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preface
foreword

In one and a half year - starting from August 2005 - the idea of creating a
structural design optimisation fool grew to the realisation of a scripf, written in
VBA and using AutoCAD 2007 as a visualisation tool, which has the ability to
opfimise the allocation of a variable number of columns in a structural ftransfer
zone. An extended preliminary study is executed in (computational) structural
opfimisation - book two -, and the aspects and characteristics of fransfer zones,
modular dimensions, and structural grid layouts are discussed - book one. Based on
the knowledge of optimisation methods gained from the preliminary study phase and
the research stage, a design tool, infended fto be used in the conceptual and
preliminary design stage, is written, resulting in a VBA-script [for information on
VBA, see Appendix A] of over 4000 lines. A test structure is presented in the
addendum, including the deftermination of the optimal GA operator parameters.

This book is part of an infegral report containing all findings of the Master’s
thesis on structural optimisation for the Delft University of Technology, Faculty of
Civil Engineering and Geosciences, department of Building Engineering, and the
Structural Design Lab (SDL). Two books including an addendum form the complete
and final report of this Master's thesis.

book one: transfer zones in multi-use buildings and the development
and analysis of the optimisation tool

book two: Dbackground studies on structural optimisation

addendum: determination of the optimal GA operator parameters and the
presentation of test results based on example structures

The reader of the complete report will find that the emphasis is mainly on the
study info genetic algorithms and the onset of the design optimisation tool.

[It needs fo be mentioned that in this Master's thesis the adjective 'structural’ will
be used to name aspects considering building engineering and structural engineering
matters, rather than structural aspects in general]

Delft, January 2007

R.J. (Roel) van de Straat
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summary
general introduction

As more functional requiremenfs are implemented in one building, more pressure on
the structural designers, both archifects and building engineers, will be
transferred. Especially in dense urban areas, mulfi-use buildings usually have
several different layouts, for instance for an underground parking, a ground floor,
office floors, and mechanical floors. One of the main problems here is the transfer
of loads befween the different structural grid systems of the different functions,
and as a result, numerous structures are built and will be built with inefficient
transfer zones considering the volume of material needed for a floor or fthe
amount of reinforcement or prestressing needed. In lieu of making compromises in
the design of sfructural grid systems per function in order fo verfically align the
grid lines or grid bands, a structural fransfer zone in an intervening floor can be
designed. By designing an opfimal allocaftion of vertical orienfed structural
elements, loads can be transferred between the different structural grid systems,
without adversely affecting the functionality and usability of the intervening floor.

structural optimisation design tool

The Master's thesis ‘Optimisation of structural fransfer zones in multi-use
buildings’ deals with the development of a computational structural design tool
based on an artificial intelligence method, that can determine the optimal solution
for the allocation of columns between fwo structural grid systems. Based on
genetic algorithms as an optimisation technique and by using basic and simple rules,
the design fool can be used for the defermination of size, angle, and placement of
load bearing columns of the inftervening floor. This fool, implemented in VBA and
using AutoCAD as a visualisation tool, allows the user to generate and optimise the
configuration of the load bearing elements for an arbitrary design, with the rules
following from the demands of several aspects of a structural and functional
design. With the addition of non-structural criteria (such as costs, aesthetics and
construction) the engineer can complete the design, and create an optimised design
that is based on the integration of the load bearing elements into a functionally
efficient building floor, rather than being only based on the stress-weight
opfimisation of the individual components.

summary
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features of the tool

In the AutoCAD environment, the user needs to give the starting and end point of
the structural grid line graphically in both fthe bottom and top layer of the
infervening floor to determine the possible locafion of the columns. Subsequenftly,
the vertical poinft load, the horizontal point loads, and the moments in the cenfre
of gravity acting on fthe load transferring structure need fo be given numerically.
Based on the user input, the tool then randomly generafes several solufions in
what is called the first generation. By defermining the fitness, or in other words
the overall compliance with the prescribed desired conditions, the genetic algorithm
will use the best solutions to create a new population. This process, including
several other genetic algorithm operators, will be repeated until the fittest or
best solution per population remains unaltered during a number of generations.

concluding remarks

This Master’s thesis shows the capability of an artificial intelligence based design
opfimisation tool in a predefined setting of the allocation problem of columns in a
structural transfer zone. At the same moment, it is made clear that progress can
be made for the presenfed design tool and in scripting design tools for the building
practise in general. This also means that it can be expected that tools similar to
the tool presented in the Master's thesis will be used more often in the near
future. This, however, does not mean that the structural engineer will lose his or
her position, as hand calculations and logical interpretations of the result of the
design tools will always have to be made.
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Cubic Space Division, M.C. Escher, litho, 1925, 27 x 26,5 cm'
One another intersecting rectangular beams divide each other in pieces of
equal length, which each are the edge of a cube. So, the space is filled
to infinity with cubes of the same volume

' Escher [6]
1 ’ 0 introduction
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1 introduction

general introduction to the Master’s thesis project

The manual optimisation and iteration fo minimise weight, cost or for ease of
construction issues of structures are instances of non-computfational optimisation
that are widely used by structural engineers. This includes physical modelling, with
the hanging models of Antonio Gaudi as a striking example [Figure 1.1]. By making a
physical (scale) model and subjecting it to internal and external loads, a designer
can learn abouf the infernal forces in the stfructural elements and remodel the
design accordingly and thus working towards an optimum design. Therefore, when
using an optimisation ftechnique like physical modelling, an engineer is able to adapt
the initial design in such a way that it will meet the non-structural boundary
conditions, while corresponding to e.g. compression lines or minimal energy surfaces.

Fig. 1.1. Hanging model by Gaudi [www.gaudiclub.com,
August 2005] and a drawing of Hotel New
York, design by Gaudi [www.vitruvius.com.br,
August 2005] (Model and drawing are not of
the same project)

One of the advantages of physical modelling is the insight in the behaviour of the
modelled structure?. The same can hold ftrue for analysing a virtual model affer
subjecting it to a computational analysis, but often the output will give the user a

? Coenders [4]
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list confaining data without revealing how this data was obfained. But with two
disadvantages of physical modelling being two advantages of computational methods
(viz. the amount of time to make a model and the simplicity of adjusting the model),
together with the accuracy of the latter mentioned, engineers need to comprehend
the modelling of a structure based on computational optimisation technigues.

Many computational optimisation techniques, based on both ‘classical’ and ‘artificial
infelligence’ methods can be used by structural engineers in all kinds of fields as
well. Nevertheless, for building design only very basic design tools exist based on
opfimisation. Usually fthese fools only include a stress versus weight trade-off. One
field where an implementation of opfimisation-based design tools can give good and
maybe surprising results is in the allocation of structural elemenfts in fthe
structural fransfer zones of buildings befween different layers of functional
program and roufing. One example of this class of optimisation problems is shown in
the Groningen Twister project®. A similar techniqgue that was used for fhis project
can be used for the determinaftion of size, angle, and placement of load bearing
columns of an intervening floor, such as a ground floor or a fechnical floor in a
high-rise building. The main reason for using computational methods in dealing with
this structural problem is the difficulty that comes with the different structural
grids of the different building floors, and that a logical allocation of the load
bearing elements might not be evident.

formulation of the general objectives

The goal of the final report is to demonstrate the use of optimisation algorithms
in building design for combinations of structural and non-structural criteria as well
as the usability of optimisation technigues for combined architectural and structural
engineering purposes. This, in particular for the allocation problem of load bearing
structural elements of intervening floors as an inifiation of the structural design
phase, with the use of genetic algorithms as an opfimisation fechnigue.

The demonstration will result in the evaluation of a structural design tool that
allows the user fo generafte and opfimise the configuration of the load bearing
elements, with fthe rules following from the demands of several aspects of a
structural and functional design. With the addition of non-structural criteria (such
as costs, aesthetics and construction) the engineer can complete the design, and
create an optimised design that is based on the inftegration of the load bearing
elements info a functionally efficient building floor, rather than being only based on
the stress-weight optimisation of the individual components.

3 Scheurer [19]

Chapter 1 - introduction
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composition of the report

book one - fransfer zones in mulfi-use buildings and the development and analysis
of the optimisation tool

Book one of the Master's fhesis deals with the recognition of the problem and a
possible solution in the form of a design opfimisation fool. As in multi-use
buildings, different functions and therefore different structural grid systems are
present difficulties can occur when these systems need fo be connected. The
necessity of fransfer zones will be discussed in Chapter 2, along with summaries of
two Master's theses of Building Engineering graduates. Chapter 3 deals with the
dimensions and different considerations concerning structural grid layout in multi-
use buildings. Main chapter of book one is Chapter 4. Here the different
characteristics and design aspects of the opfimisation fool will be illuminated. In
Chapter 5 the validation of the tool will be given on fthe basis of test runs.

book two - background studies on structural optimisation

The second book of the Master's thesis discusses the concepts of structural
opfimisation in building engineering, including an enumeration of optimisation methods
and an in-depth research on genetic algorithms. In Chapter 2, an infroduction into
structural optimisation is given and the philosophy behind it is discussed. Chapter 3
and & form the main chapters of book two. Here, the optimisation methods and in
particular the new artificial infelligence> method genetic algorithms are dealt with.
This book concludes with building projects where optimisation played a key role.

To conclude the infroduction Q.Q. Liang [10] can be quoted by stating that the
“challenge in structural optimisation is to fransform it from an exotfic and fruitless
academic exercise info a rational and efficient design tool for practicing building
engineers”. The work presented in this Master's thesis is to answer this challenge.

=y

|

Fig. 1.2.  ‘'Columns’ on a predefined grid [www.uni-kl.de,
September 2005]

> Traditional artificial intelligence has been centered around the idea of representation of the world.
Toward the end of the 1980s, an exciting new field appeared in computational intelligence; ‘embodied
cognitive science’, also known as ‘new artificial intelligence’. It was suggested that the discussion about
thinking, logic, and problem solving was based on assumptions that come from our own introspection,
from how we ftend to see ourselves. Next, it was suggested that these assumptions need to be dropped,
that we so away with thinking and with what people call high-level cognition and focus on the
interaction with the real world. Intelligence must have body, hence ‘embodied intelligence’.

From ‘Understanding Intelligence’ by R. Pfeifer [15]

Roel van de Straat
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2 transfer zones in multi-use buildings

2.1

In this chapter, the necessity of transfer zones [Section 2.1] is shortly illustrated,
including fthe possible problems that have fo be dealt with when designing these
structures. In Section 2.2 the confenfs of two Master's ftheses of former Building
Engineering students from the Delft University of Technology, (partially) dealing
with this same subject, are summarised.

necessity of transfer zones in multi-use buildings

In this Master's thesis, a transfer zone is the structure or a combination of
structural elements fthat fransfers loads between two structural floors in a
building. When dealing with utility buildings, - especially those with multiple
functions - usually different structural grid layouts are needed fo optimise the
functionality of the different floors and spaces of these buildings [see also
Chapter 3]. Consider for instance the different functional layouts that are needed
for an underground parking, a ground floor, an office floor, and a mechanical floor
in just one building. A possible problem that can occur is that those different
structural grids are not compatible with each other, in a sense that the grid points
or grid bands are not vertical aligned over the different floors of the concerning
building [Figure 2.1].

column distance superstr.

superstructure
J A \ transfer zone ‘ T
‘g column loads g7 d L
substructure

! column distance substructure ‘

Fig. 2.1. Variation in structural grids in a building

Roel van de Straat
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As a result, inefficient transfer zones have to be designed. Inefficient in a sense
that these zones require relafively much space. In some cases, a thick concrete
slab is used fo transfer the loads from one floor fo its underlying floor. When
high loads need to be transferred and the vertical alignment of fthe structural
grids of the different floors is poor, the thickness of this concrete slab can easily
become over 1 metre, including prestressing bars. Especially for foundation slabs,
this thickness is not uncommon.

To reduce the fhickness of the transfer zone, the different structural grids could
be aligned with each other as good as possible. However, making a compromise by
altering the layout of both floors will lead to inefficient structures or functional
layouts on both sides of fthe fransfer zone. In general, the building function with
the highest profit per square mefre of fhe leftable area is of the biggest
influence of the used modular dimensions. Usually, this is the commercial area of a
building. The adaptation of the functional layout of an underground parking to the
layout of the commercial area could decrease the functionality of the underground
parking is such a way that the leftability would fall below a profitable situation.

To overcome the difficulties of altering the structural or functional layout and/or
construction of a relatively thick concrete slab, the super- and substructure can
be pulled apart from each other and an infervening (column) structure can be
designed fo transfer the loads, which will be discussed in this Master's thesis.

Master’'s theses on the subject of transfer zones

In this section, two Master’'s theses [2.21 and 2.2.2] on the subject of transfer
zones will be summarised. The first thesis from Sierk de Groot* (who graduated
from the faculty of Civil Engineering and Geosciences at the Delft University of
Technology in December 2003) deals with the allocation of slanting columns between
an underground parking and a residential building. The second thesis from Elsbeth
Quispel® (who graduated from the faculty of Civil Engineering and Geosciences at
the Delft University of Technology in September 2003) deals with the stacking of
functions on fop of underground parkings.

Master's thesis ‘De Componist’ - S. de Groot
introduction of the Master’s thesis

After plans were developed to replace residences on the Carmenlaan in the city of
Amstelveen, The Netherlands with a new housing block, ONX Architects was invited

“ De Groot [7]
5 Quispel [16]

Chapter 2 - transfer zones
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to make the architectural design®. This resulted in the design of ‘The Componist’, a
residentfial building with 123 apartments, an underground parking and a day-care
cenfre. The main characteristics of the building are its length of approximately 200
metre and the lift of the building of 5,8 metre above ground level [Figure 2.2].

Fig. 2.2. A 3D-skefch of 'The Componist’ and a top view of the
building [7]

The lift is realised by placing the building on slanting columns. The angle of the
columns results from fthe structural connection between the different grid lines of
the residential function, floating above the ground level and the underground
parking [Figure 2.3]. The functional arrangement demands that the structural
elements, the columns, for both functions are placed on the grid lines.

LT e e &
WEFARTAE .. YN

Fig. 2.3.  Side view of 'The Componist’ including the slanting
columns [7]

s ONX Architecten bna [25]
Roel van de Straat 1 ’ 7
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elaboration of the Master’s thesis

During his Master's thesis Sierk de Groot made a sftudy info the sfructural
possibilities of the slanting columns. In this sftudy, three boundary conditions for
the final allocation of the columns are given.

1. the columns need fo be placed under an angle, as was intended by the
architect;

2. the columns have fo be capable fo transfer the loads from the building to
the underground parking / foundation [Figure 2.4 on the next pagel;

3. the columns have to make sure that fthe stability of the total sfructure is
guaranfteed and that the deformations are within certain boundaries.

L.
\

\

-

1
1----—‘

Fig. 2.4.  Forces acting on the structure in different directions [7]

As stated before, the hinged columns cannot be placed randomly. The possible
locations of the columns are defined by the grid lines of the residential building
and the underground parking. To reduce complexity, the columns connect the grid
lines of the residential building with the nearest grid lines of the underground
parking, where the number of columns per axis may vary.

The horizontal loads, as a result of the angle of the columns not being equal to
90°, are transmitfted by the floor slab of the residential building and the parking
deck. No comments are given, concerning fthe ability of these floors fto transfer the
(horizontal) loads.

1, 8 Chapter 2 - transfer zones
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With a ‘hand calculation’, the location of the columns was determined and the
values of the forces acting on them were estimafted. First, the number of columns
was defermined, including the location of the top of fthe columns under the floor
slab of the building, where the columns are sef 500 mm off the edges of the walls
(at the fagade) that are on the grid lines of the residential building. The number of
columns is dependant on the permanent load and a maximum load bearing capacity
of the columns. Second, the distance in the y-direction from the top to the boftom
of the columns was determined. This decision was made based on the minimal
resulting horizonfal forces in the y-direction, which was found by using a MS Excel
sheet [Figure 2.5]. Finally, the distance in the x-direction, so with a constant y-
coordinate, was defermined. This again based on fthe minimal resulting horizontal
forces, only this time in the x-direction [Figure 2.6, next pagel.
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for the determination of the optimal

location for slanting columns for ‘The Componist’ [7]
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Fig. 2.6.  Visualisation of the location of the start points and
endpoints of the columns including the forces acting
on them [7]

This 'hand calculation’ was followed by a more extensive calculation in ESA-Prima
Win to check the outcome of the allocation problem of the columns and fo show
that the ‘optimal’ allocation that was found with the MS Excel sheet was better
than a randomly chosen configuration of columns.
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2.2.2 Master's thesis 'Functiestapeling boven ondergrondse parkeergarages’ - E. Quispel
introduction of the Master’s Thesis

In order to keep buildings accessible for people coming by car, sufficient parking
facilities should be implemented in the design of these buildings. In combination with
the lack of space, especially in the urban area, this often results the infegration
and the stacking of different building functions, and thus an increase in complexity
of the design and in costs. The requirements of the superstructure hereby are
often considered more important because of the higher value per square mefre.
This may lead to a decrease in the functionality of the (underground) parking, as
the bearing structure of the building complicates the optfimal arrangement of the
parking spaces.

A solution for this problem could be the optimisaftion of the allocation of load
bearing columns in the infervening floor, between the sub- and superstructure, so
that a cosfly transition area could be unnecessary. If this would result in a
safisfactory design, this principle could be adapted for ofher combinafions of
infegration of functions, even for multiple intervening floors in one building,
including the different structural grids of parking, office, residential and commercial
floors. Obviously, the shape of the building or the different building sections, next
to the functional arrangement is of great importance as well.

Quispel states in her formulation of the problem, that “the lack of overview over
every design aspect of interest, including the accompanying points of attention and
the restrictions, and fthe lack of understanding their influence during the design
phase, leads to complicated structural solutions and/or inefficient functional
arrangementfs in the design of underground parkings when dealing with stacking of
functions”. She claims that the following design aspects including their sub aspects
should be mentioned for the design of an underground parking as a part of
functional stacking.

e  functional layout
- positioning of the cars and routing (traffic circulation system)
- location of the structural elements
- shape of the parking
- capacity, possibilities for expansion and future developments
- demanded level of quality
- access to the parking area (access ramps)
- pedestrian facilities for horizontal and vertical transport
® main load bearing structure
- downward and upward loading
- location of the structural elements
- floor types and floor spans

Roel van de Straat 2, 1
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e building site applications and foundation
- construction method and anchorage
- excavation depth and excavation system
- vertical boundary
e safety, social security and user-friendliness
- ftraffic safety
- fire safety
- social security (convenient layout, accessibility, attractiveness)
- routing

Modular dimensions for (underground) parkings

The quality of an underground parking depends for a large amount on the
functional layout and fthis largely depends on the modular dimensions of this
building type. Below some standard modular dimensions for parkings in The
Netherlands are given. The three main aspects for the functional design of
parkings are the positioning of the parked cars, the routing and the allocation of
the columns and these three aspects depend on the modular dimensions of the
parking. According to the Duftch standard NEN 2443 Off-street and multi-storey
car parks’, different dimensions are applicable for the width of the circulation
roads, the width of the parking spaces, the depth of the parking spaces, efc.
[Figure 2.7 and Table 2.1]

[for more on the modular dimensions and the structural grids of buildings, see
Chapter 4]

Fig. 27.  Modular dimensions of a parking in case of a ftwo-sided
arrangement with a single parking strip (no parkings back
to back) [16]

7 Nederlandse norm NEN 2443 [13]
2, 2 Chapter 2 - transfer zones
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aspect of dimension range of values recommendation
[m]
B - length parking unit one-sided 8.15 - 11.35
two-sided 12.30 - 16.35

P - depth parking unit single parking strip 415 - 520
double parking strips 6.50 - 10.00

W - width circulation road 4.00 - 6.35

b - width parking unit 2.30 - 2.50 b.=23m

g - parking width parking unit 2.30 - 5.00

o - parking angle 30° - 90° between 60° - 90°

Table 2.1. Applicable modular dimensions for parkings

Before funing the layouts of the sub- and superstructure it is of imporftance to
tune the different functions in the superstructure with each other. For parkings,
the main load bearing structure can have two main directions; the direction of the
parking spaces and the direction of traffic and usually consists of load bearing
walls on the periphery of the parking, and infterior columns. The allocation of the
columns is determined by fthe structural grid or vice versa, depending on the
viewpoint. However, nowadays and almost standard, the future ftenant or owner of
an underground parking demands a column-free parking area. However, this leads to
an increase in complicity, especially when other functions need to be stacked on the
parking area.
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of fwo rows ramps in direction of fraffic -park with ramps

Fig. 2.8.  Plan views and arrangement of ramps [14]
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concluding remarks

The Master's ftheses of both De Groof and Quispel deal with the stacking of
different functional floors in mulfi-use buildings. De Groot claimed fthat a fransfer
zone of slanfing columns between an underground parking and a residential building
is possible and determined a possible column structure for one building block.
Quispel even concluded that the opfimisation of fthe allocation of load bearing
columns befween a super- and subsfructure could be a solution for the problem of
possible concessions that have to be made when designing sfructural and functional
layouts in multi-use buildings.

For this Master's thesis, the experiences of De Groof and Quispel are used, with
the calculations on ‘De Componist’ as main point of interest. The foremost
difference in the manner of calculation is fthat in fthis Master's fhesis the
determination of the optimal transfer zone is aimed for with an acftual opfimisation
method, whereas De Groot used a MS Excel worksheet with which the designed
structure could be checked. Another difference lies in the modelling of the super-
and substructure. In calculating the column structure of ‘De Componist’ a non-rigid
superstructure is used, including the determination of loads per grid lines.
Although, a similar onset was intended for implementation in the VBA script,
another route was finally chosen. The development and analysis of the design
opfimisation fool is given in Chapter & and 5.

Chapter 2 - transfer zones
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modular dimensions and structural grid layouts

A short and general infroduction into the modular dimensions of buildings and the
terminology concerning structural grid layoufts are given in Secfion 3.1. Section 3.2
deals with the modular dimensions of different building types and these are
translated into structural grids in Section 3.3.

introduction and terminology

Studying existing buildings reveals that there are offen sfrong and easily
identifiable patterns present in the way buildings are functionally organised, and in
the structural systems they use [Figure 3.1 on the next pagel. The patterns formed
by the structural configurations are related to fhose of the functional
organisations. Each affects the other. To a large extenf, fthe adopfion of a
particular functional configuration for a building offen deftermines fhe sfructure
used, and vice versa. For this reason, the process of designing a structure is
implicitly linked to the process of designing the overall building. Neither process
can really exist without the other®.

It should be clear that these patterns, or structural grids, function as an aid for
the architect and the structural designer. Besides, the sizes of many objects in a
building are adapted to pafterns of modular dimensions; office furniture, for
instance. But apart from this, does the building industry still needs these
structural grids? The shapes of buildings are becoming more and more free-formed
and traditional structural elements are replaced by new ones [Figure 3.2, page 2,7l

® Schodek [11]

Roel van de Straat
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Fig. 3.1. Recognisable patterns in the 7" [below] and 23 floor of
the residential building La Fenétre in The Hague [Rudy
Uytenhaak Architectenbureau bv]

2, 6 Chapter 3 - structural grids
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This research does nof go into detail on the question whether grids are sfill the
principal for designing a (multi-use) building, but with a topic on an optimisation
process to connect different structural grids, this question might need an answer
in the successor of this Master's thesis.

Fig. 3.2 The National Swimming Centre in Beijing [right] with a
organic structure of soap bubbles for the exterior wall
[www.archinect.com and www.arcspace.com, March 2006]

terminology

In the text below the terms, grid and modular dimension are used extensively.
Therefore, four relating terms are explained shortly below [Figure 3.3, next pagel’.

e (structural) grid
a grid is a system of lines that serves as a tool for determining
the location and direction of the structural elements. They also
form an important aid in ‘reading’ construction drawings. Also; a
nefwork of evenly spaced horizonftal and vertical lines that can
be superimposed on a map, chart, efc., especially in order to
locate specific points

®  modular dimension
modular dimensions are fthe distances between adjacent grid lines.
It is possible to work with multiple modular dimensions in the
same or in different directions

e cenfre line grid
a cenfre line grid is a grid system consisting of singular lines.
The distance between the (structural) elements placed on these
lines are remaining dimensions

e band grid
because of the fact that many elements are used repetitive in a
structure, it can be obvious to make use of a grid that is funed
to these elements. A band grid is such a grid where zones are
demarcated for the specific sizes of elements, where the centfre
grid lines may become obsolete.

° Scheers [18]
Roel van de Straat 2 ’ 7
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As stated in the previous section, modular dimensions are the distances befween
adjacent grid lines. Modular dimensions should be able to count as the largest
common dimension of all other usable dimensions in a structure. This used fo be a
dimension relating with the size of a body part, e.g. the thumb, the palm of a hand,
or the length of an arm. So not only absolute dimensions, but also relative
dimensions were/are imporftant in the building industry. Besides these fwo systems
of dimensions, perceptual dimension also play an important role [Section 3.2.1].
Modular dimensions are not only used to measure, but they function also as a

2,8
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design fool. These design ‘modules’ are formed by mulfiples of fthe measuring
module. Some simple examples are given below [Figure 3.4].

Fig. 3.4.  Four simple examples of design modules

perceptual dimensions of structures

Despite the standardised measures (e.g. the metric system), people use their own
dimensions as a perception for space and objects. This type belongs to the system
of perceptual dimensions, this next to absolute and relative (e.g. the Modulor by
Le Corbusier) dimensions and deals with dimensions that are dependent on or under
the influence of factors like ftime, movement, location and circumstances. Examples
of this type are perceptions that a standing object seems much larger than a
laying object.

The storm flood barrier the 'Maeslantkering’ near Rotterdam is twice as long as
the highest building in Holland, the ‘Delftse Poort’ building in Rotterdam, although it
might not seem that way [Figure 3.5]. And objects seem larger at night than in the
daytime®.

Fig. 3.5. The ‘'Maeslantkering’ - approx. 300 metre in length
[www.bus-idee.nl, December 2005] and the Delftse Poort -
approx. 150 metre in height [www.skyscrapercity.info,
December 2005]

© Scheers [18]

Roel van de Straat
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The dimensions considering structural grids belong fo the system of absolute
dimensions. The organisation of structures or structural elemenfs can be neutral or
directed. The lafter type is characterised by the usage of one or more grids,
whether or nof in an orfthogonal way, where one of the directions is dominant.
Considering this, the designer of a structure could prefer a neufral organisation in
order fo create a feeling of randomness. An additional advanftage of the neufral
organisation is that it can easily be exftended in all directions, especially when an
orthogonal grid is used. As a basis for a sfructural grid in housing, normally a
design modular dimension of 30 centimetres is used. However, for smaller spaces in
a house (e.g. the toilet) or for larger spaces in utility building engineering this
dimension will vary.

confrolling dimensions

The controlling dimensions are dimensions befween key reference planes. They
provide not only a framework for design buf also a basis which components and
assemblies may refer to [Figure 3.6]. Standard dimensions are theorefical but, in
practise, they provide the basis for individual, basic structural and finished
measurements, linking all building components in an organised way.

controlling I controlling ]

dimension dimension

dimension dimension

|

controlling
J controlling W
dimension

controlling
dimension dimension

- JSFL - L] L
* aa
axial lines zone boundaries

Fig. 3.6.  Horizontal controlling dimension

modular dimensions of different building ftypes

In this section the standard modular dimensions for three different building types
are given. The modular dimensions of (underground) parkings are given in Section
222

Chapter 3 - structural grids
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residential buildings

Many utilised modular dimensions for residential buildings (along the
facade) are 4.80 m, 5.40 m, 6.00 m, .20 m, 750 m, and 7.80 m. But for
apartments, generally larger dimensions are applied. On fthe grid lines,
usually load bearing walls are placed, resulfing in a wall skelefon. The
general depth of the modular dimensions is befween 8.00 m and 12.00 m
and this dimension is much more flexible than modular dimensions along the
facade.

office buildings

Regarding the modular dimensions of office buildings, generally a mulfiple
of 0.60 m is used. This has its origin in the finishing aspects in an office,
like ceiling elements, shaffs, efc. A very common dimension along the
facade is 7.20 m. The depth of an office offen varies between 12.00 and
14.00 m. Normative for the dimensioning of the maximum building depth, the
view is governing as stated in the Dufch Working Condifions Act, the
‘Arbowet’. For hallways usually a width of 3.60 m or 4.80 mefre is chosen.
The structure of an office building can consist of a wall skelefon, a
columns skelefon or an intermediate solution.

commercial buildings

For commercial building a distinction befween two types can be made,
boutiques and supermarkets or shopping malls. A standard dimension for a
boutique is 6.00 m by 1500 m with the smallest dimension along the
facade. 540 m and 7.80 m are used as well for this dimension. For
supermarkefs and shopping malls, specific demands are given by the
tenant/owner concerning the surface and modular dimension. In general,
the modular dimensions should be as large as possible. This resulting from
the wish fo have a functional layout that is as flexible as can be. The
most logical structural system for this kind of buildings is therefore the
column skeleton.

structural grid layouts in multi-use buildings
geometric considerations

When considering geometry in a building, Neufert” states that by means of the
system of coordinates, buildings and componenfs are arranged and their exact
positions and sizes are specified. The nominal dimensions of components as well as
the dimensions of jointfs and interconnections can fthereby be derived. A coordinate
system consists of planes usually at right angles fo each other, spaced according
to the coordinate measurements. Depending on the system, fthe planes can be

" Neufert [14]

Roel van de Straat
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different in size and in all three dimensions. As a rule, components are arranged in
one dimension between parallel coordinate planes so that they fill up the
coordinate dimension, including the allowance allocated to the joints and also taking
the tolerances into account. Hence a component can be specified in one dimension in
terms of its size and position. This is referred to as boundary reference [Figure
3.7l

O O O

axis reference boundary reference

Fig. 3.7.  Axis reference and boundary reference for grid layouts

In ofther cases, it can be advantageous not fo arrange a component befween two
planes, but rather to make fthe cenfral axis coincide with one plane of the
coordinate system. The component is initially specified in one dimension with
reference to its axis, but in ferms of position only. A coordinate system can be
divided info sub-systems for different component groups, e.g. load-bearing
structure, component demarcating space, etc. It has been established that individual
components need not be modularised, e.g. individual steps on stairways, escalators,
windows, doors, efc. For non-modular components which run along or across the
whole building, a so called ‘non-modular’ zone can be infroduced, which divides the
coordinate system into two-sub systems. The assumpfion is that the dimension of
the component in the non-modular zone is already known at the fime of sefting ouf
the coordinate system, since the non-modular zone can only have completely
specified dimensions. Further possible arrangements of non-modular components are
the so-called centre points and edge positions within modular zones.

common grids

Many different types of structural pafterns are possible. In most buildings, a
repefitive geometrical pattern or grid is usually present both in the vertical
support system, whether it is formed of load-bearing walls, columns, or some
combination of the two, and in the horizontal spanning system. The geometries and
dimensions of individual units and the way these units aggregate in such buildings
are invariably dependent on the programmatic requirements of the buildings. These
same geometries and dimensions, in furn, strongly influence the fypes of sfructural

Chapter 3 - structural grids
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systems that are most appropriate for use. It is useful first fo review briefly
some basic characteristics of patterns fthemselves. Obviously, many building are
actually single-cell structures, e.g. gymnasiums, factory buildings and exhibition
halls. Most buildings, however, are composed of a large number of aggregated bays
or units. Several common types of structural paftterns are evident in housing or
office buildings. In a housing scheme in which a serial aggregation pattern is used
tot arrange the basic units, the structural pafterns of the vertical support system
itself consists primarily of a series of parallel lines. These lines in turn, could
consist of a series of load-bearing walls or a column-and-beam system arranged in
the same paftern. A common square grid or a fwo-way aggregation can be used as
well. A known example of how the structural pattern of a building can be related
to, and reinforce how a building is functionally zoned, is the fartan grid of discrete
vertical support elements [Figure 3.8]™

Fig. 3.8.  An example of a tartan grid

Square or rectangular grids are common but ofther geomefries are frequently
encounftered as well. Systems that are based on any elementary geomefric patterns
may be used, especially when the overall shape of a building calls for an obvious
non-orthogonal response. It should also be nofted fthat common shapes may be
framed in significantly different ways.

Grids are often altered in zones where something special occurs, such as a large
column-free space within a building, or at the boundaries of the building. In
sifuations where the pattern of the vertical support system is irregular, some
structural systems are more attractive than others. Totally irregular grids result
in a decrease of effective or economic use of systems involving a number of highly
repetitive and typically off-site-produced, modular units, e.g. precast concrete
elements. For full advantage to be gained from the consfruction process
possibilities inherent in such systems, they must be used in an almost brutfally
repetitive way. Poured concrete systems are usually preferable in cases involving
irregular patterns, since irreqgularities can be more easily handled.

2 Schodek [20]
Roel van de Straat 3, 3
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meeting of structural grids®

Pattern intersection can be a problem with respect fo using one grid on ftop of
another. This situation quite often arises when it is desired fo place a roof system
having a grid geometry on fop of an infernal system having a different geomeftry.
In such cases, a sfrategy of alignment, fogether with vertfical supports common to
both systems, is used [Figure 3.9, left]. Occasionally, a bypassing type of approach
is used wherein the vertical supports for the upper grid are mainfained differently
from those of the lower grid [Figure 3.9, right]. The systems are thus independent
of one another. The former alignment strategy is commonly used when fthe
overlapping grid pafferns are fairly similar fo one another. The laftter bypassing
strategy is frequenfly used when the superstructure is a relafively long span
compared with the substructure, of simple overall geometfry, and has an internal
pafttern different from fhat of the subsfructure. The bypassing structures need
not be of the same material, although they can be. When the overlapping pafterns
are similar, usually the same materials are often used.

[ EEEEEEE
[T 1 [ T 1

Fig. 3.9.  Basic strategies for the layering of structural patterns.
Alignment of grids [left] and the bypassing of grids

In many cases, more than one generalised structural pafttern is used in a building.
The reasons for this multiplicity of pafterns vary. Quite offen, fthere is a wide
variation in the programmatic requirements of the building such that a variety of
minimum clear span dimensions exists. One or more standard functional pafterns
may be adopfed to respond fo this variation, instead of a single paftern that
compromises the varying requiremenfs present. In other cases, physical consfraints,
such as non-uniform foundafion conditions, may dictate using different structural
grids in different areas. When more than one generalised structural paftern is
used in a building, the way in which the paftterns meeft becomes a basic sfructural
design issue. Infersection poinfs always call for unique freatment or special
elemenfs. Adopting multiple paftterns, however, requires finding ways of rationally
joining dissimilar systems. Consider the two sfructural grid systems shown in Figure
3.10. It is evident fthat if these two systems randomly infersected, the structure in
the region of the intersection could not be characterised as fypical of either
general grid. If a beam was used along fthe boundary, for example, the beam would

 Schodek [20]
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be loaded in a way that is differenf from fhose present in either the grid to the
left or the one to fhe right. It would therefore have fo be designed differenfly.
Additional columns might also be needed. While randomly intersecting grids are
certainly possible, other strategies may prove preferable.

h
a.

Fig. 3.10. Basic strategies for the meeting of generalised
structural patterns

Figure 3.10 illustrates several basic approaches to pattern intersections. Other
approaches exist as well. One basic approach is illustrated in Figure 3.10b and 3.10c
would be fo use a strategy of alignment in which the smaller grid is designed
either as directly related fo, or as a subdivision of the larger one. This alignment
reduces fthe misfit between the systems and does nof require additional vertical
supports.

Another general approach is to use some sort of mediating system beftween the
two general systems. One type of mediator would simply be a strip of space itself,
in which case the whole problem is simply bypassed, see Figure 3.10d. Another type
of mediator would be a third structural system of some sort. This third system
must necessarily reflect or be adaptable to the characteristics that are common to
both of the general systems, or else if must be extremely flexible in some other
way. A structural grid that is much smaller than either of the primary systems, but
a logical subdivision of each is often used fo join the primary systems, see Figure
3.10e. Smaller grained systems of this sort are often, but need not to be, made of
materials different from that of the primary systems. The primary systems, for
example, might be constructed of poured reinforced concrete, while the smaller
grained mediating system might be a light-steel system. Mixing of materials in fhis
confrolled way is wusually quite acceptable, even in purely economic terms.

Roel van de Straat
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Infermixing materials within primary systems, however, is usually more difficult. An
advantage of using a small-grained mediating system is that the designer has
greater freedom in placing the primary grids. The primary grid lines do not have to
be aligned. Load bearing walls are also often used as fhird element mediators,
particularly when the primary systems are not aligned. However, a load bearing wall
can be ftaken as a confinuous grid having infinitesimal grid spacing and worked with
accordingly.

A structural grid based on zones for elements (ie. the band grid) could be
unfavourable if multiple spaces have fo be connected, especially when those spaces
are on top of each other [Figure 3.11]%

OO0 OO0 O ©)
level 05
level 04
() \/j level 03
level 02
(/\’ () <> () level 01

zone modular dimension

‘ modular dimension

Fig. 3.11.  Unfavourable layout of the structural elements
with a band grid

concluding remarks

As mentioned in the infroduction of this chapter, the process of designing a
structure is implicitly linked fo the process of designing the overall building,
including the functional layout, and thus the design of the grid system. This makes
combining different dimensions a main aspect of structural design, with both
perceptual (in this Master’s thesis infensified in creating a feeling of randomness)
and absolute dimensions. Based on different references, the grid systems can be
found on various predefined layouts, or can be arranged for one specific space as
well. When a number of these aspects need fto be combined in one building, the
meeting of various structural grids plays an important role in the overall
performance of that building.

“ Scheers [18]
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designing the structural optimisation tool

This chapter deals with the designing of the optimisation tool for the allocation of
load bearing columns in transfer zones of multi-use buildings. Section 4.1 and 4.2
deals with the several characteristics the problem has and the tool has to posses,
whereas Section 4.3 freats the specific aspects of this design fool.

characteristics of the problem

This section deals with the overview of the problem, including the layout of the
problem [Section 4.11] and the reason of dealing with it, the determination of the
opfimisation aspects of the problem in Section 4.1.2 and other aspects that have to
be dealt with [Section 4.1.3].

layout of the problem

As was stafted in the infroduction of this Master’s thesis, the main question was in
what way and how well a computational structural optimisation technique can be
implemented in a design tool based on simple rules fhat will be used in the
initiation of fthe design process for the allocation of load bearing structural
elements of an intervening floor.

If the top and lower floors have the same or similar structural layouts [Figure 4.1
on the next page] the logical way of connecting these floors is by vertical
elemenfts stfrictly following this layout. In this Master's thesis, initially, two
dissimilar structural floors will be connected with structural elements; e.g. the fop
layer of an underground parking and the lower layer of a residenfial or office
building, similar fo the three buildings in Figure 4.2, on the next page. The
structural elements will be formed by columns of different size and with different
angles. As was stated in the Master's thesis of E. Quispel [Section 2.2.2], this
infervening structure can then replace an inefficient monolith fransfer zone.

Roel van de Straat
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Fig. &41.  Unité d'Habitation, Berlin by Le Corbusier
[http://www.fotodeponie.de/, March 2006]
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Fig. £.2.  From left to right: La Fenétre, The Hague [Rudy
Uytenhaak Architecten BVI], Kadoorie Biological
Sciences  Building, Hong Kong [www.hku.hk,
January 2006], No. 1 Deansgate, Manchester
[www.ma.man.ac.uk, March 2006]

Figure 4.3 shows how the vertical load bearing elements of the superstructure are
connected with the elements of the substructure via structural elements (cores

and columns) for the ‘La Fenétre’ building and the Kadoorie Biological Sciences
Building.

3, 8 Chapter 4 - design aspects of the tool
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Fig. 4.3.  Vertical sections of La Fenétre, The Hague [Rudy
Uytenhaak Architecten BV] [left] and Kadoorie
Biological ~ Sciences  Building, Hong  Kong
[www.building.com.hk, March 2006]

For the given buildings, the columns follow a rather strict paftern. The goal of the
usage of an optimisation fool is to create a sort of randomness [Section 4.1.3] in
the intervening floor, similar fto the column onset of ‘The Componist’ by ONX
Architects [Section 2.2.1].

the optimisation aspect of the problem

Every design has a certain measure of success, or fitness considering the purposes
it needs to fulfi. When dealing with opfimisation this fitness has to be denoted
explicitly. In many cases, the bearing capacity of a structure versus the size of the
structural elements is used to perform an optimisation routine.

With the problem of allocation structural elements befween two structural grids
with their accompanying functional layout, a mere optimisaftion on load versus size
would not be satisfactorily. The structural layout of the intervening floor must not
be of negative influence of the functional aspects of the floor above and under it.
In fact, it should make sure fthat the functional arrangement of the grid of these
floors is as optimal as possible. In ofher words, the optimisation aspect of this
problem should be concerned with the functional arrangements of both the
infervening floor and the top and lower layer of the sub- and superstructure it
connects.

other aspects concerning the problem
“To prevent architectural solutions for structures from being interpreted by the

public as boring, repetitive or even ugly, not solely architectural treatment needs
to be persuaded. A strucftural design approach could also lead to new and improved

Roel van de Straat
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shapes and appearances of structures.” Prof. Dr. Jifi Strasky, principal bridge
designer, claims that the way to improve fthe architecture of bridges is to produce
befter structural solutions. “In bridge design the responsibility for producing better
architectural solutions lies not with architects but with structural designers. [.]
Some criteria of good structural solutions are also criteria for good architectural
solutions. A good archifectural solution must be a priori a good structural solution”
and "in designing a bridge, a structural form should be considered appropriate as a
structural solufion only when the design uses the inherent structural
characteristics of the form to its advantage®.”

These statemenfs can be well implemented in the solution to the problem that is
dealt with in this Master's fthesis. As an initiation of the design process, the
computational design tool can easily give solutions that are not foreseen, instead
of solutions that are logical or could be found mathematically, creating new
insights, and possible new architecture. Moreover, the inferesting thing about fthis
is that it is not only applicable on (expensive) pavilions that have to serve their
function for a limited period of time, but on almost any multi-use ufility building.

randomness

The aspect of unforeseen solutions can also be adopted when talking about the
randomness of the allocation of the columns. The expectation is that the design
tool will create an infervening structure between two functionally different floors
with a random allocation to the eye, similar to the new National Stadium of Beijing
[Figure 4.4, next pagel. This design was creafted with the random appearance of the
steel structural elements as main characteristic. However, the main joists of the
structure are following a rafther strict layout, but due to the random location of
the connecting beams, the total fagade, and roof the total structure looks like one
big birds nest. Actually and surprising as it may seem, it is difficult fo get a
computer (or a person) to do something by chance, or in other words to ‘create
randomness’. A computer running a program follows ifs instructions blindly and is
therefore completely predictable. This means for the load bearing elements for this
Master's thesis that they, similar to the birds nest structure of the National
Stadium of Beijing, only look randomly placed, but actually are placed based on
predefined algorithms and fto pre-appointed possible locations.

One could say, randomness is a lack of structure. In this Master’'s thesis, this
paradigm makes fthe wish for randomness in a building quite problematic. Therefore,
the term randomness is replaced by variafion, meaning that there needs fo be a
variation between the different boundary conditions for the column parameters. For
a detailed explanation on the variation of the column paramefers, see Section 4.6.2.

® Strasky [21]
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Fig. 4.4.  The National Stadium of Beijing for the 2008
Olympic Games by Herzog and De Meuron and
Arup [www.chinadaily.com.cn, March 2005]

multi-storey functional connections

Another aspect of the allocation of columns based on an optimisation algorithm is
the possibility to expand the application of it over more storeys, instead of just
using it for a single transfer zone, and thus making it useful for connecting
different functional layout within a multi-use, multi-storey building. A structural
appearance similar to the Sendai Mediatheque [Figure 4.5] would then be possible. In
this Master's fhesis, fthis opfion is not examined.

Fig. #5. A model of the Sendai Mediatheque
[http://archive-www.smt.city.sendai.jp,
December 2005] and a photo of the internal
open column [www.designboom.com, December
2005]
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characteristics of the design tool
optimisation in the design tool

It could be one’s opinion that in general optimisation problems are unsolvable. Very
often a choice has fto be made befween a ‘good’ model, which cannot be solved
(although it might be tried), and a 'bad’ model, which can be solved for sure. For
instance, the most widespread optimisation models now are sftill linear optimisation
models®™ But it is very unlikely that such models can describe the nonlinear real
world very well. Indeed, the real life is foo complicated to believe in a universal
tool, which can solve all problems at once.

Performance of a method could be described with an infuitive definition like the
total amount of computational effort that is required by the mefthod to solve the
problem. But what is meant with 'solve the problem™ This could mean finding an
exact solution, however in optimisation, this seems impossible. Therefore, it could
be stated that to solve a problem means to find an approximate solution with an
accuracy of € > 0. This, as a result of the introduction of a stopping criterion,
which is used fo reduce the required computational effort, or in other words the
time needed to come to a solution.

It should also be noted that optimisation includes the compromising of different
solutions based on the constraints as is explained in Section 2.1.1 of book two of
this Master's thesis. Not all problems can be solved within one design tool or
beftter said, the perfect solution to all difficulties in designing a structure is never
to be found. Besides, if foo many problems have to be solved, the actual problem
will be lost out of sight. That is why the tool to be designed for this Master’s
thesis will focus on a limited number of problems, trying to solve them as good as
possible, and thus creating a start point for the actual design of a fransfer zone
between two or multiple structural grids.

modelling assumptions
As in every model, there needs to be considered how well the real world will be

described. And in every model, assumptions needs to be made, as a model is a
simplification of the real world by definifion.

' Engelbrecht [5]
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Below some modelling assumptions are given, that can be helpful in reducing the
complexity of the problem.

e the columns are pinned at the top and the bottom, resulting in the fact
that the columns can be loaded only axially;

® avery column is homogeneous, with an axial stiffness depending on the
cross section area and the properties of the chosen material;

e the horizontal load from the individual slanting columns should be taken up
by the floors;

e only columns are used as load bearing elements;

® the sub- and superstructure are rigid bodies.

aspects of programming the design tool
general aspects of the design tool

In book two of this Master's thesis numerous possible operators and aspects for
the genetic algorithm have been given. One of the gquestions that remain to be
addressed is how fo select the operators and aspects to be used, as well as how
to deal with their corresponding properties. Besides, as the optimal combination of
the influences of the fitness paramefers is problem dependent, extensive
simulations have to be conducted fo find the optimal weighing combinations”, which
is a fime consuming process. The goal could be to try to get as much constraints
as possible already in the solutions, in order to limit the ftime needed fo check the
solutions for their fitness. In the case of the GA script on the allocation problem
of columns, the maximal column length and the restfriction that the cenfre lines of
the columns cannot coincide are implemented as constraints before the actual
evolutionary process. Next fto this, because design always mediates befween many
goals and hardly ever fits one of them perfectly, users could be given the ability
to diverge from the optimal structural solution to achieve greater design flexibility,
which is possible due to the oufput in MS Excel worksheet where the values of the
several fitness parameters are given.

To start off with the process of designing an opfimisation tool, simple rules should
be used in the program, as was stafed in the problem formulation, and the problem
should be simplified as much as possible.

" Engelbrecht [5]
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If the outcome of the 'simple’ optimisation procedure is safisfactory other aspects
like

non-rectangular grids
curved grids

multiple storeys
multiple load cases
structural dynamics
fire loading

etc.

can be implemented in the design tool.

4.3.2 structural phenomena and general design responses

RN
\\Eif;{ T
'y
D D Dﬂ B
overturning sliding lateral racking twisting member failures
Fig. 4.6.  Structural phenomena of a 3D-framework
All structural failing phenomena [Fig. 2.11 - overturning, sliding, raking, twisting,

bending, shear, and buckling - occur as a direct or indirect consequence of a force
acting on a whole sfructure or some specific component within it® It is obviously
necessary to understand quantitatively or numerically the type and magnitude of
these forces in order to determine whether a structure is susceptible to failure in
any of the modes noted previously, or, alternatively, fo determine how large a
member should be fo carry expected forces safely, or in other words a process
called structural analysis and design.

® Schodek [20]
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For the GA script, fwo imporfant steps in the structural analysis need fo be made.

step 1.
determination of the cenfre of gravity as point of application of the
forces

step 2.
deftermination of magnitudes of the forces acting on the whole sfructure

When expanding the model with an analysis of the possible structural phenomena, a
third step needs to be made.

step 3.
deftermination of how fhe analysed forces might cause the sfructure to
fail according the phenomena menfioned above, and how fhe external
forces cause internal forces fo develop within parts of the structure

Concerning the second step, it will be possible for the designer fo give the values
of the forces acting on the structure in the AutoCAD graphical user interface (GUI).
This includes the vertical point loads acfting as the summed vertical dead surface
weight and the variable surface load, the horizontal point load in the direction of
the grid lines acting as a resultant of the horizontal wind, the horizontal point
load perpendicular to the grid lines also from the wind load, and finally the
moments in three directions as resulting forces from the ftranslated vertical and
horizontal loads [Figure 4.7].

Fig. &.7.  Input of loads on the structure
The design tool itself then has to check whether the column structure can cope

with the external and internal forces, or in other words, the tool is responsible
for the actions that have fto take place in step 2.
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analysis and design criteria beyond the scope of the design fool

Not all possible criteria can be implemenfed in the fitness function. The main
problem is how to define every aspect used in designing a structure. First of all, in
the design phase not all input values for all criteria are known. Remember that the
goal of the Master's thesis is to create a design tool that can be implemented in
the conceptual and preliminary design of a structure. Secondly, in many cases if is
impossible fo define subjective aspects of a structure, e.g. social safefy and
aesthefics. Besides, with an increasing number of fitness paramefers, the difficulty
of finding a soluftion that has acceptable values for all parameters becomes larger
and larger.

Below, some criteria are given fo which the sfructure has fo reply fo, next to the
ones in the fitness function, but which won't be utilised.”

serviceability
The stfructure must be able fo carry the design load safely, and without
excessive material distress and with deformations within an acceptable
range. This also includes movements in sfructures, or accelerations and
velocities of structures carrying dynamic loads, in other words, the
stiffness (including the damping) of a structure.

construction

Construction criteria are diverse and include such consideration as the
amount and type of effort or human power required to construct a given
facility, the type and extent of equipment required, and the fotal amount
of time necessary to complete construction. The complexity of a structure
is usually read from the number of the different structural elements and
the relative degree of effort necessary fo assemble the pieces into a
whole, which is influenced by the size, shape and weight of the elements.
Of course, also repetition of the construction operations plays an
important role.

costs
The cost criterion cannot be separafted from the criteria of efficiency and
construction. The fotal cost of a structure depends primarily on the
amount and cost of maferial used, the amount and cost of labour required
to construct the structure, and the cost of equipment needed during
construction.

Of course, some of fhese aspects are implemented in fhe evaluaftion of the
solutions, buf in a less recognisable manner. For instance, the total volume of the
material being used is somewhat related to the cost of fthe structure. These three

® Schodek [20]
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criteria focus on the analysis and design of sftructures in a structural context, and
can be defermined objectively. However and as already mentioned, the fofal value
of a building is also determined by ofther (more subjective) aspects of which
aesthefics and functionality are the most important.

analysis and design process for structures

According to Schodek® the following seven actions need fo be undertaken in order
to design a stfructure.

1. geometry definition. The basic geomefry of the structure needs fo be
drawn, with particular aftention paid to member hierarchies.

2. load assessmenf. The load assessment involves defermining loadings
associated with the dead loads and live loads on fthe sfructure resulfing
from its self-weight of the structural members and the external loads as
loadings due fo wind.

3. modelling of the structure and boundary conditions. The modelling of the
structure includes characterising complex real-world construction
connections as one or another of an idealised set of supports.

L. load modelling. Distributed surface loads acting over an area are
converted into loads that act along the length of a member. Other loads
are idealised as concentrated or point loads.

5. determination of reactive forces. With the application of equilibrium
principles, the seft of reactive forces and moments that are developed at
the boundaries of the structure as a consequence of the external loading
are developed. In order fo do fthis, first the structure needs to be
classified as a statically defterminate structure - no more than three
unknown reactions are involved, the reactions can be found through simple
application of the basic equations (IF =0, ZFy =0,and IM = 0) - or as a
statically undetermined structure.

6. determination of internal forces and moments. The internal forces and
moments are developed in the structure as a consequence of the action of
the external forces.

1. determination of adeguacy of the structural members. If the internal
forces and moments states are known, it can be determined whether the
actual member used is adequate to carry the forces and moments involved.

These steps more or less describe the process that is common to analysing any
type of structure. But all steps require judgement. Each element in fthe building
must be reviewed with respect to its pofenfial contfribution as a constituent part
of the whole structure. But all these steps need to be found in fthe script of the
design of the column sfructure.

» Schodek [20]
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structural and functional aspects of columns

failing of columns

Columns, in their most common application, are vertical support elements. Buf
strictly speaking, columns need not to be only verfical. They are rigid linear
elemenfts fthat can be inclined in any direction, and to which loads are applied in
general at member ends?. Columns are normally not subject to bending. Columns
tend fto fail by crushing, dependant of fhe yield sfress (fm) and the surface area
of the column (A) or by buckling, dependant of the moment of inertia (4, the

Young's modulus of the column material (£) and the length of the column ([ ). It is
assumed fthat buckling can only be governing with steel section, not with concrete

sections. The Euler buckling load is described as

4.1

buc

Also, the nature of the end conditions of the column is of importance. If the ends
of a column are free fo rofate, the member is capable of carrying far less load
than if the ends are restrained. Also bracing the element in some way increases
the stiffness. Anofther important failure mode for columns is overturning. An
externally acting horizontal force on columns tends to cause the columns to
overturn. For a column not fo overturn there must be some counterbalancing
rotational moment, which in the case of vertical (or almost vertical) columns is
partially provided by the dead weight of the column itself [Figure 4.8]. If the
rotaftional moment as a result of the dead weight of the column works in the same
direction as the moment as a result of the externally horizontal force, then there
can be equilibrium between the two moments and the column will overturn.

d2

Fig. 4.8.  Mechanism of overturning of columns

" Schodek [20]
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general principles of designing columns

For transferring the horizontal and vertical load, the number of columns and the
column properties - the surface area A, the length [, and/or the angle 8 - need to
have adequate values. A practical preliminary design for a sfructure capable of
transferring these loads is based on logical and efficient load fransfer and an
economical use of materials, which is defermined by fhe measurements of the
different structural elements?. In other words, a vicious circle occurs. In order to
escape from this circle, it is needed fo make use of cerfain rules of thumb, with
which the dimensions can be determined sufficienfly accurate. Besides, detailed
calculations in the preliminary design can slow down the creafive process.

For the purpose of the design fool, it can be assumed that the most simple column
type can be applied:

- the buckling length (/) of the column hinged on the top and
bottom equals the system length (/) of the column;
- the column is loaded with an axial compressive force.

Therefore, besides the fact that columns need to be dimensioned on strength, the
buckling 'problem’, which is an aspect of the stability of the total structure, needs
to be taken into account as well. [In the VBA-script, only buckling of steel columns
can be taken into account]

A general column design objective is fo support the design loading by using the
smallest amount of material or, alternatively, by supporting the greatest amount of
load with a given amount of material. Whenever the buckling phenomenon is
governing, the full strength of the material used in the compressive member is not
being exploited to the maximum degree possible. As a result of irregularities by
physical and geometrical non-linear behaviour of steel columns, the actual buckling
stress (o, ) is usually smaller than the Euler buckling load (o). NEN 6770 gives
four buckling curves - for different types of profiles - with which the buckling
factor (w, ) can be determined [Figure 4.9, next pagel. This buckling factor is
dependant of the relative slenderness ratio (Am) of the column, which can be
calculated by taking the square root from the quotient of N ~and F.

4.2

2 Raven [x]
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Fig. 4#.9.  Buckling curves for steel columns®

Table 4.1 shows the values of the buckling curves for different relafive
slenderness ratios.

values of w
A a b C d
0,2 1,00 1,00 1,00 1,00
0,3 0,98 0,96 0,95 0,92
0,4 0,95 0,93 0,90 0,85
0,5 0,92 0,88 0,84 0,78
0,6 0,89 0,84 0,79 0H
0,7 0,85 0,78 0,72 0,64
0,8 0,80 0,72 0,66 0,58
0,9 0,73 0,66 0,60 0,52
1,0 0,67 0,60 0,54 0,47
11 0,60 0,54 0,48 0,42
12 0,53 0,48 0,43 0,38
13 0,47 0,43 0,39 0,34
14 0,42 0,38 0,35 0,31
15 0,37 0,34 0,31 0,28
16 0,33 0,30 0,28 0,25
17 0,30 0,28 0,26 0,23
18 0,27 0,25 0,23 0,21
19 0,24 0,23 0,21 0,19
2,0 0,22 0,21 0,20 0,18
21 0,20 0,19 0,18 0,16
2,2 0,19 0,18 0,17 0,15
23 0,17 0,16 0,15 0,14
2,4 0,16 0,15 0,14 0,13
25 0,15 0,14 0,13 0,12
2,6 0,14 0,13 0,12 0.1
2,1 0,13 0,12 0,12 0.1
2.8 0,12 0.1 0.1 0,10
29 0.1 0.1 0.1 0,09
3,0 0,10 0,10 0,10 0,09

Table. &.1. Buckling factors

2 Lutke Schipholt [4]
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The values of Table 4.1 and the buckling curves of Figure 4.9 can be respectively
calculated and drawn with the following formula, making it relatively easy to
determine the values of w, in the VBA-script.

1

T e, T+o A, —A)+ A
waf = p— = ak( = 2 ”) - 2 \/{1 + ak (/"rel - /“u) + /{iel}z - l’/{iel
fY;E/ 2/“/'2/ 2/“1‘51

b3

The values for the factors « and A can be derived from Table 4.2, with the
buckling curve for hot-rolled circular hollow steel sections being curve a.

buckling curve

a b C d
o, 0,21 0,34 0,49 0,76
0,20 0,20 0,20 0,20

Table 4.2. Values for factors o, and A
for formula 4.3

The text above shows that the primary factor of importance in connection with

buckling is the slenderness ratio of a column; A = (//, with / = ~/// A. The most
efficient use of material can be achieved by either minimising the column length or
maximising the value of the radius of gyration, for a given amount of material.
Either or bofh will reduce the slenderness ratio of a member and hence increase
its load-carrying capabilities for a given amount of material. Determining the
required cross-sectional shape for a column intended to carry a given load is a
task fthat is conceptually straightforward. The problem is similar to that of
designing beams, wherein the objective is to find a section that provides the
greatest moment of inertia for the smallest amount of material. In columns design,
the task can more complicated because of the need to consider radii of gyration
about different axes. This, of course, is of no importance when circular (hollow)
sections are used.

Roel van de Straat 5, 1
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structural mechanical aspects of complete system
kinematical/static (in)definiteness of structures?

The structure of the transfer zone needs fo be constraint in such a manner that
all free motfions are prevented, or in other words the structure needs to be
kinematical definite. If the support reactions and connection forces of a kinematical
definite structure can be determined only with the use of equilibrium equations
then the stfructure is statically definife. If a structure is stafically indefinite, the
deformations of the structure need to be involved in the calculation as well. So,
whereas the kinemafical definiteness needs to be guaranteed for every structure,
the state of static definiteness is of concern considering the amount of calculation
effort.

In designing the structural fransfer zone, both the sub- and the supersfructure
are dimensionally stable, meaning that the sfructures preserves it original shape
when it is disconnected from ifs supports. Next to this, if the occurring
deformations of the sub- and superstructure are neglected, the structures can be
inferpreted as rigid bodies.

A rigid body in a plane has three degrees of freedom: two components of a
translation and a rotation. Adding another dimension, the degrees of freedom
consist of three franslation components in the direction of fthe axes, and three
rotaftion components around the three axes. In a plane, for every hinged column
added to the rigid body, one degree of freedom can be dismissed. So with (at least)
three hinged columns the rigid body can be kinematically definite in one plane
[Figure 4.10, left].

|

< 3 columns intersecting columns parallel columns

Fig. 4#.10. Mechanism of overturning of columns

% Hartsuijker [8]
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For a rigid body in a 3-dimensional space, at least six columns are needed to
ensure that it is kinemafically definite. Besides the number of columns, two other
limiting conditions have fo be safisfied. Both in the 2D plane as in the 3D space,
the rigid body can rotafe if the linear forces of the hinged columns infersect in
the one point [Figure 4.10, middle], and can translate perpendicular to the direction
of the hinged columns if all columns are parallel in relation to each other [Figure
410, right].

equilibrium of a rigid body and equilibrium of forces

Equilibrium demands that a rigid body does nof franslate nor rofate. In other words,
to guaranftee fthe equilibrium of a rigid body it must satisfy the force equilibrium
and the moment equilibrium. In the model used in this Master’s fhesis, it is assumed
that the sub- and superstructure are rigid and therefore are not liable to
deformations themselves.

Equilibrium of forces of a rigid body in a 3-dimensional space demands that fhe
resulting forces and the resulting momenfs in any point are zero.

SF =0
SF =0
SF =0
ST | 4a=0
T |a=0
ST |4a=0

The unknown support reactions have to answer to these six equilibrium equations.
When six support reactions are at hand, then the reacfions can be derived directly
from the equilibrium equations. The support is then statically definite — fthere is an
unambiguous solution to the problem of equilibrium.

If there are more than six support reactions, of which the work lines do not
infersect in one poinf, and are not all parallel in relaftion to each other, then the
number of unknown reactions is larger than the number of equilibrium equations,
and there is an infinite number of solutions to the problem - the sfructure is
statically indefinite. In this Master's thesis, the column forces are determined with
the elongation of the columns based on the franslation and rotation of the rigid
supersfructure. For the used model see Section 5.2.4, calculation of the column
normal force.

Roel van de Straat
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Finite Element Method for bar structures

The Finite Element Method (FEM) for bar structures is internationally accepted as
the most suitable approach for the calculation of strength and stiffness problems
with the computer®. This method is also known as the displacement mefhod, as the
displacements have fthe main role as unknowns and as a resulf, they play an
important role in the finite element method.

A characteristic of the method is that loads are only applied on the nodes of the
structure and the support of the sfructure is rigid and cannot displace in vertical
or horizontal directions. Rotafions are nof restfrained.

For the design tool in this Master's thesis, a method belonging to the standard 2D
Finite Element Mefthod-family for bar structures is used, called the Discrete
Element Method (DEM). For more information on this method, see Section 5.2.4.

alternative FEM model for calculating the distribution of column loads
Another FE mefhod that can be used for calculating the distribution of the column

loads, is a method described in Designing and understanding precast concrete
structures in buildings [22].

g,
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Fig. £11. A schematised representation of a infinitely
stiff floor and walls

If the stability of a building is provided by several elements, the distribution of the
lateral loads is based on the assumption that the floors are infinitely stiff in their
own plain. Walls, being the stabilising elements, are schematised as springs [Figure
4.11]. The same principle can be used with vertical loads on beams supported by
pin-connected columns.

% Hartsuijker [9]
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In general, the building will franslate and rotate. The distribution of the vertical
load between the stabilising elements is depending on the position and stiffness of
the bracing elements in the structure.

The relative stiffness of each bracing element defermines the force carried by that
element, and in furn defines the horizontal deflections in the floor plafe.

Stabilising elements inclined to the direction of the load may be resolved into
Cartesian components. The reaction in each stabilising element is given by the
general expression®

/ el a
H=|lc+5|H A
2 Yla
where H = total applied load

= reaction force in column n

moment of inertia of column n

= moment of inertia of all columns

= distance from the shear cenfre of all columns to the work
line of the externally applied load

a = distance from the shear cenfre of all columns to the work

line of each column

-~~~ T
"

As only the DEM is adopted to calculated the normal forces in the columns, no
judgements are given concerning the applicability of the ‘distribution method'.
However, it might be worthwhile to investigate fthe combination of the method
described in Section 4.3.7. in the DEM method.

4.4 implementation of the genetic algorithm in the design tool

Section 4.4 deals with the utilised operators, the various general genefic algorithm
parameters, and the implementation of the fitness function. The choices made in
relation to the ufilised genefic operators are explained in Section 4.4.1. In Section
4.4.2 the input of the general parameters for the design tool are discussed. In the
final section, the design of fthe fitness function with its several parameters is
discussed.

L4171 representation of the genome

A load-bearing column can be coded in a chromosome with an n-bit long sfring for
represenfing different portions including the allocation of the top and bottom side,
the thickness, and the activity of the column. For instance, three fypes, ie. the
smallest size [00], the medium size [01], and the biggest size [10], could denote the

% Vambersky [22]
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portion of the thickness of the column. This already makes clear that representing
the genome with bit values is not that insightful. Besides, nine fimes out of ten, a
real number genome will perform better than a binary string genome?. However,
actual performance depends on the problem frying to be solved.

For these two reasons, although in the previous stages examples were given with a
binary representation, for the genetic algorithm on optimising the allocation of load
bearing columns the real number genome representafion is used.

An example of a real number genome for a single column as is used in the genefic
algorithm [for the meaning of the values, see Section 4.4.2 - number of genes per
columnl:

[2,1,2,0,4,1]

It needs also to be nofed fthat the genefic operators are closely coupled to the
represenfation. It is possible fo choose fthe ‘right’ representation but the 'wrong’
genetic operator, or vice versa.

genefic operators

To implement a simple genetic algorithm, three basic operaftors are needed;
selection, crossover, and mutfafion, discussed fthoroughly in Chapter & of book fwo
of this Master's thesis. Besides fthese three operators, other operators can be
utilised as well.

initiation

Initiation requires the creation of sufficient chromosomes to fill the population. The
genes of fthese chromosomes are set to a random value. The population then is
described in a coded state. After all individuals are re-declared, the inifial
population can be given a little push in the ‘right’ direction. In the script for the
design of a fransfer zone, this push is given by checking the columns for maximum
length and by assuring that two columns will not have the exact same centre line.

evaluation

The fitness of an individual in a GA is the value of the fitness function for its
phenotype. To calculate the fitness, the chromosome must be first decoded as was
stated in the previous paragraph, and then sent to the simulation model. The model
will refurn a value indicating fitness. The various fitness parameters will be
discussed in Section 4.6.

7 MIT [7]
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selection and elitism

Selection methods can range from genetically conservative (e.g. fit-fit selection, an
individual is paired with its next fittest individual) to genetically disruptive (e.g.
fit-weak selection, the fittest individual is paired with the least fit?®. The next
fittest is paired with the next least fit, etc). The utilised roulette wheel selection
is one of the fraditional GA selection techniques. The principle of roulefte selection
is a linear search through a roulette wheel with the slots in the wheel weighted in
proportion to the individual's fitness value. The roulefte wheel selection is a
moderately sfrong selection technique, since fit individuals are not guaranteed to
be selected for, but have a somewhat greafter chance. Based on this selection
operafor, two parenfs will crossover fo form fwo offspring. If is implemented in the
model in a way that the first chosen parent is excluded from selection so it can
not crossover with ifself.

Elitism is an addifion fo the selection operafor. It can be compared with cloning and
although in real life there is a lot of (social) resistance against cloning, for genetic
algorithms elitism is a strong and important selection operafor. In elifism, if the
fitness of an individual in the previous population is larger than that of every
individual in that population, this individual is preserved into the current generation.
Else such individuals can be lost if they are not selected to reproduce or if they
are destroyed by crossover or mutation. Introducing elitism, the best individual
generated up to generation # can be included in the population at generation f + 1.
Many researchers have found that elitism significantly improves the GA's
performance®.

In the GA script for the column allocation problem the fittest solution will be
placed in the last position of the new population [Figure 4.12].

generation ¢

000005

generation ¢ , 7 j

D009

Fig. 4#.12.  Elitism visualised; the fittest individual is
replaced in the next generation at the last
position

% Bartlett [1]
» Mitchell [5]
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crossover and mutation

These two operators are thoroughly discussed in book two of this Master's thesis.
In Section 4.3.2 of book two, the crossover and mutation rate and their values are
explained.

replacement®

Replacement is the last stage of any breeding cycle. Two parenfs are drawn from a
fixed size population. They breed fwo children, but not all four can return fo the
population, so two of fhem must be replaced. The technique used to decide which
individuals stay in a populafion and which are replaced is equal fo the selection in
influencing convergence.

With weak parent replacement, a weaker parent is replaced by a stronger child. In
effect, with the four individuals only the fittest two, parent or child, return to the
population. This keeps improving the overall fitness of the population when paired
with a selection technique that selects both fit and weak parenfs for crossing, buf
if weak individuals don't get a chance to be selected the opportunity will never
arise to replace them.

With both parents replacement, the child replaces the parenf. This keeps the
population and genefic material moving around, yet can lead to a problem when
combined with a selection technique that strongly favours fit parenfs. The fit
breed and then are disposed of. If their offspring are not as fit, the population
will be degraded.

The fthird replacement schema replaces the two weakest individuals in the
population with the children, as long as the children are fitter. The parents are
included in the search for the weakest individuals. This technique rapidly improves
the overall fitness of the population, and works well with large population where
very unfit individuals would otherwise be left in for a long time.

Finally, the children replace two randomly chosen individuals in the population. The
parenfts are also candidates for selection. This can be useful for prolonging the
search in small populations, since weak individuals can be infroduced fto the
population.

For the genetic algorithm dealing with the problem of allocation columns, the 'both
parents’ replacement method is adopted.

* Bartlett [1]
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numerical values of the general genetic algorithm parameters
search strategies and number of generations

The search or opfimisation process consists of initialising the population and fhen
breeding new individuals until the termination condition(s) is/are met. There can be
several, somewhat opposed, goals for the search process” [Figure 4.13], one of
which is to find the global optimum, although this can never be assured. There is
always a chance that the next iferation in the search will produce a bettfer
solution. Alternatively, the search could run for years and not produce any better
solution fthan it did in the first fen iterations.

flx) flx) flx)

global optimum

finding the global optimum quick convergence divers solutions

Fig. £13. Three goals for the search process

Another goal is quick convergence. When the object function is expensive (in time)
to run, quick convergence is desirable, however, the chance of converging on a
local, and possibly quite substandard optima, is increased.

The production of a range of divers, but still good solutions is another goal.
When fthe solution space contains several distinct opfima, which are similar in
fitness, it is useful to be able to select between them, since some combinations of
factor values in the model may be more feasible than otfhers.

For the 'simple’ design tool, the first two goals of the search process are of
greater importance than the latter one. The fotal number of generatfions is
dependant on the governing condition given by fthe user. Selection can be made
between three conditions: the maximum number of generations, the minimum fitness
that needs to be reached, or the minimum improvement of the fitness over a
number of generatfions. For the best results, it is suggested to the latter of the
three conditions.

" Bartlett [1]
Roel van de Straat 5, 9
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population size

A population consists of a number of individuals being tested, with the phenotyping
parameters defining the individuals. A fixed populafion size can be used, which is
initialised with randomly valued individuals. There are ofher techniques for managing
the population size, but with using a fixed size, the coding is simplified, and
probably of litfle importance when it comes fo the efficiency of gefting fo the end
result®

Running a simulation with large models can be expensive in ferms of time, so a
smaller population may be desirable. But if the population is too small then the
loss of genefic diversity may compromise the search. The other exfreme, being a
population size fthat is too large, the initiation takes too much fime. Another
pofential problem is that the search may be flooded with an abundance of genefic
diversity. In a GA, the genetic distance can be assessed in selecting parents fo be
selected for reproduction. If there are several groups of fit individuals clustering
around different optima, the union of individuals from fwo distinct optima may not
keep the genefically ‘good’ part of either of the parents. In the worst case fthis
type of 'mixture of races’, as one could call it, could depopulate the areas around
the various optima. More likely is that the hill climbing around the optima will be
deficient, which further increases the time cost.

number of columns

Per individual, a number of columns needs fo be generated that can transfer the
load from the superstructure to the substructure. Similar to the number of
individuals, a larger number of columns increases the run time of the model. The
difference, however, is that the population size actually is a general GA parameter,
whereas the number of columns is not. The problem of allocating columns to
transfer loads befween two different grid systems, is the problem of minimising the
number of columns. At least, with given column thicknesses as fixed parameters.

The problem with a fixed number of columns is that it cannot be assured that the
(near) optimal solution was obtained. With the number of columns evolving to an
opfimal value including the column thicknesses, or in ofther words the desired
slenderness of the columns, denoted by the user, the solutions generates, amongst
other fitness parameters towards an state of minimal volume. In order to be able
to work with various numbers of columns per run and per individual, an activity
gene for every column is added fto fthe chromosome. Initially, a large number of
columns is given in fthe input frame by fthe user. Dependant on fthe activity value
(‘awake’ or ‘asleep’) a column then participates in the determination of the fitness
value of the structure or not.

? Bartlett [1]
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possible positions for the columns on the grid lines

Another parameter of which the value is defermined by the user of the model is
the number of possible positions for the columns on the grid lines. When trying to
creafe an image of randomness in fthe structure, three aspects play an important
role; first, the different thicknesses of the columns, second, the location of the
columns, and third, the spread of the slanting value of all columns. The laftter two
are greatly influenced by the number of possible positions on the grid lines. But if

the number of possible positions is too large, the initiation (again) takes too much
time.

number of genes per column
Six genes are needed to present the characteristics of a single column.

the grid line number for the lower end point of the column (bottom)
the position on this boftom grid line

the grid line number for the higher end point of the column (top)
the position on this top grid line

the thickness of the column

the activity of the column

So just like with the ant analogy [see Section 3.2.2 of book twol: the elements are
very trivial, but the system is to be non-trivial (no solution to foreseen) and
robust. This results in a 'string’ length of 6 x n, with n is the number of columns
per individual. In the VBA script the given values are not saved as one single
string per individual, but as a 2D-array. For one complete generation, the values of
all six genes are placed in one single 3D-array [Figure &.14]:

individuatnumber

ANAVANAY
N AN N NIBN

N/

N

Fig. &4.14. A visualisation of the 3D-array including the
individualnumber, the columnnumber and the
gene for one generation
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crossover rate

Crossover splices two chromosomes (two parents) at the gene level at a randomly
selected crossover point. The second portion of fthe parenfs’ genes is fhen
exchanged. Figure 4.15 shows two individuals with seven (zero to six) columns and
six genes (a to f) crossover after the twenty-second gene.

parent 1 parent 2
a b C d e f a b C d e f
ogtr 2 2 2 5 0 o1 3 2 0 & 1
1 1 3 1 2 3 1 1 b 5 1 1 5 1
202 3 2 0 4 1 2|1 1T 4 2 3 0
3P 2 3 of3 o 303 5 1 o4
L1 3 3 2 3 0 Lp1r 4 3 0 3 0
512 2 1 2 5 1 503 2 4 3 4 0
61 3 1 0 5 1 6§42 1 1 0 5 0

child A child B
a b C d e f a b C d e f
o1 2 2 2 5 0 o1 3 2 0 & 1
1 13 1 2 3 1 114 5 1 15 1
212 3 2 0 4 1 211 1T L 2 3 0
311 2 3 0 4 1 313 5 1 0 3 0
L1 & 3 0 3 0 L1 3 3 2 3 0
513 2 4 3 4 0 512 2 1 2 5 1
62 1 1 0 5 0 61 3 1 0 5 1

[0..6] - column number
[a..f] - gene number

Fig. 4£.15. One point crossover, where child A and child B
are offspring of parent 1 and parent 2

It is possible for fthe slice point to be zero, or fo be equal fo the number of genes
in the ‘string’, in which case a sfraight copy is the resulf, and fthus creating a child
A that is equivalent fo parent 1 and child B is equivalent fo parent 2. It needs to
be noted that the effect of the crossover for the fitness of the chromosome
depends largely on where the crossover point is located®.

® Bartlett [1]
6, 2 Chapter 4 - design aspects of the tool
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mutation rate

The mutation process is the process of randomly disturbing genefic information.
Mutation operaftes at the gene level. A mechanism similar to fossing a coin is
employed, meaning that if a random number between 0 and 1 is less fthen the
mutation rate (usually a quite small value) the gene value is changed into a
randomly value. As mutation provides an ‘insurance policy’ against fixation of the
same value at a random gene for every individual, if is suggesfted to increase the
mutation rate through the generations, that is, if the number of (almost) identical
individuals is large.

parameters for the fitness function of the design tool
functions of the fitness function

The fitness function is possibly the most important component of a GA. The
purpose of fthe fitness function is tfo map a chromosome representation info a
scalar value*.

Since each chromosome represents a potential solution, the evaluation of the
fitness function quantifies the quality of that chromosome. Next to this, selection
operaftors make use of the fitness evaluation of chromosomes.

It is therefore extremely important that the fitness function accurately models the
opfimisation problem. The fitness function should include all criteria to be optimised.
In addition to optfimisation criteria, the fitness function can also reflect the
constraints of the problem through penalisation of those individuals that violate
constraints. However, it is not required that the constraints are encapsulated
within the fitness function; constraints can also be incorporated in the initialisation,
reproduction, and mutation operators.

The fitness function can be thought of as some measure of profit that needs to
be maximised®. Or in other words, fitness is the probability that an organism will
live to reproduce. But for it to acfually mean anything, several fitness parameters
need fo be combined to form this function. Three important aspects then have to
be dealt with. First, the parameters, in someway, need fo be confradictory, meaning
that the increase of one parameter will result in the decrease of another
parameter. Second, a weight should be given to every paramefer to emphasize the
influence of it on the final fitness value. Third, the representation of the fitness
values needs to be in a format that the mutual values can be compared.

* Engelbrecht [2]
* Bartlett [1]
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In combination with the weighing factors, the values of fthe fitness parameters can
then be easily summed to a total fitness for the individual. Therefore, the fitness
parameters will have values between zero and one. Where zero, or better a value
very close fo zero means a bad fitness, or a non-possible solufion and a value of
one means a ‘perfect’ solufion for the concerning criterion.

the insertion of parameters in the fitness function

Below the criteria, or in other words, the parameters of fthe fitness function fo be
optimised (meaning either maximised or minimised) are given.

1. the overall stability of the structure, including the capacity to take the
horizontal loads and resulting moments;

2. the load bearing capacity of the columns in relation with the actual normal
load;

3. the total volume of the structural elements;
the summed angle of all columns;

5. the infersecting volume of fthe columns, or the minimal distance befween
columns;

6. and the variation of the possible gene values to create a feeling of
randomness.

Two parameters of these criteria have to be answered fully; it needs to be
guaranteed that the stability, and the horizontal and vertical loads, including the
resulting moments can be transferred by the columns from the super- to the
substructure. This means that if the model detects that a solution is not stable or
can not transfer all loads, the fitness of the concerning individual is (close to)
zero, e.g. 1.10- In case an individual is stable and can transfer all loads, the value
of stability fitness parameters is one, and of the bearing capacity fitness
parameter is between zero and one. In other words, the value for criterion 1 is
discrete and for criterion 2 real fitness values will be used, as it is useful to take
info account the relation between the bearing capacity of the columns including
buckling and bearing capacity of the columns without buckling, in order to utilise
the full capacity of the material.

The value of the fotal volume of the structural elements needs to be inverted as
this criterion needs to be minimised. The same holds ftrue for the summed angle of
all columns and the intersecting volume of the columns.

Chapter 4 - design aspects of the tool
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4.6.3 contradiction of the fitness parameters

As mentioned before, the effects the different values of the fitness criteria have
on the structure need to be contradictorily. This will have to find its consequences
in the values of fthe six genes of a single column that represenf three aspects of
the column.

1. the length and/or angle (gene 1 to &)
2. the thickness (gene 5)
3. the activity (gene 6)

Between the six criteria given in Section 4.6.2 the following confradictions, based
on two column aspects, occur, regardless of the number of columns.

1. if the summed column length of all columns slides to a minimum value,

obviously, the tofal volume of the load bearing elemenfs will become
smaller as well. This means that the volume fitness parameter reaches
the optimal value, as the fitness parameter is reversely proportfional with
the actual total volume of the columns. Two other fitness parameters will
increase as well when the summed column length is as short as possible.
First, as the buckling force of columns is dependant on the column length,
the maximal load bearing capacity of a single column is smaller when
dealing with a slender column (or a longer column with a fixed thickness).
Second, the intersecting volume parameter is more likely to be optimised
when shorter columns are used.
Naturally, one or more parameters must confradict the movement towards
shorter columns. One of them is the stability fitness parameter. This
because, if the length of all columns reaches the minimum value, all
columns are vertfical. In this situation, no horizontal loads can be
transferred from the superstructure to the substructure.

2. considering the thickness of the columns, the optimisation of the total
volume paramefer and the ftotal intersecting parameter demands slim
columns. Opposite to fthis, the fitness parameter for the toftal vertical
load bearing capacity calls for thick columns if a small number of column
is active. The variation fitness parameter also prevents all columns being
of a small fhickness.

Roel van de Straat 6, 5
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When the confradictions are regarded from the fitness paramefers point of view,
instead of the column genes point of view, the following enumeration, based on a
fixed number of columns can be made.

e For the optimal fitness value of the overall stability of the structure,
the columns need to slant to be able to transfer the horizontal load,
and need to be as thick as possible.

® For the optimal fitness value of the tofal load bearing capacity of the
columns, the columns need fo be as short and thick as possible, in
other words the slenderness needs to be as low as possible.

® For the opfimal fitness value of the tofal volume of the structural
elements, the columns need fo be as short and slim as possible.

e For the optimal fitness value of the summed angle of all columns with
the vertical, the gene values will not be favoured in anyway.

e For the opfimal fitness value of fthe intersecting volume of the
columns, or the minimal distance between columns, the columns, similar
to the total volume criterion, need to be as short and slim as
possible.

® For the opfimal fitness value of the spread of the possible gene
values to create a feeling of randomness, the columns need fo have a
small, medium and large diameter and have several different lengths.

The opfimal solution, e.g. the fittest individual affer a run, will have a fitness
value between zero and six, when the weighing factors are between zero and one.
Although fhe fitness value can never reach the maximum of six due to the
confradictory criteria, this value can easily be used fo judge the overall fifness of
the individuals.

concluding remarks

Considering the large number of parameters (the number of columns, the possible
locations, and the possible thicknesses) and characteristics (the grid system, the
seemingly randomness, and the demand for an opfimal solution) of the problem, the
genetic algorithm method can be well implemented in the design tool to achieve
good results. Another aspect is, that GA’s are well discussed in the literature and
therefore the basic aspects of the implementation in a script are facilitated.

In this chapter, it is shown fthat numerous structural aspects play an important
role in the validation of the design tool [see also Chapter 6]. And together with
the numerical values of the general genetic algorithm parameters and the utilised
parameters for the fitness function, the onset for scripting the structural
opfimisation fool is given.

Chapter 4 - design aspects of the tool
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5 scripting the structural optimisation tool

5.1

Chapter 5 deals with the scripting and scripting aspects of the design optfimisation
tool. Section 5.1 presents the flowchart of the VBA script, which reveals the way
the different procedures are called upon. In the succeeding sections, different
aspects and procedures of the script are clarified.

utilising the VBA script to design the transfer zone

One of the goals for the complefed design of the VBA script is to create a user
inferface where the user can give values for the several operafor parameters, the
geometrical outline, the various forces, etc. The input can be given numerically in
the graphical user interface (GUI) [Figure 5.1], or the command line of AutoCAD or
graphically in the Modelspace of AutoCAD.

Generate the transfer zone

 Column parameters — Genetic algorithm paramefers
[ Material — Section T
 steal number of generations  (~ oo 500
€ concrete [always fill in the
maximem number of € maximum fitness 6
— Section properties generations]
% minimal improvement [X1 2
small dizmeter [mm] 120
within [ 35 generations
medium diameter [oml [ 15,
large diameter [mm] 180 [~ Population
oy |‘5— diameter numher of individuals per generation

conditions: »3 indiv., only odd numbers

3
[ Ouality ———————————— — Boundary conditions ————————— — Fitness weighing factors
steal number of columns 35 stability 1 slanting 0.45
concrete column distance [mm] s00 bearing capacity 1 intersection 0,60
ainfo: maximum length [mm] 4800 volume 0,95 variation 0,70
range: [0,
[~ Environment
— Number of possible grid positions —— — Center of gravity — External loads
bottom grid lines | 30 x [mm] | 5000 y [mm] | 2500 Fhx [NNII 100 Fhy [wml 100 Fv [kN] | 10000
top grid lines 40 z [mm} [ 5goq M [kN] | 50 My [kN] | 50 Mz [kN] | 50
i Give the numerical output —————————————— [~ Start tha ganeration
Open 3 new spreadshaet and give the oufput ‘ Start | TU Delft
Delft University of Tachnology
Close the spreadshaet Draw the grid lines in the positive Y-direction
© Roel van de Straat 2006

Fig. 5.1.

The GUI of the design optimisation tool
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The flowchart of the VBA script is shown below [see also Appendix B for a larger
figure]. The main program is indicated by the Main Subs, the column under the Start

‘button’. These subs are supported by Sub’s Subs
Functions (third column).

(second column)

and the

In comparison with the general flowchart of genefic algorithms in Figure 4.7 of book
two, the onset of the evolutionary process is given by the input of general

parameters, the creafting of the AutoCAD drawing layers,
deftermination of the grid lines in the AutoCAD environment.

( declaration of variables )

A\V/

I: input parameters General parameter input

AV
Create AutoCAD layers

v 12
Draw grid lines

|: input grid lines and loads

and the graphical

@ Tangent function

Sine function

(® Deternine coordinates
Create xy,z values

(® Create point arrays

(® Deternine column length

I Initiation

I [ Create random gene strings ]

©
&/

¥

AV 3

Decode gene values

56 3;4,561Y Y2
1 ) Initial column check

Determine normal loads

Visualisation

I

Dstermme intersecting vol.

[ fitness function

5.9
1 ) Draw column structure
P

( Process data to Excel ]

population optinal

Elitism

I

() Roulette wheel selection

-/

I Wrap up I ( Show the Excel output ] @ Crossover
V4
@ @® Mutation
[ User input :I ‘ Main Subs | [ Sub’s Subs J C Functions

\_/

Fig. 5.2.
tool

The flowchart of the VBA script of the design

The ofther procedures in the simple GA flowchart can easily be distilled from the
flowchart in Figure 5.2, where the selection, crossover, and mutation operators are

denoted as functions in the Main Sub ‘Create new population’.

6,8
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explaining the script based on the VBA script flowchart

After the determination of the general parameters (mainly via the GUI) and input of
the structural grids in the AutoCAD Modelspace, several procedures are called to
perform the genefic evolutionary process. In this section the four most important
(sets of) Subs and Functions are explained. The Functions used per Sub are
denoted with a number (i).

creaftion of random gene strings

Initiation [ Create random gene strings }

In order fo create the first generation - Generation 0 - the Inifiation Sub calls the
‘Create random gene strings’ Sub. Herein for the six genes of every column of
every individual ‘random’ but possible, values are aftributed with fthe random
number generafor of VBA.

The values are drawn up in the coded variant, meaning that the locations of the
top and bottom point of a column are indicated with the grid line number and the
position of the column on this grid line. The thickness value is indicated with a
zero, a one, or a two for respectively a small, medium, and large diameter for the
column thickness, and the activity gene is valued with a zero (asleep) or a one
(awake).

hatching of the coded gene values

3.4
Decode gene values

As the coded gene values cannot be used for the determination of column
parameters such as the column length and angle, the values need to be decoded
(3,4) - a process similar to 'hatching’® of an egg; the genetic properties of the
creafure of individual remains the same, but it is 'applicable’ after hatching. This
aspect of fhe script is based on the openStrategy Form Finding method®. Aftfer
decoding the genome, the location of the fop and bottom point of a column are
given in x, y, z - coordinates, and the thickness in the diameter of the column in
millimetres. After a new generation of individuals is created [Section 5.2.5] new
chromosomes with coded values are send fo the '‘Decode gene values' Sub.

* Coenders [4]
7 Coenders [4]
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checking the generated individuals and columns

5,6 34561\ 12

Generate population ] ) Initial column check

The initial column check calls numerous functions, and can call the ‘Create random
gene strings’ Sub as well. After the gene values are decoded, the length of every
column of every individual can be determined (5,6) and it is checked whether any of
the columns have idenfical centre lines. If the latter is the case, the concerning
column is removed and replaced by a new one with ‘random’ gene values in the
‘Create random gene sfrings’ Sub. Subsequently, the new coded gene values need to
be decoded again (3,4) and the new column can be checked for the length (5,6).

Every column is then subjected to a routine in which the bearing capacity (7)
[Section 4.3.5] and the angles with the horizontal surface and the vertical z-axis
are determined (1,2).

evaluating the generations

540
Evaluate population

After a generafion of individuals is created, every individual is subjected fo a
fitness check. However, not before the normal column loads based on the given
external loads and fthe location of the columns of every individual are determined.

calculation of the column normal force (8)

In order to take in to account the axial stiffness of the columns, a Finite Element
Method is adopted, called the Discrete Element Method (DEM) [JW. Welleman,
October 2006]. This method was used and validated for a 2D-system, but had to be
adapted for a 3D-environment. This means that the structure is fransferred from a
system with three degrees of freedom {u}” = (u v @) to a system with six degrees
of freedom {u}l" = (u v w g ¢ @) in the centre of gravity of the superstructure.
The assumption needs to be made that the superstructure is a rigid body.

To determine the column normal force in the pinned columns, the equation
N, =D, x B, x{u} 5.1
needs to be solved. With [0 is the constitutive matrix (=EA/l) and B, is the

kinematical matrix of the concerning column. The six degrees of freedom in {u} need
to be derived in order to solve equation 5.1.
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The system fhat needs to be solved for defermining the unknown displacements
and rotations is

F, ko Ku K Ky Ky ks || U
F, ko Ky kp ks Ky kg ||V
F, _ ko Kn Ky Ky Ky k|| W -
T, ko Ky Ky Ky Ky ks ||,
7, ko ki ko ks ki ks |le,
_Tz | _kso kg Ky Ky ke, kss_ P,

For the determination of the column kinematical matrix the ‘unity direction vector’ [
needs fo be defermined. The elongation of fthe column, dependanft only on the
displacements of Xiopt Vi and zZ, (as Xorromt Yootton AN 2, are fixed), can then be
expressed as the product of the kinematical matrix B, and the column vector with

the degrees of freedom {u}.

Xiop ™ Xbotton Xiop ™ Xbotton
Yiop = Vsotton Viop = Ybotton |
x
[ = Ztop ~ Zbottom ~ \Ztop ™ Zhotton ) _ [
2 2 2 A 4
\/(Xfup = Xpotton) T+ (yfup = Vootton) T (Zmp = Zytton) l
2z
with |4 = 1,0 .53

The kinematical matrix can then be written as

B =, ( Ayl —bzl, —Dxl, +Dzl, Axl, —Ayl] s

The next step is to determine the column stiffness matrix K, which is a 6 x 6
matrix that can be constructed with the following formula based on a global
coordinate system [Fgure 5.3 on the next pagel.

K, =B/ xD xB, 55
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Fig. 53.  The global coordinate system, including the
positive rotations

The system stiffness matrix can be obtained by summating the stiffness matrix for
every column.

]
3

sys i

Il
o

with n is the number of columns minus 1

In the VBA-script, the system of Equafion 5.2 is solved with a Gauss-Jordan
Elimination method, a method for solving a linear system of equations, where the
system matrix needs not to be written in a (reduced) echelon form. This method is
written in the VBA-script based on the five steps shown below. No predefined
library is used to implement the method in the process of determining the degrees
of freedom.

Five steps are needed to determine @, en from that point back substitution makes
it possible to defermine the other degrees of freedom. In every step, 'shadow
equations’ are obtained with zeros on the first non-zero column. This method is
clarified below for the following 2D-system.

0 = 5x + 2y + z
5 = X + y + 2z
0 = x + y + Lz

And as was already mentioned, affer obtaining the degrees of freedom for the
complete system, the normal load per column can be derived with equation 5.1.
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matrix notation

10 5 2 11|x10)
5(=(1 1 2|ly|0
0 11 4] z]|(2
step 0 - multiply equation (1) and (2) with 5 and subtract
them from equation (0)
10 = 5x + 2y + z
25 = 5x + 5y + 10z -
-15 = -3y + -9z
and
10 = 5x + 2y + z
0 = 5x + 5y + 20z -
10 = -3y - 19z

matrix notation

X
=15 0 -3 -9 (3)
= y

10 0 -3 -19 (&)
z
step 1 - multiply equation (4) with 1 and subtract it from
equation (3)
5 = 3y o+ 9%
10 = -3y + -19z -
=25 = 10z
matrix notation
X
[-25] =[0 0 10]| ¥ |(5)
z

The z-value can easily be calculated, z = -2,5. Via back substitution with equation (3) and (0) the y- and
x-value can be derived as well.

-2, 5
=112, 5
z -2, 5
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As the deftermination of the column loads, and thus the determination of the
equilibrium of the forces and stability of fthe equilibrium are based on this method,
the VBA script only has to prevent the running of the ‘normal column load’ Sub in
case a structural mechanism [Figure 4.10] occurs.

implementation of the fitness function

In order to determine the intersection volume fitness parameter (10), the structure
needs to be drawn in AutoCAD in the '‘Draw column structure’ Sub. In this Sub, also
the AutoCAD visualisation of the fittest individual is saved.

In the ‘Evaluate population’ Sub ifself, the values for fthe different fitness
parameters (4.6.2) are determined and the maximum, average, and minimum fitness
are calculated and the values are then saved in MS Excel in the ‘Process data to
Excel” Sub.

Finally, it is checked whether the fitness values comply with any of the stopping
criteria denoted by fthe user. If nof, then a new population needs to be creafed
[Section 5.2.5], else the script follows it path with the 'Wrap up’ Sub, where all
data for the run can be shown.

creafting the new population and utilisation of the genetic operators

112,134
Create new population

The 'Create new population’ Sub calls four genetic operators. Via the ‘Elitsm’
Function (11), the fittest individuals are copied to the end position in the individual
positions. The ofher individuals are created with the crossover procedure. With the
roulette wheel selection method, two individuals (parents) are selected for
‘breeding’. Every two parents create ftwo children, two new individuals. Finally,
every new chromosome, except fthe fittest one, is subjected fto the 'Mutation’
Function, resulting in a relatively small distortion of the new population.

For the first generations, it is desired for the mutation rate to be relatively high.
As the number of generations increases, the mutation rate preferably decreases
exponentially. The main advantage of this, is the fact that in initial large mutation
rate ensures that a large search space is covered, while the distorting effect of
mutation becomes smaller when individuals start to converge towards the optimal
solufion.
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Various functions can be adopted to defermine fthe mutation rate for every
generation [Figure 5.4]. Similar to the speed of the radioactive decrease of a
radioisotope, a function including a halving fime parameter is chosen for describing
the mutation rate.

_ p,0

m
Ly

2/71/2

5.7

In Equation 5.7, p (0) is the mutation rate for the first generation (f = 0), a value
in general smaller than 0,1 The halving time, h , is the number of generations
needed to halve the mutation rate over that number of generations.

Example - red line in Figure 5.4

Suppose that the start value (p(0)) is 1 and the halving time h, ) is 2. For t = 0
the mutation rate is eqgual to p(0). After two generations the mutation rate is
halved, p(2) = 0,5 Another two generations, and the mutation rate is halve
again, plk) = 0,25 etc.

-1 0
-0.25 —

Fig. 5.4.  Exponential decreasing y-values for increasing
x-values for three different functions

After the new populaftion has been created, the children follow the same path to

the ‘Evaluate population’ Sub their parents went as from the '‘Decode gene values’
Sub.
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concluding remarks

One of fthe main feaftures of this Master's thesis is the flowchart of the VBA
script of the design tool. Herein, the VBA procedures (Main Subs, Sub’s Subs, and
Functions) are presented that need to be called upon to create the optimal
solution. The genefic evolutionary processes are denoted in the Main Subs, and are
supported by different Sub’s Sub, such as an initial column check and a procedure
for drawing the structures in AufoCAD.

In order to be able to generate a first set of individuals (generation 0), a random
gene operator is called, which fills the chromosome of every individual with possible
gene values in a coded sef. Affer decoding fhese values, the column
characteristics, such as length and angle can be determined. In fthe ‘Evaluate
population’ Sub, the structures are evaluated on their fitness based on the fitness
function [see Section 4.6]. Here, also the Function ‘Determine normal loads' is
ufilised to calculate the normal load in the active columns of every structure. This
calculation is performed with the Discrete Element Method, where loads and
moments in the main axial directions in the centre of gravity of a rigid body are
transferred to pin-connected columns based on ftheir location, length, and axial
stiffness. To finalise the exposé of the flowchart, the 'Create new population’ sub,
including the determination of the variable mutation rate, is discussed.

Chapter 5 - scripting aspects of the tool
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validating the structural optimisation tool

Various parametfers for fthe several genefic algorithm operaftors and the fitness
function need to be valued adequately in order to drive the evolutionary process to
an optimal solution. In this chapter, three aspects of main interest are tested and
validated for fheir contribufion in estimating the fiftest solution.

calculation of the normal column loads with the DEM method

In Section 5.2.4, the DEM method is illustrated as a method for the calculation of
the normal loads of a column structure fransferring load from a rigid body to a
rigid foundation. Here fthe outcome of a computational run is tested by comparing
the results of the VBA script calculations with results from fthe structural analysis
tool Oasys GSA.

normal column loads for a statically definite structure

A random statically definite column structure (with six columns in a 3D environment)
is set up in an Oasys GSA model. The columns, with different cross sections [Figure
6.1] are pin-connected with the foundation and the superstructure, which consists
of numerous large concrete beams, which are rigidly connected (with the properties
of Beam01 of Figure 6.1].

ii validation 6 columns.gwb : Beam Sections

A B C D E
Property Name Material Description R Ty
[m?] [m4]
Defaultz  |Section # Steel Explicit 1] 1]
il Beam01 Conerete short term STD A 1000, 300, 03 0.025
2 ColumnS mall Steel STD CHS 210,125 00077558 37967005
g Columnbd edium Steel STD CHS 240,125 0.0089339: 57973005
4 ColumnLarge Steel STD CHS 270,125 0010112¢  8.4003e-005
5

Fig. 6.1. Three circular hollow steel sections for the
columns of the transfer zone; thickness: [210,
240, or 270 mm, wall thickness: 12,5 mm]
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generation 0

By adding three arbitrary node loads (F = 200 kN, F, = 100 kN, and F, = -1000
a calculation could be made of which the results are [see also Figure 6.2

N(0) = 379,2 N (2) = -913,0 N (4) = -750,7
N(1) = 300,3 N (3) = 1254 N (5) = -263,9

"H

[ REENcuNSE s moE||SIEIFsERS eS| o e|snEaN]

|$ B8R |es

TZ val

<] + — |Disply[Elemenss =] o

Lo

c=: 1000, picam
£ 1000, picam

Case: A “Anslyss case 1"

Spchosio]|_Nodes | Elwnts | Mo | Sociors || Golows | 05 Vewer | _Dolods | Groses | ok

NXEFEICRZ|IH

[ e aa € FlIx Lealse || &

Fig. 6.2.  Calculated column loads in Oasys GSA for a
statically definite structure

kN)

The same structure is manually set up in the VBA script and drawn in the AutoCAD
environment [Figure 6.3], and the exact same results as derived in the structural
analysis fool were calculated with the DEM method [Figure 6.4].

individual 0

/' X\

Fig. 6.3.  Six columns in the AutoCAD environment

column 0 column 1 column 2 column 3
372,85711429 300,2719855 -913,0141517 125,3571429

Fig. 6.4.  Results from the DEM method in the VBA
script

7, 8 Chapter 6 - validating the tool

column &
-750,6695424
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normal column loads for a statically indefinite structure
To the sfructure presented in Section 6.1.2, fwo columns are added, and thus a

statically indefinite structure is modelled in Oasys GSA and VBA [Figure 6.5]. Again,
results from both tools are compared fo validate the DEM method.

23

Fig. 6.5.  The statically indefinite structure with 8
columns in GSA and AutoCAD

N (0) = 32,65 N (2) = -91,29 N (4) = -245,9 N (6) = -90,58
N (1) = -100,3 N (3) = -264,6 N (5) = -193,6 N (7) = -222,9
column 0 column 1 column 2 column 3 column & column 5 column 6
individual 0 30,01717755 -97,07505292 -86,12694687 -269,6384298 -226,3136526 -155,9427939 -143,7338255

Fig. 6.6.  Calculated column loads of Oasys GSA (top)
and the DEM method in the VBA script

Figure 6.6 shows that with the exception of columns 5 and 6, the difference
between the results from Oasys GSA and the DEM method in the VBA script stays
within the 10%. The difference between the two calculations arises as the
superstructure of the GSA model distributes the loads differently than the
assumed rigid body, as can be seen in Figure 6.5 where normal loads in the beams
of the superstructure are shown.

determination of the GA operator values
influence of the crossover and mufation operafor

With a crossover rafte of zero, the point of crossover is sef at the 'string length’,
which is fthe location affer the last gene in the 2D-gene mafrix of an individual.
Every gene of parent 1 prior to fhe poinf of crossover, i.e. all genes of the
individual, is copied fo the empty gene locations of child A. As a result, child A is
an exact copy of parent 1. The same holds ftrue for child B and parent 2, see
Figure 6.7, next page.

column 7
-214,4473363
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parentf 1 parent 2
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wlofuwlulsfwlu]e
~I=f=l=l-1-1=1-
o v e WwN oo
olw|alw|=a]s] =
S| slu|=]v|w|e
Sl = |wl ===~
olw|ele|s]=]e|a
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child A child B
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[0..6] - column number
[a..f] - gene number

Fig. 6.7.  One point crossover between parent 1 and
parent 2 with the point of crossover at 'string
length’.

These new individuals, child A and B, will not be altered in case of a mutation rate
of zero, and as the selection of individuals for mating is biased in favour of fit
individuals, the fitter individuals will again be used to create a new generation.
Logically, this will result in a run where the final generation (under the restriction
that enough generations where created) will consist of individuals exactly equal to
the fittest individual in generation 0.

When the crossover rate is set to a larger value than ‘0" (not larger than 1), all
new individuals are created by mating of two parents for the previous generation.
To what degree the child resembles parent 1 or parent 2 is dependant of fthe
randomly defermined crossover poinf.

Example

The tofal number of columns per individual is 14 and the crossover point is set
to 35, which has as a result that the genes of column number 5 of both parents
are partly copied to child A and partly to child B. In Figure 6.8 and 6.9, it can be
seen that the genes of columns 0 fo 4 are copied from parent 1 to child A and
from parent 2 to child B. The characteristics of columns 6 fo 13 are transferred
from parent 1 to child B and from parent 2 fo child A. For column number 5 of
child A the location (gene ‘a’ to ‘d’) and the thickness (gene ‘e’) are similar to
those values of parent 1. The difference between column number 5 of parent 1
and child A lies in the activity value. The column ‘inherited’ the ‘awake’ state
from parent 2, whereas column number 5 of child B is ‘asleep’.

Chapter 6 - validating the tool
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pt pt pt pl pl p! 0|p2 p2 p2 p2 p2 p2
pt pl pl pl p1t pl 11p2 p2 p2 p2 p2 p2
pt pt pt pl pl p! 2 |p2 p2 p2 p2 p2 p2
pt pt pl pl pl p! 3|p2 p2 p2 p2 p2 p2
pt pl pl pl p1t pl L | p2 p2 p2 p2 p2 p2
pt pl pl plt pl I 0 S5|p2 p2 p2 p2 p2Q 1
pt pt pt pt p1 pt 6 §p2 p2 p2 p2 p2 p2
pl_pl pl pl pl p! P 1p2 p2 p2 p2 p2 p2
pt pt pt pt pt pt 8 p2 p2 p2 p2 p2 p2
pt pt pt pt p1 pl 9fp2 p2 p2 p2 p2 p2
pt pt pt pt pl pl 10fp2 p2 p2 p2 p2 p2
pt pt pt pt pt pt My{p2 p2 p2 p2 p2 p2
pt pt pt pl pt pl 12§p2 p2 p2 p2 p2 p2
pt pt pt pt pl pl 13)p2 p2 p2 p2 p2 p2
[0..6] - column number

[a..f] - gene number

Fig. 6.8.

. ii

column 5

parenf 1
A

b=

i

chil child B

a b ¢ d e f a b ¢ d e f
0fpt pt pl pt p1 pl 0|p2 p2 p2 p2 p2 p2
14pt pt pt pt p1t pt 11p2 p2 p2 p2 p2 p2
20 pt pt pt pt p1 pl 2 |p2 p2 p2 p2 p2 p2
30 pt pt pt pt pl pl 3p2 p2 p2 p2 p2 p2
41 pt pt pt pl p1t pt L |p2 p2 p2 p2 p2 p2
S{pt pt pt pt pi|1 5|1p2 p2 p2 p2 p2| 0
6| p2 p2 p2 p2 p2 p2 6 |pt pt pt pt pt pt
Plp2 p2 p2 p2 p2 p2 P et pt opt opt pt pt
8 | p2 p2 p2 p2 p2 p2 8 pt pt pt pt pt pl
91p2 p2 p2 p2 p2 p2 9 et pt pt pt pt pt
00p2 p2 p2 p2 p2 p2 0p1 pt pt pt pt pt
n|p2 p2 p2 p2 p2 p2 1nypt pt pt pt pt pt
12| p2 p2 p2 p2 p2 p2 121 pt pt pt pt pt pl
B3)p2 p2 p2 p2 p2 p2 Bpt pt pt pt pt pt

One point crossover between parent 1 and
parent 2 with the point of crossover at gene
location 35.

A

o |
W

i

A

column 5
| R
l l parent 2
|
column 5 (
. | N
child A /\//‘ \ \\
RV |
column 5
child B
Fig. 6.9 Child A ‘inherited’ the characteristics of column
number 0 fto &4 from parent 1 and column

number 6 to 13 from parent 2 (column numbers

not given in the figure).
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When also a positive non-zero value (not larger than ‘1) for the mutation rate is
sef, the new individuals can be subjected to mutation, meaning that with a certain
probability, gene values can be altered, as shown in Figure 6.10. The figure shows
an example with only active columns.

As can be seen in Figure 6.10. the crossover point is located in the gene string of
column 4. The columns indicated with filled circles are copied from parents 1 (red)
and 2 (blue) to child A. The open circles correspond with column numbers that are
copied to child B. In this case, the combination of the gene values of column & of
parent 1 with the gene values of column & of parent 2 resulfed in columns not in
accordance with the restfriction of the maximum length. Consequenfly, a new column
4 for both child A and B is created by calling the random gene appoinfing function
in the VBA script.

After crossover, the mutation function is called, which resulted in the mutation of
two columns; number 11 of child A and number 9 of child B. Column number 11 of
child A is copied from parent 2, but as the grid line location values are mutated
(gene 1 and 3) the column has 'moved’ to the location shown in Figure 6.10. Column 9
of child B inherited its column characteristics from column 9 of parent 1. The
difference, however, is the thickness value, which is ‘small’ for parent 1 and ‘large’
for child B.

URTAR VY

parent 1
parent 2

Fig. 6.10  Crossover and mutation of two individuals
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opfimal values for the crossover and mutfation rafte

Numerous test runs have to be carried out in order fo be able fo estimate the
opfimal values for

the crossover rate (fixed, but can be variable),

the mufation rate for the first generation,

the halving time for the mutation rate [see Section 5.2.5], and
the population size.

As shown in Figure 6.11, the difference in convergence and ability to work towards
an optfimal value are considerable, considering the GA parameter values that are
used. Because of the enormous variety of possibilities and the fact that every
problem has its own set of optimal GA paramefter values to come fto an optimal
solution, in fthis ftext further elaboration on the fest runs concerning the estimation
of optimal GA operator values is refrained from.

population size: 45 population size: 75
crossover ratfe: 0,50 crossover ratfe: 0,55
mutation rate(0): 0,50 mutation rate(0): 0,10
halving time: 5 generations halving time: 45 generations

Fig. 6.1  Improvement of the volume fitness parameter
for different operator values

clarification of the fitness parameters

In order to prevent difficulties with possible divisions by zero, non-fit solutions are
valued with a value close to zero e.g. 110 or are given a penalty by multiplying
the fitness function with a certain value between zero and one . Fully fit solutions,
will have a value of 1 (concerning the parameter under consideration).

stability fitness parameter

The stability fitness parameter is the only fitness parameter that has fo be
complied fully. In other words, a non-fit stability fitness parameter value is the
result of a structure not capable of fransferring any external load, meaning that a

Roel van de Straat
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solution with a stability fitness parameter smaller than one (i.e. 1.10°¢) is unstable.
The stability of a structure is dependant on fhe following structural
characteristics;

1. the work lines of all columns infersect in one point;

2. the planes between the grid lines described by the work lines of all
columns are parallel;

3. less than 6 columns are active.

If one or more of these characteristics is/are applicable fo a column structure
generated befween two grid systems, the sfructure describes a sfructural
mechanism. As a result, the stability fitness parameter value will be close fo zero.

bearing capacity fitness parameter

Every column individually is fested for the confribution fo fthe overall bearing
capacity fitness which places the column in one of the following three caftegories:

1a. the normal load is larger than zero (tension)
1b. the normal load is zero

> the individual column fitness is close to zero.
2. the normal load exceeds the bearing capacity of the column

> the individual column fitness is given a penalty value proportional with the
difference between the normal load and the bearing capacity.

3. the normal load is smaller than zero and does not exceed the bearing
capacity

> the individual column fitness is scaled between zero and one proportional to the
normal load and the bearing capacity.

The main goal of this fitness parameter is to drive the normal loads of all columns
towards the bearing capacity, in order to find a fully stressed structure as an
opfimal solution.

total column volume fitness parameter

The value of the fitness parameter for the total volume of the columns per
individual is dependant on fhe possible maximum and minimum summed volume. The
maximum value for the total column volume is calculated by multiplying the number
of columns with their maximum length and maximum cross secfion area. A similar
formula is used to calculate the minimum value for the total column volume, where

Chapter 6 - validating the tool
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the minimum length (the construction height) and the minimum cross section area
are mulfiplied with the number of columns.

Based only on the fitness parameter for fthe fotal column volume, a higher fitness
for a column structure will be driven by the increasing number of (almost) vertical
columns with the smallest possible cross section.

total column slanting fitness

Although at least the fittest column structure eventually needs fo be evaluated
for multiple load cases, good values for the fofal column slanting fitness
parameter will result in structures better capable of dealing with multiple load
cases. This as a result of spreading the slanting angle of every column, weighted
with the column fhickness, such fhat the summed column angles in x- and y-
direction are driven towards zero. If needs to be noted, that fitness parameters
close fo 1" concerning fthe tofal slanting of the columns do not automatically
ensure good characteristics for dealing with multiple load cases.

In order fto give more information on whefther a structure is capable of dealing with
multiple load cases, without acfually subjecting it to a loop of calculations, the
variation of column directions and location [see paragraph on column genes
variation fitness parameter] is of great importance.

intersecting columns fitness parameter

The fitness of a column structure concerning the desire for non-intersecting
columns is dependant on two aspects, being the summed volume of every column of
the structure individually and the volume of the unioned column structure. The
latter can be determined with the AutoCAD-function Union, which creates a
composite solid by addition. Figure 6.12 shows the difference between the summed
and unioned volume of fwo identical columns.

summed volume: unioned volume:
82.10°m 81.10'm’

Fig. 6.12.  The summed volume of two columns versus the
unioned volume of the two columns intersecting
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The difference befween summed and unioned volume is the infersecting volume,
which is the parameter to be minimised in order to maximise the fitness value. This,
meaning fhat, if the summed volume of a column sfructure is equal fo the unioned
volume, and the intersecting volume is zero, the infersecting columns fitness
parameter is valued ‘1.

In order to include a minimal distance between the columns, column profiles can be
utilised within the infersecting columns fitness parameter. The same principle of
comparing fthe summed and fthe unioned volume as describe above can then be
applied to fthe column profiles, which form a larger silhouette around the columns
[Figure 6.13].

column

column
profile

Fig. 6.13. In order to be able to denote a minimal
distance between the columns, a column profile
can be utilised

As the difference in volume between the summed and unioned structure is
relatively small, a bandwidth is adopted in order to prevent that all fitness
parameter values are close to '1. This results in a fitness of "1.10-* when the
quotient between the summed and unioned volume is smaller than e.g. '0,95". Values
larger than ‘0,95 and smaller than '1" are rewritten to values between ‘0" and '1'.

Here it must be stated that whether the infersecting columns fitness parameter
is ufilised, the maximum number of possible generations and individuals is reduced
considerably, when virtual memory errors can occur. This is due to the fact that
drawing the columns and/or the profiles demands a considerable amount of virtual
memory of a computer.

column genes variation fitness parameter

The column genes variation fitness parameter consists of three independent
variation paramefers fthat can be individually weighted within the VBA script;

® variafion of column fhicknesses
e variation of the angle around the vertical (z) axis
®  variation of the column position in relaftion to the centre of gravity
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Main goal of the combined variation fitness parameters is to creafte structures that
appear random to the eye. All three gene variaftion parameter values are based on
different possible column characteristics. The variation of the columns fthickness is
spread over the three possible column thickness gene values; small, medium, and
large. For the indication of the slanting direction of the columns four equally sized
quadrants, based on an orthogonal system are denoted [Figure 6.14].

quadrant 2 quadrant 1

quadrant 3 quadrant &

Fig. 6.14.  Four different possible quadrant values for
the slanting direction of the columns

And finally, the column position in relation to the centre of gravity is spread over
four circular areas, increasing in size, indicating the distance to the cenfre of
gravity [Figure 6.15].

area &4

centre of jgravity

Fig. 6.15.  Four different possible values for the distance
of the top point of the columns to the centre
of gravity
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The optimal values for the different gene variation parameters are obtained by an
equal distribution of all active columns over the three possible column thickness
values and the four possible column slanfing direction quadranfs for respectively
the variaftion of column thicknesses and the variation of the angle around fthe
vertical axis.

The optimal variation of the distance of the top point of the column to the cenfre
of gravity is accordingly the distribution of the number of active columns per area
as given in Figure 6.16, where every area will have half the number of columns in it
of the previous class.

area 1 area 2 area 3 area 4

minimum distance

Fig. 6.16.  Optimal distribution of the four different
possible class values for the distance of the
top point of the columns to the centre of
gravity

Example

Suppose 15 active columns determine one solution. The maximum distance is 40 m.
Class 1 will contain columns at a distance larger than 30 m and smaller than 40
m. Class 2 contains columns at a distance larger than 20 m and smaller than 30
m, and so on. The optimum variation is then that 8 of the 15 active columns are
in class 1 4 columns are in class 2, 2 columns are in class 3, and 1 columns is in
class 4.
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Now suppose that the number of active columns cannot be divided by 15, for
example, the structure consists of 12 active columns. The optimal variation per
class is then the integer portion of the outcome of the number of active
columns, multiplied by the class factor (ie. 8 4, 2, or 1), divided by 15, and
adding 0,5. For a number of 12 active columns this results in the following
optimal division.

class 1. real value 72*%+0,5:6,9
integer value 6

class 2: real value 12 *% +0,5 = 3,7
integer value 3

class 3: real value 12 * % + 0,5 = 2,1
integer value 2

class 4: real value 72*%+0,5:7,3
integer value 1

Besides creating a seemingly random structure, the column genes variation fitness
parameter also prevents the work lines of all columns of going through one point
and prevents the work lines of all columns being parallel.

concluding remarks

One of the main feaftures of the opfimisation design fool is the ability fo calculate
the normal column forces of the structural transfer zone, based on the DEM
method. In comparison with the structural analysis tool Oasys GSA, the results are
satisfactorily. One important comment that needs to be made, is that it has nof
been checked to what extent the model with the rigid superstructure falls short
with the real world aspects. That is why, again it is stressed out fthat this design
tool is applicable mainly in the preliminary design stage.

Another shortcoming is that the utilisation of the infersecting columns fitness
parameter demands too much virtual memory from AufoCAD to work with every
desired number of generations, individuals or columns. However, test runs have
proven that with a small maximum column length and not fo many columns in
relation with the size of the ftransfer zone area, intersection of columns occurs
rarely.
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7 concluding remarks and recommendations

This chapter concludes book one of the Master’'s thesis ‘opfimisation of structural
transfer zones in multi-use buildings'. Here, conclusions are given in fwo distinct
sub sections. The first deals with conclusions on fthe ufilisation of optimisation
techniques in the (structural) design process. The second sub section deals with
conclusions on fthe development of the design fool.

general conclusions

Traditionally, structural optimisation is used as a tool for reducing the weight of
structures and structural componenfs, with at this moment of fime the accent on
the latter one. The purpose of many approaches, is to produce a design in which
each structural element susfains a stress level as close as possible to the
allowable stress of the material under given loads and support condifions, with the
opfimal target of a fully stressed design. This aim for reducing fthe structural
weight based on structural optimisation is already exfensively used in aerospace
engineering, where reducing the weight is of the utmost importance.

However, since every design problem requires different parameters and boundary
condifions, it is impracticable to create general tools applicable for a large set of
problems without the use of libraries. This implies that for every new problem a
new tool has to be designed, programmed, or scripted from scratch. This may sound
like an approach including a lot of redundant work, but the main advantage is that
the structural engineering, possibly together with a computer scientist, can work
towards a comprehensible and straightforward script for the design ftool. Scripting
for a specific design problem also has the advantage that the tool not needs to be
100% fool proof, since the infended user (in most cases the designer him- or
herself) may be considered 'not a fool'.

To conclude the general conclusions, an interesting question could be, whether with
such tools, a structure is still designed or if it is computed or calculated, and if
the latter is true, is this a problem? It is claimed here, that however the influence
of calculation versus the creative aspect of design is relatively high, the transfer
zones in this Master's thesis are still designed. This, as the structured aspects of
generating the structure based on GA's are complemented with the creative
process of designing the model environment and parameters.
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conclusions on the utilisation of optimisation technigues

usability and applicability

The potential of structural optimisation ftechnigues has not been realised
by the building engineering industry. Actually, there is a sever imbalance
between the enormous amount of literature on the subject of structural
opfimisation and the lack of applications to practical design problems.
However, the growing utilisation is a fact, and a result of the increase of
technological possibilities and the development of efficient techniques for
several practical applications.

Although, the past decades have produced several original structural
opfimisation methods, the fufure will focus on only a few reliable and
robust technigues, of which genetic algorithms is one.

The specific needed knowledge to work with structural opfimisation -
infegration of CAD tools for geometric modelling, general analysis mefhods,
like fhe Finite Element Method, mefthods of design analysis with
mathematical and mechanical programming, and artificial intelligence
techniques - is not something which can be easily asked from one person.
There is always the threat of users relying fully on the outcome of the
optimisation tool. That is why, it is concluded here that small, relatively
easy fto comprehend design tools, maybe even developed by the user self
have more advantages for grasping fthe essence of a design over a
comprehensive, extensive tool.

developer and user

The future of structural design tools similar to the one describe in the
Master's thesis lies not in the generation of (templates of) general tools
by experts, but in the creation of awareness and education of structural
and building engineers in computational design, and in emphasising the
collaboration with computer scientists.

The building practice will then benefit, mainly in the concept and
preliminary stage of the design process from a quick exploration of
possibilities, without having to use a ‘black box' of which the results can
not be derived.

As the wish/demand for special strucfures is growing, the number of
projects in which design tools can and will be utfilise will increase
accordingly.

conclusions on the development of the design fool

aspects of the design tool

As structural optimisation technigues in building engineering are utilised
mainly for special structures at this moment (e.g. free form structures),
design tools are usually programmed for a specific design problem
(consider the Folded Roof Project, Section 5.4 of book two).
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®  Although the onset of the design tool described in the Master’s thesis is
applicable for many structural design processes including a column
allocation problem, the presented script linked to AutoCAD itself is
another example of a rather specific design tool. The presented design
tool amongst ofhers (i) can only be used for vertical line elements (i.e. no

walls), (i) is limited to just one structural layer, and (iii) contains specifics
parameters, such as the discrete location possibilities, and column
sections.

e As scripting and programming are offen interlinked, it is stated here fhat
the VBA implementation presenfed in this Master's thesis is a scripted
tool - not a program - which can be utilised within the AutoCAD
environment.

® |t can be concluded that with the six objectives, optimisation of the
fitness function is achievable fo a very large exftent. Mainly because the
problem adopted in this Master's thesis can be well 'tackled” by an
opfimisation methods such as genefic algorithms, and that the optimisation
process as a result of running the VBA script can be well implemented in
the preliminary design stage.

e |t can also be concluded, that for a complete benefit of the GAs a
computer scientist and a structural engineer should combine their
knowledge in making a scientific computer model for building engineering
purposes. First of all, because fthis collaboration will offen lead fo new
insights in bofth fields. Secondly, both academics can display fheir own
specific knowledge to a problem, rather than needing one building engineer
with extended computing knowledge.

recommendations

e The convergence fo the optimal solution might improve by choosing ofher
types of GA operators. It might be that multi-point crossover instead of
single point crossover, in-order mutate instead of random mutate, and
best-individual replacement instead of parent-replacement will result in
beftter optimisation systems.

e  (urrently, it is not possible to deal with multiple load cases, however,
implementing a loop fo make it possible is probably not that hard to
script. Another applicable feature could be using a manual stop during the
run to fix desired columns and fthus fo ensure that these columns will
remain in every generatfion.

® |t can also be recommended to involve the optimisation of the principle
beams on the grid system in fthe optimisation fool, and to enlighten the
transfer of the loads from the superstructure, which are infroduced in the
columns. Anofher important structural aspect, not implemented in this
Master's thesis, is fthe stfructural integrity of the transfer zone. On the
other hand, such aspects can be invoked after the optimisation process.
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assumptions

To answer to the free form desire currently popular in the building
industry, the tool could be adapted such that curved ‘grid lines' are also
able fto offer a framework for the structural ftransfer zone generated
with the VBA script. And although the number of objectives can not be
too large, some (structural) aspects could be adopted as well, such as the
constructability, construction time, the costst, the adaptivity and a value
for the functionality of the ftransfer zone.

This research does not go into defail on the gquestion whether grids are
still the principal for designing a (multi-use) building, but with a topic on
an opfimisation process fo connect different structural grids, this question
might need an answer in the successor of this Master's thesis.

Applied on the design fool for structural optimisation of a transfer zone,
it may be assumed that the user will not introduce random or impossible
values for the different parameters (such as a negative value for the
number of columns), or at least will recognise deficiencies in the outcome
after validation the results.
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appendix A - Visual Basic for Application as a language®

Many programming languages can be used to script the genefic algorithm code for
the particular problem of allocating columns in transfer zones. Among these, Visual
Basic for Applications (VBA), Processing - a Java-based open source programming
language and environment, including a library for particle spring systems [Appendix
E, book two] -, and GenerativeComponents are accessible. Considering the latter
one, the director of research of Bentley Systems, inc, Robert Aish, PhD, stafes
that GenerativeComponenfs is ‘a paramefric and associaftive design system for
architecture, building engineering and digital fabrication. It makes use of an
advanced parametric engine fo unify all aspects of design and allows designers to
build geometfric models based on components and inter-component relationships’. The
question of course is, whether a single system can deal with the unification of all
aspects in (structural) design. And just like with Processing, this language is only
presenfed in its beta-version.

The language best known by the author is VBA by Microsoft, which is an event
driven programming language. Visual Basic for Applications was designed to be
usable by all programmers, whether novice or expert. The language is designed to
make it easy fo create simple GUI applications, but also has the flexibility to
develop fairly complex applications as well. Programming in VBA is a combination of
visually arranging components on a form, specifying attributes and actions of those
components, and writing additional lines of code for more functionality. Since
default attributes and actions are defined for the components, a simple program
can be created without the programmer having fto write many lines of code. By
writing the script in VBA in the AutoCAD-environment, clear graphical oufput is
fairly easy to produce.

* Barron
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appendix B - flowchart of the VBA script of the design tool
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