data should be filtered for lower
frequencies. The first natural frequency of the guide without brace is 182 r ad/s. Only the frequencies below
100 r ad/s were filtered out to take some margins and the velocities before the impact were set to zero. An
example of the data and the filtered and integrated velocity is shown below in figures 6.22 and 6.23.

Figure 6.22: Filtered acceleration vs non-filtered
acceleration V5

Figure 6.23: Integrated Accelerations V5
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If the module hits the guides at brace height, a part of the brace is included in the energy balance. In this brace
both bending and compression are assumed. For the bending part of the energy balance, the velocities in the
transverse direction of the brace suffice, which can be computed similar to the velocities in the vertical part
of the guides. To calculate the energy balance as a result of compression in the brace, the velocity in the axial
direction is needed to calculate the internal energy. The velocities in the axial directions were subtracted for
the analytical model discussed in section 6.3.

6.5. ENERGY BALANCE
The law of conservation of energy states that energy can be neither created nor destroyed. In a closed system,
the total energy of the system is conserved, which is one of the basic laws of physics. It means that energy
that enters a system minus energy that exits a system always has to be in equilibrium with the energy that
is added to the system. Before the impact between the guides and bumpers, the guides are assumed to be
in steady state, the behavior of the guides does not change over time. In this steady state, no vibrations nor
strains are measured in the guides and bumper. The impulse load caused by the collision between the guides
and the moving module, transfers energy into the guides and transforms the energy in the module. The energy
transfer as a result of the collision is described as external energy over time (Wexter n(t )). The external energy
that enters the system of the guides is equal to the change of internal energy in the system, plus the energy
dissipated over time and the energy that flows out of the segment in question over time. The internal energy
in the system is the energy in the segment in question of the guide that was enclosed by sensors on which the
load was applied. For each of the impact locations a different segment is considered. The schematic example
below (figure 6.24) shows the energy flow as a result of the external energy entering the segment on the guides
(Wexter n) at brace height. This segment is enclosed by sensors at location L0 and L1, the energy flux represents
the energy that flows out of the segment in question through the cross-section at L0 and L1 (S1 and S2), ( dE

d t )
is the change of internal energy inside the segment in question and (Wdi ssi pated ) is the energy dissipated over
time .

Figure 6.24: Schematic drawing of Energy balance

The energy balance is written in the following form:

Wext (t ) = dE(t )
d t

±S(x, t )
ØØØ

x=L1

x=L0
+Wdi s (t ) (6.19)

Information about the energy balance and computation of the balance can be found in the paper written by S.
S. Gómez ([8].

6.5.1. EXTERNAL ENERGY
The external energy that enters the system over time is described as the magnitude of the load on the system
multiplied with the velocity of the system (equation 6.20).

Wext (t ) =
ZL

0
±(x)F (t , x)v(x, t )d x (6.20)

The external energy that enters the guides is defined as the load from the module times the velocity of the
guides, while the external energy that enters the bumper is defined as the load from the guides times the
velocity of the module. The computation of the external forces (F ) are discussed in the previous paragraph.
The velocity of the guides and bumper are taken as an average over the segment in question (between L0 and
L1). The velocities are computed by integrating the measured accelerations at the cross-sections over time
between L0 and L1.The external energy rate for the base case is shown in figure 6.25.
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Figure 6.25: External energy rate entering guide 1 at the top of the guide

6.5.2. ENERGY RATE
The internal energy is the energy of the considered segment of the system (in the example between L0 and L1)
comprising the kinetic energy and elastic energy stored in the segment over time. This energy is written as
follows:

E(t ) =
ZL

0

1
2
ΩA

°@w(x, t )
@t

¢2 + 1
2

E I
°@2w(x, t )

@x2

¢2d x (6.21)

An example of the energy rate for the base case in guide 1 is shown in figure ?? below;

Figure 6.26: Energy rate in the top segment of guide 1

6.5.3. ENERGY FLUX
The energy flux is the energy that crosses the boundaries of the segment in question, the energy that flows
through the cross-section at L1 and L0. The energy flux is calculated by subtracting the beam and or bar
energy from the potential and kinetic energy in the considered segment. This results in the following equation
for the energy flux when only bending is assumed:

S(x1, t ) = E I
≥@w1(x1, t )

@t

@3w1(x1, t )

@x3
1

° @2w1(x1, t )
@t 2

@2w1(x1, t )
@t@x1

¥
(6.22)

This can be simplified to the following equation:

S(L0, t ) =Q(L0, t )
@w

@t
°M(L0, t )

@¡

@t

ØØØ
L0

=°2
°
M(L0, t )

@¡

@t

¥
(6.23)
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For the part where not only bending can be assumed (the brace), the equation for the energy flux is displayed
below;

S(L0, t ) =Q(L0, t )
@w

@t
°M

@¡

@t
+Q(L0, t )

@u

@t
= 2

°
M(L0, t )

@¡

@t

¥
+Q(L0, t )

@u

@t
(6.24)

The part of the equations with w considers the bending of the segments, while the equations with u consider
the axial deformation of the segments.

Figure 6.27: Example of beam segment, only
bending is assumed

Figure 6.28: Example of Rod segment, both bending and axial
compression is assumed

An example of the energy flux for the base case in guide 1 is shown in figure 6.29 below;

Figure 6.29: Energy flux through the cross-section at the location of the sensors of guide 1

The Energy flux is based on the rotational velocity, which is based on the response function derived to
space and time, multiplied with the computed load in its turn. This energy flux shows that energy exits the
cross-section and fully comes back during the impact. The negative part of the flux is the returning energy,
this is due to the change in sign of the velocity After the impact small vibrations are still visible.

6.5.4. ENERGY DISSIPATED
The energy dissipated is the transferred energy that was not measured with strain gauges and accelerometers
during the experiment. This energy can be transferred into rotational energy of the module, friction energy
between the bumper and guides, heat and other possible forms of energy dissipation. It is the energy that is ’left
over’ in the energy balance. Unfortunately due to the used method to calculate the load and rotational energy.
The energy rate, energy flux and external energy fluctuate above and below zero at different time-steps due to
the different frequency ranges of the strain gauges and accelerometers. The dissipated energy is calculated as
a result of the energy balance with the following equation:

Wd (t ) =Wext3 (x, t )° dE(t )
d t

°S(x, t ) (6.25)
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Due to the different time-steps and the fluctuations above and below zero, the dissipated energy seems to be
larger than expected, almost as large as the external energy itself.. An example of this dissipated energy is
shown below in figure 6.30. Due to

Figure 6.30: Dissipated energy guide 1

6.5.5. ENERGY BALANCE
With the three energy terms discussed in the previous sections, the energy balance can be computed. A
schematic picture of the energy balance for each of the impact locations are displayed below.

Figure 6.31: Impact location at the Top
Figure 6.32: Impact location below at brace

height
Figure 6.33: Impact location below the

brace

The first figure (6.31) shows the segment in question when the bumper hits the guides at the top, the
corresponding balance is displayed in equation 6.26(1). The second figure (6.32) shows the segment in
question when the bumper hits the guides at brace height with corresponding equation 6.27(2) and the last
figure (6.33) shows the segment in question of the impact below the brace. The balance is shown in equation
6.28(3).

Wext1 (t ) = dE

d t
°S(L0, t )+Wdi ssi pated1(t ) (6.26)

Wext2 (t ) = dE

d t

ØØØ
L0

L1
+ dE

d t

ØØØ
L0

L2
+S(L0, t )°S(L1, t )°S(L2, t )+Wdi ssi pated2(t ) (6.27)

Wext3 (t ) = @E

@t
+S(L1, t )°S(L4t )+Wdi ssi pated3(t ) (6.28)

6.5.6. RESULTS
Below four examples are shown of the energy balance. The first two figures shows the external energy, the
energy rate and the energy flux (6.34 and 6.35).The third and fourth figures (?? and ??) show the computed
damping as well (the purple line).
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Figure 6.34: A combination of the internal energy rate,
energy flux and external energy of guide 1, module

deviation 12 cm

Figure 6.35: A combination of the energy dissipated,
energy flux, internal energy rate and external energy of

guide 1, module deviation 12 cm

These figures show that the external energy and the internal energy rate have some overlap. The external
energy is smaller than the energy flux and energy rate, which is not possible in reality. This is probably due
to the fact that the inputs are based on two different sets of sensors, which give different results and that
the external load should be based on both accelerations and strain measurements. What one can conclude
from these figures, is that almost all energy is transfered into the guide during the impulse, but that almast all
energy is transfered back to the module again. After the impact, there is only a small amount of energy left in
the form of free vibrations. This shows that this structure does not damp energy and that the energy transfer
only occurs very shortly during the impact. This corresponds to an elastic response and to the CoR values that
will be discussed in the next section.

6.6. COEFFICIENT OF RESTITUTION
The coefficient of Restitution is normally based on the returning height of a dropped object on a similar object
of the same material. In this experiment the object is not dropped but horizontally moved to collide with
another object. The objects do not have the same shape or weight, so the coefficient based on this experiment
cannot be compared directly to the CoR based on dropped objects. With this experiment the energy before
and after the collision are compared to one another. This has been done for the case studies of the guide with
brace as well as the case studies of the guide without brace. The duration of the impact was based on the
shape of the strains where one can easily determine the duration of the impact. The velocity before the impact
was calculated by taking the displacement of the laser on 120 time-steps before the impact until 20 time-steps
before the impact and dividing them by the time. For the velocity after the impact the displacement of the
laser was taken 20 steps after the impact until 120 steps after the impact and divided by the time. The velocity
before the impact was then divided by the velocity after the impact to determine the loss of energy during the
impact, see equations 6.29, 6.30 and 6.31.

vbe f or e_i mpact = (Laser (tbI °120)°Laser (tbI °20))/(T (tbI °120)°T (tbI °20)) (6.29)

va f ter _i mpact = (Laser (tbE +20)°Laser (tbE +120))/(T (tbE +20)°T (tbI +120)) (6.30)

Cor =
vbe f or e_i mpact

va f ter _i mpact
(6.31)

tbI here is the starting moment of the impact, tbE is the end of the impact and l aser (tbI ° 120) is the
displacement of the laser at 120 time-steps before the impact as well as T (tbI ° 120) is the time at 120
time-steps before the impact.
By determining the start of the impact and the end of the impact, the duration of the impact can be calculated.
With the known change in velocity (before and after the collision), the known mass of the module and the
calculated duration of the impact, it is possible to estimate the equivalent load that was applied on the guides
during the collision, with the following formula:

I = F¢t = m¢v (6.32)

giving;

F = m¢v

¢t
(6.33)
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Where ¢t is the duration of the impact and ¢v is the difference in velocity before and after the impact. The
following section will show the results of the CoR and the estimated equivalent load for one case study for the
guide with and without brace.The results are the averages taken over the ten runs per case study. The results of
the other case studies can be found in appendix D An overview of the values for all case studies is given below
in table 6.5:

With Brace CoR F (N) Without Brace CoR F (N)
B1U1G1W1 0.973 8.468 B1U1G1W1 0.986 1.497
B1U2G1W1 0.946 12.873 B1U2G1W1 0.971 2.171
B1U3G1W1 0.916 14.789 B1U3G1W1 0.948 2.770
B1U2G1W1 0.946 12.873 B1U2G1W1 0.971 2.171
B2U2G1W1 0.767 58.052 B2U2G1W1 0.924 6.424
B3U2G1W1 0.555 104.936 B3U2G1W1 0.924 4.843
B1U2G1W1 0.946 12.873 B1U2G1W1 0.971 2.171
B1U2G2W1 0.815 108.970 B1U2G2W1 0.742 30.374
B3U2G3W1 0.555 145.903 B3U2G3W1 0.924 90.675
B1U2G1W1 0.946 12.873 B1U2G1W1 0.971 2.171
B1U2G1W2 0.931 15.197 B1U2G1W2 0.974 1.973
B1U2G1W3 0.953 12.171 B1U2G1W3 0.962 3.197
B1U2G1W4 0.961 14.065 B1U2G1W4 0.983 1.851
B1U2G1W5 0.862 34.558 B1U2G1W5 0.969 2.462
B1U2G1W6 0.810 47.269 B1U2G1W6 0.940 4.793
B1U2G1W1 0.946 12.873 B1U2G1W1 0.971 2.171
B1U2G1W1M1 0.981 4.124 B1U2G1W1M1 0.968 2.300
B1U2G1W1M2 0.000 0.000 B1U2G1W1M2 0.946 2.908

Table 6.5: All CoR values and equivalent loads for all case studies

6.6.1. RESULTS COR AND LOAD, VARIATION IN IMPACT LOCATION

The first case study was the location of the impact on the guides; the top of the guide, at brace height and below
the brace height and the bottom of the guide. Due to the limitations of the set-up, the impact location below
the brace height and the bottom of the guide had to be combined with the bumper at its lowest position. The
variation in impact location has effect on both magnitude of the load for the guide with brace as well as for the
guide without brace.It was expected that the load at the brace height would be higher than the load between
the brace and the bottom. The increase in load in relation to a lower stiffness at the lower impact location
is expected to be caused by the different position of the bumper. This is probably the reason for the higher
CoR at the lowest impact location. Based on these results the CoR depends on the stiffness of the structures as
expected. The load increases if the stiffness increases as well, as was expected.

Case study: Impact Location With Brace No Brace
CoR F (N) CoR F (N)

B1U2G1W1 0.95 11.05 0.97 2.17
B1U2G2W1 0.81 108.97 0.74 30.37
B3U2G3W1 0.73 145.90 0.53 90.68

Table 6.6: Calculated load and CoR for the variations in impact location; top, brace height and low for the guide with and without brace
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Figure 6.36: CoR of the variation in impact location of guide
with brace vs. guide without brace

Figure 6.37: Load of the variation in impact location of guide
with brace vs. guide without brace

6.6.2. CONCLUSION COR
The results show a relation between the CoR and the estimated equivalent loads. The CoR has a strong
correlation to the stiffness of the structure in the case of the guide with brace. The change in CoG of the
module has a large effect on CoR and equivalent loads for the guide with brace but it has a very small impact at
the guide without brace. It seems that a higher CoG has more effect than a lower CoG. The change in deviation
shows exactly what was to be expected, a larger deviation gives a smaller CoG but a larger load in a linear
relation. The weight of the module does not seem to make large differences on the CoR although higher
weights obviously cause larger loads. The damping material that was installed on the guides almost make
no difference in equivalent loads or CoR. It is recommended to do further research on the change in CoG and
the effects on the CoR.





7
CONCLUSIONS AND RECOMMENDATIONS

7.1. CONCLUSIONS
The goal of this thesis was to determine the effect of energy transfer between guides and bumpers on the
magnitude of the impact loads during offshore set-down. The first thing that could be concluded from the
results, is that the deformation due to the pulse loads ins linear elastic. This means that almost all energy goes
back into the motion of the module. This corresponds to the high CoR values and the known fact that steel has
a very low damping factor.

The shape of the impact was based on literature that concluded that the shape of the impact would be similar
to half a sinus. The results of the experiment show that for all cases studies where the impact is dominated by
one contact phase, the impact has a parabolic shape. With the fitting tool of MATLAB, the correlation between
this shape and a quadratic curve was computed. For all cases apart from the cases where the response is not
dominated by the deformation of the structure, but by the multiple collisions during the impact, there is a
correlation higher than 0.979 to a quadratic curve. This means that the impact can be assumed to be linearly
elastic in the cases where global deformation is dominant to the deformation that is dominated by what are
assumed to be the shorter collisions between the steel structures. This conclusion is based on the results from
the strain measurements.
As one can see from the results of the CoR computations, the CoR is lower in the case study where the module
hits the guide at brace height. It is expected that that energy is transferred into local vibrations of the module
and guide due to the higher stiffness of the guides at this location. The CoR is also lower than 0.9 when the
bumper changes to a position above the CoG of the module or to a position below the CoG of the module. In
these case studies, this response still has a high correlation with a linear elastic response. This could mean
that the energy has been transferred to a different form than to the swinging motion of the module. It can be
transferred to rotational energy of the module. Further research would be needed to conclude this.

From the strain measurements of the case study where the module hits the guide at brace height can be
concluded that more strain is observed in the brace than below or above the impact location. With the energy
balance it is possible to see which members of a steel structure receive higher volumes of energy. Based on
these results it is possible to determine, when damping should be applied and in which members the damping
should be applied.

The impulse loads were computed using an analytical model. In this analytical model, the damping ration can
be adjusted. Based on a number of frequency spectra, the best fit for this analytical model, was a damping
ratio of 0.00002. Further research should determine the best fit for the damping ratio. Due to difficulties in
transforming data from the frequency domain back in to the time domain, the computed pulse load based
were compromised. These load curves shows a dominant shape on which the relevant loads are displayed.
The reason for this dominant shape is probably a mathematical error that occurs when the pulse load (half a
sinus) is transformed to the Fourier domain. By filtering out this dominant shape, a more accurate load curve
can be computed. Data will be lost by applying a filter to the data. The applied load base on the curvature
give a filtered load that lies between -200 and 400 newtons. The fact that the load has a negative value is due
to the influences of the filtered data. The computed load based on the accelerations, lie between -100 and 150
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newton.

The energy balance shows that almost all energy that is transfered into the structure, is transfered back to the
module. This corresponds to the elastic behaviour that was concluded and the high CoR values. When the
energy balance is properly adjusted so that it gives fully reliable values, it can show in which direction of the
structure most of the energy flows. If this method is further elaborated, it is possible to base the design of the
guides on energy transfer instead of on the computation of loads.
In the end there are three important conclusions; the first one is that the impulse loads can be assumed to be
linear elastic. Based on these experiments a more accurately description of impulse loads can be used as an
input for models, for both duration and shape. The second one is that based on these experiments, at least
97% of the energy is transfered back into motions of the module, the effect of energy transfer during impulse
loads between the guides and bumper in this experiment has little to no effect on the magnitude of the loads
and the third one is that this method will not give an accurate estimation of the loads.

7.2. RECOMMENDATIONS
It is important to state that the results derived from this research are speculations based on a scaled
experiment. Conclusions on the magnitude of the load can not be based on this report, they can only be
used as a guide for further research.

The loads that are calculated are part of the dominant shape that was not expected. Further research is
recommended to find out how this dominant shape is computed and how it can be excluded from the loads.
Once the loads are more reliable, it is possible to combine the loads based on the accelerations with the loads
based on the strains and a more accurately conclusion can be drawn on the magnitude of the loads.

Only a few case studies were computed to estimate the applied loads due to the late discovery of an error in
the model. It is recommended to compute the pulse loads for all case studies, so that a better comparison for
the pulse load can be made.

To be able to compare the pulse loads to the static horizontal loads that are currently used as a criteria for
the design of the guides and bumpers, the experiment should be scaled back to the demands for a full scale
structure. The first step is to compare the deviation of the module in the experiment to the maximum allowable
deviation in full scale. This will give an impression on the difference between the statically determined loads
and the impulse loads that were determined during this research. The second step is to scale the wire of the
experiment to the wire of the thialf for a the scaled weight. This will give an idea of the external energy that the
full scale model can inflect on the guides. Comparing this with the computed external energy will give an idea
of the scaling of energy between a full scale model and a scaled experiment. Together with full scale data, this
will give new insides on the possibilities of this method.
One of the values that was used to estimate the loads, is the damping ratio. The damping ratio determines the
response function and thus the estimated loads. For this research the damping ratio was set to 0.00002, based
on a best fit using empirical data. From the measured data it is possible to determine the damping ratio for
each of the case studies. The damping ratio was based on empirical data, but the damping could be computed
using the measurements for each case study. With a more accurately calculated damping ratio, the estimated
loads will probably be more accurate.

The results of this method should be compared to a finite element model to validate the use of the finite
element model. With a finite element model, it is possible to use this method in all sorts of structures. The
first step would be to test the same method on a full scale structure. According to this method, only two
measurement points are necessary on a steel structure without junctions. This means that even on a full scale
structure, only two accelerometers are needed to determine the loads. The results of a full scale test should
than be compared to a finite element model of this full scale model. With reliable results and strain gauges
at the measurement locations, it is possible to compute the energy balance for each structure. A comparison
between the maximum accepted load and the external energy that is linked to this load, a maximum accepted
external energy can be determined. With this maximum accepted energy, it is possible to say something about
the maximum allowable motions and mass of the moving module.



8
DISCUSSION

During this research, a number of assumptions have been made due to missing information. The first
assumptions start at the experimental phase. In the analytical model, the guides are assumed to be clamped
tot the bottom. In the experimental set-up, the beams were welded to a steel plate that was screwed onto a 200
kg steel module. The guides can therefore not be assumed to be fully clamped. The second part of the set-up
that could be improved are the sensors. The sensors measure up until certain frequencies. This means that it
is possible that some of the higher frequencies have not been documented. This has been tested beforehand,
and a decision had to be made on which frequencies have an engineering value and which frequencies have
a scientific value. Based on this decision, frequencies over 7000 H z were not taken into account in this
research. The accelerometers can measure on a much lower maximum frequency range compared to the
strain gauges. This means that the values based on the accelerometers are somewhat compromised. In the
experiment, uni-axial sensors were used. This means that the accelerometers only measure the accelerations
in the transverse direction. For the guide with brace, it was necessary to know the velocities in the longitudinal
direction as well. This informations was computed with the analytical model. Measurements would have been
easily obtained by using multi-axial accelerometers.
The next step was analyzing the data. The data was analyzed and computed by using MATLAB. Within MATLAB
the noise frequencies were canceled, which means you throw data away. This was necessary to get clean results
in the energy balance, but again this means that the data is somewhat compromised. One of the steps in
MATLAB was to integrate the measured accelerations to compute the velocities. To integrate within MATLAB,
the lower frequencies should be filtered, otherwise the velocities would go to infinity, since they are multiplied
with increasing time steps. Once again, the data is compromised.
The pulse loads that are computed with the analytical model are based on a certain damping ratio. The
damping ratio was set at 0.000002 which is an empirically found value. From the measurements, a damping
value can be derived as well. The damping value in the analytical model should be similar to the damping
values derived from the experiment. This is an improvement that can predict more accurate pulse loads. The
energy balance was computed by taking the load from the analytical model, the velocities from the acceleration
measurements, the curvature from the strain measurements an the rotational velocity from the analytical
model as well. The values were all analyzed at one location (x), to validate the estimated loads, the values
should be analyzed at several locations to be compared to one another. The last point of interest is that the
results are only based on three case studies, while the data of 38 case studies are available. By comparing
the loads and energy balances of a larger number of case studies, more accurate conclusions could be drawn.
The set-up of the analytical model was done in the three weeks before the deadline of this research. More
information can be subtracted from this model if more time was put in extracting information from this
analytical model. The experimental phase went well and the results of this experiment are very clear and
extremely repeatable. The damping ratio for the structure can be extracted easily and more information about
pulse loads can be extracted from the measurements. For a more complex structure, an analytical model is
difficult to make, therefore the comparison between this analytical model and a FE model is of great use. I have
enjoyed doing this research, the guidance in both the experimental set-up, the execution and the analytical
phase was more than I could wish for!

49





A
EXPERIMENTAL SET-UP

A.1. MATERIAL

The first picture (A.1) shows the clamps that were used to clamp the cable and therefore to adjust the cable
length of the module. For the case studies where the bumper height needed to change or the impact location
variated, these clamps were used to hang the module in the correct position. The turnbuckles (figure A.2) were
used to level the module once the module hung at the correct height.

A.2. LOAD CURVE

The load curve was used to scale the length of the wires. As one can see in the figure below (A.3), if the crane
carries a load of 1000 tonnes, the radius of the hoist is approximately 92 meters. The scaling of the module wire
was based on the estimations of this load curve.

A.3. UNITY CHECK

A unity check was performed to determine whether the guides or bumper would fail (no plastic deformation)
due to the applied load. The applied load was taken as twice the maximum allowed load, so 20% of the dry
weight as a statically applied horizontal load. The unity check determines whether the stresses as a result of
the applied load, do not exceed the maximum allowed stress and the UC should not be higher than 1. As one
can see in the last column, the UC is a lot smaller than 1 and no plastic deformation of the guides or bumper
is expected.

Figure A.1: Clamping system of cable to adjust length
of cable between test variations

Figure A.2: Turnbuckle used to adjust cable length
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Figure A.3: Load and clearance curve Thialf
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Figure A.4: Unity check for the guides and bumper





B
EXPERIMENTAL TESTS

B.1. MEASUREMENTS

In this section, the differences between measurements will be shown. The first measurements are shown from
the guide with brace and the guide without brace. The impact location for both these guides is 2 cm from the
top.

Figure B.1: Measurements of the three strains at the
top of the guide without brace

Figure B.2: Measurements of the three strains at the top of the
guide with brace

The next figures show the difference between the guide with brace and without brace with the impact location
below the brace, so at the lowest impact location. This location is 22 cm below the brace and 41 cm above the
bottom of the guide.
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Figure B.3: Strain in the lowest sensors at the guide
with impact at the lowest impact location, guide

with brace

Figure B.4: Strain in the lowest sensors at the guide with impact at
the lowest impact location, guide without brace

With the following picture (B.6) The strains above and below the impact load are compared to one another.
The strain above the impact load seems to be a little higher, but this is due to the fact that the strain gauges are
closer to the impact load than the strain gauges below the impact load. The frequencies of the vibration seem
to be similar, but less consequent for the measurements below the impact (G1R4).

Figure B.5: Comparison maximum strain above and below impact at lowest impact location, G1R4 is below, G1R9 is above

The last picture shows the differences in strain with the impact at brace height. The maximum strains above
the impact (G1R12) is compared with the maximum strain below the impact (G1R9) and the maximum strain
in the brace (G1R3). One can see that the strains in the brace start later than the strains above and below the
impact. This indicates that the strain waves have more difficulty with traveling around the beam (transverse
to the brace) than in the longitudinal direction of the beam. The free vibrations in the brace are larger than the
free vibrations above and below the impact. This indicates that more energy goes into the brace part during
impact than above and below the impact.
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Figure B.6: Comparison maximum strain above, below and at brace for impact at brace height. G1R3 is at brace height, G1R9 is below
and G1R12 is above.

B.2. CASE STUDIES

This section shows all the different case studies with their exact values, locations etc. See figure
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Figure B.7: All cases studies for guide with and guide without brace



C
ANALYTICAL MODEL

C.1. MODAL ANALYSIS GUIDE IN PYTHON
Using Sympy and Jupyter Notebooks

In [1]: from sympy import *

from numpy import linalg

import math

import numpy as np

import pandas as pd

init_printing()

First we define which symbols to use for space, time and radial frequency.

In [2]: x, t, ! = symbols(’x, t, !’)

C.1.1. GENERAL

BENDING VIBRATIONS

The governing differential equation for bending vibrations is as follows:

ΩA
@2w

@t 2 +E I
@4w

@x4 +ÆE I
@5w

@t@x4 = 0

It can be rewritten into the frequency domain as:

°!2ΩA£ w̃ +E I (1+ÆI!)
d 4w̃

@x4

where:

w̃ (!, x) =C (!)£exp(∏x)

The roots of the equation can be found by substituting the expression into the differential equation.

°
°!2ΩA+E I (1+ÆI!)∏4¢£C (!)£exp(∏x) = 0

Where the only non-trivial solution is found in:

°!2ΩA+E I (1+ÆI!)∏4 = 0

Thus, the roots can be found:

∏=±

vuut±

s
!2 ·ΩA

E I (1+ÆI!)
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LONGITUDINAL VIBRATIONS

The differential equation for longitudinal vibrations is:

ΩA
@2u

@t 2 °E A
@2u

@x2 °ÆE A
@3u

@t@x2 = 0

And in the frequency domain:

°!2ΩA£ ũ °E A (1+ÆI!)
d 2ũ

@x2 = 0

where:

ũ (!, x) =C (!)£exp
°
Øx

¢

Substituting into the differential equation:

°
°!2ΩA°E A (1+ÆI!)

¢
£C (!)£exp

°
Øx

¢
= 0

Here, the only non-trivial solution needs to comply with:

°!2ΩA°E A (1+ÆI!)£Ø= 0

The roots are:

Ø=±I £
√
!

c
·
s

1
(1+ÆI!)

!

C.1.2. MODEL DESCRIPTION
The guide is subdivided into three sections: 1. Vertical section with length L1, between foundation and joint. 2.
Vertical section with length L2, between joint and top. 3. Diagonal section with length L3, between foundation
and joint.
Assumptions * Axial and Bending motions for the vertical sections. * Axial and Bending motions for the
diagonal section. * Local coordinate system for vertical beam with x pointing up and x=0 at the joint. * Local
coordinate system for diagonal beam with x pointing away from the brace and x=0 at the joint. * Units are kg,
N, m and s.
Note that in Python, index counting starts at 0 instead of 1.

C.1.3. MODEL PROPERTIES
Here, all model details are defined
Define the beam properties.

In [3]: d1 = 0.03 #m
t1 = 0.0025 #m
d3 = 0.0269 #m
t3 = 0.00285 #m
L1, L2, L3 = (0.667, 0.333, 0.871)

µ = math.radians(50)

Define the material properties

In [4]: E = 210e9 #N/m**2
Ω = 7850 #kg/m**3
c = sqrt(E/Ω) # m/s

Calculate required beam properties from d, t, Ω and E.

In [5]: class Section:

def __init__(self, Ω, E, d, t):

self.r = d/2

self.ri = self.r - t

self.A = pi * (self.r**2 - self.ri**2)



C.1. MODAL ANALYSIS GUIDE IN PYTHON APRIL 7, 2018 61

self.I = pi/4 * (self.r**4 - self.ri**4)

self.ΩA = Ω * self.A

self.EI = E * self.I

self.EA = E * self.A

sect1 = Section(Ω, E, d1, t1)

sect3 = Section(Ω, E, d3, t3)

Define damping coefficient

In [6]: # Assumed 0.00002
Æ = 0.00002

Define roots as a function of radial frequency for vertical (1) and diagonal section (3)

In [7]: ∞1 = (! ** 2 * sect1.ΩA / (sect1.EI * (1 + I * !))) ** 0.25

∞3 = (! ** 2 * sect3.ΩA / (sect3.EI * (1 + I * !))) ** 0.25

In [8]: Ø = !/c * (1 / (1 + Æ * I * !)) ** 0.5

C.1.4. GENERAL EXPRESSIONS
Define the constants to be used in the general expressions of the beam sections.

In [9]: C11, C12, C13, C14 = symbols(’C11, C12, C13, C14’)

C15, C16 = symbols(’C15, C16’)

C21, C22, C23, C24 = symbols(’C21, C22, C23, C24’)

C25, C26 = symbols(’C25, C26’)

C31, C32, C33, C34 = symbols(’C31, C32, C33, C34’)

C35, C36 = symbols(’C35, C36’)

Write the general expression for lateral displacement of a one dimensional beam for section 1.

In [10]: W1 = C11 * exp(I*∞1*x) + C12 * exp(-I*∞1*x) + C13 * exp(∞1*x) + C14 * exp(-∞1*x)

©1 = diff(W1, x)

M1 = -sect1.EI * diff(W1, x, x)

V1 = -sect1.EI * diff(W1, x, x, x)

Write the general expression for axial displacement of a one dimensional beam for section 1.

In [11]: U1 = C15 * exp(I*Ø*x) + C16 * exp(-I*Ø*x)

N1 = sect1.EA * diff(U1, x)

Similar for section 2.

In [12]: W2 = C21 * exp(I*∞1*x) + C22 * exp(-I*∞1*x) + C23 * exp(∞1*x) + C24 * exp(-∞1*x)

©2 = diff(W2, x)

M2 = -sect1.EI * diff(W2, x, x)

V2 = -sect1.EI * diff(W2, x, x, x)

In [13]: U2 = C25 * exp(I*Ø*x) + C26 * exp(-I*Ø*x)

N2 = sect1.EA * diff(U2, x)

And section 3.

In [14]: W3 = C31 * exp(I*∞3*x) + C32 * exp(-I*∞3*x) + C33 * exp(∞3*x) + C34 * exp(-∞3*x)

©3 = diff(W3, x)

M3 = -sect3.EI * diff(W3, x, x)

V3 = -sect3.EI * diff(W3, x, x, x)

In [15]: U3 = C35 * exp(I*Ø*x) + C36 * exp(-I*Ø*x)

N3 = sect3.EA * diff(U3, x)
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C.1.5. BOUNDARY CONDITIONS
No displacement or rotation or normal force at x = -L1 for section 1.

In [16]: eq1 = expand(W1.subs(x, -L1))

eq2 = expand(©1.subs(x, -L1))

eq3 = expand(U1.subs(x, -L1))

A real, unit shear force at for section 2 and no bending moment or axial displacement at x = L2 for section 2.

In [17]: eq4 = expand(M2.subs(x, L2))

eq5 = expand(V2.subs(x, L2) - 1)

eq6 = expand(N2.subs(x, L2))

No displacement and rotation at x = -L3 for section 3.

In [18]: eq7 = expand(U3.subs(x, -L3))

eq8 = expand(W3.subs(x, -L3))

eq9 = expand(©3.subs(x, -L3))

Displacement continuity at the joint.
The angle between the horizontal and the diagonal brace is assumed µ.

In [19]: eq10 = expand(W1.subs(x, 0) - W2.subs(x, 0))

eq11 = expand(W1.subs(x, 0) - U3.subs(x, 0) * cos(µ))

eq12 = expand(W1.subs(x, 0) - W3.subs(x, 0) * sin(µ))

eq13 = expand(U1.subs(x, 0) - U3.subs(x, 0) * sin(µ))

Rotation continuity at the joint.

In [20]: eq14 = expand(©1.subs(x, 0) - ©2.subs(x, 0))

eq15 = expand(©1.subs(x, 0) - ©3.subs(x, 0))

Moment continuity at the joint.

In [21]: eq16 = expand(M1.subs(x, 0) - M2.subs(x, 0) + M3.subs(x, 0))

Force balance at the joint, in vertical and horizontal directions respectively.

In [22]: eq17 = expand(N2.subs(x, 0) - N1.subs(x, 0) - V3.subs(x, 0) * sin(µ) - N3.subs(x, 0) * cos(µ))

eq18 = expand(V2.subs(x, 0) - V1.subs(x, 0) + V3.subs(x, 0) * cos(µ) - N3.subs(x, 0) * sin(µ))

Generate a list of all equations:

In [23]: eqns = [eq1, eq2, eq3, eq4, eq5, eq6, eq7, eq8, eq9, eq10, eq11, eq12, eq13, eq14, eq15, eq16, eq17, eq18]

Rewrite into matrix form.

In [24]: A = linear_eq_to_matrix(eqns, (C11, C12, C13, C14, C15, C16, C21, C22, C23, C24, C25, C26, C31, C32, C33, C34, C35, C36))

Now, create a list of radial frequencies at which the constants are evaluated.
The maximum radial frequency evaluated is 20 rad/s and the delta is 2 rad/s. It is also possible to import a list
of radial frequencies from csv or txt file, and evaluate these.

In [25]: w_range = list(pd.read_csv(’B1U2G1.csv’))

Loop over frequencies, substutite frequency in matrix, and solve for the (unit) force vector.
Convert the Sympy array to numpy format, as this format is more efficient, and solve the linear system.

In [26]: _ = []

for w in w_range:

w = float(w)

v = N(A[0].subs(!, w))

b = A[1]

v_np = np.fromiter(v, dtype=complex).reshape((18, 18))

b_np = np.fromiter(b, dtype=complex)

x = np.linalg.solve(v_np, b_np)

_.append(list(x))
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Write to DataFrame, add radial frequencies as index column and rename columns to constants named in
general expressions.

In [27]: df = pd.DataFrame(_)

df[’radial frequencies’] = pd.Series(w_range)

df = df.rename(columns={0: ’C11’, 1: ’C12’, 2: ’C13’, 3: ’C14’, 4: ’C15’, 5: ’C16’,

6: ’C21’, 7: ’C22’, 8: ’C23’, 9: ’C24’, 10: ’C25’, 11: ’C26’,

12: ’C31’, 13: ’C32’, 14: ’C33’, 15: ’C34’, 16: ’C35’, 17: ’C36’})

df = df.set_index(’radial frequencies’)

Export to csv file named ’constants.csv’

In [28]: with open(’constants_B1U2G1.csv’, ’w’) as f:

f.write(df.to_csv())





D
RESULTS

D.1. FREQUENCIES
The loads were calculated in the frequency domain. Below one can find the frequency spectra of the
measurements and the response functions that was used to calculate the applied loads.

Figure D.1: Frequencies of the accelerations at V5 Figure D.2: Frequencies of the response function for accelerations

Figure D.3: Frequency spectrum of measured strain
Figure D.4: Frequency spectrum of Response function for strains

based on unit load 1

65
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Figure D.5: Load in frequency spectrum based on curvature

D.2. LOAD RESULTS

Figure D.6: Example of computed loads based on
curvature non filtered

Figure D.7: Example of computed loads non filtered, zoomed in
on impact

Figure D.8: Computed load case B1U2G1W1 at
accelerometer V5, impact location top of guide 1

Figure D.9: Computed load case B1U3G1W1 at accelerometer V5,
impact location top of guide 1
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Figure D.10: Computed load case B1U2G1W1 at
accelerometer V6, impact location top of guide 1

Figure D.11: Computed load case B1U3G1W1 at accelerometer
V6, impact location top of guide 1

Figure D.12: Computed load case B1U2G1W1 at
accelerometer V7, impact location top of guide 1

Figure D.13: Computed load case B1U2G1W1 at accelerometer
V8, impact location top of guide 1

D.3. ENERGY BALANCE RESULTS

Figure D.14: A combination of the energy
dissipated, energy flux and external energy of guide

1, module deviation 15.5 cm

Figure D.15: A combination of the energy dissipated, energy flux,
external energy and dissipated energy of guide 1, module

deviation 15.5 cm
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D.4. COR
the following sections will show the results of the CoR and the estimated load for all case study for the guide
with and without brace. In each section only one parameter is changed, except for the impact location below
the brace, the bumper height had to be adjusted to make this test case study. Each of the test cases was run at
least ten times. The results are the averages taken over these ten runs per case study.

D.4.1. RESULTS COR AND LOAD, VARIATION IN IMPACT LOCATION

The first case study was the location of the impact on the guides; the top of the guide, at brace height and below
the brace height and the bottom of the guide. Due to the limitations of the set-up, the impact location below
the brace height and the bottom of the guide had to be combined with the bumper at its lowest position. The
variation in impact location has effect on both magnitude of the load for the guide with brace as well as for the
guide without brace. It was expected that the load at the brace height would be higher than the load between
the brace and the bottom. The increase in load in relation to a lower stiffness at the lower impact location
is expected to be caused by the different position of the bumper. This is probably the reason for the higher
CoR at the lowest impact location. Based on these results the CoR depends on the stiffness of the structures as
expected. The load increases if the stiffness increases as well, as was expected.

Case study: Impact Location With Brace No Brace
CoR F (N) CoR F (N)

B1U2G1W1 0.95 11.05 0.97 2.17
B1U2G2W1 0.81 108.97 0.74 30.37
B3U2G3W1 0.55 145.90 0.92 90.68

Table D.1: Calculated load and CoR for the variations in impact location; top, brace height and low for the guide with and without brace

Figure D.16: CoR of the variation in impact location
of guide with brace vs. guide without brace

Figure D.17: Load of the variation in impact location of guide with
brace vs. guide without brace

D.4.2. RESULTS COR AND LOAD, VARIATION IN BUMPER HEIGHT MODULE

The second case study was the position of the bumper on the module. The bumper was moved to the top of
the module giving the module a CoG above the midpoint of the module and to the lowest point on the module,
giving the module a CoG below the midpoint of the module. The results show that the effect of the position of
the bumper and thus the CoG of the module has a larger effect on the guide with brace than the guide without
brace. The higher/lower CoG causes instability in the movement of the module during its swing, increasing
the velocity and thus the applied load. The higher stiffness of the guide with brace increases the effect of this
positioning of the bumper.

case study: Bumper Height With Brace No Brace
CoR F (N) CoR F (N)

B1U2G1W1 0.95 11.05 0.97 2.17
B2U2G1W1 0.77 58.05 0.95 4.65
B3U2G1W1 0.55 104.94 0.92 4.84

Table D.2: Calculated load and CoR for the variation in bumper height; middle, low and high for the guide with and without brace



D.4. COR APRIL 7, 2018 69

Figure D.18: CoR of the variation in bumper height
of guide with brace vs. guide whithout brace

Figure D.19: Load of the variation in bumper height on guide with
brace vs. guide without brace

D.4.3. RESULTS COR AND LOAD, VARIATION IN DEVIATION MODULE

The third case study was the displacement of the module. The displacement of the module increases the load
and CoR linearly for both the guide with and without brace. The increase is stronger for the guide with brace.
It is assumed this is due to the higher stiffness of the guide with brace versus the guide without brace.

Case study: Deviation With Brace No Brace
CoR F (N) CoR F (N)

B1U1G1W1 0.97 8.47 0.99 1.50
B1U2G1W1 0.95 11.05 0.97 2.17
B1U3G1W1 0.92 14.79 0.95 2.77

Table D.3: Calculated load and CoR for the variations in deviation; 9.3, 12 and 15.5 cm for the guide with and without brace

Figure D.20: CoR of the variation in deviation, guide
with brace vs. guide whithout brace

Figure D.21: Load of the variation in deviation on guide with
brace vs. guide whithout brace

D.4.4. RESULTS COR AND LOAD, VARIATION IN ADDED WEIGHT AND COG OF MODULE

The fourth case study is the added weight and change in CoG of the module.

Variation: Weight and CoG With Brace No Brace
CoR F (N) CoR F (N)

B1U2G1W1 0.95 11.05 0.97 2.17
B1U2G1W2 0.93 15.20 0.97 1.97
B1U2G1W3 0.95 12.17 0.96 3.20
B1U2G1W4 0.96 14.07 0.98 1.85
B1U2G1W5 0.86 34.56 0.97 2.46
B1U2G1W6 0.81 47.27 0.94 4.79

Table D.4: Calculated load and CoR for the variations in added weight and it’s locations (variation of CoG of module)
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Figure D.22: CoR of the variation in added weight
on the module on guide with brace vs. guide

without brace

Figure D.23: Load of the variation in added weight on the module
on guide with brace vs. guide without brace

D.4.5. RESULTS COR AND LOAD, VARIATION IN ADDED MATERIAL ON THE GUIDES
The last variation is the added material to the guides. In the first case, tape was attached to the guides. The
second case was a piece of pipe insulation that covered the guides. The strain measurements of the guide with
brace with pipe insulation had stronger vibrations during the impact, which made it impossible to determine
the duration of the impact and therefore, the CoR and the applied loads could not be calculated for this test
case. At the guide without brace once can see that the CoR decreases and the loads increase. The decrease in
CoR is an expected result due to damping material, but the increase in load is an unexpected result. The loads
seemed to increase due to a longer duration of the impact with the use of damping materials; B1U2G1W1
has a duration of 0.1021 seconds, B1U2G1W1M1 a duration of 0.1024 and B1U2G1W1M2 a duration of 0.141
seconds . For the guide with brace the results are opposite to the results of the guide without brace; the CoR
increases with the use of tape, and the load decreases. The duration of the impact for the first cases is a little
longer than the duration of the impact in the second case (0.033 and 0.0319 seconds).

Variation: Material With Brace No Brace
CoR F (N) CoR F (N)

B1U2G1W1 0.95 11.05 0.971 2.17
B1U2G1W1M1 0.98 3.58 0.967 2.38
B1U2G1W1M2 0.00 0.00 0.946 2.91

Table D.5: Calculated load and CoR for the variations in damping material; tape and pipe insulation for the guide with and without brace

Figure D.24: CoR of the variation in adjusted
material on guide with brace vs. guide without

brace

Figure D.25: Load of the variation in adjusted material on guide
with brace vs. guide without brace
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