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Summary
Due to the growing quest for renewable energy, wind turbines grow in size. This means that higher de-
mands are posed on the transporting structures, also called tower grillages, which brings its challenges
for their design. The fact that the structures considered in this thesis are placed on a ship makes the
design even more complicated. Therefore, a procedure is developed in this thesis that is able to opti-
mize a tower grillage, while keeping the underlying ship intact. This tool is based on a combination of
size and shape optimization.

The optimization is performed with the dual annealing algorithm. The objective is mass reduction,
with the stress in the grillage, and stress and buckling in the ship as constraints. These constraints
are taken into account by a penalty function. The design variables are the angles at which the radial
supports attach and the thicknesses of the radial supports and the other elements of the grillage. The
main question that is answered in this thesis is how this optimization procedure can help in the design
of a tower grillage, where the underlying ship structure is implemented as a boundary condition.

First, a single layout is optimized with the ship modelled as a rigid boundary condition. Next, a model of
a section of the ship is made and used as the boundary condition on the tower grillage. A comparison
between these models showed that the main differences in stress between the two optimization results
are seen in the largest parts of the grillage: the sides, the flanges and the can. The maximum stress
in the latter two elements is larger, which also results in larger thicknesses in the optimization with the
ship. This affects the average mass in the ship, which is increased with 5.7% when compared to the
grillage on the rigid constraint.

After that, a full grillage is optimized. A first attempt demonstrated that the stress in the ship could
only be decreased a little with the initial settings of the optimization. That required a slightly different
model, to make sure that the stress in the ship remains acceptable. With that model, a mass decrease
of 32 tons could be obtained, which is a decrease of 9.1 % compared to the original design by Vuyk
Engineering.

From the different optimization steps became clear that the main factors influencing the optimal dis-
tribution of radial supports are the lengths of the supports, and the location of the outer brackets. The
compliance of the ship changes the stresses in the grillage, and therefore the optimization result. The
stress in the ship can be reduced only to some extent, so the effect of a stress violation in the initial
design is that a new bracket design needs to be made. The results show that the stress is governing
for the current optimization, and buckling is not.

The conclusion is that the current procedure can help in the design by providing a global image of
lighter layouts which avoid stress and buckling constraint violations in the ship. However, the limitation
of the research is that the result is only a global image. It is therefore considered not worth the effort and
time to apply the current method in an engineering environment. It does however show the potential of
this method, so future enhancements can make the procedure suitable for engineering.
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1
Introduction

Offshore wind has gained a lot of attention over the past years due to the quest for renewable energy
sources. Many developments in this area have taken place in recent years, which increased the eco-
nomical attractiveness of the turbines. As a result, new offshore wind farms are installed, and even
more will be installed in the near future. Ships play a vital role in the installation of these wind farms,
both for transporting and the installation of the turbines and their foundations. An example of an in-
stallation and transportation ship is shown at the front page. What stands out in this image is that the
towers are mounted vertically instead of horizontally. Benefits of transporting the towers vertically are
reducing installation time and using the deck space more efficiently. The downside is that much larger
forces are exerted on the ship due to the higher accelerations on the towers.

Figure 1.1: Example of a tower grillage [21]. These structures are used on a ship to transport wind turbine towers. A similar
structure will be optimized in this thesis.

A special structure is needed to transport these towers vertically, which is called a tower grillage. An
example is shown in Figure 1.1. Most often, several of these structures are designed over the lifetime
of a ship. The first cause is that the tower diameters differ per project due to different sizes per man-
ufacturer, but also due to the increase in turbine capacity over the years. The other cause is the high
load on these grillages due to the vertical transport of the towers. This results in a much shorter fatigue
life, and they need therefore to be replaced after some years.

The design of these grillages involves several challenges when they are designed for an existing
ship. The tower grillage needs to transfer its loads in such a manner that the ship remains intact. Often
several iterations are required before the design is accepted. This problem is also encountered by
Vuyk Engineering, and they want to find a better and faster way of designing these grillages. This
led to this thesis, which aims at developing an algorithm that can be applied in the design of a tower
grillage. This should give more insight into the best way of connecting the tower grillage to the ship
structure with accounting for the weak parts in the ship. The algorithm will be based on structural

1



1.1. Structure definition 2

optimization techniques. These techniques are an active research field because it allows people to
gain new insight into the parameters in the design, which helps them by building better and often
also lighter structures. Before the computer era, only relatively simple optimization problems could be
solved by hand, which was often not useful in engineering practice. Currently, computers are available
to everyone, and their power keeps increasing, allowing companies to optimize larger problems within
a reasonable timeframe.

1.1. Structure definition
A schematic view of a tower grillage is shown in Figure 1.2. The ’can’ in the middle of the grillage is a
circular structure on top of which the tower is bolted. The load from the tower is transferred via the can
and the radial supports to the ship. The brackets are placed on both sides of the surrounding plate of
the grillage, and they are used to distribute a part of the load from the outer plate to the ship structure.
The plates on top and at the bottom of the grillage serve as flanges for the radial supports to make
them more similar to I-beams, and thus increase their stiffness.

(a) side view

(b) Top view

Figure 1.2: Schematic representation of a single layout in a tower grillage with the names and locations for the relevant
structural members. A real tower grillage often consists of multiple layouts, as shown in Figure 1.1

Figure 1.2a shows that the structure is free from the deck, whichmeans that the can is only supported by
the radial supports and the flanges. This is necessary since the deck is not strong enough to withstand
the applied loads. Another reason is that high peak stresses will occur at the locations where the
circular can and the (linear) stiffeners under the deck intersect, resulting in failure of the stiffeners.
These problems are avoided by transferring the loads to the stronger parts of the ship, like bulkheads.

1.2. Problem description
As mentioned before, the biggest challenge in the design of tower grillages is that it needs to be con-
nected to an existing ship. It is often assumed in standard design practice that the boundaries cannot
fail. This assumption does however not hold for a tower grillage, because the boundaries are described
by the ship, which can fail due to the loads exerted from a tower grillage. That means that yielding and
buckling failure in the ship structure also need to be considered, instead of only failure in the tower
grillage itself.

The easiest solution seems to be strengthen the ship structure, but that is not the case. It is inefficient
and costly to stiffen an existing ship structure because of other components under the deck, such as
cables, tanks and equipment. Welding in the ship should therefore be avoided as much as possible.
It is in some cases inevitable because the loads are too large to handle, but still the amount of work
should be limited.
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The loads on a tower grillage are different from most other stiffened structures. The most important
loads are the moments induced by the ship motions, but the shear force from the weight also plays
a role. Loads often considered in literature are in-plane and lateral distributed loads which gives a
structure like a stiffened panel. For the radial supports in a tower grillage however, the most important
loads are moments and shear forces and another type of stiffening needs used.

To properly transfer the load from the tower grillage to the ship structure, the tower grillage is gen-
erally connected to bulkheads and web frames. The bulkheads are mainly stiffened panels, and they
are therefore sensitive to buckling. On top of that, several holes are cut in these bulkheads, which
decrease their strength. These can be quite large, like funnel holes, and they therefore result in a
significant decrease in stiffness.

How the loads are transferred to the ship mainly depends on the locations, the amount, and the
size of brackets and radial supports. The latter ones are the main focus in this thesis. The distribution
and size of these items will be optimized for a given ship using a computer program. Manufacturability
aspects, such as accessibility and weldability, should also be taken into account. A welder should for
instance be able to weld a structure, which is not possible if the optimizer comes up with a result where
two brackets are very close to each other.

1.3. Significance
From the literature research became clear that available research mainly focuses on stiffened plates,
and the underlying structure is not taken into account. This thesis differs from that, because the tower
grillage is optimized while taking the underlying structure into account. Most often, the connection of
the optimized structure to the outer world is assumed to be infinitely strong. So the results in the thesis
are not only useful for a tower grillage, but also for other structures which are placed on a non-rigid
base. Another difference is that the considered type of stiffening is different from most other stiffened
structures, as explained in Section 1.1. Analyzing these structures will give more insight into stiffening
in radial direction.

The number of offshore wind farms is still growing, so tower grillages will remain important in the future.
Because the demands on these structures will increase, it is important to find an improved way of de-
signing these structures. This research is now focused on a tower grillage, but it can also be extended
to be useful for other structures. The application of the theory to a real-world example will show the
potential for further developments in the (shipbuilding) industry.

1.4. Research question
As explained in the previous sections, there is a desire for an algorithm that is able to find an optimized
layout for a tower grillage with a compliant ship below it. This research will address this problem, and
will give at the same time more insight into optimization with external constraints. The problem and the
study that need to be conducted are summarized in the following research question:

How can the combination of size and shape optimization help in the design of a tower grillage where
buckling and stresses in the underlying compliant ship structure are implemented as constraints?

When answering this question, manufacturability of the design should be taken into account, and the
design should be analysed for multiple loading conditions. To answer the research question, 3 sub-
questions are defined:

1. What determines the optimal distribution of the radial supports in the grillage?
2. How does the behaviour of the underlying ship structure influence the optimization result?
3. How does the result compare to an initial manual design considering mass and stresses?

These questions will be answered in three different substeps, with increasing complexity. These steps
will be explained in more detail in Chapter 4.



2
Literature review

This chapter will give an introduction to the relevant literature for the thesis. First, different structural
optimization techniques are discussed in Section 2.1. The different loads on a tower grillage are taken
into account by using different load cases. Relevant research for including that into an optimization
is presented in Section 2.2. Methods to implement and check constraints on the ship and grillage are
described in Section 2.3. Then, an overview of optimization algorithms is given in Section 2.4. Lastly,
a more in-depth study in the chosen algorithm is presented in Section 2.5.

The general mathematical form of an optimization problem is expressed as:

min f(x)
subject to: g(x) ≤ 0

h(x) = 0

(2.1)

This equation means that objective function f(x) is minimized with respect to the design variables x.
The function g(x) is generally used to express an inequality constraint, so the value of the function
should be smaller than or equal to the specified value. The other function h(x) is an equality constraint,
so this function is only allowed to take the required value. Equation 2.1 is only a general form, so the
actual form differs per problem. It is possible to have multiple objective functions, and also to have a
different number of constraints.

2.1. Structural optimization techniques
Structural optimization techniques are often used to improve certain aspects of the structure, such as
the stiffness, weight or the eigenfrequencies. Before the computer era, problems could only be solved
by hand with a mathematical formulation. That means that only relatively simple and academic struc-
tures could be optimized in practice. An example of such an early paper is the work of Michell [48]. Most
realistic structures consist of a lot of different elements, and it is therefore not possible to solve them
by hand in a reasonable amount of time. Because the availability of computational power is increasing,
structural optimization has become available for more complicated problems. It allows researchers and
designers to obtain better insight in structures, and thus enhance their designs. It is therefore a popular
research area and many advances are made in recent years.

Structural optimization techniques are generally divided into three types: size, shape, and topology
optimization, as shown in Figure 2.1. This division is made based on the type of design variables in
the optimization. The choice of these design variables influences also the form of the optimization re-
sult. A structural optimization technique does however not solve the defined problem itself, it is only a
description of the problem and design variables. For the actual solution, an optimization algorithm is
needed, which will be described in Section 2.4.

4
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(a) Size optimization

(b) Shape optimization

(c) Topology optimization

Figure 2.1: Different optimization techniques that can be used in structural optimization [6]. The design freedom and
complexity increase from the top to the bottom.

Figure 2.1 shows that the design freedom increases from a to c. In Figure 2.1a, the geometry is already
defined, and only the thickness of the different structural members is allowed to change. Figure 2.1b
shows already more design freedom, but the shape is still quite constrained to the predefined structure.
When looking at Figure 2.1c, a design space and boundary conditions are defined. During the optimiza-
tion, any structure within these restrictions can be created. The disadvantage of the increasing design
freedom is the increasing number of design variables. This generally leads to increased computing
times. Also, increasing design freedom means in general more post-processing, because the resulting
shapes are often less manufacturable.

2.1.1. Size optimization
The first optimization type in Figure 2.1a is size optimization. In this type only the dimensions of struc-
tural elements can be optimized, such as the thickness or the diameter. This means that only the
cross-sections of the different elements are optimized, but the overall geometry remains the same. As
a result, an initial design is required before the optimization could start. The most general objective for
this type of optimization is minimizing the mass of the structure.

Some research is performed where only size optimization is used, but these applications are limited.
Examples are optimizations in spatial structures such as trusses and cable-strut systems [36, 53]. Size
optimization is often used in combination with the other two optimization techniques, either simultane-
ously [50] or as the last step in multilevel optimization [43, 64]. Simultaneous optimization leads to
better results, because the design variables are not linearly independent, so they should be taken into
account together [50].

This type of optimization is also used in the shipbuilding industry. In this field generally a combination
with other optimization techniques such as layout or shape optimization is used (see for instance Refs.
[45, 64]). Research in themaritime field for these combinations will be discussed in the next paragraphs.

2.1.2. Shape optimization
The second optimization type is shape optimization. For this type of optimization, like for size optimiza-
tion, an initial design is needed. The difference is however that the geometry of the structure can also
be changed within certain boundaries. Shape optimization is often used for two types of structures:
solid structures and spatial structures, like trusses. The first type is shown in Figure 2.1b. In such
an optimization, the surface of the design is discretized with nodes, which control the geometry of the
design [32]. Examples of relevant structures are tools or bent plates. Examples for the optimization
objectives are reducing peak stresses or optimizing flow characteristics [20, 47].

The second type of structures are the spatial structures, where the locations of the different nodes
are to be optimized [31, 50]. This is often used in combination with size optimization, which is used to
optimize the cross-section of the bars. Recent research in this field mainly consists of finding new and
improved algorithms for the optimization of these trusses. The reader is referred to the review paper
of Hare, Nutini, and Tesfamariam [26] and its references for an overview of research.
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The combination of size and shape optimization is gaining interest in the shipbuilding industry. Size
optimization is then used for the size of the stiffeners and shape optimization for the locations [61, 69].
In literature, this is also called layout optimization, but in this thesis, a distinction will be made between
the two names. ’Size and shape optimization’ will be used when the location of the stiffeners is allowed
to change, like in the thesis of Vuijk [69] and ’layout optimization’ will be used when possible loca-
tions of the stiffeners are predefined, like in the research of Sleesongsom and Bureerat [67]. Further
elaboration about layout optimization will be given in the next section.

One of the first who applied a large scale size and shape optimization in the maritime world was
Sekulski [64]. He optimized the layout and scantlings of a midship section of a catamaran. More recent
research is done by Lin, Yang, and Guan [45] and Yang and Guan [75], who optimized turret scantlings
for an FPSO. These papers are of particular interest for this thesis, because they also included a part
of the surrounding structure in the optimization. They did however not account for the stresses in that
structure but they only used the surrounding structure to account for the effects of global loads.

2.1.3. Topology optimization
The last optimization technique is topology optimization (TO). This optimization technique differs from
the other two in the sense that the design space is not limited by a predefined structure, but only the
boundaries of the design space are defined. The structural shape is therefore much less dependent
on the input of the designer. The resulting designs from size and topology optimization in Figure 2.1
are quite similar, but the difference can be much larger for other structures.

The first one to formulate a TO problem was Michell in 1904 [48]. After that, very few papers were
presented about the topic until Bendsøe and Kikuchi [5] presented their paper in 1988. From that
moment, much research was done in the field of TO. During the development, different methods are
developed to solve the optimization problem. Many of these methods are used to solve the density-
based topology optimization problem. This problem starts with a full design space, and then redundant
material is removed until the optimized condition is reached. Not all these methods will be discussed in
this literature review, so the reader is referred to the review papers of Rozvany [58] and Sigmund and
Maute [66].

Topology optimization has a large variety of applications. It is already studied extensively in the
aerospace and automotive industry (see for instance Refs. [38, 43]), but it is not applied at a large
scale yet in the maritime industry. The reason for this is that in the first two industries, the parts are
much smaller, and therefore other manufacturing techniques like casting and additive manufacturing
can be used. In shipbuilding however, most structures are large, and they consist of plates and stiffen-
ers which need to be welded together. Therefore, the manufacturability aspect can be an issue in the
maritime industry, especially when using density based topology optimization. Density based topology
optimization is applied to optimize a transverse web frame [69, 81] and to find a stiffening pattern for a
yacht [42]. The research in this area is however limited, which is expected to be a result of the manu-
facturability issues as mentioned before.

Another topology optimization method is the ground structure approach [17]. This method uses a pre-
defined distribution of nodes in the design space. Between these nodes, connections are made, which
are optimized by changing the thickness. That means that it is actually a size optimization problem, but
with much more connections, and usually many of the connections disappear during the optimization.
An example of such an optimization for a 2D structure is shown in Figure 2.2.

(a) Design definition (b) Solution

Figure 2.2: Design definition and result for the ground structure approach [78]. This approach predefines a ground structure of
connections and optimizes the thicknesses of these connections.



2.2. Optimizing for multiple load cases 7

This method often results in truss-like structures, as shown in Figure 2.2b [78, 79]. This figure shows
that the results can be hard to interpret and manufacture. This method is therefore mainly used to
give the designer some design intuition about the structural behaviour and load paths of the design.
The results can be improved by using filtering techniques, but still the interpretation of the designer is
needed [56, 60]. Issues can for instance be that the filtering removes too much connections, resulting
in mechanisms in the final solution.

An application of the ground structure approach is layout optimization, which aims at optimizing the
location of stiffeners on a panel. For layout optimization, again an initial ground structure of stiffeners
is made, but it is defined such that it looks already like a stiffened panel. In that way, a better manufac-
turable stiffening pattern can be obtained [67, 77]. A recent improvement in layout optimization can be
found in the paper of Bakker et al. [4]. They coupled layout optimization and density based topology
optimization to optimize both the shape and the layout of the stiffeners. An application of layout opti-
mization on a real ship structure can be found in the research of Liu et al., [46]. They first identified the
best locations for the stiffeners. After that, the sizes of these stiffeners are optimized. The advantage
of this method is that the location of the stiffeners is better defined.

A relatively new type of topology optimization is themethod of MovingMorphable Components (MMC’s),
which can be called an ’adaptive ground structure approach’ according to Guo, Zhang, and Zhong [25].
This method makes use of a set of predefined components (often bars) that can change their size and
move through the design space to find the optimal structure. The basic idea is shown in Figure 2.3.
A lot of developments are taking place in this field of topology optimization, such as the use of hollow
components and the extension to 3D structures [3, 80]. The advantage of this method is that it allows
designers to have more control over the design elements, while still keeping a large design freedom.
Although the method seems promising for certain applications, no literature is found with applications
outside the academic world, and it is therefore not considered further in this thesis.

Figure 2.3: Basic idea of the method of Moving Morphable Components [80]. This method uses a number of predefined
components that can change shape and location during the optimization process to form an optimized structure.

2.2. Optimizing for multiple load cases
On a real structure, such as a tower grillage, many different loads are exerted. These cannot be taken
into account by applying a single load case, because the loads can act in opposite directions and in
different combinations. For example, in a design of Vuyk Engineering, 96 load cases were examined.
These load cases mainly consist of combinations of forces and moments in the main axes, but also in
axes under a 45°-angle. These forces are caused by wind and ship motions. It is not feasible to use
all these load cases within the thesis, but at least a limited number of load cases should be considered
in order to have a useful design.

In literature, different methods are presented that can be used to take multiple load cases into account.
The first method is the weighted sum approach. This approach can also be used when optimizing for
multiple objectives. So for this approach, a separate objective function fi(x) is defined for each of the
M load cases, whereafter a weighted sum of these objective functions is optimized (see for instance
ref [27]):

f(x) =
M∑
i=1

wifi(x) (2.2)

The factors wi determine the relative importance of the different objective functions. If one wants to
optimize for objectives with different physical meaning, these factors can be different [27]. For multiple
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load cases, the physical meaning can however be the same. Some authors state that for multiple
load cases the factors are equal for all the load cases [27], but others (for instance Krog et al. [38])
state that they are not always equal, because of similarities between the load cases. An example of
such a similarity is the weight of the structure. This is present in each of the load cases, and can
thus dominate the results. Each of the load cases adds another factor to this weight and its relative
importance increases. So, the factors can in general only be equal if the physical meaning is the same
and if the load cases do not have similarities.

A disadvantage of this method is that it can be difficult to obtain the factors for the different load
cases, because of similarities in the load cases or the differences in the physical meaning. Often no
clear relation between the different objectives can be found, and it is therefore hard to find a reasonable
factor for each objective.

Another option is to use a min-max formulation. With this formulation, the maximum of all the objective
functions is minimized. That results in the following objective function [30]:

min
x

: max fi(x) i = 1, . . . ,M (2.3)

Optimizing this function is easier than the weighted sum method, because no weights need to be
determined for multiple load cases. A problem with this method can be that it is not differentiable.
This function is therefore often rewritten to another optimization problem, called the bound formulation.
That means that the objective function is rewritten to a combination of a single objective and a constraint
[44]:

min: y
Subject to: fi(x) ≤ y, i = 1, . . . ,M

(2.4)

The third method is a Kreisselmeier-Steinhauser function. This function is also used in other aspects of
optimization such asmultiobjective problems and problems with local stress constraints [30]. The aim of
this method is to overcome possible numerical problems with non-smoothness of the max-formulation.
This function uses the objectives of each of the load cases to construct an aggregate objective function,
which approximates the max-formulation [37]:

fKS =
1

η
ln

m∑
i=1

eηf̄i

With: f̄i =
fi
f0max

− 1

(2.5)

In this equation, η is a parameter that describes how close the KS-function is to the max-formulation.
Taking the limit of this parameter to infinity gives the initial min-max function. In reality, this value is
much smaller, again to avoid numerical issues in the optimizer. A problem with the KS-function is how-
ever that the result is dependent on the choice of η. Solutions are proposed for this problem, but these
will not be considered in this thesis [30, 54].

Another option is to search for a single objective that is independent of the different load cases. An
example of this is the minimization of mass or volume [38]. This has the advantage that no additional
parameters need to be determined, like for the KS-function or the weighted sum approach. These
parameters have influence on the quality of the result, and wrong values can therefore result in less
optimal results. This can be avoided by optimizing for a single objective, because no assumptions for
certain parameters need to be made. Krog et al. applied this method to a large scale design problem
and they concluded that this is the preferred option, because it also allows designers to use realistic
design targets.

2.3. Structural limitations
Another important aspect in the thesis are the yield stresses and buckling limits in the tower grillage
and the ship structure. In the optimization, a finite element model will be used to calculate the stress.
The response of this model should be analyzed by the optimizer to check if it complies with the given
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constraints. This section gives first an overview of the possibilities of the implementation, after which
possibilities for the two constraints on the external structure are presented.

2.3.1. Implementation
The most intuitive way of including the stresses and buckling loads is by using inequality constraints.
These constraints state that the stresses and buckling loads in the ship should stay below certain thresh-
olds. The advantage of this method is that it is relatively simple to check the constraints. A disadvantage
is however that for the stresses a constraint needs to be set for every element in the FEA-model, which
results in a high number of constraints. This can be amongst others a problem for the computational
effort, depending on the optimization algorithm that is used. The reason is that for some optimizers,
sensitivities or gradients need to be calculated for each of the responses (in this case the stress). This
can however be solved by using the Kreisselmeier-Steinhauser function as described in Equation 2.5
[37]. Then instead of the objective function value, the stress value in each of the elements should be
used. That results in the end in a single constraint function. But again the choice of the parameter η
influences the result, which is a disadvantage of using this method.

Because the ship is an external structure, also other methods can be used to couple the ship struc-
ture and the tower grillage. Some research is performed into finding the optimum support location for
an optimization. Buhl [10] presented a method that is able to optimize the boundaries and the topol-
ogy of the structure simultaneously. Some more recent research is performed on finding the optimal
boundaries [41, 70], but these papers address the support only from the viewpoint of the structure. No
papers are found that consider stresses in the supporting structure.

2.3.2. Stress
A constraint on the stress can be set by using the Von-Mises stress criterion:

σVM =
√
σ2
xx + σ2

yy − σxxσyy + 3τ2xy (2.6)

This criterion is used, because a structure will generally not fail due to uni-axial stresses, but due to a
combination of stresses in all directions. Because plates are considered in this thesis, the stresses are
assumed to be in-plane, so only a 2D case needs to be considered. This stress can be compared to
the maximum allowable stresses in the ship to check if they comply.

2.3.3. Buckling
The bulkheads in the ship consist mainly of large plates, and they are therefore sensitive to buckling.
Consequently, a buckling check is needed in the optimization to make sure that the bulkheads stay
intact. The buckling check for a plate is however more complicated than a stress check. The different
stress parameters that should be considered for buckling are shown in Figure 2.4. This figure shows
that in total five parameters are considered: The stresses in x- and y-direction, the corresponding stress
ratios ζx and ζy and the shear stress.

Figure 2.4: Important buckling loads on a plate, consisting of the in-plane stresses σx and σy with their corresponding ratios ζi,
and the shear stress τ .
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In finite element analyses, two approaches can be used to calculate the buckling load: a non-linear
and a linear approach. In the first method, the applied load is increased until the structure collapses.
At every load increment, the structure is analyzed, and the results are used in the next increment. This
approach is generally used to obtain a more accurate result for the buckling load, but it requires much
longer computing times. This is especially an issue for an optimization problem because such a prob-
lem requires multiple iterations. As a result, the computing times increase dramatically, so a non-linear
approach is not feasible in this setting.

The other method that can be applied in FEA is the linear or eigenvalue buckling approach. Here,
eigenvalues and eigenmodes of the model are calculated for a certain load as expressed in Equa-
tion 2.7 [1]:

(K + λiKg)Ψi = 0 (2.7)

In this equation is K the stiffness matrix, Kg the geometric stiffness matrix, computed for the applied
load, and λi and Ψi are the ith eigenvalue and eigenvector. The first positive eigenvalue is used as
a load multiplier for the design. This eigenvalue should be above 1, otherwise the panel fails. This
method generally overestimates the allowable buckling load, and one should thus be careful by using
this method. It is however expected to be sufficiently accurate for the optimization as considered in this
thesis.

Another option is to calculate the buckling strength with an analytical formulation instead of directly
from the finite element analysis. In literature about shape optimization of truss structures is buckling
taken into account by using Euler buckling (see for instance Schwarz et al. [62]). Euler buckling is
however intended for beams, whereas in this thesis plates are considered. In the theory of Euler, the
shape is assumed to be a sine, with the number of half sine waves dependent on the boundary condi-
tions. For a plate however, buckling can also occur in the transverse direction. An example for a simply
supported plate on all edges is shown in Figure 2.5

Figure 2.5: Example of a plate buckling shape with three half sine waves in longitudinal direction and one in transverse
direction [28]. The number of half sine waves is dependent on the dimensions of the plate.

This shape can be described with:.

w =
∑
m

∑
n

wmn =
∑
m

∑
n

Cmn sin
mπx

a
sin nπy

b
(2.8)

In this equation is m the number of half sine-waves in longitudinal direction of the plate and n the
number of half sine waves in transverse direction. Buckling of such a plate is determined by four loads:
Normal stresses in x- and y-direction, in-plane shear stress and lateral pressure. For this thesis, only
the first three are of importance, because we are inside the ship. A representation of the interaction
between the stresses is shown in Equation 2.9 [13]:
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(2.9)

This equation is written in the Class Guidelines of the classification Society DNV. The approach has
similarities to the approach of Hughes and Paik [28], but only the Class Guidelines are considered for
this thesis because these are already used by Vuyk Engineering. In this equation, σx, σy and τ are
the applied normal and shear stresses in the coordinate system of the plate. σcx, σcy and τc are the
ultimate buckling stresses in the given directions which are dependent on the boundary conditions of
the plate. e0 and B are parameters dependent on a plate slenderness parameter and S is a safety
factor dependent on the loading and the ship type. γci are multiplication factors, which are determined
by solving the above equations. The smallest of these values is used to determine the maximum
utilization factor η, which should be below 1 to have a safe structure.

An important difference between the twomethods is that linearized buckling overestimates the allow-
able buckling load, so it is well possible that the structure collapses before this load is actually reached.
On the other hand, the Class Guidelines state that dynamic load effects are not considered in their
approach, which is a conservative assumption [13]. So this approach has a higher degree of certainty
that the structure will not collapse under the estimated load, but that also means that the structure is
overdesigned.

2.4. Optimization algorithms
The optimization techniques as described in Section 2.1 do not solve the problem itself, but they only
describe the problem and the corresponding design variables. To perform the actual optimization, an
algorithm is needed. These algorithms are not only used in structural optimization, but also other fields,
such as economics and geophysics. As a result, many different algorithms are developed, each with
its advantages and disadvantages for given problems. Examples of optimization algorithms can be
found in the books of Bozorg-Haddad, Solgi, and Loiciga [9] and Antoniou and Lu [2]. When choosing
the most appropriate method for the considered problem, different aspects of the problem should be
taken care of, such as linearity and convexity of the objective function and the availability of gradient
information. Optimization algorithms can be subdivided in two categories: gradient-free and gradient-
based algorithms. In this setting, the gradients are used to express the sensitivity of the design variables
with respect to the responses.

2.4.1. Gradient-free methods
The first category does not require any gradient information. These methods are solely based on
function evaluations and elements from artificial intelligence to converge to a solution [9]. The most
popular methods in structural optimization are the (meta)heuristic algorithms such as swarm algorithms
and genetic algorithms. An extensive overview of most general methods is given by Bozorg-Haddad,
Solgi, and Loiciga [9].

The strength of gradient-freemethods is that they can handlemany difficulties, such as non-convexity
and non-linearity. These algorithms are often applied in areas where it is hard or computationally ex-
pensive to calculate gradients. An example of such a problem is a black-box model. That means that
an input is fed into a model, which gives a result without any information about the processes going
on within this model. Examples of such problems are simulations, such as CFD or FEA [26]. Another
advantage is that heuristic algorithms are generally well suited for parallel computing [33, 74]. That
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means that multiple branches of the algorithm are optimizing at the same time, which can significantly
reduce the computational time.

This might be a part of the solution for one of the disadvantages of this model. That is that these
algorithms often require many function evaluations. Cao et al. [11] compared several algorithms to their
own algorithm, and they reported numbers of structural analyses in the order of 5,000 up to 25,000 for
a problem with 10 design variables. These numbers even increase for a larger problem of 59 design
variables to values between 35,000 and 150,000 analyses. Similar values are reported by Mortazavi
and Toğan [50]. The earlier mentioned simulations are however often computationally expensive, with
computational times from minutes up to hours or even days, which means that the optimization will take
very long. This is also the case for maritime structures, because ships are generally large. There are
however possibilities to reduce the complexity of the model [12, 45], which will be explained in more
detail in Section 2.4.3.

Another disadvantage is that nomathematical proof of the convergence to the optimum can be given
(unless all possible solutions are examined). However, they seem produce good results in certain areas
of structural optimization (see for instance Refs. [50, 65]). There are however also algorithms that do
have (some) proof of convergence, which will be described in the next section.

2.4.2. Gradient-based methods
The second category of algorithms uses gradient information to determine the best direction in which to
optimize. Also for this category, many different algorithms exist. The book of Rao [57] gives an expla-
nation for the most general methods. The strength of gradient-based methods is that they converge to
an optimum within relatively few function evaluations. An example is the research of Schwarz et al. [62]
who solved a combination of size and shape optimization with sequential linear programming. They
reported convergence after 267 iterations for 16,288 design variables and 11 iterations for 464 design
variables. They did not report the quality of their solutions compared to the solutions of other papers,
but Lamberti and Pappalettere [40] reported values in the same order of magnitude for the number
of iterations. These values are much lower than the values reported for gradient-free algorithms. It
is therefore generally better to choose gradient-based methods if reliable gradient information can be
obtained easily.

Only a limited amount of research to mathematical programming in the relevant field for this thesis
is available. One of the reasons is that the search space is generally non-convex and non-linear, and
the optimizer is therefore sensitive to getting stuck in a local minimum [22, 51]. The problem can be
linearized to overcome problems with non-linearity. Schwarz et al. [62] showed that this is more efficient
than a non-linear approach. This approach was possible because they formulated the problem such
that the functions, and thus gradient information were available. In many cases, these functions are
however not known. Another problem is that often the number of responses and variables is large,
and calculating the sensitivities can therefore be computationally expensive [59]. Methods that do not
have this problem, but which can to handle expensive problems in a reasonable amount of time are
presented in the next section.

2.4.3. Approximation techniques
Foregoing showed that the complexity of the problem is an important aspect of the feasibility of the op-
timization. A too complex problem cannot be solved in a reasonable amount of time. Therefore, some
solutions are proposed in literature, which aim to simplify the problem such that it can be solved more
easily. Three of the most important methods will be discussed. The first solution is linearization, which
can be a good solution for non-linear functions. Schwarz et al. [62] showed that this can improve the
convergence significantly. This is however only possible if the functions are available, which is often
not the case.

Another option is to use a metamodel. This is a mathematical model that is built from several sam-
ples from this design space. Such models can for instance be a good solution if a black-box function
needs to be optimized. A black-box model can normally only be solved with a gradient-free optimization
technique, which has the disadvantage of many function evaluations. A metamodel can however be
solved with a more efficient gradient-based algorithm. Such a model is often used when the analyses
are expensive like a non-linear FEA-model [45, 76] or a CFD-calculation [8, 12]. An additional advan-
tage of a metamodel is that it filters some of the computational noise that may exist in the solution
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[19].
Building the metamodel can be done with many different approaches, such as least-squares fitting,

radial basis functions and kriging [19, 45, 52]. The choice of the method is important for the reliability
of the model. Also the number of required function evaluations is dependent on the chosen model.
For instance, a radial basis function approximation needs at least 2N+1 datapoints, with N the num-
ber of design variables. That means that for a large number of design variables also many function
evaluations are needed to obtain a model. It is important to note that the number of required func-
tion evaluations for a reliable model is often much higher. For instance, a highly non-convex function
needs much more sample points to capture the right behaviour of the design variables. As a result, this
method is only useful if the number of design variables is relatively small, because otherwise the num-
ber of function evaluations will be large, which one wants to avoid by using this method. This is also
shown by the presented literature, because the numbers of design variables is in the order of 20 [45, 52]

The last method that will be discussed is Sequential Approximate Optimization (SAO). This method
is a variant of the metamodeling technique. The difference is that with SAO only a part of the design
space is modeled, in contrary with the whole design space as in standard metamodeling. The algo-
rithm starts in a so-called trust region or region of interest (ROI), as presented in Figure 2.6. Within this
region, a number of samples is generated to create a response function. This function is optimized,
and new sample points are generated around the optimum, but also the ones from the previous step
that lie in the new region are used. This procedure repeats until the termination criterion is met [35].
The advantage of this method is that a local approximation is made, so only a part of the whole design
space needs to be covered. That means that the sample points can be taken closer to each other,
resulting in a more reliable estimate of the response function and thus less sample points are required.
This is also directly a disadvantage of the method, because not the whole design space is covered,
and one can therefore not be sure that the found optimum is the true optimum.

Figure 2.6: Example of sequential approximate optimization in 2D [52]. The optimization start in an initial trust region (ROI).
The optimum of each iteration is the origin of the next ROI.

An maritime application of this method is shown by Pajunen and Heinonen [52]. They developed a
method to automate the design of plate structures, which is based on the principles of sequential ap-
proximate optimization. They found that the automated process is significantly faster than a traditional
design process, while also having a slightly lighter design.

2.5. Used algorithm
The optimization in this research depends on stresses that are calculated with a finite element program.
This is an external program, and therefore no gradient information can be obtained, which means that
a gradient-free method or an approximation method needs to be chosen. One disadvantage of the
latter method is however that a larger number of design variables require many function evaluations,
as explained in Section 2.4.3. Available research considers problems with a size in the order of 20
design variables [45, 52]. The research in this thesis does however consider 174 design variables,
which is much larger. It is therefore not known if this method will decrease the computational time, and
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it is therefore not be used. That means that the gradient-free methods are left.
Bozorg-Haddad, Solgi, and Loiciga show that there aremany different methods to choose, with each

their own advantages for certain problems. A problemwith for example genetic and swarm algorithms is
that they need a relatively large number of inputs, such as population size and combination parameters
[39]. That means that the choices of the designer can have large influences on the result. This problem
is however smaller for simulated annealing (SA), which is only dependent on an initial ’temperature’ T
(which determines how local the search is), an initial vector with design variables and a specified number
of iterations. Another reason to choose for this method is that it is used often in the field of structural
optimization (see for instance Refs. [39, 49, 69]). This showed that this method is suitable for this type
of problems.

A disadvantage of classical simulated annealing (CSA) is that many structural analyses may be
required to converge to the global optimum [39]. However, several authors claimed that there is an
algorithm that produces good results for a relatively small number of function evaluations as shown in
the benchmarks of Gubian [24] and Xiang et al. [73]. This is the generalized simulated annealing (GSA)
algorithm, as implemented in the SciPy package of Python [63, 68]. This algorithm is a combination of
Classical Simulated Annealing (CSA) [34] and Fast Simulated Annealing (FSA) [18]. The advantage of
GSA is that it does not only converge faster for many problems, but it is also able to escape from local
minima more easily than CSA and FSA [73]. This is a result of the fact that this method searches the
design space more homogeneously [71]. Xiang and Gong also states that the relative efficiency of the
GSA compared to the CSA and FSA algorithms increases with the number of design variables.

Simulated annealing is an algorithm that is based on the cooling process of a material, which was
developed by Kirkpatrick, Gelatt, and Vecchi [34]. In the first stages of the cooling process, the atoms
are moving fast and they also move larger distances. This behaviour decreases with the decrease
of temperature, until the freezing point is reached. This ’freezing point’ is in the simulated annealing
algorithm the point where the optimum is found. The pseudocode for the general form of simulated
annealing is given in Algorithm 1. This pseudocode is representative for both CSA as well as GSA.

Algorithm 1 Simulated Annealing
1: x⃗best ← x⃗initial
2: for t in iterations do
3: T ← calculate_temperature(t)
4: for step in substeps do
5: Fcurrent ← F (xbest)
6: ∆F = Fcurrent − Fnew

7: x⃗new ← create_new_solution(x⃗best, T )
8: Fnew ← F (xnew)
9: if ∆F > 0 then
10: x⃗best ← x⃗new
11: else if min{1, px(∆F )} > random(0, 1) then
12: x⃗best ← x⃗new
13: else
14: x⃗best ← x⃗best
15: end if
16: end for
17: end for
18: return x⃗best

The algorithm starts with defining a design vector x⃗best, which contains the optimized combination of
design variables at the given time step. This vector is at the start of the optimization initialized by either
predefined or randomly generated values. After that, the optimization process starts. This process is
divided into two loops. In the outer loop, the temperature is decreased with [68]:

Tqv (t) = Tqv (1)
2qv−1 − 1

(1 + t)qv−1 − 1
(2.10)
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This temperature controls the shape of the visiting distribution. The higher the temperature, the wider
the distribution. The parameter qv is the so-called visiting parameter, which controls the cooling rate
and the width of the visiting distribution, which will be shown in Figure 2.8. Because the temperature
is decreased only in the outer loop, the temperature is constant for the number of specified substeps,
also called an iteration. An example of the temperature decrease is shown in Figure 2.7.

Figure 2.7: Example of the temperature decrease over the evaluations

In the implementation of the algorithm used in this study, the number of substeps in an iteration is twice
the number of design variables or dimension D of the problem. This a result of using two search meth-
ods during each iteration: global and local search [7, 12]. Global search means that all variables are
changed at once, whereas local search means that the variables are changed one-by-one. Lamberti
[39] concludes that the overall performance of SA may be improved if a combination of the two methods
is applied. This is also done in the GSA algorithm [68]. For the first D substeps, all design variables
are changed at the same time, but for the second set, the variables are changed one by one. So, in
every iteration, each design variable is changed D + 1 times.

The next step in the loop is the calculation of the function value F for the best solution. After that,
a new design vector x⃗new is made, which is a random draw of values around the design vector x⃗best,
which is described in line 7 of Algorithm 1. For the classical simulated annealing algorithm, these val-
ues are drawn from a Gaussian distribution [71]. For the generalized simulated annealing algorithm
however, another distribution is used: a distorted Cauchy-Lorentz distribution:

gqv (∆x) ∝
[Tqv (t)]

− D
3−qv[

1 + (qv − 1)
(∆x)2

[Tqv (t)]
2

3−qv

] 1
qv−1+

D−1
2

(2.11)

This distribution is a combination of a normal distribution and a Cauchy-Lorentz distribution, as de-
scribed by Tsallis and Stariolo [68]. In this equation describes∆x the distance between the new design
vector and the current design vector.

A comparison between the shape of a normal distribution and a distorted Cauchy-Lorentz distribu-
tion is given in Figure 2.8. Both distributions are shown for a one-dimensional case. This figure shows
that the tails of the distorted Cauchy-Lorentz distribution are heavier than those of the normal distribu-
tion. It becomes clear that the visiting parameter qv has a large influence on these tails. The distribution
is the same as a normal distribution if this value is set to 1 and the same as a Cauchy-Lorentz distribu-
tion when qv = 2. The larger the value, the heavier the tails. That means that there is still a probability
of long jumps at low temperature, meaning that it is easier for the algorithm to escape from local optima
[71].
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Figure 2.8: Comparison between the distorted Cauchy-Lorentz distribution for different values of qv , and the normal
distribution. The graphs are scaled to 1 to compare the behaviour.

With the generated design vector, a new function value Fnew is calculated. If this function value is
smaller than the current function value, the best design vector will be updated with the new one. If this
is not the case, still two options are open. The first option is that the new function value is accepted,
although it is higher than the current value. This is described in line 9 of Algorithm 1. This step is
made to decrease the probability of getting stuck in a local optimum. The probability of acceptance is
determined by:

px,CSA = exp

(
∆F

T

)
(2.12a) px,GSA =

[
1− (1− qa)

∆F

Tqa

]1/1−qa

(2.12b)

The acceptance parameter qa is a value to control the acceptance probability, which is a parameter
defined by the designer. The value Tqa is the acceptance temperature, which can be determined by
Tqa = Tqv/t [72]. These equations show that the probability of acceptance will be small when the dif-
ference between the current function value and the new function value is large. The same holds for a
low temperature. That means that in the first steps, the probability of acceptance is larger. Whether
the value is accepted depends again on a randomly generated number between 0 and 1.

The other option when the new function value is higher than the old one is that the new solution is
rejected and the old optimum solution is kept. The new best solution is used again in the new function
evaluation and the calculation starts again. If the maximum number of function evaluations is reached,
the best solution is returned as the optimum solution.



3
Numerical model

This chapter will describe how the optimization is set up. First, Section 3.1 will describe the how the
problem will be approached. Next, Section 3.2 will describe the settings of the algorithm. After that,
Section 3.3 will explain the optimization objective and the constraints. Then, three important functions
in the optimization will be explained in more detail. First, the penalty function, which accounts for the
constraints will be described in Section 3.4. Next, a function that considers peak stresses in the solution
will be explained in Section 3.5, and lastly, the implementation of the buckling constraint is shown in
Section 3.6.

3.1. Optimization procedure
Section 2.1 showed that many approaches are developed to solve optimization problems, but there
is generally not a single best technique for a given problem. Every option has its advantages and
disadvantages. For this thesis, the combination of size and shape optimization is used, because the
expectation is that this method can give a solution, while keeping the complexity of both the implemen-
tation and the result on a reasonable level.

The problem as presented in Chapter 1 will be solved with a 2.5D approach. That means that the
optimization will take place in the 2D space, where only the layout and the thicknesses of the radial
supports are optimized. The responses are however calculated with a 3D finite element model. This
results in a lower complexity, but still realistic model.

In order to study the different aspects of the problem, three different optimization steps will be
performed. The size and complexity of the problem are increased throughout the different stages. In
the first two steps, a small optimization model is used, and in the last step, a full grillage will be modelled.
The optimization steps that are followed in this thesis are:

1. Single layout on a rigid foundation
In this step, the ship is modelled with fully rigid boundary conditions. That means that the only
constraints on this optimization are the stresses in the grillage. The results of this step are used
to gain knowledge about the behaviour of the optimization, but also to make a comparison to the
results with the ship as a foundation as calculated in the next step.

2. Single layout on a (flexible) ship foundation
In this stage, still a single grillage is optimized, but a part of the ship is included as the boundary
condition. That means that stress and buckling in the ship are considered in the optimization.
This step will, in combination with the previous step give an answer to the second sub-question,
as presented in Section 1.4. This step also partly gives an answer to the first research question.

3. Full problem
In the last step, again a part of the ship is used as the boundary condition, with a block of four
layouts on top. This is the solution that is needed to show the actual performance of the algo-
rithm. The result of this optimization step is compared to an existing grillage design to see if the
optimization indeed finds a feasible and improved design. With this step finished, an answer can
be given to the first and third sub-question, and with that the main research question.

17
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The first two steps will mainly focus on the optimization problem and a comparison between the rigid
and the ship foundation: how does the algorithm behave and what are the most important differences
between the two boundary conditions. The last step will pay more attention to a comparison to the
original design.

The optimization procedure that is used in these steps is shown in Figure 3.1. This figure shows two
main blocks, which each describe a different program. The left main block is the Python code that is
developed during this thesis. The block on the right is the finite element analysis (FEA) program that is
used to calculate the responses of the model. The communication between the two blocks is handled
with the Python package PyAnsys [55]. This package allows the user to create and analyze a model
in Ansys with Python code. Also the responses of the model can be retrieved from Ansys so that they
can be handled within Python.

Figure 3.1: Workflow of the optimization explaining the coherence between Python and Ansys. The connection between the
two programs is made with the Python package PyAnsys.

The first step in the Python block is the generation of a parametric initial layout. This is fed into the
Ansys program, which creates a geometrical model. The responses of this model are analyzed for the
given loading conditions. These responses are returned to the Python model, where these responses
are fed into the optimizer. This optimizer is a combination of the generalized simulated annealing
(GSA) algorithm in the SciPy package [63] as explained in Section 2.5 and a penalty function. This
penalty function is used to include the constraints, which will be explained in more detail in Section 3.4.
This penalty function checks whether the constraints are fulfilled, and then the GSA algorithm checks
whether the convergence criteria are fulfilled. If not, a new set of parameters is defined and the loop
starts again until the convergence criteria are met.

3.2. Optimization algorithm settings
The optimization algorithm does need some settings in order to run properly. As explained in Sec-
tion 2.5, three inputs are needed for a simulated annealing algorithm: an initial temperature (defining
how local the search is), an initial vector with design variables and a specified number of function
evaluations.

Two temperatures are used in this thesis: 10,000 and 5,000. These temperatures are selected
based on the default temperature of the SciPy implementation, which is 5,230. No explanation of
this temperature could be found, but this temperature is used in several benchmarks [23, 24]. From
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that, the assumption is made that the temperature should be chosen in the same order of magnitude.
Because no evidence is found for the default temperature, a rounded value of 5,000 is chosen. A higher
temperature means a larger search space, which might be favourable for the optimization result. For
that reason, the temperature of 10,000 is selected. Another temperature with a lower value would have
been desirable, but that is not implemented due to a lack of time. These temperatures are used in the
first two steps, to see which of the two yields the best results. The best results depend on the weights
that are found, but also on the variability between the results of the different runs. The temperature
that gives the best results is used in the third step of the optimization.

At every temperature, two different runs are done to verify if these results are in the same order of
magnitude. These results are produced with so-called seeds, which are sets of random numbers that
are the same every time this seed is called (under the restriction that the model and the other optimiza-
tion settings are equal). That means that the results are reproducible, which is an issue with this type
of optimizers, as mentioned in Section 2.4. The seed numbers that are used in this thesis are 0 and
365. These numbers will be referred to as run 1 and 2, respectively.

The initial design vector that will be used will be described in more detail in Section 4.5, after the
different variable groups are explained. Then, only the number of function evaluations needs to be de-
termined. This value is a trade-off between the convergence and the run time of the optimization. The
longer the run, the lower the optimized value (if the optimizer is not converged earlier), but that does
also mean that it takes longer before the result can be processed. The number of function evaluations
in this thesis is set to 14,000. With this setting, the run time for the full grillage is two weeks. For this
amount of function evaluations, a good image of the results can be obtained.

The GSA algorithm requires two additional parameters qa and qv, as shown in Section 2.5. The de-
fault values for these parameters in the SciPy implementation are 2.62 and -5 respectively. These
values are based on the experience of Xiang et al. [73], which is in accordance with the findings of Tsal-
lis and Stariolo [68], who reported values in the order of 2.7 for the acceptance parameter qa. These
parameters are therefore kept at the default values.

3.3. Objective and constraints
The objective for the optimization is the massm of the tower grillage. This objective is taken because it
allows for optimizing for multiple load cases, as explained in Section 2.2. For the current optimization,
the mass m is defined as the sum of the masses of the Nc different components i of the grillage. This
is combined with the allowable stresses in the grillage and ship, σvm,g,i and σvm,s,j , respectively and
the buckling unity checks ηl as constraints:

min m =

Nc∑
i=1

mi

subject to: σvm,g,j

σa,g
− 1 ≤ 0 for j ∈ [1, 2, ..., Ng]

σvm,s,k

σa,s,k
− 1 ≤ 0 for k ∈ [1, 2, ..., Ns]

ηl − 1 ≤ 0 for l ∈ [1, 2, ..., Np]

(3.1)

In this equation describes Nc the number of components in the grillage, such as the brackets and the
flanges; Nb is the number of elements on the grillage and Ns the number of elements in the ship. The
constraints on the stress are normalized to 1 with the maximum allowable stress σa. The allowable
stress is not everywhere the same in the ship, because the webframes have a higher allowable stress
than the rest of the ship model, which explains the index to the allowable stress in the ship. The last
constraint, buckling in the ship, is calculated with the DNV code [13] as given in Equation 2.9. This
value is normalized by the definition of the equation, so no normalization is necessary.

A contingency factor of 0.66 is applied to the three constraints, in accordance with the working
stress design (WSD) factors as given by DNV [15]. These factors are used to cover unfavourable
changes in applied forces, but also to cover modelling errors, which are present in a finite element
model. Examples of these errors are constraints that are not exactly representing reality, but also the
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stresses, which will in reality not develop exactly as calculated in FEA. This factor reduces themaximum
allowable stress in both the grillage and a large part of the ship from 355 MPa to 234 MPa. The web
frames in the ship are made from a steel with a specified yield stress of 390 MPa. That means that the
maximum allowable stress for these locations is 257 MPa. A summary of the values is presented in
Table 3.1. This contingency factor is also applied to the buckling factor, but that is incorporated in the
buckling calculation, as described before.

Table 3.1: Constraint values as used in the optimization. The reduced values are calculated with a contingency factor of 0.66

Constraint Symbol Nominal value Reduced value Unit
Maximum allowable stress σa 355 234 MPa

Maximum allowable stress 2 σa,2 390 257 MPa

3.4. Penalty function
The constraints as presented in Section 3.3 can be coupled to the optimization in different ways. Bozorg-
Haddad, Solgi, and Loiciga present three different methods to deal with them: removal, refinement and
penalty functions [9]. Removal means that infeasible solutions are removed from the optimization
model; refinement means that the infeasible solution is refined such that a feasible solution is found
and penalty functions are used to give a penalty to the objective function when an infeasible solution is
encountered.

From these methods, the penalty function is applied in this thesis. The advantage of this method is
that the optimization is also able to find solutions outside the feasible design space, which can contain
information for the final result, so this method can enhance the convergence or the quality of the solution.
Another advantage is that with such a constraint function, the optimizer is able to find a solution even if
the forces on the ship are too large to handle. That means that the optimizer is able to find an optimum,
even if no feasible solution can be found. A penalty function ϕ can be described with [9]:

ϕ = α× (G(X)− δ)β + γ

ϑ(G(X)) =

{
1 if G(X) < δ

0 if G(X) ≥ δ

F (X) = f(X) + ϕ · ϑ(G(X))

(3.2)

The violation is in this equation described by the difference between the value G(X) and the corre-
sponding constraint value δ. This violation is multiplied with a constant α, which is used to scale the
order of magnitude of the constraint violation. The power β describes the shape of the constraint, and
γ is a constant that can be added to this constraint. The parameter ϑ is 1 if the constraint is violated
and 0 otherwise. Then, the new function value F (X) is calculated as the sum of the objective function
f(X) and the value as calculated with the penalty function.

These values also show a disadvantage of this method, because they can influence the optimization
result. If the penalty is too small, the constraints are likely to be violated severely. However, if the
constraint value is set too high, then the optimizer is moving away from the boundaries. An optimum
solution is however often found at or close to one or more boundaries. For example, if the stress is
close to the maximum allowable stress, then the material is used in an optimal sense.

The choice for these numbers is based on tests with some optimization runs with different values
for the different parameters. The best of these runs is used for the rest of this thesis. These results are
shown in Table 3.2. γ is kept zero, because no clear explanation for an advantage of this constant could
be found. The combination of the presented values shows that the optimizer is able to find results with
a small violation of the constraint during early iterations, but in later stages, these violations decrease
towards zero.

Table 3.2: Values for the different parameters in the penalty function, as described in Equation 3.2

Constraint Sign α β γ
Maximum allowable stress σa 100 2 0

Buckling unity check ηa 100 2 0
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3.5. Peak stress evaluation
The stresses in the ship and the grillage are calculated with a finite element model. One of the problems
that can occur during the optimization is the presence of local peak stresses in this model. This can
be a problem for the optimizer, because a penalty will be given to these stresses, while they are not a
problem in reality. In engineering practice, these locations are checked visually, but that is not feasible
in an optimization procedure. Therefore, a Python function is written that examines if a high stress
is a local peak stress or that the stress is high over a larger area. The pseudocode of this function
is shown in Algorithm 2. The stresses that are put into this function are ordered in descending order,
which means that the element with the highest stress is treated first. Also, the stress in the elements
is not examined if an element with a higher stress is in the neighbourhood, which is expressed in line
2 of Algorithm 2. In every loop, the elements are selected that surround the main element and these
are stored in memory to see whether they are visited or not.

Algorithm 2 Peak stress evaluation
1: for every element do
2: if element not visited then
3: Select neighbouring elements
4: if σ[element] > σpeak then
5: Go to next element
6: end if
7: Calculate average stresses
8: if (#selected elements with σ > σa) > threshold then
9: Go to next element
10: else if average stress > allowable stress then
11: Go to next element
12: else
13: stress[elements]← allowable
14: end if
15: end if
16: end for

The first statement in this function analyzes whether the stress in each element exceeds a certain peak
stress or not. This peak stress is determined as 1.5 the allowable stress, according to the class rules
of DNV [14]. If this peak stress is exceeded, then the stress constraint is violated.

After that, another statement is examined to see whether the number of elements in the selection
with a stress higher than allowable is below a threshold, specified by the designer. If more elements
have a higher stress, then it will be considered as a problematic stress. If this statement is not violated,
the stresses in the neighbouring elements will be averaged, which is necessary for the next step. If this
average is lower than the allowable stress, then the stress in the surrounding elements is sufficiently
low, which means that this location is a peak stress, and therefore not problematic.

The previous two statements are closely related, but they can not be separated. It is therefore
necessary to use an if-statement twice, instead of an if-else statement. The reason is that the first
statement will filter on elements with a low stress compared to the other. If in that case the stresses
are averaged, a stress lower than the allowable stress might be calculated. These stresses may cause
the second check to pass, while it is a problematic stress location. On the other hand, the second
statement checks the value of the stresses in the selection, which is not in the first statement. If the
stress in the elements is not analyzed, then the average might still be above the allowable stress, which
is what should be avoided by this function.

If all these checks are passed, then the stresses of the elements are replaced by the allowable
stress, so that they are not taken into account for the constraints. An example of a peak stress that is
selected by this function as not problematic is shown in Figure 3.2. The red element has a stress higher
than the allowable stress of 234 MPa, but lower than the peak stress of 351 MPa. The surrounding
elements have a sufficiently low stress, so this element will be ignored in the penalty function.
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Figure 3.2: Example of a peak stress location. The red elements have a stress higher than the allowable stress, but lower than
the peak stress. The surrounding elements have sufficiently small stress to ensure that the stress can redistribute.

3.6. Buckling
The last constraint considers the buckling in specified panels in the ship, which is checked with the
functions as presented in Equation 2.9. These functions are applied to the panels in the ship that are
most sensitive to buckling, such as the frames and bulkheads. Horizontal plates are not considered,
because the loads from the tower grillage on these structural elements are much smaller than the loads
in the bulkheads.

Figure 3.3: Example of a buckling panel in a frame of the ship. The highlighted area shows a typical panel.

A buckling panel is defined as a panel between two stiffeners, as shown in Figure 3.3. These panels
are defined at the start of the optimization. The DNV-code accounts for linearly changing stresses with
a constant factor ζ, as explained in Section 2.3.3. This is however not used in practice, because it is
hard to define this factor. The reason for that is that the stresses at a panel are defined by several
elements, which means that the stresses are also calculated away from the edges. These stresses
may be different from the stresses at the edges, meaning that it would be complicated to account for
all these stresses. Therefore, the elements in these panels are selected and an average per stress
direction (x, y and shear) is calculated. In a conversation with ir. W.K. van der Leeden and ir W.H.
Vuijk (oral communication, April 20, 2022), it became clear that this is common practice in the maritime
industry and it is allowed by the classification society DNV, the author of the guidelines. The edges of
the panel are considered simply supported. This is a conservative approach, because the panels are
in reality not fully clamped. That means that the severity of the buckling load is overestimated.

With this, the numerical model is discussed. The next chapter will give an overview of the geomet-
rical models of the grillage and the ship.



4
Model

This chapter gives an explanation of themodel that will be used in the optimization. First, the geometries
of the ship and grillage models will be shown in Sections 4.1 and 4.2. After that, Section 4.3 will explain
the boundary conditions on the grillage and the ship. Then, the loads on the tower grillage will be
considered in Section 4.4 and lastly, Section 4.5 will give a description of the design variables that will
be used in the optimization.

4.1. Ship geometry
The ship model is made after the drawings of an existing ship, for which Vuyk Engineering had to design
a tower grillage recently. This design will be used to compare the results of the optimization to. For
the different steps in the optimization, two modelled sections of the ship are used: one for the single
grillage and one for the full grillage. A 3D model of the ship section for the optimization with the single
grillage is shown in Figure 4.1. A 3D model of the ship section for the optimization with the full ship is
shown in Appendix A.

Figure 4.1: Model of the ship section that is used in the optimization of the single grillage.

Both models are kept as small as possible in order to reduce the computational effort of the optimization.
At the front and aft of the grillages, the sections are extended 6 times the frame spacing. This distance is
used to reduce the direct influence of the boundary conditions. On the inside, the section is extended to
the first available longitudinal bulkhead. The reason for that is that such a bulkhead carries a significant
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amount of load from the grillage, and it can therefore be of importance for the final result. The locations
of the sections and their sizes are shown in Figure 4.2.

(a) Schematic view of the location and the size of the model for the single grillage

(b) Schematic view of the location and the size of the model for the full grillage. The red lines represent the location of the single grillage

Figure 4.2: Schematic overview of the location and size of the two sections that are used in the optimization. The dash-dotted
line is the centerline of the ship. The dashed lines represent the modelled section of the ship.

4.2. Grillage geometry
A 3Dmodel of the grillage that will be used in the first two steps in the optimization is shown in Figure 4.3.
This figure shows clearly the orientation of the radial supports over the circumference and the location
of the outer brackets.

Figure 4.3: 3D model of the initial grillage model that will be used in the first two optimization steps in this thesis. The hull of
the ship is located at the side of the grillage on the top of the figure.

At the top and bottom of the grillage, a flange is located. The width of these flanges extends 0.5 meter
to one side of a plate. That means that the flanges around the can and at the sides of the grillage are
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0.5 meter and the flanges at the radial supports are in total 1 meter. This figure shows also the outer
brackets at the sides of the grillage. Only the brackets on the outside are visible, but they are also
placed on the inside of the grillage, on the opposite side of the brackets on the outside. These brackets
are used to transfer the stress from the grillage to the ship. Figure 1.2 showed that these brackets were
rounded, but they are in the finite element model simplified to triangles, as shown in Figure 4.4.

Figure 4.4: Bracket shape that is used on the boundary of the grillage. The brackets on the inside of the grillage can be
changed if a radial supports is too close. The available shapes are shown by the different colors

This figure shows four different colors, which each describe a different bracket shape. The bracket on
the outside of the grillage have the maximum shape, but the brackets on the inside can change their
shape. The reason for this is that it is possible during the optimization that the radial supports and the
brackets on the inside of the grillage intersect. If this happens, a smaller bracket shape is used, or the
whole bracket is removed, such that this intersection is not present anymore. The size of the brackets
is divided in four values, to ensure that not too much different bracket shapes will be used. This size
reduction is implemented, because Ansys is not able to handle this type of intersections. On top of
that, in engineering practice, the brackets are also reduced in size or even removed, because such
an intersection means that more load is transferred to the ship via the bracket, instead of distributing
through the side of the grillage and the other brackets.

Another difficulty is present for the flanges. Ansys is only able to detect full intersections, so an
intersection that is present over the whole height of the shell. This is not the the case for the intersection
of the brackets and the flanges, so these intersections need to be made by the algorithm instead
of by the FEA program. This is done by splitting the areas with an artificial plane. This does also
raise problems, because it can happen that a keypoint (a point defining the geometry) is close to this
intersection, which results in an error in Ansys. This is handled by adjusting the order of cutting the
planes, which resolves this problem.

(a) 3D image of the most sensitive bulkhead in the ship (b) 2D close-up of the most sensitive location in the ship

Figure 4.5: Images of the most sensitive location in the ship.
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Figure 4.6: Difference in bracket location
at the front side of the grillage due to

holes in the bulkheads. The blue brackets
are kept at the same location and the

orange brackets are new.

The brackets in transverse direction are placed on the webframes
in the ship, and in longitudinal direction on the bulkheads of the
ship. One of the problems with the brackets in longitudinal direc-
tion is that the bulkheads on the front side of the grillage contain
large holes, which are present directly below the grillage, as shown
in Figure 4.5. That means that transferring the stress to these lo-
cations will lead to high stresses in the ship. For that reason, the
location of the brackets on the front side is changed, to ensure
that this does not happen. This change in location is shown in Fig-
ure 4.6. The brackets that have a blue color are kept the same,
and the orange ones are added.

4.3. Boundary conditions
In the first optimization step, optimizing a single grillage on a rigid
foundation, a boundary condition at the bottom of the grillage is
used. This boundary condition is considered clamped, so all dis-
placements and rotations are fixed. This fully rigid boundary condi-
tion is not a realistic representation of the ship, but in this way, the
influence of the external boundary condition can be shown more
clearly.

In the next steps, the ship sections as presented in the previous
section are used. On these ship sections, three different boundary

conditions are used: one on the start of the section, one on the end of the section, and one on the ship
side of the section. These boundary conditions are used to represent the ship around the modelled
ship section. The boundary conditions on the front and aft of the sections are applied to dummy nodes
at half the height of the ship. These nodes make use of average displacements and rotations of the
constrained nodes in the ship. These averages should be equal to the boundary conditions set on
the distant nodes, in this case zero. Using these nodes, the constraints will be slightly relaxed, which
means a more realistic representation of the ship. A summary of the applied boundary conditions on
the ship sections is given in Table 4.1. The boundary conditions at the front and aft are applied to

Table 4.1: Boundary conditions for both models of the ship. ’L’ represents the end of the modelled section. y=0 represents the
centerline of the ship

X Y Z RX RY RZ
x = 0 × × ×
x = L × × ×
y = 0 × × ×

different parts of the ship. The boundary condition on the displacements in z-direction is applied to the
longitudinal bulkheads, and on the displacement in y-direction applied to the continuous decks. The
boundary condition in x-direction is applied to both the decks and the bulkheads, but only at the aft
side. The consideration behind this way of constraining is that the bulkheads and decks consist of
plates. Plates mainly support in-plane loads, which are also the directions that are constrained. The
last boundary condition, on the ship side of the section, is regarded as a symmetry plane. The boundary
conditions at this location are applied in the same way as the earlier mentioned ones. The boundary
condition a the end of the ship section is shown in Figure 4.7 as an example.
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Figure 4.7: Example of the boundary condition at the end of the ship section. This figure shows that the boundary conditions
are only set to the continuous components in the ship

Existing stresses in the ship, due to for instance a global bending moment are ignored. These stresses
are generally not important for the design of the grillage and they are in real designs also often ignored
(W.K. van der Leeden and H.W. Vuijk, personal communication, April 20, 2022). The reason why these
stresses are not important is that they are typically applied in main longitudinal members, such as
longitudinal bulkheads, whereas tower grillages are mainly dependent on transverse members, such
as web frames.

4.4. Loads
In the optimization, four different loading conditions are used. This is not enough for a real engineering
case, but including extra load cases means longer calculation times for the optimization. Therefore,
only a few load cases are considered, which are however chosen such that they cover the different
directions as much as possible, which is shown in Figure 4.8. In the optimization of the full grillage, one
load case is applied to all four towers. That means that the forces on all towers are acting in the same
direction.

The load factors for these loading conditions are presented in Table 4.2. The forces in the different
directions are multiplied with these load factors to obtain the forces that will be used in that load case.
The forces in the main directions are combined with forces in the perpendicular direction, as also shown
in Figure 4.8. This is asked by the Class Standard of DNV [16], which was used in the design of the
original tower grillage and also in the optimization. The reason for combining the forces is that the loads
are generally not directed perfectly in one of the main axes. Combining does therefore give a more
realistic, although conservative approach.

Table 4.2: Load factors given per loading condition for the
loads on the tower grillage.

Loading
condition

X Y Z RX RY RZ

1 1 0.6 -1 -0.6 1 0
2 -1 -0.6 -1 0.6 -1 0
3 -0.6 1 -1 -1 -0.6 0
4 0.6 -1 -1 1 0.6 0

Figure 4.8: Graphical view of four load cases applied to the
grillage. The directions and loads are equal for all towers

The load factors for the force in z-direction are taken downwards for all load cases. This is again a
result of the fact that only a small amount of load cases can be considered within a reasonable time
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frame. Only the negative force is considered, since that load is expected to be the most important
case for the current analysis. This is a result of the fact that a downward force means that force from
the heave motion and the weight are acting in the same direction. The downside of considering only
negative heave is that no net upward force is applied in z-direction, which means a ’pulling’ force in
the ship. This can be of importance, because the strength of the steel in the deck might be different in
through-thickness direction as a result of the manufacturing process.

The load factors for the rotations are chosen such that they amplify the forces. So that means that
the for the x-force, the y-rotation should be positive and for the y-force, the x-rotation should be negative.
That means that the worst case is considered, which is also required by the Class Guideline DNV-ST-
N001 [16]. After the results for the single grillages were obtained, it became clear that a mistake was
made in the calculation of the forces. For the first two loading conditions, the rotation around the y-axis
was taken as working in the opposite direction to the force in x-direction. That means that the load on
the grillage in that direction is smaller. For the full grillage, the load factors as described before are
used.

The forces andmoments are applied to the center of gravity of the tower. This location is represented
by a distant node, which transfers the loads at this point to the top of the can, where in reality also the
loads are applied. A schematic image (not to scale) of this is shown in Figure 4.9.

Figure 4.9: Schematic view of the application of the loads (not to scale).

The loads that are applied in this thesis are shown in Table 4.3. These forces are derived from the
accelerations on the tower in the design of Vuyk Engineering.

Table 4.3: Loads that are used in the optimization

FX (kN) FY (kN) FZ (kN) MX (MNm) MY (MNm) MZ (MNm)
973 1122 6361 29.4 25.1 0

4.5. Design variables
This model is built with the three groups of design variables: the thicknesses of the supports, the sides,
the can and the flanges, and two angles describing the orientation of the radial supports. These angles
are shown in Figure 4.10, where θ describes the angle with respect to the x-axis at which the radial
support starts, and ψ describes the orientation of the support with respect to the normal of the can at
the start location.
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Figure 4.10: Figure showing the angles that are used to describe the orientation of the radial supports. θ describes the location
of the start of the radial bracket and ψ describes the angle with respect to this line

For each of these values, a limit is chosen, both to improve the convergence and to improve the feasibil-
ity of the result. These limits are given in Table 4.4. The first parameter θ is different per radial support.
This variation is described by the parameter θinitial, which is the angle of the considered support at
the start of the optimization. In the first two steps, 10 supports are used, which results in initial angles
that are 36° apart. For the last step, the full grillage, 16 supports are considered per layout, which
means that the initial angles are 22.5° apart. This will be summarized in Table 4.5. The angles θ are
constrained, to make sure that the radial supports cannot rotate around the whole can, but such that
they stay in the same area.

Table 4.4: Limitations on the values that can be used in the optimization. The values for angle 1 describe the value with
respect to the initial value.

Parameter Type Sign Upper limit Lower limit Unit
Angle 1 Continuous θ -15 + θinitial 15 + θinitial °
Angle 2 Continuous ψ -25 25 °

Thickness Discrete t 5 70 mm

The limits on the angle ψ are based on the assumption that larger angles are not likely to occur, because
that means generally a longer, and thus heavier support. Also, larger angles mean that the supporting
the loads is more difficult, which means larger stresses in these brackets. The limits for the thicknesses
are based on manufacturability, but also on the freedom of the optimizer. The upper limit is chosen
such that the thicknesses stay within reasonable manufacturable limits. Thicknesses above the given
limit are not likely to be used, because these require a significant amount of welding effort and material.
They are also based on some test runs, which show that the optimized thicknesses are generally not
above 60 millimeter. Some extra room is added to make sure that the optimizer has enough design
freedom. The lower limit is chosen such that the bracket is still able to support some load. It could
have been beneficial to decrease this limit to zero, but that adds another layer of complexity to the
implementation, because that means that the bracket needs to be removed in the FEA model. The
limits for the thickness are the only discrete variables. This choice is made, because plate thicknesses
are also only available in a discrete range. The other variables can well be continuous in reality, and
they are therefore also kept as a continuous variable in the optimization.

The initial design vectors that are used in the optimization are described in Table 4.5. This table shows
two different values for the initial values of angle 1, which each are specified for a different number of
supports. The other values for the brackets, angle 2 and the thickness are specified once, because
these are equal for all brackets in the optimization. The reason that the angles for 16 supports start at
a value of 11.25 is that this distribution ensures that four supports connect to each side of the grillage.
These angles are defined for one layout block, but they are equal for all four blocks.
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Table 4.5: Start values of the optimization. The values for the supports that are defined once are equal for all supports.

Parameter Value Unit
Angle 1 (10 supports) 0, 36, 72, ..., 324 °
Angle 1 (16 supports) 11.25, 33.75, 56.25, ..., 348.75 °

Angle 2 0 °
Support thickness 45 mm

Can thickness 50 mm
Side thickness 50 mm

Flange thickness 50 mm

For the full grillage, four of the layout blocks as shown in Figure 4.3 are combined together. That
means that the blocks share sides in the middle of the grillage. The brackets that are attached to these
sides are considered to be symmetrical in the optimization, so they share their angles, as shown in the
colored brackets in Figure 4.11. The same symmetry is applied to the other three shared boundaries.
This reduces the number of design variables in the optimization, which is beneficial for the convergence
of the algorithm. This symmetry is also present in the original design of Vuyk Engineering, which is at
the basis of this design.

Figure 4.11: Example of the initial layout of the full grillage. The colored radial supports share their angles. This is the same for
all other supports that share a side of the grillage in between. The numbers represent the different sides of the grillage

The sides of the grillage are split into 12 different parts with each their own thickness. The numbering
of these elements is shown in the figure.

After defining the geometries, the boundary conditions, the loads and the important design param-
eters, the optimization can be performed. The results of this optimization will be shown in the next
chapters.



5
Optimization results of the single grillage

This chapter will describe the results for the optimization with the single grillage. This will be explained
in three steps. First, Section 5.1 will explain the outcomes for the single grillage on a rigid foundation.
Next, Section 5.2 gives an overview of the results for the second step in the optimization, the single
grillage with the ship underneath. After that, Section 5.3 analyzes the stress in a result from the first
optimization with the ship as a boundary condition, to see the effect of including the ship as a boundary
condition. Finally, the results will be concluded in Section 5.4.

5.1. Grillage on a rigid foundation
The first optimization step focuses on a single grillage where the ship is considered as a rigid foundation.
That means that the only constraints on the optimization are the stresses in the grillage. This will give
a better understanding of the optimization procedure, and it will give an indication of the results that
can be expected in the next steps. The mass convergence and the corresponding layouts of this first
optimization step are shown in Figure 5.1. The detailed numerical results per variable are shown in
Table B.1 in Appendix B.

(a) Combination of the layouts of the different optimization
runs. The grey lines are a reference for the initial layout of

the grillage (b) Mass convergence for the different optimization runs

Figure 5.1: Optimization results for the single grillage on the rigid foundation

31
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Figure 5.1a shows that only supports 1, 7, 8 and 9 have similar orientations, except one result for the
first support. The other supports all have some kind of variation. This variation is mainly present for the
supports in the upper half of the figure. This is the side of the grillage where the side shell of the ship
is located in the next steps. Therefore, no outer brackets are placed on that side, which means that
the stress is only transferred through the side of the grillage. However, on the other half of the grillage
can be seen that the radial supports are optimized towards the outer brackets. That means that more
load is distributed through these brackets and less through the side of the grillage. Both results have
the effect that the stress in this plate is decreased, which means that its thickness, and thus the mass
can be reduced.

As explained in Section 4.2, the bracket size changes when an intersection with a radial support is
detected. This might also be a cause of the optimization of the radial supports towards these brack-
ets, because that can cause the bracket to reduce in size, and a smaller bracket means a lower mass.
This is however not in all cases true. For instance, the orientation of support 8 for the first run at a
temperature of 10,000 is such that no intersection is detected, which means that the bracket is not
removed. The same holds for support 10, where the orientation is also such that the bracket remains
at that location. So, it is beneficial to optimize towards these brackets, regardless of they are removed
or not, but an additional benefit is that the bracket is removed.

An interesting finding is that the results are approximately symmetrical around the y-axis, which is
expected to be a result of the approximate symmetry in the load cases. The symmetry of the results is
already seen in Figure 5.1a, but also the thicknesses of the radial supports as presented in Table 5.1
show this behaviour. For example, supports 3 and 4 show thicknesses in the same order of magnitude,
again except the last run at a temperature of 5,000.

Table 5.1: Thicknesses in millimeter of the different elements in the optimized designs of the tower grillage on the rigid
foundation. Also the mass per optimization run is shown.

Support
Run 1 2 3 4 5 6 7 8 9 10 Can Sides Flanges Mass (ton)
Initial 45 45 45 45 45 45 45 45 45 45 50 50 50 137.96
T 10,000; run 1 8 10 16 18 10 9 11 23 22 11 25 12 26 62.82
T 10,000; run 2 8 8 19 18 12 6 20 15 23 13 24 12 31 63.06
T 5,000; run 1 7 14 18 20 16 10 11 25 18 15 20 12 34 63.62
T 5,000; run 2 15 6 20 13 10 5 15 17 20 16 32 13 34 69.37
Average 10 10 18 17 12 8 14 20 21 14 25 12 31 64.72
Difference 8 8 4 7 6 5 9 10 5 5 12 1 8 6.55

Figure 5.1b and Table 5.1 show that the mass converges to similar values for the different optimization
runs. The difference between the three lowest values is only 1.27%. However, when the second run at
a temperature of 5,000 is included, this difference is increased to 9.45%. This means that this is most
likely an outlier, which shows that multiple runs are needed to verify if a result is indeed converged.

This last run is likely to be stuck in a local optimum, which might be caused by the lower temperature.
The temperature determines how local the search is, as explained in Section 2.5. The runs for a
temperature of 10,000 shows that the optimizer for other settings is able to escape from local optima.
These runs seem converged early in the optimization (2,500 and 3,500 evaluations respectively), but
that is only a local optimum. After a long time of not finding any significant improvement, suddenly
a sharp decrease can be seen in the mass. This improvement may be a result of using a higher
temperature, but more data is required to prove this.

It is also clear that especially for the runs at a temperature of 10,000, the mass is decreasing near
the end of the optimization. That means that it is possible that these runs are not converged fully.
Therefore, an extension to 17,420 function evaluations instead of 14,000 is done for the first run, but
no further decrease in mass was found. That increases the certainty that these runs are converged.

Not only the mass is important, but also its composition from the thicknesses of the different elements
in the optimization as presented in Table 5.1. This table shows that there is a large difference between
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some of the thicknesses. When studying these values in more detail, it becomes clear that this is in
most cases caused by only one variable that is different from the others. When, for instance, looking
at the first support, we see that for the second run at a temperature of 5,000, the thickness is 15 mil-
limeters, whereas the result for the other runs is 7 or 8 millimeters. This is however not the result of
poor convergence of the considered support, because a sensitivity study of the results shows that the
thicker supports cannot always be reduced in thickness without violating the stress constraint. That
means that this is a result of the combination of the design variables. This can also be concluded from
Table 5.1, which shows that most of the difference is caused by the second run at a temperature of
5,000, which also had the largest difference in mass, as shown in Figure 5.1b.

Figure 5.2: Mass convergence with the stress constraint for the first optimization run with a temperature of 10,000 of the single
grillage on the rigid foundation. This figure is taken as an example for the other runs, which show similar behaviour.

Figure 5.2 shows the combination of the mass convergence and the unity check for the first run at
a temperature of 10,000. This figure is representative for the constraint behaviour in the other runs,
which are shown in Figure B.1 in Appendix B. This figure shows that there is only at the start a variation
in the stress. This is because the stress in the initial layout is below the allowable level. After the first
found optimum, the stress increases to the allowable stress level, after which it remains constant. This
is caused by the peak stress function, which is explained in Section 3.5. The stress level in the grillage
increases during the optimization, which means that peak stresses are also more likely to occur. As a
result, the peak stress function is active for all the optimized grillages, resulting in a constant value for
the constraint.

5.1.1. Variable analysis
Sensitivity study
Thusfar, only a visual inspection of the results is done. This does however not fully explain whether the
results are really converged or not. Another way to look at the data is to do a small sensitivity check
with the obtained results. That is done by decreasing the thicknesses one by one. This decrease is
done in steps of 1 millimeter until the stress constraint is violated. So, after the lowest value for a given
thickness is found, it is reset to its original optimized value, after which the same procedure repeats for
the next thickness. The angles are only considered for the first run, but this showed that their influence
on the mass is small compared to the thicknesses.

This study does not show the maximum improvement that can be made, because only a single
variable is considered at a time. However, studying also the combinations of different design variables
(for instance the thickness reduction of brackets 1 and 2 together) will make this study too large for its
purpose: giving an idea of the possible improvements.
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Table 5.2: Results of the sensitivity study of the different variables for the single grillage on the rigid foundation, showing the
improvement that can be made manually.

Run Optimized mass (t) Improved mass (t) Improvement (%) Iterations (-)
T 10,000; Run 1 62.82 62.35 0.741 1
T 10,000; Run 2 63.06 62.85 0.331 6
T 5,000; Run 1 63.62 62.23 2.198 3
T 5,000; Run 2 69.37 69.32 0.079 2

The maximum mass decrease for each of the optimization runs that could be obtained with this study
is shown in Table 5.2. The number of iterations describes the number of reductions to obtain the best
improvement. This table shows that some improvement on the results can be made. An interesting
result of this small study is that the results for the first run of temperature 5,000 can be improved
quite easily. Figure 5.1b, however showed that the optimizer was not able to find improvements for a
relatively long time. This is the result of the random nature of the optimizer, as explained in Section 2.5.
On the other hand, the results for the second run of temperature 5,000 are converged well, although
to a local optimum. Only little improvement can be made with this simple study, also when compared
to the other runs.

The number of iterations shows that the improvement is dependent on the design variables that
can be changed. For instance the second run at a temperature of 10,000 needs more iterations than
the first run at a temperature of 5,000, while having a smaller improvement. This is caused by the
thicknesses of the last three design variables, which have much more influence on the mass than the
thicknesses of the radial supports.

Variable behaviour
Also the behaviour of the variables during the optimization is analyzed, to obtain a better understanding
of the importance of these variables. First, the changes per variable (ψ, θ and t) are investigated by
showing the change of each of the parameters per newly identified optimum. These changes are
normalized with the maximum change for the considered variable that is made during the optimization.
The result is shown in Figure 5.3. In this plot, only the results for the first runs at both temperatures are
shown. The figures for the other two runs are similar to the figure at a temperature of 10,000. These
figures are shown in Figure B.2 in Appendix B for reference.

(a) Changes per variable type for the first run at an initial temperature
of 10,000

(b) Changes per variable type for the first run at an initial temperature
of 5,000

Figure 5.3: Changes per variable type for the convergence plots as shown in Figure 5.1b. The mass convergence graph is
shown in the background for reference. The figures for the other results are similar to that of temperature 10,000

The results in this figure show a certain level of clustering in the results. That is especially clear in
Figure 5.3b. The cause of this is that the optimizer has found an optimum at a different location, which
means that it has found a new ’path’. The optimizer can find new optima around that point, resulting in
the cluster that is observed. This is also caused by the switching between global (multi-variable) and
local (single-variable) changes, as explained in Section 2.5. Every cluster is ’generated’ in the local
search part of the iteration, where the global search is responsible for finding the new search paths.
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The runs at a temperature of 10,000 are escaping from a local optimum, as explained before. This
is also visible in Figure 5.3a. During function evaluation 2,500 to 11,000, some changes are made, but
no clear difference in the mass is observed. Also the relative size of the changes is small, which means
that only local changes are made. However, after this period, the size of the changes is much larger,
which means that a better optimum is found at a different location. That is also seen in the mass, which
decreases substantially with these large changes.

The behaviour of the mass convergence graph for the second run at a temperature of 5,000 can
also be better explained with Figure 5.3b. This figure shows that the relative change is large during the
whole optimization. That also corresponds to the convergence line, which is decreasing much more
gradually than the other figures. This difference between the runs is caused by the different random
numbers, because the settings are kept the same for all the different runs.

5.1.2. Stress analysis
After the convergence and the behaviour of the variables is determined, the development of the stresses
from the initial layout to the final result is studied. The expectation is that the stresses are globally at
a higher level in the optimized layouts. To properly examine the results, the maximum stress over the
four load cases for each of the elements is taken. The results in this section are presented for the first
run at a temperature of 10,000, as the other ones are similar to this one. A global image of the stresses
is shown in Figure 5.4. Elements with a red color show stresses that are above the allowable, but below
the peak stress. So these elements are examined for peak stresses.

(a) Initial design (b) Optimized design

Figure 5.4: Comparison between the stress in the initial design of the grillage and the stress for an optimized design.
The top flanges are deselected for a better view, but they are included in the calculation

Comparing the results of the initial grillage to the converged grillage indeed shows that the overall
stress level is increased. However, the stress in some of the radial supports is still relatively low. That
might give the impression that the mass can be decreased further, but that is only partially true. The
sensitivity analysis showed that the radial supports with a low stress can indeed be decreased. But this
decrease is small, because a decrease means a change in the stiffness of this support. That means
that the load distribution in the grillage is different. That can have the effect that the stress in one of the
other parts of the grillage is increasing above the allowable stress level. This is also shown in Table 5.2,
where the number of iterations for the corresponding run is only 1. That means that the stress level will
be higher if more changes are made.

This figure shows also that the stress in the sides of the tower grillage is generally low. This is
caused by some small stress locations at the points where the radial supports attach. An example of
this is shown in the left circle in Figure 5.5. This stress determines the thickness of the whole bound-
ary, because such a stress location means that the thickness cannot be decreased without changing
other parameters. These stresses will however increase in the real model, because manholes need
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to be made in this boundary, which can be made at locations where the stress is low. These are not
considered in the optimization, but in the final result, they need to be included.

Figure 5.5: Example of typical locations with high stresses that occur in the optimized solution.

Two other typical locations where high stresses occur are identified: in the corners of the holes in the
flange and at the corners of the radial supports. These are also shown in Figure 5.5. The stresses in
the corners of the supports are mainly caused by the shear stress in that support. This shear stress
also causes the stress pattern at the diagonal of the support, from the top of the can to the bottom of
the boundary.

The stresses in the corners in the holes of the flanges are expected, because corners are typical
stress locations. This is even increased because the corners are sharp. These are in reality rounded to
have a better distribution of the stresses, but that would make the implementation much more complex,
so that is not used in this thesis.

5.2. With ship
The second step is the optimization of the same grillage as explained in Section 5.1, but with the ship
as the boundary condition. This will give more insight in the differences in behaviour of the optimization
between the two different boundary conditions. The results of the mass convergence and the layouts
for the different runs are shown in Figure 5.6. The numerical results per variable are shown in Table C.1
in Appendix C.

(a) Combination of the different layouts. The grey lines are a
reference for the initial layout of the grillage (b) Mass convergence for the different optimization runs

Figure 5.6: Optimization results for the single grillage with the ship as a foundation
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One of the first things that is observed in Figure 5.6a is that the radial supports are overall more con-
verged to the same location than the results without the ship. Also the gaps in the top left and right of
the figure are larger than for the single grillage. These gaps are a result of the fact that a radial support
that is located in this area has more length, and thus a higher mass. It is apparently more advantageous
to place no radial supports at that location and to transfer the load to the ship further away.

For radial support 10, a remarkable difference is observed for the orientation of the support for the
first run at a temperature of 10,000. It is not clear what is the cause of the orientation of this support,
as the surrounding supports for this run are similar to the other runs. It is however interesting to see
that this support is optimizing towards an outer bracket, although at a different location. Also on the
other side of the grillage, supports 3 and 4, is shown that the supports for this optimization are behaving
strangely, as they are close to each other. That might be a cause of the larger mass for this run.

The results for the optimization of the single grillage on the rigid foundation showed that the opti-
mizer sometimes has supports that are relatively long. This is most clearly seen in supports 2 and 5.
This behaviour is not present in the optimization of the full grillage. This is seen for each of the runs,
so the conclusion can be drawn that including the ship is in this case beneficial for the consistency of
the layouts.

Figure 5.6a shows the same symmetry about the y-axis as the single grillage on a rigid foundation,
explained in Section 5.1. This is even more clear for the single grillage on the ship foundation, be-
cause the consistency of the layouts is larger. This symmetry is against the expectations, because the
ship itself is not symmetric. That means that the ship is behaving differently at the front and aft of the
grillage. That would mean that the interaction between the grillage and the ship is also different. This
is however not the case, which means that the load on these grillages is not large enough to make this
difference significant.

The results for the two runs at a temperature of 10,000 are higher than the results for the other op-
timization runs. That causes a difference in the mass results of 8.35%. The difference between the
two runs at a temperature of 5,000 is however only 0.32%. This is particularly interesting, because
their layouts are not the same. That suggests that there are many local optima that are close to each
other. This suggests that the results at this temperature have a better performance for this particular
optimization.

Table 5.3 shows that the thicknesses for the supports are generally in the same order of magnitude.
However, the thicknesses for two large design elements, the can and the flanges, is different. The
larger thickness of the flanges for the second run is a result of the orientation of brackets 3 and 4,
which are very close to each other. That means that more force needs to be transferred via the flanges,
so their thickness needs to be increased to deal with the higher stress.

Also the thickness for radial support 4 for the two runs at a temperature of 5,000 is higher than the
others. Especially the thickness for the first runs is much higher than the others. It is not clear what the
cause is of this behaviour, but the surrounding layout is similar to the other runs. Also the thicknesses
of the surrounding supports is the same. In the sensitivity study, which will be presented later in this
section, will be shown that this variable cannot be decreased to the value of the other thicknesses. That
means that the thickness of this support is the result of the interaction between the different variables.

Table 5.3: Thicknesses in millimeter of the different parameters of the optimized design for the single grillage with the ship as a
foundation. Also the mass per optimization run is shown.

Support
Run 1 2 3 4 5 6 7 8 9 10 Can Sides Flanges Mass (ton)
Initial 45 45 45 45 45 45 45 45 45 45 50 50 50 137.96
T 10,000; run 1 8 22 17 12 15 6 12 14 8 6 43 11 33 71.80
T 10,000; run 2 5 13 16 11 9 5 12 17 12 9 15 15 48 69.95
T 5,000; run 1 6 18 14 39 12 6 15 19 13 5 21 12 39 65.80
T 5,000; run 2 11 11 17 20 6 7 16 15 11 9 22 9 44 66.01
Average 8 16 16 20 10 6 14 16 11 7 25 12 41 68.39
Difference 6 11 3 28 9 2 4 5 5 4 28 6 15 6.00
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The average thicknesses for the radial supports in this optimization are generally lower than the results
for the optimization with the rigid foundation. Only the thicknesses for supports 2 and 4 have a higher
value. The higher value of the latter one is caused by the result of the first run at a temperature of 5,000,
which has a large thickness for that support, compared to the other results. The largest differences are
the thicknesses of the last two supports (9 and 10), which are 10 and 7 millimeters thinner, respectively.
A cause of these differences is the interaction between the different variables, because these brackets
do not violate the stress constraint if the grillage is placed on a rigid foundation.

The thicknesses for the can and the flanges have larger differences. These design variables de-
scribe the thickness of a larger surface than the radial brackets, which means that differences in these
design variables are reflected more obvious in the total mass of the structure. The first difference is the
mass of the can, which is generally lower, except the result of the first run at a temperature of 10,000.
The thickness of the flanges is much higher. This is mostly caused by the larger stresses in the grillage
due to the compliance of the ship, which will be shown in Section 5.3.

This table shows that a good general image of the required thicknesses can be obtained. This is
also shown for the single grillage on the rigid foundation. The values should not be taken as an exact
value, but they determine the order of magnitude that is required for the real grillage. There are some
large differences between the results (for instance support 4), which shows that multiple runs are re-
quired to obtain this global image. One single run is not enough to explain if a thickness is an outlier
or not.

The convergence plot for the first runs at both temperatures, combined with the constraints, are shown
in Figure 5.7. Both figures are taken as an example for the results of that temperature, which shown
similar behaviour. The figures for the other runs are shown in Figure C.1 in Appendix C. One similarity
to the optimization of the grillage on the rigid foundation is that the stress in the grillage is again constant
at the maximum value, caused by the peak stress evaluation function, as described in Section 3.5.

(a) Mass convergence with the constraints for the first run at an initial
temperature of 10,000

(b) Mass convergence with the constraints for the first run at an initial
temperature of 5,000

Figure 5.7: Mass convergence with the constraints for the convergence plots shown in Figure 5.6b.

An interesting finding is that the stress in the ship is not at the maximum allowable value. This might
be caused by the fact that the loads in x-direction were smaller for this optimization, which means that
the sensitive location in the ship experience less load, and thus has lower stresses.

Also the buckling usage factors are shown in this figure. These are clearly not active in the opti-
mization. These low buckling factors have two causes. The first is that in this step, only one grillage is
modelled. That means that the loads are different, especially at the locations where the different layouts
connect in the full grillage. This is not implemented in this model, and the loads are therefore expected
to be much different. The other reason is the low loads. These are especially small in x-direction, which
is expected to be the most important direction, because there the gaps are located at the front of the
grillage. So, based on these two reason can be concluded that the buckling is not representative for
the full grillage. They do however show that there is some interaction between the stress and buckling
constraints.

Buckling in the bulkheads is more important than buckling in the webframes for two reasons. The
first reason is that the loads on the bulkheads are larger. These bulkheads experience a higher loading,
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because the forces from the front and aft of the grillage and the webframe that is below these parts are
transferred to this bulkhead, whereas the load on the sides is transferred to multiple webframes. The
second reason is that the webframes are made from a material with a higher allowable stress. That
means that these plates are able to carry a higher load before buckling becomes important.

5.2.1. Variable analysis
Sensitivity study
Also for this optimization, a sensitivity study is done. For this study, the same procedure is used as
described in Section 5.1.1. The results for this study are shown in Table 5.4.

Table 5.4: Results of the sensitivity study of the different variables in the optimization of the single grillage with the ship as a
foundation. This table shows that only small improvements can be made

Run Optimized
mass (t)

Improved
mass (t) Improvement (%) Iterations (-)

T 10,000; Run 1 71.80 71.71 0.115 3
T 10,000; Run 2 69.95 69.89 0.079 2
T 5,000; Run 1 65.80 64.88 1.402 1
T 5,000; Run 2 66.01 65.96 0.068 1

This table shows that the results for this optimization step are more converged than for the optimization
on the rigid foundation. Only a few iterations can be made to reduce the thickness. The largest possible
improvement is the result for the first run at a temperature of 5,000. This is however the result of a
decrease of only 1 millimeter in the thickness of the sides of the grillage. This has a larger impact,
because of their relative weight compared to radial brackets.

The first run at a temperature of 10,000 requires the most iterations for the given improvement. This
improvement is only 90 kilograms. This is caused by the fact that this optimization is in support 6, which
is one of the shortest supports in the optimization. That means that a decrease of 3 millimeter has only
little impact on the total mass of the structure.

Variable behaviour
To follow the same structure as for the single grillage, now the variable behaviour will be explained. The
changes per variable type are shown in Figure 5.8. The figures for all four runs are shown in Figure C.2
in Appendix C.

(a) Changes per variable type for the first run at an initial temperature
of 10,000

(b) Changes per variable type for the second run at an initial
temperature of 10,000

Figure 5.8: Changes per variable type for the convergence plots shown in Figure 5.6b. The line of the mass convergence is
shown in the background for reference

This figure shows that the change is the largest at the start of the optimization, and smaller near the end.
This is in accordance with Figure 5.6b, which shows a large decrease in the first steps, and a smaller
decrease in later iterations. This also explains the difference to the convergence of the optimization
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with the rigid boundary condition. There, the decrease was also large in the earlier iterations, but in
later stages, again a decrease is found. That was also reflected in the relative changes of the variables,
which were larger in later iterations.

Figure 5.8a shows some strange behaviour, because in the first iterations, the mass is decreasing
very rapidly, while after that, no improvement is made for approximately 8,000 function evaluations.
Similar behaviour was shown for the optimization of the grillage on a rigid foundation, where the runs at
a temperature of 10,000 were also stuck on a local optimum for a long time. In that optimization however,
the optimizer still found new optima during the iterations that no clear improvement was found. This is
shown in Figure 5.3. It is not clear what the cause is of this behaviour, but it might be the cause of the
higher mass for this run.

The results in Figure 5.8b show a much larger relative change and variability over the iterations.
This is however not reflected in the mass convergence figure, which is nearly constant from halfway
the optimization. That means that still new optima were found, but the improvement is much smaller.

5.2.2. Stress analysis
This section shows the stresses in both the ship and the grillage for the optimization result of the first
run at a temperature of 5,000. The stress in the ship is shown in Figure 5.9. This is the maximum stress
per element over the four load cases. This figure shows that the stress in the ship is overall quite low.
That is also seen in Figure 5.7 where the unity check for this constraint was below 1.

Figure 5.9: Finite element stress in the ship with the grillage and the decks deselected

This figure show clearly the interaction between the outer brackets and the ship. The two locations that
are shown in the red circles are the locations where the radial supports are close to the outer brackets.
This shows that the stress is indeed increased at these locations. Also the stresses in the fourth web
frame from the aft and the front side of the model show higher stresses. That is the location where
the boundary of the grillage attaches. The longitudinal bulkhead at these locations has also higher
stresses, which is too a result of the outer brackets that attach at these locations and the radial sup-
ports that attach to these brackets.

The stress in the grillage is shown in Figure 5.10. This figure shows the same trend as for the opti-
mization without ship. One important difference is that the stress in the initial grillage is lower for this
setup, when compared to the optimization without ship, while the same thicknesses are used. That
suggests that the mass could be decreased even more than the results as found without the ship. That
is however not the case, as shown in Table 5.3.
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(a) Initial design (b) Optimized design

Figure 5.10: Comparison between the stresses in the initial design and the optimized design for the single grillage with
ship

Further analysis of the differences in stress and stress patterns to the optimization on the rigid founda-
tion will be shown in the next section.

5.3. Stress evaluation
This section describes the interaction between the ship and the grillage. For that purpose, the result
of the first run at a temperature of 10,000 for the grillage on the rigid foundation is taken. This grillage
is also analyzed with the ship as a boundary condition, to see how the stresses change. This showed
that this grillage cannot be placed on the ship without violating the constraints. That is however not the
stress or the buckling in the ship, but the stress in the grillage, as also found for the optimization with
the ship. The causes of the changes are examined in more detail. First, a global image of the stress is
presented in Figure 5.11.

(a) Grillage on the rigid foundation (b) Grillage on the ship

Figure 5.11: Stress in the grillage that is optimized for the rigid foundation. This grillage is placed on the ship to show
the differences in stress.

The stresses overall are similar, as shown in this figure. This is especially true for the stress in the
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supports. These seem maybe different at first glance, but that is caused by stresses that are close to
a step in the color legend. The differences that exist are caused by the compliance of the ship, which
means a slightly different distribution of the stresses over the different supports. There are also three
main regions where the stress is different: the sides of the grillage, the flanges and the can. That
means that the parts that contribute most to the mass of the grillage experience the largest difference.

(a) Rigid foundation

(b) Ship foundation

Figure 5.12: Maximum stresses in the sides of the grillage. This figure shows how the stresses differ between the
two different boundary conditions.

The first difference is the stress in the outside of the grillage. This stress is divided more equally when
it is placed on the ship. This is caused by the difference in compliance between the two foundations.
Figure 5.12 shows an example of this at the inside of the grillage. The equally spaced lines represent
the locations of the outer brackets. The other two lines are the connection points of the radial supports.
In Figure 5.12a, the stress is high around the radial supports, and also at the peak stress level. These
stresses are however not present in Figure 5.12b. Also the distribution of the stress over the area is
different. Figure 5.12a shows that the stress extends to the first available bracket, whereas the stress
for the grillage on the ship shows that the stress extends to the the second bracket. This shows that the
stress is divided more equally over the brackets, which means that peak stresses are lowered. That
can have the result that the thickness can be reduced, or that the radial brackets can be placed closer
to each other. The latter is indeed shown in Section 5.2.

(a) Stress in the flange of the grillage on the rigid foudation (b) Stress in the flange of the grillage on the ship

Figure 5.13: Maximum stresses in the flange of the grillage for both boundary conditions. The close-ups show how the
peak stress differs between the solutions.
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The second difference is the stress in the flanges, as shown in Figure 5.13. This figure shows two main
differences. The first difference can be seen in the peak stresses. These increase above the peak
stress, what is shown in the close-ups of Figure 5.13. This difference is small, but it does still mean
that the stress constraint is violated, and this will thus not be accepted in the final solution. The other
difference is the stress in the part of the flanges that is connected to the outside of the grillage. These
parts are in the solution without the ship not that highly loaded, but on the ship, these parts become
more important. This shows the interaction with the outside of the grillage, which is also a cause of the
more distributed load.

(a) Stress in the can of the grillage on the rigid foundation (b) Stress in the can of the grillage on the ship

Figure 5.14: Comparison of the stress in the can when a grillage is placed on the ship

The last difference is the stress in the can. The general pattern of the stress is similar, but at some
locations, a considerable increase in the stress can be observed. This is generally in the corners of the
grillage, where the optimizer did not place any radial supports. As a result, the negative z-displacement
of the can is larger at that location, which results in a larger compressive stress at the top of the can.
This effect is larger when the grillage is placed on the ship, resulting in a larger stress.

So the radial supports itself show little difference in stress. However, the items that have most influence
on the mass, the sides of the grillage, the flanges and the can, are most different. The typical stress
locations, as presented for the single grillage in Figure 5.5, remain the same, although the magnitude
is different.

5.4. Conclusion
The results in this chapter gave more insight in the behaviour of the optimization, and they explained
the influence of the ship on the results. Visual inspection of the layouts showed that there is variability
between the results, but the overall picture is clear. The results with the rigid foundation have a larger
difference than the results with the ship as a foundation, which might be caused by the differences in
stress between the two different boundary conditions.

The optimal distribution of the radial supports in the grillage is dependent on the location of the outer
brackets for both optimizations. That has the effect that the loads are more directly transferred through
these brackets and less through the sides of the grillage. Also the part of the algorithm that reduces
the bracket size at intersections has influence on this result.

For the optimization with the rigid foundation is shown that the difference in mass between the dif-
ferent results is 9.45%. However, when the largest mass of the runs is excluded, this difference drops
to 1.27%. For the results with the ship as a foundation is shown that the results are 8.3% different
between the different runs. When only the results for a temperature of 5,000 are taken, this difference
decreases to 0.32%.

The average mass is different between the two optimizations. The mass for the grillage on the ship
is 5.7% larger than for the optimization on the rigid foundation. This is mainly caused by differences
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in the thicknesses of the flanges. These have a higher thickness in the optimization for the grillage on
the ship, which increases their mass.

This is caused by the differences in stress in these elements. It is shown that the stress in the
flanges and the can is increased when the grillage is placed on the ship. The sides, on the other hand,
also experience an increased stress, but the peak stresses are lowered. The effects of stress and
buckling in the ship are not important for the optimizations in this chapter, because their constraints
were not active. The differences in the results show that the layouts cannot be interchanged without
adapting the design. That means that including the ship is still important, even if it does not influence
the optimization directly through the constraints of its own strength, but indirectly by the compliance of
the structure.

Chosen temperature
Based on the results for this chapter can be concluded that the temperature did not have a large influ-
ence on the results of the optimization with the rigid constraint. However, the results at a temperature
of 5,000 showed more variability and they had a higher mass. For the optimization of the grillage on
the ship is however shown that the results for a temperature of 10,000 had higher masses. The layouts
were however similar.

From that, the conclusion is drawn that no real advantage of one of the two temperatures could be
observed. For that reason, the locality of the search was taken as the guiding aspect for the choice
of the temperature. The expectation is that the search space for the full grillage will have more local
optima, and therefore a more global search might be advantageous for the final result. That led to the
choice of a temperature of 10,000 for the full grillage.



6
Optimization results of the full grillage

This chapter will explain the results for the full grillage. This result is divided in two steps: a first
iteration with an initial design where the stress constraint was violated. This is shown in Section 6.1.
During the optimization became clear that this optimization was not able to find a solution without
constraint violations. Therefore, an adaptation is made to the design, which is explained in Section 6.2.
After that, Section 6.3 will explain which manual step needs to be made to make the design more
manufacturable and what the improvement of the optimized design is with respect to the original design
by Vuyk Engineering. Section 6.4 will end with a discussion.

6.1. First iteration with initial bracket design
The results for the single grillage showed that the optimizer did not encounter problems with the external
constraints. For the full grillage however, the stress constraints were violated severely, even in the initial
solution. Two shorter optimizations of 7,000 iterations were run to see whether the optimizer was able
to decrease the stress in the ship to allowable values, but it turned out that this is not the case.

The main finding of these runs is that the objective function decreases, but the maximum stresses
remain at a similar level, as shown in Figure 6.1. The mass however increased at the initial stage, and
it remained high during the optimization. The decrease in function value is mainly caused by a global
decrease in stress. That means that the number of elements with a high stress and the height of that
stress is decreasing. This does however not directly mean that the maximum stress is reduced. This
will be shown in more detail later in this section.

(a) Convergence for the first run (b) Convergence for the second run

Figure 6.1: Convergence and objective for the first two optimization runs of the full grillage.

The increase in mass is caused by the settings of the penalty function. The violation of the mass is in
the order of 1, but the stress has a much higher order of magnitude. First, because multiple elements
violate the constraint, which all add a penalty to the objective function. The other reason are the factors
that are used in the penalty function, as described in Section 3.4. The violation is squared and multi-
plied by 100, which means that this value is in the order of 100, for a unity check of 2.2 (which means a
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violation of 1.2). This means that the stress is much more important than the mass when the constraints
are violated severely. These settings are however necessary to keep the stresses acceptable when
they are near the allowable stress.

Figure 6.1 shows three different lines for the stresses: the maximum values for the stresses in the
ship and the grillage, and the average of the 10 elements with the highest stress. This average is
shown to have a measure for the extent of the stresses. The mean is still close to the maximum stress,
which shows that the extent is relatively large. This will also be shown in Figure 6.2. An interesting
result is that the shapes of the maximum stress, which is the stress in the ship, and the top 10 aver-
age are similar. A more in-depth analysis of the values shows that overall, the mean of the stress is
decreasing, although slowly. However, for the increase of the second run, between 3,000 and 4,000
function evaluations, all elements in the top 10 show an increase, which is most likely caused by the
fact that these elements are all in the same area, what will be shown later in this section.

The line for the ship stress, which is also the maximum stress, is nearly constant at a value of 2.2,
especially for the first run. That indicates that the optimizer is not able to make a significant decrease
in this value. For the second run, some decrease is seen, but this is too small to conclude that the
optimizer can find a solution without violation.

An interesting result is that the maximum in the grillage is generally below, or at least close to the
allowable value. That indicates that the optimizer is able to keep a constraint allowable, even if other
constraints are violated severely. This is not accounted for implicitly in the penalty function, and it gives
therefore an indication that this function is working properly. For the second run, more violations are
observed, but these are still very low. On top of that, these violations are present for only a small
amount of time, which means that these are most likely not problematic.

The geometry of the most sensitive part of the structure was shown in Figure 4.5. This figure shows
that a side of the grillage is located above the left hole, where a webframe is present in the ship. This al-
ready explains why the stress is high at this location, because the load from the webframe is transferred
to the bulkhead. It was expected that the optimizer would be able to decrease the stress by placing
the radial supports further away from this location, so that more load is transferred to other parts of the
structure. This is however not the case, as shown in Figure 6.2. This figure shows two close-ups of
the stress at this location in the initial design and the optimized design.

(a) Stress for the initial design of the grillage (b) Stress for the optimized design of the grillage

Figure 6.2: Comparison of the stresses in the ship, with the full grillage on top. Optimized for the initial setting of the full
grillage.

It is visible in this image that the extent of the stress is decreasing, which is the cause of the decrease
of the objective function. The decrease is however clearly not large enough, particularly when consid-
ering the amount of iterations. The stresses are still above the peak stress level, and besides that, the
stress locations are still too large accept it as a not important peak stress.

The layouts for the two optimization runs are shown in Figure 6.3. The red spots in the figure high-
light the weakest bulkheads in the ship. The bulkhead with the light red color has no violations, but
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only high stress. At the location of the darkest circle however, the stress constraint was violated. It was
expected that the optimizer would place the radial supports away from this location, in order to transfer
more load to other parts of the ship, and less to this location. This is visible in the result up to some
extent, but it is not clear whether this is really an effect of the stress constraint or that it is caused by
another effect, because the effect is much smaller for the second run.

Figure 6.3: Comparison between the layouts of the two optimization runs for the full grillage. For these runs, the initial stress
was higher than the allowable stress and the result contained still overstressed elements. The red parts highlight the most

important weak parts in the ship.

This figure shows that there is no clear similarity between the two results. This is expected to be a
result of the fact that the stresses could not be decreased substantially. That means that the optimizer
was acting as an optimizer with two constraints, the mass and the stress. The mass can easily be
related to the different design variables. For instance, the thickness directly influences the mass of the
structure. This is however not true for the stress. A change in thickness can influence the stress in a
certain element, but this is also dependent on the other design variables. It is therefore expected that
it is harder to obtain a consistent result with the stress as objective.

A reason that the stress constraint is still violated in the bulkhead is the bracket shape. This is a
triangular shape, as shown in Figure 4.4. The result of this shape is that the force is transferred to
the next webframe, which is also connected to the weak points. That means that it is advantageous
to transfer the stresses further forward in the ship. This is done in the second iteration for this grillage,
what will be shown in the next section.

6.2. Optimization with new bracket design
Although the previous analysis showed that the stress level is decreased during the optimization, it is
not enough to find a feasible solution. Also, the found decrease is coming at the cost of an increase in
mass of around 50% compared to the design by Vuyk Engineering. To overcome the most important
problem, a solution is sought in a new bracket design that decreases the stress in the bulkhead.

6.2.1. Model adaptation
Because the results of the first optimization runs were not satisfactory, enhancements need to be made
to obtain a feasible initial result. The front side of the grillage is the most sensitive part, as explained in
Section 6.1. For that reason, the brackets on the front side are adapted, such that they are similar to
the brackets of the original design by Vuyk Engineering. The result is shown in Figure 6.4. This bracket
shape ensures that that the load is partly transferred to the stronger parts that are further forward in
the ship, which reduced the stress in the bulkhead to an acceptable level.
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Figure 6.4: Updated bracket design on
the front side of the grillage.

This bracket shape was not implemented in the initial model, be-
cause the intention of the optimization was that the optimizer
should find a design that meets the requirements for a relatively
simple input. This new bracket design means that more effort from
the designer is required before the optimization is able to find a
feasible outcome.

6.2.2. Results
After this design was made, another group of optimization runs is
done to find out which reduction can be obtained and what the
corresponding layouts are. The layouts are shown in Figure 6.5

and the corresponding thicknesses are shown later in this section in Table 6.1. Detailed numerical
results per variable are shown in Appendix D. The stress results in this section will be compared to the
stress in the original design of Vuyk Engineering, to get a better understanding of the improvement of
the solution.

(a) Combination of the different layouts. The grey lines are a
reference for the initial layout

(b) Mass convergence for the different optimization runs of the full grillage with
the ship. The blue line represents the mass of the original design by Vuyk

Engineering

Figure 6.5: Optimization results for the full grillage with ship

This figure shows that some reduction of the mass in the grillage can be obtained with respect to the
initial mass, but also to the mass of the original design of the grillage, which has a main steel weight
of 351 tons, as shown by the blue line. The optimized masses are 319 and 339 tons. This means
improvements of 9.1% and 3.5%, respectively. This is quite a large difference between the results, but
it is promising to see that they are in the same order of magnitude, and that they are both below the orig-
inal mass. A possibility for further reduction of the mass is decreasing the mass of the outer brackets.
These have a slightly higher mass in the optimization than for the original design by Vuyk Engineering
and they are not optimized. That means that these brackets might have a negative influence on the
optimized mass.

Also the layouts are different between the runs. The radial supports are only in a few cases optimizing
towards similar locations for both runs. That means that no clear pattern of the individual supports can
be identified, what was the case for the optimizations of the single grillages. One of the causes of this
is that this optimization has a larger number of design variables. That means that an optimizer has
generally more difficulty with finding an optimum. This can both affect the convergence speed and the
quality of the result.

Despite these differences, also some global similarities can be observed. The first is that near the
corners, only few radial supports are placed, with the only difference the radial supports in the top right
of grillage number 4. The reason that only few radial supports are placed at these locations is because
the closer to the corner, the larger the support, and thus the larger the mass of that support. It was
expected that the radial supports would be placed more in the direction of these corners, because the
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vector of the combined load cases is pointing in the direction of these corners, as shown in Section 4.4.
It is therefore interesting to see that it is not necessary to place supports at these locations, and that
placing brackets at such a distance still results in a lighter solution.

The second similarity is that some supports within on solution are close, or even overlapping each
other. This happens for both runs. It is however not in correspondence with the requirement of manu-
facturability, as connected to the research question in Section 1.4. This is resolved manually after the
optimization by taking the average orientation of these supports and the sum of the thicknesses. The
results of that will be presented in Section 6.3. This gives an indication that less radial supports can be
used than the initial 16, which might be advantageous for welding lengths.

The last similarity is that the results of the for each of the layouts can be divided in four groups:
one group on each side of a layout. The groups in y-direction contain generally more brackets, which
is expected to be a result of the larger force in y-direction. That means that more load needs to be
carried by the supports and the ship. These results suggest that it is more efficient to carry this by more
supports than by thickening these supports. Another factor might be that at these locations, more radial
brackets are located. It is shown for the single grillage that these brackets are one of the aspects that
determine the layout of the radial supports.

Another interesting result is that the radial supports on the top right of grillage 4 are optimizing to-
wards a similar point. Normally, when such a location is observed, either the supports are short, or
an outer bracket is located at the point of convergence. It is however in this case not clear why these
brackets are optimizing towards that point.

The thicknesses corresponding to the given layouts are shown in Table 6.1. The numbering of the
supports has the same order as for the single grillage: starting from the right side of each grillage block
and then counterclockwise around the can.

Table 6.1: Thicknesses of the different elements of the design in millimeters.

Support
Grillage
number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Initial 45 45 45 45 45 45 45 45 45 45 45 45 45 45 45 45

1
Run 1 7 8 9 20 28 8 10 7 13 13 40 9 11 7 20 11
Run 2 7 13 14 10 14 10 14 6 8 14 7 13 19 15 15 8
Difference 0 5 5 10 14 2 4 1 5 1 33 4 8 8 5 3

2
Run 1 19 7 6 15 17 22 10 11 22 13 13 13 10 13 8 10
Run 2 14 7 15 27 13 7 12 16 12 6 14 6 9 15 9 36
Difference 5 0 9 12 4 15 2 5 10 7 1 7 1 2 1 26

3
Run 1 7 13 15 12 14 11 7 7 24 12 9 15 16 10 6 6
Run 2 6 11 9 38 6 13 24 9 8 11 15 21 16 6 32 18
Difference 1 2 6 26 8 2 17 2 16 1 6 6 0 4 26 12

4
Run 1 8 7 18 9 14 12 10 5 7 17 32 6 16 8 11 22
Run 2 8 13 15 15 8 15 9 15 7 12 18 8 8 12 14 9
Difference 0 6 3 6 6 3 1 10 0 5 14 2 8 4 3 13

Can Boundary Flanges
Initial 50 50 50 50 50 50 50 50 50 50 50 50 50 50
Run 1 45 38 38 35 35 20 52 37 30 50 24 25 9 32
Run 2 44 14 25 18 30 27 52 12 7 14 20 19 10 44
Difference 1 24 13 17 5 7 0 25 23 36 4 6 1 12

The thicknesses are converged overall to quite similar values. There are even supports that are op-
timized the same thickness, although they are not necessarily oriented in the same direction. There
are however remarkable differences. An example is support 11 from the first grillage. There, a large
difference in thickness is observed, while the radial brackets are optimized towards a similar orientation.
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This might be a cause of a higher thickness for supports 12 and 13 for the second run, which are both
close to this support. For the first run, there is only one support at that location, which also has a lower
thickness.

The optimization as shown in Section 6.1 was not able to find a result that did not violate the stress
constraints when the initial result was not free of violations. However, the new bracket design made
sure that the initial design was free of violations. That remained during the optimization, as shown in
Figure 6.6. The stress in both the ship and the grillage and the buckling unity checks remain at the
allowable level.

(a) Convergence and objectives (b) Convergence and objectives for the second run

Figure 6.6: Convergence and objectives for the second optimization of the full grillage.

The unity checks for buckling in the webframes are below 1 for both optimization runs. The buckling
for the bulkhead is however active for the last half of the second optimization run. Also for the first run
is shown that the unity check for buckling is increasing over the iterations. This shows that buckling in
the webframes is for this ship less important, what was also determined for the single grillage.

The stress in the ship for the optimized design is shown in Figure 6.7. This figure shows the inter-
action between the grillage and the stress in the ship. Especially the webframes in the middle of the
section show a higher loading near the centerline of the ship. Also the webframes at the start and at
the end of the grillage are loaded higher than the other webframes which is shown in the red circles.

Figure 6.7: Stress in the ship for the optimized configuration.
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This figure shows some high stresses at the ends of the modelled section. These are caused by the
constraint, and they are therefore not considered in the optimization. The stress in the rest of the
ship is overall at acceptable levels. However, still the stress in the sensitive locations as determined
in Section 6.1 are important. These locations are shown in Figure 6.8. The stresses in this figure are
clearly different from the results as shown in Figure 6.2. This shows the effect of the new bracket design
on the height of the stress at these locations. The stress is still high, but this will remain, because still
loads are transferred to the webframe below the boundary.

(a) Original design (b) Optimized design

Figure 6.8: Comparison of the stress at the most sensitive location in the ship. The difference is small, although the
layout is different.

This figure shows that the difference in stress is small, what was also shown in Section 6.1. This raises
the idea that the design and location of the outer brackets is more important for the stress in the ship
than the layout of the radial supports. However, the mass can be reduced substantially, as shown in
Figure 6.5.

Although this figure does show very little difference, one can still conclude that the stress in the ship
is changing over the iterations. This is based on the behaviour of the buckling constraints, which do
show difference over the iterations. It is not clear why this change is not present at this location, but
that might be a result of the fact that less load is transferred to these locations due to the new bracket
design, and thus less change can be observed.

(a) Initial layout (b) Original layout

Figure 6.9: Comparison of the stress in the full grillage with the new design of outer brackets. The flanges and the
outer brackets are deselected for a better visibility
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The stress in the grillage is also an important aspect. The results for the initial design and the optimized
design are shown in Figure 6.9. A remarkable difference to the single grillage is the stress pattern in
the supports. This was diagonal from the top of the can to the bottom of the boundary, as explained in
Section 5.1.2. For the full grillage however, there are two different patterns. The first is also a diagonal
from the top of the can, but this ends near the flange at the boundary. An example of this is shown in
at the left of the figure. The other is a stress concentration near the can. That is seen in the bottom
of the figure. This stress concentration is caused by the outer bracket that connects to the flange of
that support, which means that more stress is transferred through that bracket and less through the
boundary.

The stress in the optimized design is clearly much higher than in the initial design. As explained
earlier, the optimizer places the supports away from the corners, which is most likely to reduce the
mass. It can be seen that the stress in the radial supports near the large openings in the flanges is
higher than the stress in the other supports. That is according to the expectation, because the loads
that are directed in those corners have to be carried by these supports.

6.3. Final result
6.3.1. Manual refinement
The result of the optimization showed to have some difficulties with manufacturing, because of radial
supports that are close to each other. This problem is solved by a manual step, where two radial sup-
ports that are close are combined to one single support with the average orientation and the combined
thickness. That means that less radial supports are used in the final solution. The obtained thicknesses
are shown in Table 6.2 and the resulting layout is shown in Figure 6.10. The angles that are used for
this layout are shown in Table D.4 in Appendix D.

Table 6.2: Thicknesses of the results after the manual improvement in millimeters

Grillage
number 1 2 3 4 5 6 7 8 9 10 11 12 13

1 18 8 9 20 28 8 10 20 13 40 9 18 20
2 26 22 17 22 21 35 13 13 10 13 8 10 -
3 20 15 12 25 7 31 12 9 15 16 10 11 -
4 30 25 9 14 12 15 7 17 32 6 24 11 -

Figure 6.10: Layout of the full grillage after a manual design update where close supports are combined.

This figure shows that the number of radial supports is reduced significantly. The number of supports for
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each of the grillages is reduced to 12, except grillage 1, which has 13 radial supports. This suggests that
the number of supports in the real design can be reduced when no further requirements are posed to
the result, such as different welding parameters for higher thicknesses. To check whether this solution
is also feasible, a new finite element analysis is done. The result is shown in Figure 6.11.

Figure 6.11: Stress in the full grillage after a manual design update where close supports are combined. The flanges and the
outer brackets are deselected for a better visibility

It is clear that the stress in the grillage does not violate the stress constraints. That means that
this is also a feasible result for the loads and constraints as used in this optimization. This shows that
the optimizer does have some influence on the number of radial supports, although it is not explicitly
accounted for in the optimization.

6.3.2. Improvement
The question that still remains is whether this result is indeed improved with respect to the initial design,
and what extent this improvement has. The first improvement is the weight of the structure. The original
design by Vuyk Engineering had amain steel weight of 351 ton. Themost optimal weight of the structure
found in this thesis is 319 ton, which is an improvement of 9.1%, as shown in Section 6.2.2. This mass
decrease might be insignificant for the total mass of the ship, but for the cost of the structure it is not.
The main steel weight is directly related to the total structural cost, which means that a decrease in
weight affects the total cost of the structure.

Another improvement that is found in the optimization is the number of radial supports that is re-
quired. This number is decreased with 15, which means that the total length of the intersections is also
reduced. That suggests that the welding length can also be decreased. This improvement is however
hard to quantify, because many other parameters play a role. For example, the amount of filler material
that is required depends on the thickness of the plate, but also on the accessibility. If a plate can only
be accessed from one side, the weld is different than when it is welded from two sides. This are only
two considerations, but more are involved. It is however outside the scope of this thesis to investigate
these numbers, and it is therefore left as a point of further research what the improvement of this is.
However, the expectation is that some improvement can be made, because of the significant reduction
in the number of supports.

Only a part of the improvements can be quantified, so only a very rough estimate can be given of
the cost reduction. This estimate is related to the mass of the structure. W.K. van der Leeden and
H.W. Vuijk (personal communication, October 5, 2022) mentioned that a tower grillage has a price of
5 to 6 million euro. If the lowest of these values is related to the maximum mass decrease as found in
this thesis, a decrease in cost of €450,000 is obtained. Although this number does not give an exact
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answer, it does shows the potential of applying an optimization to such a structure.

6.4. Discussion
Engineering of the structure is also one of the aspects of a design of a tower grillage that contribute to
the cost of the structure, although it is a relatively small part (in the order of 10% (W.K. van der Leeden
and H.W. Vuijk, personal communication, October 12, 2022). This was also one of the focus points of
this thesis, as the research question was how size and shape optimization can help in the design of a
tower grillage. In this chapter is shown that the optimized layouts give a global image of layouts that
can be used in the optimization. However, when the effort that is required to obtain the results and the
amount of information that the results give -a global image- are compared, then it should be concluded
that the current optimization results are not sufficient for their aim. They do however show that it is
possible to find layouts with a lower mass, which is also shown for the single grillages.

The results in this chapter showed that the optimizer is able to find a new optimum, but it needs an
initial design without constraint violations. From the results with the initial bracket design became clear
that the optimizer is not able to optimize a structure that has constraint violations in the initial design.
This is also the result of the fact that the optimizer is not tuned for such an optimization. The penalty
function is tuned for small violations during the optimization, but the current optimization is actually an
optimization with multiple constraints. This does however mean that already in the initial stage, input
from the designer is required to ensure that the stress is at an allowable level. For this thesis, a change
was made in the bracket design, which decreased the stress to below the allowable stress. This shows
that the layout is not the only design aspect that is important for reducing the mass in the grillage. Also
the design of the outer brackets is important, which can decrease the stress in the ship.

The optimizer is however able to reduce the mass if the stress is allowable in the initial solution. The
maximum found mass reduction is 32 tons, which is an improvement of 9.1% when compared to the
original design by Vuyk Engineering. There is some variability in the layouts, but still global patterns can
be observed that can be used as a starting point of the design. The first pattern is that the optimization
does not place supports near the corners. The second is that the optimization places the radial support
in four different groups per grillage, and the last is that some supports are close, or even overlapping.
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Conclusion

This research was focused on finding an answer to the question: How can the combination of size and
shape optimization help in the design of a tower grillage where buckling and stresses in the underlying
compliant ship structure are implemented as constraints? To answer this question, an existing tower
grillage design is modelled and optimized.

The optimal distribution of radial supports is determined by the objective and constraint of the gril-
lage: the mass and the stress. The mass should be decreased as much as possible, but the constraint
should not be violated. As a result, the optimizer found two main factors that influence its behaviour:
The length of the radial supports and the location of the outer brackets. The influence of the first factor,
the length, is seen in all three the optimizations. The radial supports are optimizing away from the
corners of the grillage, which means that their length, and thus their mass is reduced.

The other factor, the placement of the outer brackets, is shown by each of the three optimizations.
The radial supports are in many cases connected to the outer brackets. The opposite is also shown
for the single grillage, where no brackets were placed at the hull side of the grillage. It is shown that
at that location, the placement of the supports is more variable between the different runs. Optimizing
towards these outer brackets has the effect that less load needs to be transferred to the sides of the
grillage, and thus a lower thickness for that element is required. Optimizing towards the brackets does
also mean that in some cases, the bracket on the inside is removed, which has an additional advantage
for the mass.

The behaviour of the ship influences the optimization in two different ways: by its stiffness and by
its strength. The effects of the stiffness are shown by the optimizations of the single grillage. There,
the stress constraint in the ship was not active, but the stress in the same grillage differs between the
two boundary conditions. The observed differences are mainly present in the largest design elements
of the grillage: the sides, the can and the flanges. The maximum stress in the first element is lowered,
but for the other two, it is increased. That has the effect that the thickness of the flanges needs to
be higher. This is shown for the optimization runs of the grillage on the ship, where this thickness is
increased with respect to the grillage on the rigid foundation, which has an adverse effect on the mass.
The lowest optimized mass for the grillage on the ship is 4.7 percent higher than the lowest mass of
the grillage on the rigid foundation. Also the averages of the masses have a difference of 5.7 percent.
On top of that, the results for the grillage on the ship did have less room for further improvement.

The effect of the ship strength is shown in the optimization of the full grillage. The ship that is used
in the current optimization has some locations where peak stresses occur. In the first iteration step
became clear that the optimizer is not able to reduce these stresses below the constraint. However, a
small reduction in the stress could be made, which shows the influence of the layout on the stress in
the ship. Another effect of the stress on the ship is that a new bracket design needed to be made to
decrease the stress below the constraint value.

Buckling in the ship seems to be less important for the current ship. The constraint on buckling in
the ship was active for only one optimization run of the full ship. The stress constraints were however
active for all runs, which shows that stress is generally more important than buckling.
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The optimization procedure in this thesis showed that the mass of the grillage can be decreased up to
32 tons, which is a decrease of 9.1 percent compared to the original grillage design by Vuyk Engineer-
ing. There is variability in the results, because another run shows a decrease of only 3.5 percent to the
original grillage. Both results do however show a possible mass reduction.

The stress in the grillage is increased for the layouts of all optimizations, which means a more op-
timal use of the material. The stress in the ship is however less effected by changes in the layout. It
does however change, as shown in the first iteration of the full ship. Also the behaviour of the buckling
constraints, which are determined by the stress, changes over the iterations.

These observations lead to a final answer to the research question: The combination of size and
shape optimization can help in the design of a tower grillage by providing a global image of lighter
layouts which avoid stress and buckling constraint violations in the ship. A limitation of the applicability
of the research in an engineering environment is that the results only provide a general image of the
layout for the full grillage. It is therefore at this stage not worth the effort and time to use the current
procedure in an engineering project. The results do however show that there is potential for mass
reduction, and future enhancements can make the procedure suitable for engineering.
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Discussion

In the conclusion is shown that the combination of size and shape optimization can help a designer
by providing a global image of the layout of the grillage. However, the current implementation is not
developed such that it will be used in a design process. The main reason for this statement is that the
required effort and time do not weigh up against the obtained results, as the current implementation
takes approximately two weeks to perform the optimization. This calculation time could be accepted
if the result was more advanced, but it is too long to give a designer only a feeling for the design of
the grillage. Moreover, the designer needs already to put effort in the initial design, because an input
without constraint violations is required.

It is also important to notice that the optimizations in this thesis contain two runs for each problem, to
check the consistency of the results, and to see what the most important locations from the optimization
are. It is also shown that more runs are necessary if more certainty is desirable. That means that at
least two optimization runs are needed before a conclusion can be drawn. As a result, the calculation
time increases to four weeks, or two computers are needed to run the optimizations in parallel.

On top of these calculation times, the designer needs to keep an eye on the program when it is
running. That is caused by some problems in the connection between Ansys and Python. One of these
problems is that the connection is lost between the two instances, while Ansys keeps active. Another
problem is that Ansys throws an error in its own base code (Fortran). The cause of both problems is
unknown, but their effect is that Python cannot make a new connection. That means that a designer
should resolve these problems, as soon as the optimizer detects the error.

Also for the geometrical model, different problems are encountered, as explained in Section 4.2.
The solutions to this problem are coded such that they are applicable to other tower grillages with a
similar layout, but for other structures, a new set of solutions needs to be written. This is very time con-
suming, which means that this is a limitation of the applicability to other structures. This is especially a
limitation if this is only a one-of-a-kind structure.

Three settings in the optimization can change the problem from an engineering perspective. The first
is that only four load cases are considered in the optimization, in order to reduce the calculation times.
It is shown that the supports are optimized away from the corners of the grillage, but it is well possible
that this will change if also other, such as quartering, load cases are implemented.

Another point is that the range of thicknesses in the current optimization consists of discrete values
with each 1 millimeter apart. This choice was made to find a result that has a larger focus on decreasing
the mass, rather than obtaining a structure that complies with given plate thicknesses. That means
that for the current design, another translation needs to be made in order to have a design that is
manufacturable. It also means that for a realistic design, the mass most likely increases.

The first of these two problems is the most difficult to overcome, because this is a trade-off between
the calculation time and the feasibility of the result. The second point is however an easy adaptation,
which only requires the input of available plate thicknesses. It is however dependent on the type of
research one wants to do. More thicknesses means that a better view is obtained of the possibilities,
but a range of real plate thicknesses is more functional in an engineering case.
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An assumption at the start of the thesis was that changing the orientation of the radial supports had a
significant influence on the stress in the ship. This influence is however smaller than expected. This
was found in the optimization of the full grillage, where the stress constraint violation in the initial design
of the ship could not be resolved by changing the layout. Therefore, a change of the outer brackets
was made, which had a large impact on the stress. This shows that including these brackets in the
optimization is expected to deliver a good improvement to the overall result.

This thesis was focused on optimizing a tower grillage on a ship, but the underlying principle, struc-
tural optimization on an external structure, can also be applied in other fields. In the maritime field
alone, many possible applications can be thought of. Especially in the offshore industry, replacements
of equipment, such as cranes, are made to ships. However, it should be noted that this thesis is only
a first start in this type of optimization, which means that the existing problems need to be resolved,
before in can actually be implemented in an engineering environment.

The largest problem with this type of optimization is the external structure itself. This structure
increases the size of the underlying analysis, such as FEA (as used in this thesis) or CFD. That means
that also the calculation times per function evaluation are increased with respect to an optimization
without external structure. During this thesis, the calculation times were kept at a reasonable level, but
other problems might very well be larger. That means that a reduction of these calculation times will
be a leap forward in the applicability of optimization on an external structure.

When one considers to apply this optimization principle to other structures, he should be careful
about the implementation of the underlying structure. If for instance the constraints are not likely to be
violated, then the question appears if it is beneficial to use a full finite element model for it. It is shown
that the compliance of the underlying structure influences the optimization, but that does not require
such a computationally intensive finite element model. It might be worthwhile to consider other tech-
niques, such as the use of a superelement, to reduce the computational time during the optimization.

So, three main factors are determined that significantly influence the usability of the optimization: Com-
putational speed, quality of the result and the amount of human effort that is required to obtain a feasible
result. That means that enhancements that can be made should be sought in these directions. More
detailed recommendations will be given in the next chapter.
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Recommendations

In the discussion, three main factors are determined that limit the usability of the optimization: Compu-
tational speed, quality of the result and the amount of human effort. That means that it is worthwhile to
search for ways that improve at least one of these factors.

9.1. Scientific recommendations
The current algorithm has a number of parameters that needs to be defined. In Section 2.5 is explained
that an initial artificial temperature T, an initial design vector and a specified number of iterations are
required for a simulated annealing (SA) algorithm. For the generalized simulated annealing algorithm,
also the visiting and acceptance parameters qv and qa need to be defined. For most of these pa-
rameters, except the temperature, only one single value is considered. It is possible to change the
parameters that are specific for the SA algorithm (T, qv and qa). This can lead to a better convergence,
but still, the number of required iterations remains in the same order of magnitude. That has the result
that still the most important problem, the amount of computing time, is not resolved. On top of that, it
is likely that these numbers need to be tuned for each individual problem, which means that the im-
provement in computational time is discounted by the extra amount of implementation time and human
effort.

It might therefore be beneficial to look at a more advanced algorithm, where physics is also consid-
ered in the optimizer itself, and not only in the calculation of the stresses. In the current algorithm, only
the magnitude of the constraints is considered, so the location is not used. That means that all parame-
ters might be changed to react to a constraint violation, while changing only one parameter could have
been sufficient when the location was known. It is possible that the current optimizer ends up with the
same solution, but that requires more iterations, and thus more time. That shows that taking not only
the magnitude, but also the location of a violation into account can enhance the results. This is not
only an improvement of the required number of iterations, but also to the quality, because the process
is based on physics, rather than (guided) randomness.

It might also be interesting to build a physics-based model that understands the interaction between
the different design variables and the constraints. An example from the current optimization is a stress
constraint violation in a radial support, which can be resolved by increasing the thickness of that sup-
port. Implementing the coupling between the different variables is another addition to this research.
For a tower grillage, that would for instance mean a coupling between the angles and the thicknesses
of one support.

Another parameter that needs to be defined at the start of every optimization is the initial design vector.
This research has one design vector, but it will enhance the understanding of the result if more different
starting points are used, such as different starting angles. This will show up to what extent the results
are dependent on the initial values.

The last parameter that is needed for an algorithm is the number of function evaluations. This
number is set to 14,000 in this thesis. It would enhance the understanding if a much longer run is done,
to see if a larger decrease of the mass can be found. This is not a solution for the mentioned main
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factors, as it increases the computational time, but it will give a better insight in the results.
A parameter that is not directly taken into account in this thesis is the number of radial supports.

It is shown for the full grillage that some radial supports overlap, which were combined to one single
support. It might however be interesting to see what happens if the number of supports is totally fixed,
that is, that they are required to stay a certain distance apart, so that they cannot overlap. That will
give a better insight in the effect of using different numbers of supports on the mass, but also on the
layouts.

Another interesting point of research is using another optimization technique, to see if similar, or even
better results can be obtained. This thesis made use of the combination of size and shape optimization,
but layout optimization might as well be a solution to the problem. One should in that case however
be careful about the quality of the result, regarding the manufacturability, which is generally harder to
control with this technique, as explained in the literature study.

9.2. Practical recommendations
The optimization of the full grillage showed that the current procedure is not capable of handling stresses
above the allowable value in the initial design. It will therefore be a useful addition to this research,
regarding quality and human effort, if a procedure is found that makes sure that the stress can be
decreased below the allowable stress. In this thesis is shown that the outer brackets can play a role
in this, but future research should determine if this is the only important factor, or if also other aspects
play a role.

Including these outer brackets can have the additional benefit that the mass of the grillage can be
reduced even further, as shown for the full grillage. Also the fact that the radial supports are optimizing
towards these supports shows the importance of these elements. That means that also for a stronger
ship without stress constraint violations an improvement can be made.

For implementing the outer brackets, the shape, and not only the location and thickness of these
brackets is important, as the new design for the bracket for the full grillage showed. One should how-
ever be careful with including this, because it increases the complexity of the optimization, which can
have an adverse effect on the quality of the result.

In this thesis, a tower grillage for only one single ship is considered, and the results are therefore
also focused on this ship. However, more investigation to different ships is desired to get an even
better understanding of the optimization procedure and the behaviour to different ship models.

Another addition can be to include the manufacturability aspects direct into the optimization. It is
shown that also the welding aspects are of importance for the design of a tower grillage. Including
these aspects can not only enhance the quality of the results, it will also give a better insight in the real
improvement that can be made.

It is also shown that many problems needed to be resolved in the current procedure, such as prob-
lems with intersections. This is also a limitation of the applicability of the procedure to structures other
than tower grillages, because new rules need to be defined again for each type of structure. Defining
new rules is necessary, because the variables for other structures are different, and thus other types of
intersections can occur. This takes a considerable amount of time, which means that the procedure is
not well-suited for a one-of-a-kind structure. That means that it it worthwhile to search for a general so-
lution for this problem, which could be done by a more complex Python code, but possibly also another
finite element code can improve the behaviour.
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A
3D model of the large ship section

Figure A.1: 3D-view of the model of the large ship section, as used in the optimization of the full grillage.
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B
Additional data for the optimization of the

grillage on a rigid constraint
This appendix will give additional figures and numerical data for the optimization of the single grillage
on the rigid constraint, as described in Section 5.1. Figure B.1 shows the combination of the mass and
the stress constraint for the different optimization results. A general explanation about these figures is
given in Section 5.1 for Figure 5.2.

(a) Mass and stress constraint for the first run at an initial temperature
of 10,000

(b) Mass and stress constraint for the first run at an initial temperature
of 5,000

(c) Mass and stress constraint for the second run at an initial
temperature of 10,000

(d) Mass and stress constraint for the second run at an initial
temperature of 5,000

Figure B.1: Combination of the mass and the stress constraint for the convergence plots shown in Figure 5.1b
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Table B.1 shows the results for the different runs of the optimization of the single grillage on the rigid
constraint. The results are grouped for each of the variable types. This data is used to construct the
layouts as given in Figure 5.1a. The thicknesses were also shown in Table 5.1.

Table B.1: Numerical optimization results of the different runs in the optimi

Run number

Initial 1 2 3 4 Average Maximum
difference

ψ (°)

1 0 -5.44 1.06 -20.91 2.82 -5.62 23.73
2 0 11.36 -14.98 23.66 -12.62 1.86 38.64
3 0 0.35 -2.07 -12.24 11.63 -0.58 23.87
4 0 12.85 -21.66 -4.23 -14.19 -6.81 34.51
5 0 3.95 14.07 18.57 18.05 13.66 14.62
6 0 22.17 -4.29 -1.11 0.94 4.43 26.46
7 0 4.53 6.34 15.26 -2.15 6.00 17.41
8 0 19.55 15.55 8.56 15.53 14.80 10.99
9 0 -11.10 13.89 7.58 14.84 6.30 25.94
10 0 -1.62 -9.23 17.63 19.88 6.66 29.11

θ (°)

1 0 1.73 0.34 0.63 0.33 0.76 1.40
2 36 35.94 33.64 27.89 36.75 33.56 8.86
3 72 62.40 69.00 79.27 80.78 72.86 18.38
4 108 97.26 104.52 108.35 115.34 106.37 18.08
5 144 130.07 137.98 142.34 156.85 141.81 26.78
6 180 179.49 180.34 175.52 179.36 178.68 4.82
7 216 209.89 208.20 205.55 211.26 208.72 5.71
8 252 251.32 256.51 258.17 258.62 256.15 7.30
9 288 281.62 275.35 276.11 275.16 277.06 6.46
10 324 326.92 331.77 322.36 337.38 329.61 15.02

t (mm)

1 45 8 8 7 15 10 8
2 45 10 8 14 6 10 8
3 45 16 19 18 20 18 4
4 45 18 18 20 13 17 7
5 45 10 12 16 10 12 6
6 45 9 6 10 5 8 5
7 45 11 20 11 15 14 9
8 45 23 15 25 17 20 10
9 45 22 23 18 20 21 5
10 45 11 13 15 16 14 5
Can 50 25 24 20 32 25 12
Sides 50 12 12 12 13 12 1
Flanges 50 26 31 34 34 31 8
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The variable behaviour is shown in Figure B.2. This shows how the different variables behave during
the optimization. More explanation about these figures is shown in Section 5.1.1 for Figure 5.3.

(a) Variable behaviour for the first run at an initial temperature of 10,000 (b) Variable behaviour for the first run at an initial temperature of 5,000

(c) Variable behaviour for the second run at an initial temperature of
10,000

(d) Variable behaviour for the second run at an initial temperature of
5,000

Figure B.2: Variable behaviour corresponding to the convergence plots shown in Figure 5.1b.



C
Additional data for the single grillage

with the ship as a foundation
This appendix gives some additional figures and numerical data for the optimizations of the single
grillage with the ship as a foundation, as described in Section 5.2. Figure C.1 shows the behaviour
of the different constraints during the optimization. Two figures were already shown in Figure 5.7 in
Section 5.2. There, an explanation is given about these figures.

(a) Mass and unity checks for the first run at an initial temperature of
10,000

(b) Mass and unity checks for the first run at an initial temperature of
5,000

(c) Mass and unity checks for the second run at an initial temperature of
10,000

(d) Mass and unity checks for the second run at an initial temperature of
5,000

Figure C.1: Combination of the mass convergence line and the unity checks for the different constraints for the optimization of
the single grillage with the ship as a boundary condition. The mass convergence lines correspond to the convergence plots

shown in Figure 5.6b
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Table C.1 shows the data of the results for the optimization of the single grillage with the ship as a
foundation. These results are used to create Figure 5.6a. The thicknesses are also shown in Table 5.3.
In Section 5.2, more information is given about the results.

Table C.1: Percentage of change of the different variable types compared to the total number of changes

Run number

Initial 1 2 3 4 Average Maximum
difference

ψ (°)

1 0 0.50 0.07 -4.51 4.49 0.14 9.00
2 0 -24.25 -19.32 9.22 -23.37 -14.43 33.47
3 0 7.18 14.39 0.40 7.69 7.42 13.99
4 0 -21.31 -23.22 -17.47 -0.77 -15.69 22.45
5 0 22.71 18.24 23.48 2.91 16.84 20.57
6 0 -1.53 -0.88 4.35 4.24 1.54 5.88
7 0 13.81 11.94 18.73 1.00 11.37 17.73
8 0 -5.54 -5.46 14.86 -14.00 -2.54 28.86
9 0 -6.12 14.30 -9.28 -15.27 -4.09 29.57
10 0 -24.84 24.98 -1.60 23.99 5.63 49.82

θ (°)

1 0 -0.19 -0.16 -5.71 2.51 -0.89 8.22
2 36 42.93 35.95 23.76 43.07 36.43 19.31
3 72 85.30 82.88 75.23 76.44 79.96 10.07
4 108 105.18 94.08 102.38 105.07 101.68 11.10
5 144 151.23 141.58 154.86 155.23 150.72 13.65
6 180 180.77 180.55 174.40 186.04 180.44 11.64
7 216 205.14 206.86 203.34 209.99 206.33 6.65
8 252 262.92 262.88 257.67 265.27 262.18 7.60
9 288 278.78 274.46 296.57 280.92 282.68 22.11
10 324 316.43 319.86 330.37 320.33 321.75 13.94

t (mm)

1 45 8 5 6 11 8 6
2 45 22 13 18 11 16 11
3 45 17 16 14 17 16 3
4 45 12 11 39 20 20 28
5 45 15 9 12 6 10 9
6 45 6 5 6 7 6 2
7 45 12 12 15 16 14 4
8 45 14 17 19 15 16 5
9 45 8 12 13 11 11 5
10 45 6 9 5 9 7 4
Can 50 43 15 21 22 25 28
Sides 50 11 15 12 9 12 6
Flanges 50 33 48 38 44 41 15
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The behaviour of the different variable types during the optimization is shown in Figure C.2. More
explanation about these figures is shown in Section 5.2.1 for Figure 5.8.

(a) Variable behaviour for the first run at an initial temperature of 10,000 (b) Variable behaviour for the first run at an initial temperature of 5,000

(c) Variable behaviour for the second run at an initial temperature of
10,000

(d) Variable behaviour for the second run at an initial temperature of
5,000

Figure C.2: Variable behaviour corresponding to the convergence plots shown in Figure 5.6b



D
Additional data for the full grillage with

the ship
This appendix gives additional data for the optimization of the full grillage with the ship as a foundation,
which is explained in Chapter 6. Table D.1 gives the optimization results for the angles θ, which are
used to construct Figure 6.5a. The numbering of the grillage is in accordance with the numbering in
that figure. The numbering of the supports is counterclockwise, starting on the right of each figure,
according to Figure 5.1a. The table is shown on the next page.
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Table D.1: Angles θ of the different radial supports of the design of the full grillage in degree

Grillage 1 Grillage 2
Support
number Initial Run 1 Run 2 Average Difference Run 1 Run 2 Average Difference

1 11.25 3.39 6.93 5.16 3.54 21.85 3.96 12.90 17.89
2 33.75 48.54 18.78 33.66 29.76 20.27 25.66 22.96 5.39
3 56.25 70.93 71.09 71.01 0.16 67.99 60.85 64.42 7.14
4 78.75 82.89 82.61 82.75 0.28 71.38 91.24 81.31 19.86
5 101.25 103.90 93.11 98.50 10.79 89.13 97.37 93.25 8.24
6 123.75 112.82 127.63 120.22 14.81 111.59 118.44 115.02 6.85
7 146.25 160.20 159.51 159.85 0.69 160.87 137.38 149.12 23.49
8 168.75 174.99 173.83 174.41 1.16 169.90 165.76 167.83 4.14
9 191.25 178.97 177.82 178.40 1.15 196.49 196.56 196.52 0.07
10 213.75 198.80 211.14 204.97 12.34 201.76 200.49 201.12 1.27
11 236.25 248.41 241.56 244.98 6.85 246.28 240.13 243.20 6.15
12 258.75 270.87 262.63 266.75 8.24 268.34 257.88 263.11 10.46
13 281.25 288.62 268.76 278.69 19.86 291.85 278.17 285.01 13.68
14 303.75 292.01 299.15 295.58 7.14 315.52 297.09 306.30 18.43
15 326.25 338.02 330.13 334.08 7.89 341.24 340.29 340.76 0.95
16 348.75 361.91 350.94 356.42 10.97 363.13 359.16 361.14 3.97

Grillage 3 Grillage 4
Support
number Initial Run 1 Run 2 Average Difference Run 1 Run 2 Average Difference

1 11.25 15.89 5.42 10.66 10.47 -1.18 -3.29 -2.24 2.11
2 33.75 19.25 21.99 20.62 2.74 43.96 42.41 43.18 1.55
3 56.25 68.41 68.78 68.60 0.37 45.65 49.07 47.36 3.42
4 78.75 90.52 84.06 87.29 6.46 74.85 86.79 80.82 11.94
5 101.25 112.32 113.15 112.74 0.83 98.34 109.34 103.84 11.00
6 123.75 113.20 111.45 112.32 1.75 117.62 111.86 114.74 5.76
7 146.25 131.46 161.22 146.34 29.76 159.73 154.34 157.04 5.39
8 168.75 176.61 173.07 174.84 3.54 158.15 176.04 167.10 17.89
9 191.25 178.09 189.06 183.58 10.97 176.87 180.84 178.86 3.97
10 213.75 201.98 209.87 205.92 7.89 198.76 199.71 199.24 0.95
11 236.25 242.38 248.14 245.26 5.76 246.46 243.82 245.14 2.64
12 258.75 261.66 250.66 256.16 11.00 261.30 272.57 266.94 11.27
13 281.25 285.15 273.21 279.18 11.94 291.42 274.59 283.00 16.83
14 303.75 314.35 310.93 312.64 3.42 289.29 293.02 291.15 3.73
15 326.25 340.97 338.51 339.74 2.46 339.04 339.14 339.09 0.10
16 348.75 344.63 361.04 352.84 16.41 359.81 351.22 355.52 8.59
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Table D.2 shows the optimization results of the angles ψ for the optimization of the full grillage.

Table D.2: Angles ψ of the different radial supports of the design of the full grillage in degree

Grillage 1 Grillage 2
Support
number Initial Run 1 Run 2 Average Difference Run 1 Run 2 Average Difference

1 0 -5.93 16.23 5.15 22.16 -16.02 -0.35 -8.18 15.67
2 0 13.43 -22.08 -4.32 35.51 -7.85 -10.28 -9.06 2.43
3 0 -16.89 24.00 3.56 40.89 4.58 12.80 8.69 8.22
4 0 -8.26 -6.06 -7.16 2.20 -14.57 5.11 -4.73 19.68
5 0 -19.35 17.16 -1.10 36.51 3.70 4.36 4.03 0.66
6 0 1.66 -4.84 -1.59 6.50 7.73 -15.02 -3.64 22.75
7 0 -15.73 19.05 1.66 34.78 10.41 -22.41 -6.00 32.82
8 0 7.95 2.09 5.02 5.86 -24.09 -7.21 -15.65 16.88
9 0 10.29 -13.48 -1.60 23.77 -7.04 13.61 3.28 20.65
10 0 -18.72 0.31 -9.20 19.03 -23.55 1.72 -10.92 25.27
11 0 -7.73 15.02 3.64 22.75 -0.22 18.05 8.92 18.27
12 0 -3.70 -4.36 -4.03 0.66 2.71 9.71 6.21 7.00
13 0 14.57 -5.11 4.73 19.68 6.43 -2.10 2.16 8.53
14 0 -4.58 -12.80 -8.69 8.22 -21.98 -8.09 -15.04 13.89
15 0 -5.33 -4.39 -4.86 0.94 13.92 24.24 19.08 10.32
16 0 -4.06 14.19 5.06 18.25 15.76 18.06 16.91 2.30

Grillage 3 Grillage 4
Support
number Initial Run 1 Run 2 Average Difference Run 1 Run 2 Average Difference

1 0 16.09 -5.29 5.40 21.38 0.59 -17.15 -8.28 17.74
2 0 -18.83 -13.12 -15.97 5.71 -9.40 -7.27 -8.34 2.13
3 0 -11.67 -16.46 -14.07 4.79 -22.16 -24.92 -23.54 2.76
4 0 0.36 -8.09 -3.86 8.45 -24.62 -18.38 -21.50 6.24
5 0 3.75 6.54 5.14 2.79 -4.57 12.64 4.04 17.21
6 0 -7.72 -6.03 -6.88 1.69 -11.77 -5.66 -8.72 6.11
7 0 -13.43 22.08 4.32 35.51 7.85 10.28 9.06 2.43
8 0 5.93 -16.23 -5.15 22.16 16.02 0.35 8.18 15.67
9 0 4.06 -14.19 -5.06 18.25 -15.76 -18.06 -16.91 2.30
10 0 5.33 4.39 4.86 0.94 -13.92 -24.24 -19.08 10.32
11 0 11.77 5.66 8.72 6.11 0.15 8.31 4.23 8.16
12 0 4.57 -12.64 -4.04 17.21 2.11 20.92 11.52 18.81
13 0 24.62 18.38 21.50 6.24 8.03 12.53 10.28 4.50
14 0 22.16 24.92 23.54 2.76 -7.70 3.17 -2.26 10.87
15 0 19.73 3.34 11.54 16.39 22.16 16.48 19.32 5.68
16 0 8.74 21.87 15.30 13.13 -5.76 1.86 -1.95 7.62
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Table D.3 shows the thicknesses of the optimized designs of the full grillage. These optimized thick-
nesses were also shown in Table 6.1.

Table D.3: Thicknesses of the different radial supports of the design of the full grillage in degree

Grillage 1 Grillage 2
Support
number Initial Run 1 Run 2 Average Difference Run 1 Run 2 Average Difference

1 45 7 7 7 0 19 14 16.5 5
2 45 8 13 10.5 5 7 7 7 0
3 45 9 14 11.5 5 6 15 10.5 9
4 45 20 10 15 10 15 27 21 12
5 45 28 14 21 14 17 13 15 4
6 45 8 10 9 2 22 7 14.5 15
7 45 10 14 12 4 10 12 11 2
8 45 7 6 6.5 1 11 16 13.5 5
9 45 13 8 10.5 5 22 12 17 10
10 45 13 14 13.5 1 13 6 9.5 7
11 45 40 7 23.5 33 13 14 13.5 1
12 45 9 13 11 4 13 6 9.5 7
13 45 11 19 15 8 10 9 9.5 1
14 45 7 15 11 8 13 15 14 2
15 45 20 15 17.5 5 8 9 8.5 1
16 45 11 8 9.5 3 10 36 23 26

Grillage 3 Grillage 4
Support
number Initial Run 1 Run 2 Average Difference Run 1 Run 2 Average Difference

1 45 7 6 6.5 1 8 8 8 0
2 45 13 11 12 2 7 13 10 6
3 45 15 9 12 6 18 15 16.5 3
4 45 12 38 25 26 9 15 12 6
5 45 14 6 10 8 14 8 11 6
6 45 11 13 12 2 12 15 13.5 3
7 45 7 24 15.5 17 10 9 9.5 1
8 45 7 9 8 2 5 15 10 10
9 45 24 8 16 16 7 7 7 0
10 45 12 11 11.5 1 17 12 14.5 5
11 45 9 15 12 6 32 18 25 14
12 45 15 21 18 6 6 8 7 2
13 45 16 16 16 0 16 8 12 8
14 45 10 6 8 4 8 12 10 4
15 45 6 32 19 26 11 14 12.5 3
16 45 6 18 12 12 22 9 15.5 13
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Table D.3 continued
Initial Run 1 Run 2 Average Difference

Can 50 45 44 44.5 1

Sides

50 38 14 26 24
50 38 25 31.5 13
50 35 18 26.5 17
50 35 30 32.5 5
50 20 27 23.5 7
50 52 52 52 0
50 37 12 24.5 25
50 30 7 18.5 23
50 50 14 32 36
50 24 20 22 4
50 25 19 22 6
50 9 10 9.5 1

Flanges 50 32 44 38 12

Table D.4 describes the values for the different radial supports in the new manual design of the grillage,
as described in Section 6.3

Table D.4: Parameters of the different radial supports for the manual design of the full grillage

Grillage 1 Grillage 2 Grillage 3 Grillage 4
Support
number θ (°) ψ (°) t (mm) θ (°) ψ (°) t (mm) θ (°) ψ (°) t (mm) θ (°) ψ (°) t (mm)

1 2.65 -4.99 18 21.06 -11.94 26 17.57 -0.96 20 -0.68 -2.59 30
2 48.54 13.43 8 69.68 -5.29 22 68.41 -11.67 15 44.80 -15.74 25
3 70.93 -16.89 9 89.13 3.70 17 90.52 0.36 12 74.85 -24.62 9
4 82.89 -8.26 20 111.59 7.73 22 112.76 -1.94 25 98.34 -4.57 14
5 103.90 -19.35 28 165.38 -7.42 21 131.46 -13.43 7 117.62 -11.77 12
6 112.82 1.66 8 199.13 -15.30 35 177.35 4.99 31 158.94 11.94 15
7 160.20 -15.73 10 246.28 -0.22 13 201.98 5.33 12 176.87 -15.76 7
8 176.98 9.12 20 268.34 2.71 13 242.38 11.77 9 198.76 -13.92 17
9 198.80 -18.72 13 291.85 6.43 10 261.66 4.57 15 246.46 0.15 32
10 248.41 -7.73 40 315.52 -21.98 13 285.15 24.62 16 261.30 2.11 6
11 270.87 -3.70 9 341.24 13.92 8 314.35 22.16 10 290.36 0.16 24
12 290.32 5.29 18 363.13 15.76 10 342.80 14.24 11 339.04 22.16 11
13 338.02 -5.33 20 - - - - - - - - -
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