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Abstract

As many tasks considering structural design in civil engineering become
digitalised, the possibility of creating a more e�ective workflow increases. The
development of computer programs that can handle large amounts of data and
assist the decision making during design process increases the requirement of
the data management to fully utilize the potential of a digital workflow. The
design of reinforcement layout of concrete structures is time demanding and
often performed manually. These characteristics of a workflow indicates that
it may be suitable to be subject to automation.

The aim of this thesis is to highlight the potential and the di�culties of
using automated design procedures in civil engineering with focus on reinforce-
ment layout design. Specifically, the selection of straight rebars and their place-
ment within concrete structures has been studied with respect to buildability
and the amount of reinforcement used.

A computer program has been developed to select rebar diameters and
arrangement, satisfying the required amount of reinforcement as well as some
of the rules according to the Eurocode standard. In order to find feasible
solutions, an optimization of the amount of reinforcement as well as di�erent
measures of buildability is performed, using a genetic algorithm.

The result from two case studies showed that the program managed to
perform tasks similar to an engineer and create design solutions which reduced
the amount of reinforcement and the number of rebar types. Furthermore, it
was shown that consideration to the identified buildability parameters played
an important role in finding an optimal solution. The findings indicate that
the design of reinforcement layout may be automated and that a more e�ective
workflow can be achieved.

Keywords: genetic algorithm, optimization, reinforcement layout design,
automation, buildability, constructability
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Sammanfattning

I takt med att fler delar av projekteringen av anläggningskonstruktioner blir
digitaliserade ökar möjligheterna för att e�ektivisera arbetet. Utvecklandet av
datorprogram som kan hantera mycket information och ge stöd till beslutsfat-
tande ställer också krav på hanterandet av denna data för att utnyttja den
fulla potentialen av ett digitaliserat arbetsflöde. Arbetsprocessen vid armering
av betongkonstruktioner är tidskrävande och utförs idag ofta helt eller delvis
för hand. Sådana processer bär karaktärsdrag som tyder på att de är lämpade
för automatisering.

Målet med studien är att undersöka problematiken kring att automatisera
arbetsprocesser vid projektering av anläggningskonstruktioner med inriktning
på armering av betongkonstruktioner. Specifikt, så har valet av raka arme-
ringsjärn och dess placering i betongkonstruktioner studerats med avseende på
byggbarhet och armeringsmängder.

Ett datorprogram har utvecklats för att välja armeringsjärn och dess pla-
cering för ett givet behov och ett antal krav som ställs enligt Eurokod. För att
hitta en möjlig lösning är problemet formulerat som en optimering av arme-
ringsmängd och olika mått på byggbarhet. Optimeringen genomfördes med en
genetisk algoritm.

Resultatet från två fallstudier visar att programmet lyckades genomföra
konstruktörens arbetsuppgifter och skapa lösningar som minskade mängden
använd armering och antalet olika typer av armeringsjärn samtidigt som de
identifierade måtten på byggbarhet främjades. Vidare visade resultatet att de
identifierade byggbarhetsparametrarna spelade en viktig roll för att finna en
optimal lösning. Detta indikerar att det är möjligt att automatisera denna
process och att ett e�ektivare arbetsflöde kan erhållas.

Nyckelord: genetisk algoritm, optimering, armering, automatisering, bygg-
barhet
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Chapter 1

Introduction

The design of concrete reinforcement layout is a cumbersome task. The amount of
interdependent variables and constraints that has to be evaluated renders a iterative
design process that is di�cult to oversee. In the design process, the possibility to in-
fluence the final results are greater in an early phase while the available information
to base the decision on is sparse (Horn, 2015).

The reinforcement layout design is evaluated by assuming a specific dimension
and center distance between the rebars based on the required reinforcement in
the structure and the experience gathered from earlier projects. If the solution is
satisfactory from a structural engineers point of view, the solution will be given
to the contractor for evaluation. Thus, the contractor has one solution to choose
from. This design methodology can be referred to as a point-based design. Possible
solutions that may be optimal for other parts of the project may already have
been discarded at this point. In order to to avoid this problem a set-based design
methodology can be used (Parrish et al., 2007). The main idea is to keep as many
possible solutions in the project for as long as possible to be able to make the decision
when the available information to find an optimal solution is greater (Horn, 2015).
With such a design methodology multiple solutions are presented to the contractor
and a solution that is considered optimal for both parties can be chosen.

The obvious problem with the set based design methodology is coupled with
the possibility to generate multiple solutions. Automatization of the design process
has been used in other areas of civil engineering to provide a method for generating
solutions quickly. Techniques of solving non-linear optimization problems of discrete
variables such as in genetic algorithms (GA) are commonly used.

Another di�culty is that the optimal solution is di�cult to define. Parameters
such as the number of allowed di�erent types of reinforcement, the building order
and other buildability issues vary dependent on the project and contractor. This
somewhat arbitrary objective has to be handled simulating human decision making.

1



2 CHAPTER 1. INTRODUCTION

1.1 Aim
The aim of this thesis is to highlight the potential and the di�culties of using auto-
mated design procedures in civil engineering with a focus on reinforcement layout
design. Di�erent measures of how to consider buildability in reinforcement layout
design and how these measures influence the amount of reinforcement material used
are evaluated.

1.2 Scope
The work in this thesis is mainly focused on reinforced concrete slab structures
with straight reinforcement bars. To limit the scope of the study, corner detailing,
openings in the geometry and structural connections will not be considered.

A new methodology for implementation of an automated design process is de-
veloped. The approach includes using an optimization algorithm, programmed in
Matlab, to minimize the amount of reinforcement used and optimize of the choice of
reinforcement bars. Previously calculated required reinforcement for the envelope
of all load combinations will be used as input data in the developed optimization
algorithm, where the required reinforcement was calculated from section forces in
in a Finite Element (FE) solver. The optimization algorithm will construct layouts
for top and bottom flexural reinforcement in two directions.

Since this methodology is to be used as an aid in the design process, case studies
will be performed to validate the developed algorithm with regard to buildability
as well as its ability of performing a task similar to an engineer.

1.3 Outline of the Thesis
The first chapter gives an introduction to this thesis. In chapter 2, a theoretical
background to the concepts discussed in this thesis is given and an introduction to
the specific problem studied. In chapter 3, a methodology for automation of concrete
reinforcement layout design is presented, as well as the procedure of measuring
buildability and performing the case studies. In chapter 4, the results are presented
and in chapter 5, conclusions are drawn from the results.



Chapter 2

Background

2.1 Concrete Reinforcement Layout Design
The design of reinforced concrete elements is a process consisting of several steps.
To perform some of the steps, assumptions regarding the final design must be made
in order to perform the calculations. This is rendering an iterative procedure where
some of the steps might have to be repeated to find a satisfactory design. Firstly,
the geometry and the loads are defined. The sectional forces are then calculated, as
well as the required reinforcement. A set of rebar elements are chosen based on ex-
perience and then placed to fulfill the design requirements. This task is cumbersome
and therefore it is possible that only one or few design alternatives are explored.
Once the rebar placement is defined, reinforcement design drawings or 3D-models
are made. An elaboration on the design process is presented is Section 2.4.1.

2.1.1 The Process of Choosing Rebar Types and Placement

Reinforcement design of structural concrete elements is performed considering the
ultimate limit state, serviceability limit state, fatigue and crack control. Calcula-
tions of required reinforcement in ultimate limit state are carried out by assum-
ing some placement of the reinforcement bars and then, from a static equilibrium
between the loading and the resistance, the required amount of reinforcement is
derived.

A reinforced concrete element can include multiple layers of reinforcement. In
order to calculate the required reinforcement and fulfil the equilibrium conditions,
the position of each layer within the concrete cross-section has to be defined. The
position of the layers, where the layer furthest away from the neutral axis count
as the first layer (Figure 2.1), is determined by requirements governing concrete
cover and spacing between rebar elements. The placement of rebars is chosen such
that the required amount of reinforcement in any control section is equal to the
amount of reinforcement chosen. The required reinforcement is denoted A

s,req

and
is varying over the structure depending on structural loads.

3



4 CHAPTER 2. BACKGROUND

Layer 2
Layer 1

M

FC

N.L

FS,1

FS,2

M

Figure 2.1: Position of reinforcement layers.

The chosen amount of reinforcement is calculated according to Eq. (2.1) which
is the total cross section area of the rebars per meter in a section perpendicular to
the reinforcement direction. The main objective is to find a combination of rebar
dimensions and spacing that matches A

s,req

in every point of the structure. However,
the rebar dimensions are limited to available stock sizes and the rebar spacing is
limited due to buildability reasons. Furthermore, individual rebar elements must be
sorted on site and the number of di�erent elements will render a more complicated
design.

A

s

= fi„

2

4
1
c

(2.1)

In this thesis, a reinforcement level is defined as a combination of reinforcement
diameter „ and centre-to-centre distance c. Reinforcement levels may be combined
until the required amount of reinforcement is exceeded by the sum of the chosen
reinforcement levels. However, the total amount of reinforcement levels must fit
within the maximum number of layers, regarding rebar spacing limitations.

As an example, shown in Figure 2.2, maximum required reinforcement is equal
to As(„, c). If the entire slab is covered by this reinforcement combination, excess
reinforcement will be used. Instead, the reinforcement layer is divided in to three
levels, where each reinforcement level is equal to As(„, 3c). This is rendering a bet-
ter approximation of the required reinforcement curve, thus minimizing the excess
amount of reinforcement used. On the other hand, the amount of di�erent rebars
that is used on site is greater.
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q

y

x

Level 1

Level 2

Level 3

As,req

As,req,adjustedAs,chosenAs (mm2/m)

x

Figure 2.2: Example of reinforcement levels.

2.2 Buildability
Constructability and buildability are two concepts that sometimes are used synony-
mously but have slightly di�erent goals. Both concepts strive to ease productivity
and reduce the costs of the construction process. The term Buildability was intro-
duced by Construction Industry Research Information Association (CIRIA) and is
defined as

the extent to which the design of a building facilitates ease of construc-
tion, subject to the overall requirements for the completed building (Con-
struction industry research and information association (CIRIA), 2018).

The definition puts responsibility on the design team to integrate good buildability
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in the design. The term constructability, on the other hand, was introduced by the
Construction Industry Institute (CII) and is defined as

the e�ective and timely integration of construction knowledge into the
conceptual planning, design, construction, and field operations of a project
to achieve the overall project objectives in the best possible time and ac-
curacy at the most cost-e�ective levels (Construction Industry Institute
(CII), 2018).

The definition of constructability emphasises on management and includes all
stages of the building process (Lam et al., 2005). This thesis concerns the influence
that the design team has on the ease of construction. Therefore the term buildability
will be used even though literature about both concepts will be explored.

Many studies have confirmed a positive relationship between improved buildabil-
ity and cost- and time savings, safety, labour productivity and quality performance.
The ability to influence buildability aspects in the design, decreases rapidly as the
project progresses to a stage when decisions become more detailed and the ability to
influence the final design gets limited. Therefore, it is crucial to consider buildabil-
ity aspects in an early stage of the design process, when important design changes
are being executed (Lam et al., 2005).

The traditional design approach separates design from construction so that the
engineer and the contractor have di�erent areas of responsibilities, e.g. the engi-
neer will focus on finding a structurally sound design that the contractor later will
produce. If there is little communication between the engineer and the contractor,
buildability aspects may not be considered in the design stage, which in turn can
lead to project delays, ine�cient use of resources, reworks, schedule interruptions
and cost overruns (Lam et al., 2005). Not considering buildability in the design
stage of a reinforced concrete construction may lead to a design that includes com-
plicated fixing methods and connection details that significantly increase the time
workers have to spend on bending and fixing the reinforcement bars and construct
the formwork (Simonsson, 2011).

One important factor for implementation of buildability in the design process
is how to quantify buildability and select an appropriate method for integration of
buildability. Using questionnaire surveys is a common method to quantify build-
ability. Simonsson (2011) performed a questionnaire survey, targeting respondents
within the Swedish civil engineering construction industry. The respondents in-
cluded participants from contractor and designer firms and the Swedish transport
administration (Trafikverket). The survey showed that the top five factors a�ecting
buildability of civil engineering projects are early involvement of contractor, work-
place organization, available space on construction site, production planning and
prefabrication of reinforcement. Furthermore, the survey showed that contractors
have the least opportunity to influence buildability while designers and clients have
the most.
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Most studies found in the literature give guidelines of what to consider through-
out the design and construction phase. The thesis by Horn (2015), on the other
hand, focuses on including buildability early on in the design phase by establishing
quantifiable design metrics. By generating a large sample of designs for steel truss
facade structures and evaluating the designs according to quantifiable structural
performance and buildability metrics, it was shown that there was a significant
trade-o� between the two metrics. The study lay grounds for investigation and
application of similar metrics to various other structural elements and materials.

2.2.1 Buildability Factors in the Reinforcement Design Process
The main focus of this thesis is implementation of buildability early on in the design
process of reinforced concrete structures. In the available literature, the following
factors have been suggested to a�ect buildability of a reinforced concrete structure:

• Recurrence of reinforcement bars (Tauriainen et al., 2015). Stock lengths and
stock dimension of bars should be used when possible (Concrete Reinforcing
Steel Institute (CRSI), 2013).

• Dimension of reinforcement bars. Large dimensions of reinforcement bars
should be favored instead of small whenever it is possible (Tauriainen et al.,
2015) since placing and fabrication costs are minimized by using the largest
practical bar sizes while still meeting the design requirements (Concrete Re-
inforcing Steel Institute (CRSI), 2013).

• General placement of main reinforcement bars (Tauriainen et al., 2015).

• Distance between bars. Dense reinforcement bar mountings should be avoided
to facilitate compaction work (Tauriainen et al., 2015) and pouring of concrete
(Simonsson, 2011).

• Geometric shape of bars. Straight reinforcement bars should be used wherever
possible because fabricating and placing straight bars is faster and easier than
bent bars (Concrete Reinforcing Steel Institute (CRSI), 2013).

The factors above will be incorporated into the optimization algorithm developed
in this thesis in order to take buildability into account.

2.3 Design Practice in Structural Engineering
2.3.1 Point Based Design
The traditional design approach of structural design of concrete structures follows
a point-based design methodology. A point-based design involves choosing a single
structurally feasible option in the solution space at each step of the design process.
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The chosen option is then modified and refined in an iterative process until it is sat-
isfactory from a structural point of view. Even though a point-based methodology
can render a technically feasible and structurally sound solution, it may not take
other factors, for example buildability, into account since the expertise of those who
perform the actual labour have not been included in the design (Parrish et al., 2007).
Another disadvantage with a point-based design method is that it is mainly based
on a trial and error method, e.g. if a feasible solution is not found or background
conditions are changed, many iterations may be needed to backtrack and refine the
solution (Ward et al., 1995). Furthermore, the structural engineer is required to
make decisions in the early stages of the design process, unknowing of how it will
a�ect the final outcome (Parrish et al., 2007).

2.3.2 Set Based Design

In contrast to point-based design a set-based design methodology makes it possible
to delay certain design decisions and consider a broader range of possible solutions.
When using a set based approach, sets of possible solutions are broadly considered
in the initial phase and then gradually narrowed down, eliminating weaker solutions,
until a final globally optimal solution is chosen (Parrish et al., 2007). A set based
design approach allows for greater parallelism in the design process and exploration
of the space of possible designs before making important decisions, which minimizes
the risk for rework (Sobek II et al., 1999). Furthermore, it allows for communication
between the design team and other project participants, which can be an important
factor for finding a solution that is optimal for all involved participants. By including
the expertise and knowledge of for example contractors early on in the design process
and by making sure that the chosen sets of solutions are compatible with their
preferences, the final solution will most likely not only be a technical feasible solution
but also be a buildable solution (Liker et al., 1996; Parrish et al., 2007).

The concept of set-based design was introduced in the late 1980s by Ward and
Seering and is described in their work Quantitative Inference in a Mechanical Design
"Compile" (Ward and Seering, 1989). Further development of the concept and
establishment of the principles of the set based design is presented in the article
Toyotas Principles of Set-based Concurrent Engineering by (Sobek II et al., 1999).
The authors suggested three basic principles for implementation of a set based
design: (1) map the design space, (2) integrate by intersection, and (3) establish
feasibility before commitment. The first principle involves defining feasible regions,
designing multiple alternative solutions, exploring trade-o�s and communicating
possibilities. The second principle includes looking for intersections of feasible sets,
impose minimum constraints and seek conceptual robustness. The last principle
focuses on gradually narrowing the solution set and increase the detailing to a find
a single solution and a final design (Sobek II et al., 1999).

The concept of set-based design has been widely applied and assessed in the
manufacturing and production field. However, it has also been applied in the field
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of structural engineering. Parrish et al. (2007) studied reinforcement at a beam-
column joint and examined the relationships between those who design the joint and
those who fabricate and install it. They found the set-based approach for concrete
design promising and concluded that the set-based design is an e�cient tool for
capturing the needs of multiple project participants across the supply chain. This
may require additional work, time and expertise of more participants than what is
usually required in the beginning of a project but will lead to overall savings later
on in project delivery (Parrish et al., 2007).

2.4 Automated Design in Civil Engineering
Development of digitalization and new computer software for structural engineering
design enables more advanced computer modeling and analysis and thereby signifi-
cantly more complex structures. Delegating tasks that can be considered as routine
work or tedious engineering calculations to computers does not only enable engi-
neers to focus on more creative tasks but also allows for more design options to be
analyzed. The ability to produce results rapidly renders an opportunity to analyze
the impact of design choices in terms of cost or buildability, for instance.

Tasks which require more human intuition and interaction can be delegated to
computer using optimization techniques as for example genetic algorithm (GA),
see Section 2.5.3, or artificial intelligence (AI) techniques (Sandberg et al., 2016).
Automating the complete structural design process enables usage of Building infor-
mation models (BIM) and interaction of multiple parties in the design process, see
Section 2.4.1.

2.4.1 The Reinforcement Design Process and BIM
BIM is a way of creating and using digital models of structures in the built en-
vironment (e.g. buildings, roads, railways, bridges, tunnels). The digital models
that are created are called Building Information Models and the work procedure is
called Building Information Modeling. Both concepts are called BIM for short. A
BIM model is a digital object-based model where objects in the model represent
objects in reality, such as a wall, deck or roadway. The objects are provided with
geometries and other characteristics and in that way the information can be used
for many purposes and by many actors.

There are many advantages of using BIM, for example more e�cient building
processes, higher quality in processes and products, shorter lead times, fewer errors,
improved sharing of information and lower costs (BIM Alliance, 2018).

Parts of the current reinforcement design process utilizes BIM but there is po-
tential to use BIM for the complete process (Engstrom et al., 2011). The current
process of producing reinforcement drawings and specifications for a reinforced con-
crete structure may be described by the following steps: (1) The designer creates
a 3D model of the concrete structure in a Finite Element software. Design loads
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and load combinations are applied based on requirements of the Eurocode standard
and analysis is performed. (2) Section forces are extracted from the Finite Element
software and used as input data in a separate computer program, which calculates
the required reinforcement to satisfy the ultimate limit state, serviceability limit
state and other design requirements. (3) The required reinforcement is exported
to a 2D drawing where the placement and distribution of the reinforcement bars
are specified. (4) The designer hand over the 2D drawing, often a paper copy, to
a colleague that creates a 3D model of the reinforcement in a BIM software. (5)
The reinforcement quantities are then exported to an additional software where a
specification of the reinforcement is produced.

As of now multiple di�erent softwares are used and the automation process is
not coherent, for example between calculation of the required reinforcement (step
2) and the 3D model in step 4, e.g. modifications made in step 1 to 3 must be
manually updated in the 3D model. This may give longer lead times and increase
the risk of errors. Furthermore, contractors often want to quickly make changes to
reinforcement drawings in order to correct errors or choose another reinforcement
solution. This may be inhibited by the fact that all changes must be reviewed
by several actors and information transferred in formats that do not retain the
information from the BIM software (Engstrom et al., 2011).

The optimization algorithm described in this thesis automates step 3 and bridges
the gap between step 3 and step 4 which is a step towards a complete building
information model.

2.5 Optimization

In the field of structural engineering, there is often a desire to minimize cost, envi-
ronmental impact, time or risk or to maximize profit, quality or e�ciency. In order
to find the most optimal, functional or e�ective solution possible, among all possible
solutions, di�erent global optimization techniques can be used. The main focus of
global optimization is to find the most feasible solution among a set of available
alternatives and with respect to some criteria (Pardalos and Romeijn, 2002).

There are many di�erent methods for solving global optimization problems.
These methods can be divided into two classes: exact and heuristic methods. Exact
methods are rigorous methods that can find a solution that is guaranteed to be
optimal or which can show that no feasible solution exists (Burke and Kendall,
2014). They perform exhaustive searches of the search space, which require an
increasing number of search steps. For complicated or larger dimensional models this
can be associated with an excessive computational burden (Pardalos and Romeijn,
2002).

Heuristic methods can be a practical tool when it is impossible or impractical to
find an optimal solution with a rigorous exact method. These methods seek near-
optimal solutions at a reasonable computation cost (Burke and Kendall, 2014).
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However, they do not guarantee convergence to an optimal solution but may find
a su�ciently good solution with less computational resources and are thereby less
time consuming than exact methods (Pardalos and Romeijn, 2002).

Metaheuristic methods provide strategies for developing problem-independent
heuristic optimization methods and are often nature-inspired algorithms with the
ambition to solve complicated optimization problems. Due to their ability to solve
hard and complex problems in an acceptable time, metaheuristics have become
popular in various research areas. Simulated annealing (Kirkpatrick et al., 1983),
Genetic algorithm (Holland 1975), Particle swarm optimization (Kennedy and Eber-
hart, 1995), Ant colony optimization (Dorigo, 1992), Cuckoo search (Yang and Deb,
2010) include some examples of meta-heuristic methods.

The metaheuristic Genetic algorithm will be described in detail in Section 2.5.3
since it was the method of choice in this thesis. It was chosen because it is a
robust algorithm that is e�ective in multi-peak search spaces, does not require
functional derivatives, use probabilistic transition rules and can handle optimization
with discrete variables (Goldberg, 1989).

2.5.1 The Optimization Process
In general, a global optimization problem can be formulated in terms of finding a
point x

k

= (x1,...,x
n

) (called decision variables) in a set of all feasible solutions X

(called the search space) where a certain function f(x) (called the objective function)
attains a minimum or maximum. In most cases the objective function is minimized,
but if it is to be maximized the sign of the function is inverted. Mathematically, an
optimization problem seeking a minimum can be calculated according to Eq. (2.2).

Y
_____]

_____[

min f(x)
x

k

= x1, .., x

n

x œ R
g

i

(x) Æ 0 i = 1, ..., m

h

j

(x) = 0 j = 1, ..., m

lb Æ x Æ ub

(2.2)

Where lb are the lower bounds and ub the upper bounds that constrain the range
of variables x

k

. The function g(x) is inequality constraints and h(x) is equality
constraints. The variables x

k

can either be continuous or discrete variables.
Constraint handling is an important part of the optimization process in order

for the algorithm to perform e�ciently. The constraints can be either linear or non-
linear and equality or inequality constraints. There are two types of constraints,
hard and soft constraints. The constraints above are hard constraints, e.g. sets
of conditions that need to be satisfied in order to find a feasible solution. Soft
constraints, on the other hand, are sets of conditions that preferably need to be
satisfied but which is not absolutely essential in order to find a feasible solution.
Since several soft constraints can be present, there might be a trade-o� in the
objective function where improvement of one constraint might lead to weakening of
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another (Burke and Kendall, 2014). Unconstrained optimization has no constraints
or the constraints are soft.

The most popular choice for metaheuristic constraint handling is to use penalty
functions to incorporate the constraints into the objective function. The constrained
optimization problem is then transformed into an unconstrained problem by using
a penalty method, which adds or subtracts a penalty value for the hard constraints
so that any solution that violates the hard constraints is given a very high penalty
value (Burke and Kendall, 2014).

2.5.2 Discrete Variable Optimization

The variables in an optimization problem can either be continuous, discrete or a
combination of both. Continuous variables have an infinitive number of possible
values and can theoretically take any value, for example the height of a structural
element. Discrete variables have values that must be assigned from a given set of
values, for example the diameter of a reinforcement bar is selected from an available
set of values. Integer variables are a special case of discrete variables, for example
number of reinforcement bars.

Most structural systems used in practice include design variables of discrete
quantities, e.g. dimensions of structural elements are chosen from a list of com-
mercial standard sizes. Solving such a system assuming continuous variables would
render an optimal solution in a theoretical sense but have limited value for practical
use. Discrete optimization problems are somewhat more complex and di�cult to
solve than optimization with continuous variables. Various methods to solve dis-
crete optimization problems have been developed and analysed (Templeman, 1988),
most of which show the di�culty of solving such a problem. One suitable method to
solve discrete optimization problems is to use genetic algorithms (GA) because GA
works with coding of the parameters (design variables) rather than the variables
themselves and do not require gradient information to search the solution space
(Goldberg, 1989).

In this thesis, the input variables consist of dimensions and centre distances of
reinforcement bars and di�erent possible combinations of the reinforcement layers.
Each of the variables are of discrete nature, which motivates the choice of GA as
the preferred search algorithm for optimization of the reinforced concrete problem
in this thesis.

2.5.3 Genetic Algorithms

Genetic algorithms are optimization methods based on the concept of natural selec-
tion, evolution processes and survival of the fittest. They are robust and e�ective
search algorithms, which are applicable to a wide range of problems. Furthermore,
they make it possible to explore a set of acceptable optimal solutions, rather than
a single solution, in order to select the most appropriate one (Goldberg, 1989).
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The concept of genetic algorithms is not new, the first attempts of using evolu-
tion as an optimization tool for engineering problems started in the 1950s. These
early methods of using evolution in computer science were further developed and in
the 1960s John Holland invented the programming technique, the genetic algorithm,
which he later developed together with colleagues and students at the university of
Michigan (Goldberg, 1989). In 1975 Holland published the book Adaption in natu-
ral and Artificial Systems (Holland, 1975) where he presented the genetic algorithm
and theoretical framework for adaptive systems (Mitchell, 1999). Holland’s book
significantly contributed to the popularity of genetic algorithms and since then ge-
netic algorithms have been widely used as global optimization techniques and search
method in computer science.

Genetic algorithms di�er from other optimization methods in four di�erent ways.
Firstly, they search from a population of points rather than a single point, which
make them e�ective in multi-peak search spaces and less likely to find false peaks.
Secondly, they do not require functional derivatives and other auxiliary informa-
tion, instead GA only require payo� values (objective function values) associated
with individual strings to perform an e�ective search for better and better values.
Thirdly, they use probabilistic transition rules instead of deterministic rules to guide
their search, which make them rapid in locating improved performance. Lastly, they
work with coding of the parameter set, not the parameters themselves, which make
them largely unconstrained by the limitations of other methods, e.g. not dependent
upon continuity of the parameter space and derivative existence (Goldberg, 1989).

A genetic algorithm begins with a set of starting points, an initial population,
that is randomly generated. The initial population of candidate solutions, some-
times called individuals, is then used to generate successive populations that are
evolved towards improved solutions over time. Each individual is represented by a
set of parameters, genes. Each gene is structured by a string of values to form a
chromosome, usually a string of binary values of 0s and 1s are used. Each individual
also has a fitness value, determined by a fitness function. The algorithm seeks to
maximize the fitness of the population by selecting the fittest individuals, therefore
the more fit an individual is, the more likely it is to be selected to reproduce children
and form a new generation (Mitchell, 1999).

The range of the fitness values a�ects the performance of the algorithm. In
order to regulate the level of competition among members of the population and to
achieve ultimate performance of the algorithm, fitness scaling can be used. This is
especially important in a genetic algorithm with a small population. Fitness scaling
converts the raw fitness scores from the fitness function to a range that is suitable
for the selection function. In the beginning of a run, if fitness scaling is not used,
individuals with the highest scaled values would reproduce too quickly and take
over a significant proportion of the finite population in a single generation. This
prevents the algorithm from searching other areas of the search space and can cause
premature convergence. On the other hand, if there is a very small variation of the
fitness values, average members and best members will get approximately the same
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chance of reproduction, which will slow down the search process (MathWorks, 2018;
Goldberg, 1989).

The selection operator selects parents from the population of individuals and
combines them to reproduce children for the next generation. One common method
for selection is roulette wheel selection, where individuals are given a probability
of being selected based on their fitness, usually the value of the fitness function
(Mitchell, 1999).

Once the parents are selected, the crossover operator is used to randomly ex-
change parts of the parents genes to create a new o�spring (Holland, 1992). If no
parents are selected, then the o�spring is an exact copy of each parent (Mitchell,
1999).

Elitism is a selection method that is used in some genetic algorithms to force the
algorithm to retain some of the best individuals in each generation to ensure that
the maximum objective function value within a population never reduce from one
generation to the next. Elitism can be performed by copying the best individual of a
population to the next generation (Back et al., 2000). Many researchers have found
that this method significantly improves the performance of the genetic algorithm
(Mitchell, 1999).

The mutation operator randomly flips some of the bits in the chromosomes in
order to provide insurance against development of a uniform population incapable of
further evolution (Mitchell, 1999). The new generation of individuals are then used
in the next iteration of the algorithm and the cycle of evolution is repeated until a
desired termination criterion is reached, for example when a maximum number of
generations have been produced or a satisfactory fitness level has been reached for
the population (Goldberg, 1989).



Chapter 3

Method

3.1 Constructing the Program

3.1.1 Program Outline

The proposed program was constructed to perform some of the tasks a structural
engineer is performing when designing a structural concrete element. Specifically,
the task of arranging the layout of rebars inside a concrete element to ensure that
the amount of reinforcement is su�cient in all parts of the structure as well as
fulfilling the requirements regarding minimum spacing, anchorage length and other
rules according to EN 1992-1-1 (EN, 2005).

Figure 3.1: Required reinforcement interpolated as a surface.

15
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Data for the required reinforcement is used as input to the program to arrange
the reinforcement layout. An example of how the required reinforcement data is
scattered along the nodes of the structure is shown in Figure 3.1. The output data
of the program is a proposal of reinforcement layout, as well as the total amount of
reinforcement and the number of di�erent rebar used.

Similar to the design procedure used in a traditional design, the program is
divided into three main modules. The flowchart can be seen in Figure 3.2.

The first module was designed to choose a combination of rebar dimensions and
centre-to-centre (c.t.c) distances, as well as how the levels of reinforcement are ar-
ranged. These variables are chosen in a manner that limits the excess reinforcement
used while not using too many di�erent combinations, which would yield a com-
plicated design. The second module is using the di�erent reinforcement levels to
calculate the required anchorage length depending on the results from module 1.

Finally, the third module was constructed to adjust the groups of reinforcement
in order to find a satisfactory trade-o� between the number of di�erent lengths of
rebar elements and the excess reinforcement volume from adjusting these lengths.
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Figure 3.2: Program flowchart

3.1.2 Module 1

The first level of optimization was designed to search for a feasible and e�ective
combination of reinforcement diameter „, c.t.c. distance c and the number of rein-
forcement levels n

l

to use.
The possible reinforcement diameters are determined by the available stock sizes

but might also be limited by the preferences of the contractor or which diameters
that are used elsewhere in the structure. Defining which levels to use is depending
on how many di�erent groups of rebar that is considered feasible for a buildable
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solution. The c.t.c. distances are normally selected from a discrete range of dis-
tances due to buildability reasons. According to the reasoning in Section 2.5 and
the discrete range of the variables that are to be optimized, the module is using a
genetic algorithm optimization.

Each level i of reinforcement is calculated according to Eq. (3.1). Deciding the
number of levels, one must first ensure that Eq. (3.2) is fulfilled.

A

s,i

= fi„

2
i

4
1
c

i

(3.1)

n

lÿ

i=1
A

s,i

Ø A

s,req,max

(3.2)

Defining the Search Space

The search space contains all combinations of „, c and n

l

that may be used to fulfill
the reinforcement requirement. In order to limit the search space and to exclude
all results that may already be considered unfeasible, the variables to optimize are
indices in a set of possible combinations rather than any value of „, c or n

l

. The
search space is constructed from a set of values that are defined by the user.

The input defined by the user is the number of layers, n

layer

, a set of possible
minimum c.t.c. distances c̨, a set of rebar diameters that may be used during the
optimization denoted ˛

„ and a set of possible combination of levels ˛

l = {1, . . . , n}.
Here, n is the number of combinations defined by the user. Each number in ˛

l is
mapped to a vector ˛

l

k

, containing a number of positive fractions such that the sum
of these fractions will be equal to one. The vector ˛

l

k

is defined by the user and it
will ensure that each level contains a multiple of the minimum c.t.c. distance.

A permutation with repetition of the elements in ˛

„ and ˛

l respectively, is created
such that all permutations of these sets taken n

layer

times is stored in a data struc-
ture denoted „

p

and l

p

. To further narrow the search space, all cells of „

p

that are
not sorted such that the rebar with largest diameter is placed in the first layer of
the structure are deleted. The search space for the decision variables ‰

c

, ‰

„

and ‰

l

are the set of indices in c̨, „

p

and l

p

.

Constraints

The problem of choosing „, c and n

l

is to a large extent constrained in the manner
that the search space is narrowed to contain only feasible results. The variables
that are optimized, ‰

c

, ‰

„

and ‰

l

are bounded by the number of elements in each
dimension of the search space, c̨, „

p

and l

p

. The first constraint passed to the GA
is given according to Eq. (3.2) where i = 1, . . . , n

layer

and c

i

= c̨(‰
c

). The second
constraint handles the maximum allowed c.t.c. distance, specified by the user.
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Fitness Function

The coordinates x

k

, y

k

of each node k and the corresponding required reinforcement
A

s,req,k

are given as input to the fitness function. The volume V under the surface
S(x, y, A

s,req

), interpolated from the scattered data, is approximated to keep the
computational time low. A Voronoi tessellation of all nodes bounded by the edges
of the structure is created and the polygon of each Voronoi cell is saved. The area
of each Voronoi cell corresponding to a node in the structure is calculated and saved
as A

cell,k

. V is then evaluated according to Eq. (3.3), where n is the number of
nodes. A

s,req,k

is transformed such that the unit is [mm2
/m], and A

cell,k

has the
unit [m2].

V =
nÿ

k=1
A

s,req,k

A

cell,k

(3.3)

The required reinforcement of each node is then adjusted such that all nodes
within a range of two levels is assigned the value of the greater level according to
algorithm 1.

Algorithm 1 Module 1, Adjust surface volume
1: input

˛

A

cell

, ˛

A

s,req

, ˛

A

s

2: for i = 1, . . . , n

l

do

3: if i = 1 then

4: ˛

A

s,req

( ˛

A

s,req

< A

s,1) Ω A

s,1
5: else if i > 1 then

6: ˛

A

s,req

(A
s,i≠1 Æ ˛

A

s,req

< A

s,i

) Ω A

s,i

7: end if

8: end for

9: V

Õ =
q

n

k=1 A

s,req,k

A

cell,k

10: ˛

A

s,req

( ˛

A

s,req

< A

s,n

layer

) Ω A

s,n

layer

11: V

max

=
q

n

k=1 A

s,req,k

A

cell,k

12: return V

Õ
, V

max

The fitness function was constructed to minimize the total volume of reinforce-
ment used. In order to consider the buildability of the solution, three additional
terms were added to control the minimum centre-to-centre distance, the number
of di�erent reinforcement levels used and the number of di�erent rebar dimensions.
The influence of these terms are given by the parameters –

c

, –

l

and –

„

, respectively.
The parameter –

v

is added to control how much the volume is to be minimized. All
such parameters are assigned a value between zero and one.

min f = –

v

V

Õ

V

max

+ –

c

c

max

≠ c

c

max

+ –

l

n

l

≠ n

l,min

n

l,max

+ –

„

n

„

≠ n

„,min

n

„,max

(3.4)
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Figure 3.3: Flowchart of Module 1.

3.1.3 Module 2

The second module was designed to adjust the required reinforcement surface S(x, y, A

s,req

)
to account for the required anchorage length. A mesh is used to define the spacing
of each reinforcement anchorage check in the direction perpendicular to the rein-
forcement direction, v, and the amount of data points used in the interpolation
parallel to the reinforcement direction, u. For each coordinate in the mesh of the u

direction, the anchorage adjustment is made in analogy with the two-dimensional
anchorage adjustment described in EN 1992-1-1, Section 9.2.1.3 (EN, 2005).

For every mesh coordinate in direction v, a contour polyline C

u

in the plane
parallel to the reinforcement direction is generated. The intersection points between
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C

u

and the lines defined by the levels are calculated. These points are then adjusted
for the required anchorage length of the corresponding level.

Figure 3.4: Example of reinforcement anchorage adjustment.

Once the new data points are collected, a new surface S

Õ is interpolated over the
mesh using a nearest neighbour interpolation. Creating S

Õ, the polygon contours in
the z-plane, C

z

at each level may be extracted. These contours, where anchorage
lengths are adjusted for, are used in the subsequent modules of the program. The
steps described above is visualized in Figure 3.5 and a typical output for a anchorage
adjustment for a coordinate in the mesh in Figure 3.4.
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Figure 3.5: Flowchart of Module 2.

3.1.4 Module 3

The second step of optimization is Module 3. In this module, the groups of reinforce-
ment areas generated in the previous steps are adjusted to minimize the number
of di�erent lengths of rebars such that the number of di�erent types of rebars used
on the construction site is fewer. Minimizing the number of lengths to the smallest
amount, which would be one, the area of the reinforcement group is adjusted to
become the minimum bounding box. If the number of lengths is not minimized,
the number of rebars would be the same number as the number of rebars needed to
cover the area. A flowchart of the module is visualized in Figure 3.7.

The input used in this module is the groups of reinforcement areas that is to be
adjusted. This input is created in a previous step according the procedure described
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below.
At each level A

s,i

there may be several polygons C

z

, contours in the xy-plane
that is describing the minimum area in which the reinforcement must be distributed.
A polygon C

z

is considered to be an independent group with two exceptions. If
a polygon is placed within the boundary of another, it is recognized as a hole,
belonging to the enclosing polygon. The user may also specify a distance between
polygons in order to consider them as one entity. For every coordinate in the mesh
direction v, the intersection points between a line in direction u and C

z

is created.
From these intersection points, ˛u

min

and ˛u

max

are extracted. They create a group
of lines L, used to describe a discretization of the polygon C

z

. This process is
visualized in Figure 3.6.

Defining the Search Space

The set of lines L = (L1, . . . , L

n

) constitute the group covering C

z

and the number
of subgroups n are equal to the number of lines in the group. Each dimension of the
search space contains the indices used to define each subgroup, where the number
of indices is equal to the number of subgroups n

g

≠ 1.

uumin,1 umax,1

vn

v1

(umin,n,vn) (umax,n,vn)

Lk = (L1,...,Ln)

v

B’(L’k), ng = 2

B(Lk), ng = n

Cz

Figure 3.6: Adjusting polygons in Module 3.
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Constraints

The constraint applied to the optimization problem is given in Eq. 3.5. Each index
must be smaller than the subsequent to render feasible results. Also, the problem is
constrained to avoid subgroups smaller than a limit n

g,tol

defined by the user. The
lower and upper bounds are defined by the first index and the number of elements
n in L

k

.
I

g

i

(‰) = ‰

i

< ‰

i+1 ≠ n

g,tol

n

g,tol

Æ ‰ Æ n ≠ n

g,tol

(3.5)
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Figure 3.7: Flowchart of Module 3.
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Fitness Function

The fitness function (Eq. 3.6) was constructed to minimize the total number of
di�erent rebar subgroups n

g

used as well as the excess reinforcement area created
while adjusting the rebar subgroups. When a number of indices are chosen by the
GA, the contour intersection lines are adjusted within the indices such that the
lengths of the lines within each subgroup is equal. To evaluate the fitness function,
the data is put in to algorithm 2.

The area A is the total area of the boundary polygon of the group B(L
k

) and
the adjusted area is denoted A

Õ, which is the total enclosed area of B

Õ(LÕ
k

), as seen
in Figure 3.6. They are related to the total area of the structure, A

tot

such that the
term is dimensionless, but every group will be related to the same area since the
optimization is carried out for each group.

The second term in the fitness function is considering the number of rebar groups
in relation to the maximum amount of groups, n

g,max

specified by the user. This is
multiplied with the relative size of the minimum amount of reinforcement to favour
a larger number of subgroups for a large group of rebars. Additionally a parameter
to control the influence of the number of subgroups is introduced, –

g

. It may take
any value between zero and one.

min f = A

Õ ≠ A

A

tot

+ –

2
g

A

tot

≠ A

A

tot

n

g

n

g,max

(3.6)

Algorithm 2 Module 3, Adjust required reinforcement polygon
1: input L

k

, n

g

2: Create boundary polygon B, calculate area A

3: Extract ˛u

min
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max

from L

k

4: for i = 1, . . . , n
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do

5: if i = 1 then
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14: end if

15: end for
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Õ
k
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, ˛u

max

17: Calculate area A

Õ of B

Õ

18: return A, A

Õ
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3.2 Model Validation

3.2.1 Convergence Check
In order to evaluate the performance of the optimization algorithm, a convergence
check was performed. All values of the objective function were calculated such
that all possible solutions could be plotted. Thereafter, the best solution for each
generation was studied. In this manner the behaviour of the GA module may be
studied, and it was possible to ensure whether the GA gives the optimal or near-
optimal solution.

Module 1

The selection of rebar types and centre distances for the first case study was used to
evaluate the performance of the GA. Since the search space is greater when increas-
ing the number of possible combinations, the top flexural reinforcement requirement
in the x-direction was chosen, where the number of reinforcement layers n

layer

is
equal to 3.

The search space of the decision variables ‰

l

, ‰

„

was studied to evaluate the
performance of module 1. The decision variable ‰

c

was kept constant such that the
objective function values could be visualized in a meaningful manner.

The settings of the di�erent buildability parameters –

l

and ‰

„

will alter the
objective function values, giving di�erent objective function surface shapes. Since
the minimum c.t.c. distance was kept constant the parameter –

c

was set to zero.
To capture this influence of the other buildability parameters, they were assigned
equal weights (–

v

= –

l

= –

„

= 1/3). The valid rebar diametes given as input was
[12 16 20 25 32] mm, the minimum c.t.c. distance was 100 mm and the levels is
allowed to be combined such that the valid c.t.c. distances were 100, 200, 300 and
400 mm.

Table 3.1: Optimization settings in module 1.

Population size 50
Max. generations 150
Elite count 2
Function tolerance 10≠6

Constraint tolerance 10≠6

Crossover fraction 0.8

Module 3

Studying the performance of the optimization algorithm in module 3, a contour
polygon that was to be covered served as an example. The polygon should be
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covered by rectangles, minimizing the area of these rectangles. The reference used
was the bottom layer of reinforcement from the structure used in case study 1. A
detailed description of the structure can be found in Section 3.3.1.

For visualization reasons, a case with two decision variables was chosen. In
this module, using two decision variables ‰1, ‰2 is corresponding to covering the
polygon using three rectangles (n

g

= 3). The mesh size in direction v was set to
0.1 m rendering the vectors ˛u

min

, ˛u

max

, containing 562 elements (n = 562). The
tolerance n

g,tol

was set to 1 such that the smallest subgroup was equal to the mesh
size. The initial population range for the decision variables were given such that
‰2 > ‰1 which divided the search space in to two ranges ‰1,init

= (1, ..., n/2) and
‰2,init

= (n/2 + 1, ..., n). The optimization problem was expressed according to Eq.
(3.7) and the optimization settings used for this problem is summarized in table
3.2.

Y
___]

___[

minf(‰) = A

Õ≠A

A

tot

+ –

g

A

tot

≠A

A

tot

n

g

n

g,max

‰ = ‰1, ‰2 ‰ œ Z+

g(‰) = ‰1 < ‰2 ≠ n

g,tol

n

g,tol

Æ ‰ Æ n ≠ n

g,tol

(3.7)

Table 3.2: Optimization settings in module 3.

Population size 20
Max. generations 150
Elite count 2
Function tolerance 10≠6

Constraint tolerance 10≠6

Crossover fraction 0.8

3.2.2 Parameter Sensitivity
A parameter sensitivity analysis of the buildability parameters in module 1 and 3
was performed to capture the influence of these parameters and evaluate their e�ect
on the resulting solution. The main purpose of the sensitivity analysis was to study
the interaction between di�erent –-parameters and increase the understanding of
the relationship between the di�erent parameters in order to facilitate the choice of
the parameters used in the case study.

In module 1, the parameters, –

v

, –

l

, –

„

and –

c

a�ect the resulting fitness value
simultaneously. Therefore, analysis was performed by varying two –-parameters at
the time, keeping the other constant. The optimization algorithm was run 10 times,
increasing the value of one parameter and decreasing the value of the other in a step-
wise manner between zero and one. The resulting total quantity of reinforcement
and number of rebar types were saved and studied for each run.
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To study the –

g

parameter in module 3, the optimization algorithm was run in
a similar manner as for module 1, varying –

g

between zero and one and keeping the
–-parameters in module 1 constant.

3.3 Case Study
Two case studies were performed by analysing the results from the program and
comparing them to previously designed reinforced concrete structures. The objec-
tive for performing the two case studies was to validate the optimization algorithm
with regard to buildability as well as its ability of performing a task similar to
an engineer. The case study was carried out considering top and bottom flexural
reinforcement in two directions, which rendered four di�erent cases for each case
study. Two-dimensional Cad drawings of the chosen structures, including specifi-
cations of type, placement and distribution of reinforcing bars, provided basis for
hand calculations of amount of required reinforcement and number of reinforcement
bars.

The case study was performed in two steps where the first step involved deter-
mining suitable values for the parameters in module 1 and 3 which take buildability
into account, here called –-parameters. The parameter –

g

in module 3, which con-
trol the influence of the number of subgroups, was set to a value based on the results
from the parameter sensitivity analysis in Section 3.2.2. To assign values to the –-
parameters in module 1, the optimization algorithm was run multiple times for each
of the four cases with di�erent combinations of parameters, see Appendix A.1 and
B.1. Each combination of parameters generated a solution which was evaluated
based on buildability, total amount of reinforcement and number of di�erent types
of reinforcement bars. The assessment of buildability was carried out by evaluating
how well the generated solution fulfilled the following buildability criterias:

• The dimension/centre distance ratio of rebars is su�ciently large.

• Few reinforcement levels are used rather than many whenever possible.

• Large rebar dimensions are used rather than small whenever possible.

• Centre distances of top flexural reinforcement are equal to or a multiple of
bottom flexural reinforcement c.t.c. distance.

• Rebars are distributed in few larger regions rather than many small regions.

Comparing the best results of each combination of –-parameters, a combination
of parameters was chosen which fulfilled the above mentioned criteria’s.

Following the first step of assigning values to the –-parameters, the second step
of the case study was performed by running the optimization algorithm for each of
the four cases. The results from the algorithm were then compared with the results
of the hand calculations and evaluated based on buildability aspects, similarity to
solution produced by an engineer and total quantity of reinforcement.



30 CHAPTER 3. METHOD

3.3.1 Case 1 - Cirkulationen, Arenastaden
The first case study, Cirkulationen, is a concrete slab bridge in the newly developed
neighbourhood Arenastaden in Solna, Stockholm (see Figures 3.8 and 3.9). The
bridge is a tra�c roundabout bridge, designed by the Swedish consulting company
ELU consult AB in 2011. The comparison of Cirkulationen was carried out solely
with regard to the bridge superstructure, excluding the substructure. Furthermore,
a simplification were made by not considering punching shear reinforcement, which
had been added in the hand calculations in accordance with the at the time valid
design standard Bro 2004. This simplification was expected to render less total
amount of reinforcement by the optimization algorithm compared to hand calcula-
tions.

Figure 3.8: Cirkulationen, Arenastaden (Side view)

Figure 3.9: Cirkulationen, Arenastaden (Top view)
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Table 3.3 show design assumptions and data used in the case study of Cirkula-
tionen.

Table 3.3: Design assumptions and data

Total amount of concrete [m3] 1407
No of layers (top flexural reinforcement) [pcs] 3
No of layers (bottom flexural reinforcement) [pcs] 2
Maximum no of subregions [pcs] 4
Length [m] 56.1
Thickness [m] 0.8

3.3.2 Case 2 - Slussen

The second case study is a concrete slab for a new canal sluice in Slussen, Stockholm.
The slab is part of a larger sluice construction which is currently being designed by
the Swedish consulting company ELU consult AB, see Figures 3.10 and 3.11. Since
the sluice construction is transported by sea, from the dock where it is being built to
the construction site in Slussen, extra reinforcement had been added to support the
construction during transportation. A simplification was made in the optimization
algorithm not considering this extra reinforcement and therefore it was expected
that the total amount of reinforcement, calculated by the optimization algorithm,
was to be less than hand calculations. Furthermore, only the red hatched area of
the structure in Figure 3.11 was considered in the case study.

Figure 3.10: Slussen (Right-hand side of construction)



32 CHAPTER 3. METHOD

Figure 3.11: Slussen (Top view)

Table 3.4 show design assumptions and data used in the comparative study of
Slussen.

Table 3.4: Design assumptions and data

Total amount of concrete [m3] 1552
No of layers [pcs] 2
Maximum no of subregions [pcs] 4
Length [m] 156
Width [m] 24
Thickness [m] 0.8



Chapter 4

Results

4.1 Model Validation

4.1.1 Convergence Check Module 1

To study the convergence of the objective function in module 1 the resulting values
of the objective function were plotted against the indices ‰

l

, ‰

„

using di�erent op-
timization settings. See Section 3.2.1 and 3.3.1 for a description of the convergence
check and the structure, respectively.

Figure 4.1: Final output of optimization module 1.

33
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Figure 4.2: Initial population and best result per generation.

Figure 4.1 show values of the objective function for the test case. With the
settings used, the objective function managed to find a global optima after 62 gen-
erations. Figure 4.2 shows the initial population of module 1 and the population
for each generation where the best fitness value was changed.

The best fitness value was found for ‰

l

=76, ‰

„

=14 which corresponds to the
combination of reinforcement given in Table 4.1. The actual adjustment of the
surface is shown in Figure 4.3, where the required reinforcement surface is adjusted
according to the chosen reinforcement levels.

Table 4.1: Chosen rebar types (Test case, module 1)

Layer „ [mm] c [mm] A

s

[mm2/m] A

s,req,max

[mm2/m]
1 20 200 1571
1 20 200 1571
2 20 100 3142
3 20 100 3142
Total 9425 9207

Multiple initial populations and population sizes were evaluated. Due to the
discrete nature of the problem, a rather large population size had to be used in order
to find the global optima. Furthermore, the sorting of the data structures to which



4.1. MODEL VALIDATION 35

the decision variables is mapped to is of great importance. The algorithm is sorting
the data structures such that each set of rebar diameters and level combination
is similar to next one. Sudden changes in the objective function values for a unit
change of a decision variable is decreasing the performance of the optimization
algorithm. However, the di�culty of foreseeing the objective function values is a
part of the fundamental problem.

Generally, increasing the number of di�erent combinations renders a better ap-
proximation of reinforcement requirement surface which will cause the first term of
the objective function to be minimized. The other terms of the objective function
were designed to counteract the number of combinations used in order to promote
the buildability of the solution. The influence of these terms can be seen in Figure
4.1. –

„

is a�ecting the number of di�erent rebar diameters is causing many of the
peaks in the ‰

„

direction and –

l

act in the same manner in the ‰

l

direction.

Figure 4.3: Reinforcement requirement and chosen reinforcement surfaces.
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4.1.2 Convergence Check Module 3
The final result from the GA is shown in Figure 4.4. A description of how the results
were created can be found in Section 3.2.1. The values of the objective function f

is plotted against the decision variables ‰1, ‰2. Since the value of the first index is
constrained such that it must be less than the value of the second, none of those
results are plotted. This is giving the triangular shape of the surface.

Figure 4.4: Final output of optimization module 3.

Using these optimization settings, it is evident that the GA managed to find the
global optima for this case. The optimization settings was studied for several cases
without convergence problems using a population size of 10 times the number of
decision variables.

In order to study the behaviour of the GA, the initial population was plotted, as
well as the best fitness values. The initial population and the best fitness values of
each generation is shown in Figure 4.5. Only the generations where the best fitness
value changed were plotted.

The output of the polygon boundary adjustment is shown in Figure 4.6. The
global optima was found for ‰1 = 153 and ‰2 = 462. This corresponds to the
coordinates v1 = 25.5 m and v2 = 56.5 m, respectively. A description of how the
design variables are related to the coordinates is presented in Section 3.1.4.
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Figure 4.5: Initial population and best fitness value per generation.

Figure 4.6: Polygon boundary adjustment.
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4.1.3 Parameter Sensitivity Module 1

Parameter sensitivity analysis of module 1 showed that the two parameters, –

v

and
–

l

had the greatest influence on the resulting reinforcement quantity and number
of rebar types. The simultaneous variation of these two parameters for top flexural
reinforcement in direction 1 and case Cirkulationen is shown in Figure 4.7 and Table
4.2.

Figure 4.7: Variation of parameters –

v

and –

l

.

Table 4.2: Parameter sensitivity

ID –

v

–

l

Q [kg/m3] N [pcs] No Levels
1 1 0 26.56 40 12
2 0.9 0.1 28.02 22 6
3 0.8 0.2 28.02 22 6
4 0.7 0.3 30.91 17 5
5 0.6 0.4 30.91 17 5
6 0.5 0.5 30.91 17 5
7 0.4 0.6 37.90 10 3
8 0.3 0.7 37.90 10 3
9 0.2 0.8 37.90 10 3
10 0.1 0.9 37.90 10 3
11 0 1 72.26 3 3
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Figures 4.8 to 4.11 show the resulting contour lines for solutions 1, 5, 7 and 11
in Table 4.2.

Figure 4.8: Solution 1 Figure 4.9: Solution 5

Figure 4.10: Solution 7 Figure 4.11: Solution 11

The results confirm the interactive behaviour of the parameters. For instance,
when the value of –

v

was increased and the value of –

l

decreased, the total reinforce-
ment quantity was minimized. However the number of rebar types was increased
at the same time. Similarly, increasing the value of –

l

while decreasing the value of
–

v

, resulted in a reduction of the number of levels and di�erent types of rebars but
also an increase of the quantity of reinforcement.

The parameter –

„

and –

c

was not found to have a clear influence on the total
quantity of reinforcement nor the number of rebar types. This is because it is not
certain that the optimal solution considering the quantity of reinforcement is the
case with di�erent rebar diameters or a small centre distance. The number of rebar
types was more influenced by the number of di�erent lengths of the rebar rather
than the number of di�erent rebar diameters. For a symmetrical case, it might
have more influence. However, both –

„

and –

c

a�ects the reinforcement levels and
are important factors to control user preferences and other buildability aspects that
cannot be measured by the number or rebar types.
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4.1.4 Parameter Sensitivity Module 3

Figure 4.12 show parameter sensitivity analysis of –

g

for bottom flexural reinforce-
ment in direction 1 for Cirkulationen. The settings used for this case was a maximum
number of 10 rebar subgroups, a rebar dimension of 20 mm, a centre distance of
200 mm and two reinforcement levels per layer, giving four reinforcement levels.

Figure 4.12: Variation of parameters –

g

Varying the parameter –

g

between 0 and 1 showed that the number of rebar
types decreased rapidly compared to the increase in quantity and that the largest
decrease was obtained for a –

g

-values between 0 and 0.5, see Figure 4.12. To
minimize the number of rebars in a layout a minimum value of 0.6 for –

g

is suggested.
Figures 4.13 to 4.16 show solutions 1, 3, 6 and 11 in Figure 4.12.
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Figure 4.13: Solution 1 Figure 4.14: Solution 3

Figure 4.15: Solution 6 Figure 4.16: Solution 11
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4.2 Case study 1 - Cirkulationen, Arenastaden

The parameter sensitivity analysis for case study Cirkulationen resulted in deter-
mined –-values according to Table 4.3. Table 4.4 shows the total amount of rein-
forcement and total amount of di�erent types of reinforcement bars both for the
optimization algorithm (o.a.) and hand calculations (h.c.). The resulting distribu-
tion of levels and dimensions of reinforcement bars for both optimization algorithm
and hand calculations are shown in Figures 4.17 to 4.24.

Table 4.3: Chosen –-values Cirkulationen

Case –

v

–

l

–

„

–

c

–

g

Top, Direction 1 0.5 0.35 0.1 0.05 0.75
Bottom, Direction 1 0.5 0.35 0.1 0.05 0.75
Top, Direction 2 0.5 0.35 0.1 0.05 0.75
Bottom, Direction 2 0.5 0.5 0 0 0.75

Table 4.4: Resulting amounts of reinforcement Case study 1

Hand calculations Optimization algorithm
Top flexural Reinforcement, direction 1
Amount of reinforcement [kg/m3] 56.02 31.69
Number of types [pcs] 15 13
Bottom flexural reinforcement, direction 1
Amount of reinforcement [kg/m3] 40.63 34.45
Number of types [pcs] 17 13
Top flexural Reinforcement, direction 2
Amount of reinforcement [kg/m3] 52.69 29.44
Number of types [pcs] 21 17
Bottom flexural reinforcement, direction 2
Amount of reinforcement [kg/m3] 31.36 35.43
Number of types [pcs] 13 6
Total reinforcement
Total amount of reinforcement [kg/m3] 180.70 131.00
Number of types [pcs] 57 49

The solutions chosen from the optimization algorithm gave a total amount of
reinforcement that is 27.5 percent less than the solutions made in a traditional
design procedure by a structural engineer. Also, the number of rebar types was
reduced by 8, which is 14.0 percent less.
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A reduction in both reinforcement material usage and the number of rebar types
was found in this case study through a variation of the buildability parameters. The
largest di�erence was found for the top flexural reinforcement in both directions,
where the program reduced the total amount of reinforcement by 43.8 percent and
the number of rebar types by 16.7 percent. For the reinforcement in the bottom
of the structure, the material usage was reduced by 2.9 percent and the number of
rebar types was reduced by 36.7 percent.

The top flexural reinforcement di�erence should probably be less than the result
indicates. The traditional design case is considering rules from the Swedish norm
Bro2004. In this norm, di�erent rules apply regarding the reinforcement used to
avoid a punching shear failure. This can be seen in Figure 4.17, 4.18, 4.21 and 4.22,
where the amount of reinforcement used in an area around the intermediate column
supports is larger.

The result regarding the bottom flexural reinforcement shows the trade-o� be-
tween material usage and buildability. Although di�erent alternatives giving a bet-
ter performance regarding material usage was available in both directions, the cho-
sen solution in direction 2 showed a significant improvement regarding buildability
for a small cost in material usage.

In general, the selected solutions had a greater c.t.c. distance than the tradi-
tional solutions. This may be due to the sensitivity of the –

c

parameter but consid-
ering the overall reduction of material usage it may be the most e�ective solution.
The same reasoning is applicable for the –

„

parameter. For certain solutions the –

„

or –

c

parameters was set to zero, however it still produced a solution with a single
rebar diameter used or a large c.t.c distance. The value of –

g

used seem to reflect
the traditional design procedure division of subgroups. The di�erent appearance of
the traditional design solutions and the automated one is mostly influenced by the
selection of reinforcement levels, giving di�erent contour polygons to be covered.

The first case study indicates that similar results to a design created according to
a traditional design procedure can be achieved using an automated design procedure.
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Top Flexural Reinforcement, Direction 1

Figure 4.17: Distribution (o.a.)

Table 4.5: Dimensions (o.a.)

Layer „ [mm] c [mm]
1 25 300
1 25 300
2 25 150
3 25 150

Figure 4.18: Distribution (h.c.)

Table 4.6: Dimensions (h.c.)

Layer „ [mm] c [mm]
1 25 200
1 25 400
1 25 400
2 25 400
2 25 400
2 25 200
3 25 400
3 25 400
3 25 200
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Bottom Flexural Reinforcement, Direction 1

Figure 4.19: Distribution (o.a.)

Table 4.7: Dimensions (o.a.)

Layer „ [mm] c [mm]
1 25 300
1 25 300
2 25 300
2 25 300

Figure 4.20: Distribution (h.c.)

Table 4.8: Dimensions (h.c.)

Layer „ [mm] c[mm]
1 25 200
1 25 400
1 25 400
2 25 400



46 CHAPTER 4. RESULTS

Top Flexural Reinforcement, Direction 2

Figure 4.21: Distribution (o.a.)

Table 4.9: Dimensions (o.a.)

Layer „ [mm] c [mm]
1 25 280
1 25 280
2 25 140
3 25 140

Figure 4.22: Distribution (h.c.)

Table 4.10: Dimensions (h.c.)

Layer „ [mm] c [mm]
1 25 200
1 25 400
1 25 400
2 25 400
2 25 400
2 25 200
3 25 200
3 25 200
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Bottom Flexural Reinforcement, Direction 2

Figure 4.23: Distribution (o.a.)

Table 4.11: Dimensions (o.a.)

Layer „ [mm] c [mm]
1 25 140
2 25 140

Figure 4.24: Distribution (h.c.)

Table 4.12: Dimensions (h.c.)

Layer „ [mm] c [mm]
1 25 200
1 25 400
1 25 400
2 25 400
2 25 400
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4.3 Case Study 2 - Slussen
The parameter analysis for case study Slussen resulted in determined –-values ac-
cording to Table 4.13. Table 4.14 shows total amount of reinforcement and total
amount of di�erent types of reinforcement bars both for the optimization algorithm
(o.a.) and hand calculations (h.c.). The resulting distribution of levels and dimen-
sions of reinforcement bars for both optimization algorithm and hand calculations
are shown in Figures 4.25 to 4.32.

Table 4.13: Chosen –-values Slussen

Case –

v

–

l

–

„

–

c

–

g

Top, Direction 1 0.5 0.35 0.1 0.05 0.75
Bottom, Direction 1 0.5 0.35 0.1 0.05 0.75
Top, Direction 2 0.5 0.35 0.1 0.05 0.75
Bottom, Direction 2 0.3 0.3 0.2 0.2 0.75

Table 4.14: Resulting amounts of reinforcement Case study 2

Case Hand calculations Optimization Algorithm
Top Flexural Reinforcement, direction 1
Amount of reinforcement [kg/m3] 26.92 25.90
Number of types [pcs] 6 10
Bottom flexural reinforcement, direction 1
Amount of reinforcement [kg/m3] 29.67 31.52
Number of types [pcs] 7 11
Top Flexural Reinforcement, direction 2
Amount of reinforcement [kg/m3] 30.22 23.63
Number of types [pcs] 15 7
Bottom flexural reinforcement, direction 2
Amount of reinforcement [kg/m3] 41.65 34.75
Number of types [pcs] 9 7
Total reinforcement
Total amount of reinforcement [kg/m3] 128.46 115.80
Number of types [pcs] 37 35

The solutions chosen from the optimization algorithm gave a total amount of
reinforcement that is 9.9 percent less than the solutions made in a traditional design
procedure by a structural engineer. Also, the number of rebar types was reduced
by 2, which is 5.4 percent less. The top flexural reinforcement amount was reduced
by 13.3 percent and the number of types by 19.0 percent. The bottom flexural
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reinforcement amount was reduced by 7.1 percent, but the number of types increased
by 6.3 percent. The reinforcement added to top flexural reinforcement in direction
2 to support the structure during transportation accounts for parts of the di�erence
in result.

The number of rebar types could be reduced by increasing the lengths of some
rebar groups by small amounts. The program is considering the lengths to be equal
if they are smaller than the mesh size in the u-direction. Adjusting the lengths
of some rebar groups to fit within the tolerance would increase the performance
regarding the number of rebar types substantially while the influence on the amount
of reinforcement would be small. An example of this can be seen in Figure 4.27,
where all the rebar groups in the second layer has di�erent lengths which leads to
an increase in the number of rebar types.

Top Flexural Reinforcement, Direction 1

Figure 4.25: Distribution (o.a.)

Table 4.15: Dimensions (o.a.)

Layer „ [mm] c [mm]
1 25 300
1 25 300
2 25 150

Figure 4.26: Distribution (h.c.)

Table 4.16: Dimensions (h.c.)

Layer „ [mm] c [mm]
1 20 200
1 20 200
2 20 200
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Bottom Flexural Reinforcement, Direction 1

Figure 4.27: Distribution (o.a.)

Table 4.17: Dimensions (o.a.)

Layer „ [mm] c [mm]
1 25 300
1 25 300
2 25 150

Figure 4.28: Distribution (h.c.)

Table 4.18: Dimensions (h.c.)

Layer „ [mm] c [mm]
1 20 200
1 20 200
2 20 200
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Top Flexural Reinforcement, Direction 2

Figure 4.29: Distribution (o.a.)

Table 4.19: Dimensions (o.a.)

Layer „ [mm] c [mm]
1 20 220
1 20 220
2 20 110

Figure 4.30: Distribution (h.c.)

Table 4.20: Dimensions (h.c.)

Layer „ [mm] c [mm]
1 20 250
1 20 250
2 20 250
2 20 250
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Bottom Flexural Reinforcement, Direction 2

Figure 4.31: Distribution (o.a.)

Table 4.21: Dimensions (o.a.)

Layer „ [mm] c [mm]
1 25 220
1 25 220
2 25 110

Figure 4.32: Distribution (h.c.)

Table 4.22: Dimensions (h.c.)

Layer „ [mm] c [mm]
1 20 125
2 20 250
2 20 250



Chapter 5

Discussion and Conclusions

5.1 Discussion

In this thesis, a computer program has been developed to perform the process of
creating a reinforcement design of a concrete structure. An approach to automate
this process was created by identifying the key aspects of the reinforcement layout
design according to previous literature as well as by examination of design drawings.

To find feasible solutions, an optimization algorithm was used. Due to the nature
of the problem and the characteristics of the decision variables, a GA was selected
for the ability of solving discrete optimization problems. The inability to guarantee
an optimal solution to the problem using heuristic methods is not considered to be
crucial since the best solution will be determined by many factors that are di�cult
to quantify. Also, the computational time of using an exhaustive search method is
considered impractical and would limit the usefulness of the program.

It is important to remember that the main idea is not to find a design that is
supposed to be considered optimal for every case, rather a method to find a feasible
solution according to the preferences of the user. Thus, keeping the computational
time low, promoting the user-friendliness of the program and producing an optimal
or near-optimal solution was considered more important than the guarantee of an
optimal solution.

To ensure that the optimization algorithms was returning an acceptable solution,
a rather large population sizes had to be used. This is a drawback of optimizing
discrete variables using a GA. Increasing the population size increases number of
calculations at the cost of computational e�ort. To keep the computational time
low, the program is using approximations evaluating the objective functions and the
problem is divided in to two separate optimizations which might discard potential
design solutions.

An example of this is that the objective function of module 1 approximates the
volume under the surface and gives a penalty for the number of reinforcement levels
used. Increasing the number of levels was found to generally increase the number of
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rebar types since there will be more polygons to cover in module 3. However, this
depends on the shape of reinforcement requirement surface. Therefore, a solution
from module 1 that uses few reinforcement levels might be discarded since the
objective function is not evaluating the total amount of reinforcement of the final
solution.

A part of the work that is traditionally being conducted during the design pro-
cess is making decisions regarding spurious results from the FE-model. When au-
tomating the design process, it is important to pre-process the data to account for
this before running the algorithm. Typical situations are singularities caused by
point loads or geometric discontinuities.

The program developed only consider the spatial arrangement of the contour
polygons by a tolerance considering the distance between the polygons that allows
the program to consider multiple polygons as a single entity. In the results from
the case studies there are some solutions where a designer might cover the polygons
di�erently. Di�erent rules of considering this could be implemented to improve the
algorithm.

Considering the buildability of the solutions, the objective functions was de-
signed to capture some of the key features creating a feasible solution. Defining
an objective function to fit a somewhat arbitrary goal that might di�er depending
on the project, the preferences of the contractor or the preferences of the engineer
is a di�cult aspect. In the objective functions designed, each term was added to
define a cost associated with choosing a less buildable solution. The sizes of these
costs will di�er depending on the input defined by the user. As an example, in the
objective function of module 1, the size of the term considering centre distances is
dependent of the largest centre distance that is given as input. In a future study, it
would be interesting to redefine the objective functions to consider di�erent costs.

There are some di�erences regarding the prerequisites of the traditional design
and the design created by the program in the case studies, particularly for the top
flexural reinforcement for case study 1. This adds some uncertainty to the results,
especially regarding the amount of reinforcement used. The ability of the program
to create a feasible layout based on the contours can still be evaluated like the other
solutions.

One of the benefits of using an automated design process is that it is possible to
save time in the design phase. The time-saving renders a possibility to explore de-
sign options that is di�cult to find using a traditional design procedure. An example
of this is the parameter sensitivity analysis in Section 4.1.3 and 4.1.4. Visualizing
the trade-o� between buildability and material usage requires more design solutions
than what would have been feasible to create without an automated design proce-
dure. Likewise, adapting a set-based design method the concrete reinforcement
design requires an e�ective technique to produce multiple designs.

Varying the parameters has shown some di�erences in the reinforcement layout
design. A large benefit of dividing the process in to modules that are performing
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part of the task is the ability to control the process. It is possible to use this program
as a tool to explore design options regarding rebar types and centre distances, but it
may also be used to calculate the required reinforcement anchorage length for every
point in the structure if the designer wishes to only utilize part of the program.
This possibility for interaction is important when automating a design process.

5.2 Conclusions
The results from this study indicates that the reinforcement layout design procedure
may be subject to automation. According to the quantities that were selected as
the measure of the e�ectiveness and the buildability of the solution, the program
managed to find designs that may be considered feasible. By the variation of the
buildability parameters, it was also shown that the consideration of buildability has
a direct impact on the reinforcement material usage.

5.3 Future Research
Although the program managed to find designs that may be considered feasible, the
program can be further improved in the future.

The heuristic nature of the problem encourages investigations of implementing
an AI algorithm to analyse traditional designs and find ways of improving the in-
corporation of the decision-making process of the designer. The incorporation of
decision-making can also be further improved by an extended exploration of the
objective functions and the buildability parameters. It is recommended to further
research the buildability parameters in this study, both quantitatively and qualita-
tively. Qualitative studies may include performing interviews with contractors or
other parties with knowledge of how consideration to buildability a�ects work on
site.

As of now, calculations performed for top and bottom flexural reinforcement are
not linked together. In order to improve buildability of the solutions the calcula-
tions should be linked in such way that the centre distance of the bottom flexural
reinforcement being the same or a multiple of the top flexural reinforcement.

To expand the area of application of the program it is recommended that addi-
tional types and geometries of reinforcement bars are incorporated into the program,
for example bent bars. Additional rules in Eurocode should also be included into
the program, for example rules regarding overlapping bars and redistributions over
supports.

Module 3 could be further improved by implementation of di�erent ways of
covering the contours of the required reinforcement, for example by allowing the
subareas to merge and separate.
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Appendix A

Case study 1 - Cirkulationen

A.1 Parameter Sensitivity Case 1
A.1.1 Top Flexural Reinforcement, Direction 1
Table A.1 shows results for –-parameter sensitivity analysis performed for top flex-
ural reinforcement in direction 1. The chosen solution is highlighted in orange and
the solutions presented in the appendix is highlighted in grey.

Table A.1: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
1 1 0 0 0 0.75 23.85 41 57 26
2 0 1 0 0 0.75 47.75 6 15 9
3 0.5 0.5 0 0 0.75 31.14 12 44 3
4 0.75 0.25 0 0 0.75 25.42 24 55 9
5 0.25 0.75 0 0 0.75 37.90 9 32 6
6 0 0.25 0.75 0 0.75 47.75 6 15 9
7 0 0.25 0 0.75 0.75 39.11 9 30 6
8 0.25 0.25 0.25 0.25 0.75 31.69 13 43 3
9 0.5 0.35 0.1 0.05 0.75 31.69 13 43 3
10 0.3 0.3 0.2 0.2 0.75 31.69 13 43 3
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Solution ID 1

Figure A.1: Distribution

Table A.2: Dimensions

Layer „ [mm] c [mm]
1 20 400
1 20 400
1 20 400
1 20 400
2 20 400
2 20 400
2 20 400
2 20 400
3 20 400
3 20 400
3 20 400
3 20 400

Table A.3: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
1 1 0 0 0 0.75 23.85 41 57 26

Solution ID 2

Figure A.2: Distribution

Table A.4: Dimensions

Layer „ [mm] c [mm]
1 25 100
2 20 100

Table A.5: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
2 0 1 0 0 0.75 47.75 6 15 9
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Solution ID 5

Figure A.3: Distribution

Table A.6: Dimensions

Layer „ [mm] c [mm]
1 20 100
2 20 100
3 20 100

Table A.7: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
5 0.25 0.75 0 0 0.75 37.90 9 32 6

A.1.2 Bottom Flexural Reinforcement, Direction 1
Table A.8 shows results for –-parameter sensitivity analysis performed for bottom
flexural reinforcement in direction 1. The chosen solution is highlighted in orange
and the solutions presented in the appendix is highlighted in grey.

Table A.8: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
1 1 0 0 0 0.75 31.31 26 23 9
2 0 1 0 0 0.75 46.85 5 15 12
3 0.5 0.5 0 0 0.75 42.33 5 4 12
4 0.75 0.25 0 0 0.75 33.62 14 17 3
5 0.25 0.75 0 0 0.75 42.33 5 4 12
6 0 0.25 0.75 0 0.75 46.86 5 15 12
7 0 0.25 0 0.75 0.75 44.92 5 11 12
8 0.25 0.25 0.25 0.25 0.75 44.92 5 11 12
9 0.5 0.35 0.1 0.05 0.75 34.45 13 15 4
10 0.3 0.3 0.2 0.2 0.75 44.92 5 11 12
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Solution ID 1

Figure A.4: Distribution

Table A.9: Dimensions

Layer „ [mm] c [mm]
1 20 400
1 20 400
1 20 400
1 20 400
2 20 400
2 20 400
2 20 400
2 20 400

Table A.10: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
1 1 0 0 0 0.75 31.31 26 23 9

Solution ID 2

Figure A.5: Distribution

Table A.11: Dimensions

Layer „ [mm] c [mm]
1 25 140
2 25 140

Table A.12: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
2 0 1 0 0 0.75 46.85 5 15 12
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Solution ID 3

Figure A.6: Distribution

Table A.13: Dimensions

Layer „ [mm] c [mm]
1 25 130
2 25 130

Table A.14: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
3 0.5 0.5 0 0 0.75 42.33 5 4 12

A.1.3 Top Flexural Reinforcement, Direction 2
Table A.15 shows results for –-parameter sensitivity analysis performed for top
flexural reinforcement in direction 2. The chosen solution is highlighted in orange
and the solutions presented in the appendix is highlighted in grey.

Table A.15: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
1 1 0 0 0 0.75 26.57 46 50 25
2 0 1 0 0 0.75 41.64 10 21 11
3 0.5 0.5 0 0 0.75 28.64 18 46 3
4 0.75 0.25 0 0 0.75 32.08 22 39 1
5 0.25 0.75 0 0 0.75 33.35 12 37 9
6 0 0.25 0.75 0 0.75 45.43 6 14 15
7 0 0.25 0 0.75 0.75 34.36 11 34 10
8 0.25 0.25 0.25 0.25 0.75 28.64 18 46 3
9 0.3 0.3 0.2 0.2 0.75 28.64 18 46 3
10 0.5 0.35 0.1 0.05 0.75 29.44 17 44 4
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Solution ID 1

Figure A.7: Distribution

Table A.16: Dimensions

Layer „ [mm] c [mm]
1 20 400
1 20 400
1 20 400
1 20 400
2 20 400
2 20 400
2 20 400
2 20 400
3 20 400
3 20 400
3 20 400
3 20 400

Table A.17: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
1 1 0 0 0 0.75 26.57 46 50 25

Solution ID 2

Figure A.8: Distribution

Table A.18: Dimensions

Layer „ [mm] c [mm]
1 25 110
2 20 110
3 20 110

Table A.19: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
2 0 1 0 0 0.75 41.64 10 21 11
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Solution ID 5

Figure A.9: Distribution

Table A.20: Dimensions

Layer „ [mm] c [mm]
1 20 100
2 20 100
3 20 100

Table A.21: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
5 0.25 0.75 0 0 0.75 33.35 12 37 9

A.1.4 Bottom Flexural Reinforcement, Direction 2

Table A.22 shows results for –-parameter sensitivity analysis performed for top
flexural reinforcement in direction 2. The chosen solution is highlighted in orange
and the solutions presented in the appendix is highlighted in grey.

Table A.22: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
1 1 0 0 0 0.75 29.92 21 5 8
2 0 1 0 0 0.75 35.43 6 13 7
3 0.5 0.5 0 0 0.75 35.43 6 13 7
4 0.75 0.25 0 0 0.75 34.20 12 9 1
5 0.25 0.75 0 0 0.75 35.43 6 13 7
6 0 0.25 0.75 0 0.75 35.43 6 13 7
7 0.9 0.1 0 0 0.75 30.49 17 3 4
8 0.8 0.2 0 0 0.75 30.49 17 3 4
9 0.5 0.3 0.2 0 0.75 34.20 12 9 1
10 0.5 0.35 0.1 0.05 0.75 34.20 12 9 1
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Solution ID 1

Figure A.10: Distribution

Table A.23: Dimensions

Layer „ [mm] c [mm]
1 25 400
1 25 400
1 25 400
1 25 400
2 16 400
2 16 400
2 16 400
2 16 400

Table A.24: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
1 1 0 0 0 0.75 29.92 21 5 8

Solution ID 7

Figure A.11: Distribution

Table A.25: Dimensions

Layer „ [mm] c [mm]
1 25 400
1 25 400
1 25 400
1 25 400
2 16 100

Table A.26: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
7 0.9 0.1 0 0 0.75 30.49 17 3 4
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Solution ID 10

Figure A.12: Distribution

Table A.27: Dimensions

Layer „ [mm] c [mm]
1 25 280
1 25 280
2 25 140

Table A.28: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
10 0.5 0.35 0.1 0.05 0.75 34.20 12 9 1





Appendix B

Case Study 2 - Slussen

B.1 Parameter Sensitivity Case 2
B.1.1 Top Flexural Reinforcement, Direction 1
Table B.1 shows results for –-parameter sensitivity analysis performed for top flex-
ural reinforcement in direction 1. The chosen solution is highlighted in orange and
the solutions presented in the appendix is highlighted in grey.

Table B.1: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
1 1 0 0 0 0.75 23.54 23 13 17
2 0 1 0 0 0.75 31.23 5 16 1
3 0.5 0.5 0 0 0.75 27.30 14 1 8
4 0.75 0.25 0 0 0.75 26.38 11 2 5
5 0.25 0.75 0 0 0.75 27.30 14 1 8
6 0 0.25 0.75 0 0.75 31.23 5 16 1
7 0 0.25 0 0.75 0.75 29.28 6 9 0
8 0.25 0.25 0.25 0.25 0.75 25.90 10 4 4
9 0.5 0.35 0.1 0.05 0.75 25.90 10 4 4
10 0.3 0.3 0.2 0.2 0.75 25.90 10 4 4
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Solution ID 1

Figure B.1: Distribution

Table B.2: Dimensions

Layer „ [mm] c [mm]
1 20 400
1 20 400
1 20 400
1 20 400
2 16 400
2 16 400
2 16 400
2 16 400

Table B.3: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
1 1 0 0 0 0.75 23.54 23 13 17

Solution ID 2

Figure B.2: Distribution

Table B.4: Dimensions

Layer „ [mm] c [mm]
1 25 140
2 25 140
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Table B.5: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
2 0 1 0 0 0.75 31.23 5 16 1

Solution ID 9

Figure B.3: Distribution

Table B.6: Dimensions

Layer „ [mm] c [mm]
1 25 300
1 25 300
2 25 150

Table B.7: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
9 0.5 0.35 0.1 0.05 0.75 25.90 10 4 4

B.1.2 Bottom Flexural Reinforcement, Direction 1
Table B.8 shows results for –-parameter sensitivity analysis performed for bottom
flexural reinforcement in direction 1. The chosen solution is highlighted in orange
and the solutions presented in the appendix is highlighted in grey.
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Table B.8: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
1 1 0 0 0 0.75 26.53 17 11 10
2 0 1 0 0 0.75 32.78 8 10 1
3 0.5 0.5 0 0 0.75 32.98 9 11 2
4 0.75 0.25 0 0 0.75 31.77 14 7 7
5 0.25 0.75 0 0 0.75 32.42 12 9 5
6 0 0.25 0.75 0 0.75 32.78 8 10 1
7 0 0.25 0 0.75 0.75 31.57 12 6 5
8 0.25 0.25 0.25 0.25 0.75 31.57 12 6 5
9 0.5 0.35 0.1 0.05 0.75 31.52 11 6 4
10 0.3 0.3 0.2 0.2 0.75 31.57 12 6 5

Solution ID 1

Figure B.4: Distribution

Table B.9: Dimensions

Layer „ [mm] c [mm]
1 20 400
1 20 400
1 20 400
1 20 400
2 20 400
2 20 400
2 20 400
2 20 400

Table B.10: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
1 1 0 0 0 0.75 26.53 17 11 10
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Solution ID 2

Figure B.5: Distribution

Table B.11: Dimensions

Layer „ [mm] c [mm]
1 25 140
2 25 140

Table B.12: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
2 0 1 0 0 0.75 32.78 8 10 1

Solution ID 3

Figure B.6: Distribution

Table B.13: Dimensions

Layer „ [mm] c [mm]
1 20 110
2 20 110

Table B.14: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
3 0.5 0.5 0 0 0.75 32.98 9 11 2
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B.1.3 Top Flexural Reinforcement, Direction 2

Table B.15 shows results for –-parameter sensitivity analysis performed for top
flexural reinforcement in direction 2. The chosen solution is highlighted in orange
and the solutions presented in the appendix is highlighted in grey.

Table B.15: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
1 1 0 0 0 0.75 20.95 17 31 2
2 0 1 0 0 0.75 32.14 6 6 9
3 0.5 0.5 0 0 0.75 23.33 8 23 7
4 0.75 0.25 0 0 0.75 24.97 14 17 1
5 0.25 0.75 0 0 0.75 27.19 6 10 9
6 0 0.25 0.75 0 0.75 31.94 8 6 7
7 0 0.25 0 0.75 0.75 29.98 9 1 6
8 0.25 0.25 0.25 0.25 0.75 23.76 10 21 5
9 0.5 0.35 0.1 0.05 0.75 23.63 7 22 8
10 0.3 0.3 0.2 0.2 0.75 23.76 10 21 5

Solution ID 1

Figure B.7: Distribution

Table B.16: Dimensions

Layer „ [mm] c [mm]
1 20 400
1 20 400
1 20 400
1 20 400
2 20 400
2 20 400
2 20 400
2 20 400
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Table B.17: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
1 1 0 0 0 0.75 20.95 17 31 2

Solution ID 2

Figure B.8: Distribution

Table B.18: Dimensions

Layer „ [mm] c [mm]
1 25 140
2 25 140

Table B.19: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
2 0 1 0 0 0.75 32.14 6 6 9

Solution ID 5

Figure B.9: Distribution

Table B.20: Dimensions

Layer „ [mm] c [mm]
1 20 110
2 20 110
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Table B.21: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
5 0.25 0.75 0 0 0.75 27.19 6 10 9

B.1.4 Bottom Flexural Reinforcement, Direction 2

Table B.22 shows results for –-parameter sensitivity analysis performed for bottom
flexural reinforcement in direction 2. The chosen solution is highlighted in orange
and the solutions presented in the appendix is highlighted in grey.

Table B.22: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
1 1 0 0 0 0.75 28.32 23 32 14
2 0 1 0 0 0.75 44.40 3 7 6
3 0.5 0.5 0 0 0.75 34.43 10 17 1
4 0.75 0.25 0 0 0.75 39.88 10 4 1
5 0.25 0.75 0 0 0.75 41.92 3 1 6
6 0 0.25 0.75 0 0.75 44.40 3 7 6
7 0 0.25 0 0.75 0.75 40.58 7 3 2
8 0.25 0.25 0.25 0.25 0.75 34.43 10 17 1
9 0.5 0.3 0.2 0 0.75 34.43 10 17 1
10 0.5 0.35 0.1 0.05 0.75 34.75 7 17 2

Solution ID 1

Figure B.10: Distribution
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Table B.23: Dimensions

Layer „ [mm] c [mm]
1 25 400
1 25 400
1 25 400
1 25 400
2 25 400
2 25 400
2 25 400
2 25 400

Table B.24: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
1 1 0 0 0 0.75 28.32 23 32 14

Solution ID 2

Figure B.11: Distribution

Table B.25: Dimensions

Layer „ [mm] c [mm]
1 25 100
2 25 100

Table B.26: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
2 0 1 0 0 0.75 44.40 3 7 6
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Solution ID 5

Figure B.12: Distribution

Table B.27: Dimensions

Layer „ [mm] c [mm]
1 25 110
2 25 110

Table B.28: Parameter sensitivity result

ID –

v

–

l

–

„

–

c

–

g

Q [kg/m3] N [pcs] Á

Q

[%] Á

N

[pcs]
5 0.25 0.75 0 0 0.75 41.92 3 1 6
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