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Set-Based Multi-Criteria Optimization of Slab Frame Bridges
A Study on the Implementation of a Set-Based Multi-Criteria Optimization Algo-
rithm on Slab Frame Bridges, considering Investment Cost, Environmental Impact
and Buildability
FELICIA BERGENRAM, SIGRID ULANDER
Department of Architecture and Civil Engineering
Chalmers University of Technology

Abstract
This master’s thesis presents research performed on parametric multi-criteria
optimization in early stage design of slab frame bridges, using set-based design. As
a result of immense CO2-emissions emerging from concrete production- and usage,
there is a need for methods mitigating the volume of concrete without affecting the
function of the structure. Set-based design was implemented in order to enable
a wide design space during the design process, constituting a basis for facilitated
negotiation in planning processes. Previous research suggests a general correlation
between curtailed CO2-footprint and cost reduction, due to minimized material
use. However, the aspect of buildability may conflict with lessened material, as
slim designs might simultaneously entail a more time consuming production. This
research aimed to develop an optimization method with respect to investment
cost and environmental impact, while concurrently considering the potentially
contradictory criterion of buildability. Possible quantitative measurements of the
buildability criterion were thus explored. In addition, the method focused on
generating large data sets of possible bridge designs, increasing the potential of
obtaining statistical significance in the optimization results. An algorithm was
created using Python-programming within the Grasshopper interface, connected
to the 3D modelling software Rhino. The results demonstrated the buildability
criterion to be decisive when finding optimal bridge designs in the multi-criteria
optimization. In relation to the reference project, it was concluded that the most
optimal design was predominantly governed by buildability aspects, resulting in
limited environmental impact reductions. Therefore, a geometrically optimized
design with the lowest environmental impact was also sought, yielding slightly
increased costs for the client, caused by buildability costs related to the slimmed
design. Conclusively, there is considerable incentive for implementing set-based op-
timization procedures in the everyday work of bridge engineers. Thereby, far-fetched
optimal solutions can be identified in an early stage providing a basis for negotia-
tion during tendering procedures, and risks related to unforeseen costs are mitigated.

Keywords: multi-criteria optimization, parametric design, set-based design, automa-
tion, slab frame bridge, concrete, investment cost, environmental impact, buildabil-
ity
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Set-Baserad Multikriterieoptimering av Plattrambroar
En Studie på Tillämpningen av Set-Baserad Multikriterieoptimering på Plattram-
broar med hänsyn till Investeringskostnad, Miljöpåverkan och Byggbarhet
FELICIA BERGENRAM, SIGRID ULANDER
Institutionen för Arkitektur och Samhällsbyggnad
Chalmers Tekniska Högskola

Sammanfattning
Denna masteruppsats presenterar en studie på tillämpningen av parametrisk
multikriterieoptimering i det preliminära designskedet av plattrambroar,
genom setbaserad design. Till följd av enorma koldioxidutsläpp orsakade av
betongproduktion- och användning, finns ett behov av metoder som begränsar be-
tongkonstruktioners volym utan att påverka deras strukturella funktion. Setbaserad
design implementerades för att möjliggöra en öppen designrymd utmed designpro-
cessen, vilket utgör en grund för förenklad förhandling i projekteringsprocesser.
Tidigare studier påvisar en generell korrelation mellan minimerade materielmängder
och såväl minskat koldioxidavtryck som avtagande kostnader. Däremot har bygg-
barhetskriteriet visat motstridiga effekter relaterade till minskad materialåtgång,
eftersom slimmade utformningar i flera avseenden kan kopplas till mer tidskrävande
produktion. Studien syftade till att skapa en optimeringsmetod med hänsyn till
investeringskostnad och miljöpåverkan, samtidigt som det potentiellt motstridiga
byggbarhetskriteriet togs i beaktning. Vidare undersöktes möjliga kvantifierbara
mått på byggbarhetskriteriet. Ett fokusområde i optimeringsmetoden var att gener-
era stora data-set av möjliga broutformningar för att öka potentialen till statistisk
signifikans i optimeringsresultatet. En algoritm skapades i Python, implementerat i
programvaran Grasshoppers gränssnitt, kopplat till modelleringsprogrammet Rhino.
Resultatet belyste byggbarhetskriteriets avgörande inverkan på de optimala brout-
formningarna. I relation till ett referensprojekt kunde slutsatsen dras att den mest
optimala broutformningen i stor utsträckning styrdes av byggbarhetsaspekter, vilket
begränsade nedskärningen av miljöpåverkan. Därför söktes även en geometriskt
optimerad broutformning med minimerad miljöpåverkan, vilken demonstrerade
något ökade kostnader för kunden, orsakade av byggbarhetskostnader relaterade
till den slimmade utformningen. Sammanfattningsvis finns incitament för att införa
setbaserade multikriterieoptimeringsmetoder i det vardagliga arbetet som utförs
av brokonstruktörer. Därigenom kan osannolika optimala lösningar identifieras i
ett tidigt skede, vilket kan användas som förhandlingsunderlag i anbudsprocesser,
samtidigt som risken för oförutsedda kostnader minskas.

Nyckelord: multikriterieoptimering, parametrisk design, setbaserad design, automa-
tion, plattrambro, betong, investeringskostnad, miljöpåverkan, byggbarhet
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Nomenclature

This chapter presents the main nomenclature of indices, sets, parameters, and vari-
ables referred to in this thesis.

Input parameters

L Span length of bridge deck
H Structural height of bridge
W Width of bridge deck, transverse to span direction
bc Boundary condition between frame leg and foundation slab

Indices

i Index for cross-section within a bridge design
j Index for tensile reinforcement layer within a cross-section i

Variable parameters

hi Cross-sectional height of cross-section i
ni;j Number of tensile reinforcement bars in row j in cross-section i
fcki Characteristic compression concrete strength in cross-section i
�i Reinforcement diameter in cross-section i
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Optimization elements

x One bridge design alternative
Feq(x) Objective function (the equivalent cost of all optimization criteria)
finv(x) Partial objective function (the investment cost criterion)
fenv(x) Partial objective function (the environmental impact cost criterion)
fbuild(x) Partial objective function (the buildability cost criterion)
�ULS;i(x) ULS-utilization ratio constraints set on all cross-sections
�SLS;i(x) SLS-utilization ratio constraint set on all cross-sections

Design spaces

Design space A Set of feasible and non-feasible bridge design solutions, regardless
of input parameters

Design space B Set of feasible and non-feasible bridge design solutions, for specified
input parameters

Design space C Set of feasible bridge design solutions, for specified input parameters
Design space D Set of most optimized bridge design solutions, for specified input

parameters
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1
Introduction

This chapter introduces the thesis background, aim, limitations, research questions
and the methodology applied.

1.1 Background

In 2018, the Swedish parliament established new environmental laws as a result
of the Paris agreement made in 2015. The goal is to reduce the carbon dioxide
emissions by 50% by 2030 and eventually achieve climate neutrality in 2045. An
action plan has been developed under the leadership of Skanska, signed by the main
contractors within the industry, to ensure necessary changes within the construction
�eld ( Färdplan för fossilfri konkurrenskraft, n.d.).

Today's construction industry is responsible for a vast environmental impact
regarding its extensive emissions of greenhouse gases (GHG). Concrete in particular
contributes to considerable amounts of greenhouse gases during production,
maintenance and demolition (Kim et al., 2016). The cement production alone is
accountable for approximately 8% of the global carbon dioxide (CO2) emissions
(Cosentino et al., 2020). In order to reach the goals set by the Swedish legislation,
it is of immense importance to take measures for mitigating the use of construction
material in general, and concrete in particular. Such measures can be taken by
challenging traditional design approaches and developing optimization algorithms
for minimizing the material usage.

The construction industry is characterized by a large amount of repetitive work in
designing well-known and commonly used construction types, leaving a demand
for parametric models to save time (Girardet & Boton, 2021). Bridge engineers
would bene�t from having access to such models for the most commonly used
bridge types in Sweden, being the slab frame bridge, slab bridge and girder bridge
(Olsson McDowell, 2021).

Parametric design is a method where modelling is controlled by a set of connected
variables, which enables e�cient generation of di�erent solutions. As presented by
Khairulzaman, H. A., and Usman, F. (2018), automation within the construction
industry is an increasingly developing �eld with potential of signi�cant gains. As less
repetitive work is needed, time and resources can instead be used for development
and innovation or working creatively with smart solutions. By creating parametric

1



1. Introduction

models there is a potential for enhancing the structural e�ciency and to implement
algorithms that optimize the structures on criteria such as cost (Solat Yavari et al.,
2016) and environmental impact (Solat Yavari et al., 2017), without compromising
buildability (Rempling et al., 2019). Furthermore, parametric design can be
extended to a decision based multi-criteria decision analysis in which the evaluation
and decision making of generated design alternatives is automated. Decision based
design entails opportunities for enhancing the creativity of the design process (Lee
& Ostwald, 2020).

Di�erent research projects have been carried out on the subject of structural
optimization of concrete bridges, resulting in somewhat di�ering conclusions.
In general, the observed trend is that there is a close correlation between cost
mitigation and minimized carbon footprint (Mathern et al., n.d.). Some studies
show that the �nal optimized design ends up being the same in both cases, no
matter if optimizing towards economics or carbon dioxide emissions (Rempling
et al., 2019). Others show diverging results in terms of the cross-sectional design
when optimizing on the two criteria separately (Solat Yavari et al., 2017), making
the client having to prioritize economical or environmental sustainability when
moving forward with the project.

Despite existing research on the topic, newly developed methods have not yet been
implemented in large scale. As the design of di�erent bridge structures is still based
on traditional methods that have been adopted for many years, there is potential
for using optimization routines to a greater extent than what is currently being
done (Färdplan för fossilfri konkurrenskraft, n.d.). Producing preliminary design
proposals with environmental aspects as the starting point would be a step towards
preventing unnecessary climate impact. A way of integrating the environmental
aspects early on could be by adjusting the assessment procedure of tendering
proposals.

Today's traditional design procedure is governed by point-based design (PBD)
(Fernández Luis Santiago & Tarazona Rams David, 2014), in which decisions
need to be made for every step in the design process (Parrish et al., 2007). The
methodology of set-based design (SBD), on the contrary, maintains a wide design
space for as long as possible. Consequently, information can be provided during
a project's progress when there is still a possibility to adjust the design without
major additional costs, thus maintaining the assigned budget (Mathern, 2019).
Implementing SBD can facilitate optimization procedures of concrete structures,
contributing to the work towards achieving the climate goals added to the Swedish
legislation (Rempling et al., 2019).

The tendering process regarding infrastructural investments is generally governed
by economic aspects (Boverket, 2022a), by using theLowest price-or Lowest total
cost- method. In some cases the tendering proposal can be evaluated using the
so called Most economically advantageous- method, where additional pro�ts are
given to the contractor based on other criteria related to sustainability on di�erent

2



1. Introduction

societal levels. One such criteria could be the extent of environmental focus shown
in the tendering proposal (Boverket, 2022b). Necessary changes within the �eld
entail making sustainability considerations an essential aspect in the tendering
o�ers, for both clients and contractors.

Additionally, ethical sustainability should be acknowledged in parametric optimiza-
tion. An important ethical dilemma arising when developing an automated design
process is the possible consequences from not being in control of every design step.
In many cases, input parameters for the parametric model are de�ned by the user,
followed by an output of the optimized structural design without any transparency
of the process in between. Thisblack box - phenomenon, where the user is not
in control of the processes occurring between input and output, is important to
consider (Kenton, 2022).

Moreover, it is important to keep buildability in mind when developing structurally
optimized designs, as the �nal design has to be feasible in practice (�Constructability
in Construction and Issues at Design and Execution�, 2023). Buildability is, from
a corporate perspective, foremost a matter of worker safety and e�ciency, thereby
cost. E�cient productions entail less time required, being of economical advantage
for the contractor and the client. In other terms, optimization towards buildability
is not only valuable in a societal sense, concerning manufacturers, construc-
tion workers and adjacent society. From a corporate point of view, cost e�ciency
from e�ective production is an economic incentive (Chigozie Osuizugbo et al., 2022).

Consequently, considering the potential environmental-, time- and cost gain, it can
be of vast advantage to develop e�cient methods for parametric optimization of
bridge structures. Implementing such procedures can be a step towards achieving
the climate goals added to the Swedish legislation in 2018. Considering the various
�ndings in previous projects, further development of optimization methods is
required, contributing to the existing research. One necessary improvement is
further implementation of the buildability aspect within structural optimization,
as means of generating feasible designs and lowering the overall construction costs.
Multi-criteria optimization towards investment cost, environmental impact and
buildability can be an economic incentive for including environmental considerations
in the tendering process.

1.2 Aim

This master's thesis aimed to challenge today's ways of working within the structural
engineering �eld, focusing on the early design process of bridge structures. The
study sought to evaluate the possibilities of implementing parametric optimization
algorithms in early design as means of �nding cost- and environment optimized
solutions that take buildability into consideration. The goal was thus to develop an
automated set-based parametric model, containing a multi-criteria decision analysis,
for early design of slab frame bridges.
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1.3 Limitations

The research was performed using 2D linear-elastic analysis, as means of minimizing
the computational complexity, enabling production of large sets of design alterna-
tives. A limitation made on the scope was to implement the optimization algorithm
on one speci�c bridge construction type � slab frame bridges. Moreover, the opti-
mization was conducted solely for the bridge deck and frame legs, disregarding foun-
dation slabs and wing walls. Design veri�cations were further limited to ultimate
limit state (ULS) and de�ections within serviceability limit state (SLS), excluding
fatigue limit state (FLS).

1.4 Research questions

By creating the multi-criteria optimization procedure for slab frame bridges, the
goal was to answer the following research questions:

ˆ Is linear-elastic 2D analysis su�cient for the preliminary design of slab frame
bridges in order to mitigate the computational complexity, to ultimately
achieve statistical signi�cance?

ˆ Is Grasshopper a suitable software for parametric optimization using Python-
programming?

ˆ How can buildability be de�ned in measurable quantities, to enable the imple-
mentation of the criterion within an optimization algorithm?

ˆ Are there gains to be made by implementing optimization procedures consid-
ering investment cots, environmental impact and buildability for slab frame
bridges?

ˆ What are the major aspects a�ecting the outcome of the optimization algo-
rithm?

ˆ What are the future prospects of implementing optimization procedures during
the preliminary design phase of slab frame bridges?

1.5 Methodology

The initial phase of the work consisted of a literature study, evaluating existing
research of parametric models and optimization algorithms, in order to gain
knowledge on the current developments observed within the �eld. Additionally,
national requirements on the structural performance of slab frame bridges were
examined and compiled, to ease the calculation procedure. Furthermore, a study
was performed on the conventional preliminary design procedure of slab frame
bridges and possible interpretations of the buildability criterion. Dialogues were
held with employees at Skanska, specialized within structural engineering and cost
calculation, in order to understand the practice implemented today.

The principal method applied consisted of developing a parametric optimization
algorithm for the chosen bridge type. As basis for the optimization, the parametric
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design software Grasshopper, supported by the 3D modelling tool Rhinoceros
3D— (commonly referred to as Rhino), was utilized. The algorithm itself was
developed as a Python script within the Grasshopper software, which enabled
instant visualization of results via Rhino.

The main focus was the development of a set-based multi-criteria optimization
algorithm, including generation of design alternatives, structural veri�cation and
evaluation of optimization criteria � investment cost, environmental impact and
buildability. The load e�ects calculated within the algorithm were veri�ed by com-
parison to a reference project. As output, the model provided multiple optimized
solutions, which were compared and analysed in comparison to another reference
project. The possibilities of implementing parametric optimization algorithms as
means of minimizing costs and environmental impact, while considering the cost
e�ects of buildability, were then concluded and discussed.
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2
Theory

This chapter presents the theory behind the environmental impact caused by
the construction industry, di�erent design approaches, slab frame bridges, para-
metric optimization and the software used. Additionally, possible interpretations
of the investment cost-, environmental impact- and buildability criteria are explored.

2.1 Environmental impact of the construction industry

The annual outlet of green house gases in Sweden caused by the construction
sector reaches about the same levels as the emissions due to car-transportation and
exceeds the levels representing emissions from busses and trucks, as shown in Figure
2.1 (Westlund et al., 2021). Looking further into the construction �eld, around
80% of the emissions originate from material production � mainly cement and steel
�, while the last 20% is due to tasks performed on the production site, as well as
the transportation of construction materials (Färdplan för fossilfri konkurrenskraft,
n.d.).

Furthermore, concrete is the most versatile construction material, being used in 90%
of cases while steel and timber together constitutes the last 10% (Färdplan cement
för ett klimatneutralt betongbyggande, 2018). This results in, from a global perspec-
tive, that approximately 8% of CO2-emissions originate from cement-production
(Cosentino et al., 2020). For context, the industry sector as a whole constitutes
approximately 21% of the global CO2-emissions (Intergovernmental Panel on
Climate Change. Working Group III & Edenhofer, n.d.), as shown in Figure 2.2.
The cement production process involves heating limestone (CaCO3) in a rotary
kiln, subjected to a temperature of approximately 1400 C°. The chemical reaction
� calcination � produces CO2 and lime (CaO), the latter being the cement clinker
which is then ground into cement (Lea & Mason, 2022). 50% of the emissions due
to cement production originate from the actual calcination procedure, while 40%
comes from the fuel used to heat the rotating kiln. The last 10% is due to electricity
and transportation of materials (Anand, 2013). To reduce the CO2-emissions due
to cement production, one possibility is to minimize the use of cement by either
focusing on structural e�ciency or by implementing cement-replacement materials.
Another way would be to neglect using fossil fuels as the main source of heat for
the rotating kiln.
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Figure 2.1: Annual green house gas emissions in Sweden according to Westlund
et al. (2021)

Figure 2.2: Global CO2 emissions from the industry sector (Intergovernmental Panel
on Climate Change. Working Group III & Edenhofer, n.d.), of which 8% of global
emissions come from cement (Cosentino et al., 2020)

Moreover, as an e�ect of the current climate crisis, which the construction sector
has highly contributed to, an agreement was made in Paris in 2015 to stop global
warming. 196 parties conciliated on the matter (United Nations, 2023). As a result
of the Paris agreement the Swedish parliament formulated goals and implemented
new environmental laws during 2018, in line with the agreed terms. The general
goal is to half the carbon dioxide emissions by 2030, to eventually be able to
reach net zero emissions by 2045. An action plan has been developed under the
leadership of Skanska,Färdplan för fossilfri konkurrenskraft, signed by the main
contractors within the industry, to ensure necessary changes within the construction
�eld. Many of the recommended improvements are related to the early design
phase, where possibilities to in�uence the end product are large without major
economical costs. One recommendation is to increasingly present environmental
considerations in the tendering proposals, even if it is not asked for. Another
recommendation is to implement digital models of the design and the construction
process to a larger extent, to be able to foresee design problems and minimize
waste products on the construction site (Färdplan för fossilfri konkurrenskraft, n.d.).
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Research projects performed indicate that there is a possibility to achieve a 50%
reduction of emissions within bridge construction by implementing the technologies
that we already have today. Even if the technology exists, a vast challenge lies in
implementing the new �ndings in the everyday work performed by bridge engineers.
Additionally the design norms used in Sweden often result in over-dimensioning,
hence causing unnecessary use of materials. Further research is needed on the
integration of new technology in the common practice of bridge engineers, being a
vital part in realizing necessary changes within the construction �eld. The action
plan recognizes that the development within the �eld has to occur in consonance
with what the market wants and what is feasible, since the �nal designs also have
to be constructed in reality (Färdplan för fossilfri konkurrenskraft, n.d.).

An environmental focus needs to be adopted at all levels of the construction process,
amongst all stakeholders, in order to avoid the status quo phenomenon. To impact
the current situation there has to be a change in mindset amongst people within
the �eld, where the focus is partly shifted from economical gains to environmental
gains (Färdplan för fossilfri konkurrenskraft, n.d.). In a small scale, steps towards
the environmental transition have been taken, however still leaving considerable
potential for further development. In today's construction industry, environmental
impact is not a direct corporate cost. However, demands on climate action are
increasing. In 2022, a new Swedish law entered into force, stating that construction
companies are responsible of publishing a climate declaration for building construc-
tion projects (SFS2021:787). Moreover, the Swedish Transport Administration
as a client has developed a process of demanding speci�c environmental goals to
be met by the contractor, where additional pro�ts are given if the emissions are
decreased further than what is speci�ed. By adopting such ways of working and
by introducing legislations regulating the climate impact of all new infrastructural
projects, the awareness of environmental improvements can be spread amongst the
di�erent stakeholders (Färdplan för fossilfri konkurrenskraft, n.d.).

By �nding means of implementing new technologies minimizing the use of materials,
the construction �eld can be a vital part of the necessary changes needed to achieve
the climate goals stated in the Paris agreement.

2.2 Design procedures

In a design procedure, di�erent approaches in developing and selecting alternatives
can be adopted. A distinction can then be made betweenpoint-based design(PBD)
and set-based design(SBD). Design processes within the construction industry are
today predominantly governed by PBD (Parrish et al., 2007). Furthermore, the
Swedish Transport Administration has established a planning-process which is to
be followed for all larger infrastructural projects in Sweden. The aim of the proce-
dure is to ensure that a certain design methodology is followed, to ensure quality
and environmental awareness (Miliutenko, 2022). The di�erence between PBD and
SBD, as well as the planning-process implemented by the Swedish Transport Ad-
ministration are presented in the following sections.
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2.2.1 Point-based and set-based design

The traditional design approach that has been adopted by structural engineers
for decades is based on a step-wise chronology, referred to as point-based design,
visualised in Figure 2.3. The methodology of PBD is based on initially choosing a
plausible design for every step in the process, after which the design is re�ned as
the detailing is developing. A characteristic of PBD is that the design tends to be
obtained from a base design uninformed about buildability aspects involving rebar
fabricators, concrete suppliers and construction site. In other terms, PBD risks
excluding a broader production perspective in the generation and choice of designs.
(Parrish et al., 2007)

Set-based design refers to procedures that, as opposed to PBD, maintain a broad
design spacefor as long as possible. Therefore, a speci�c solution is not decided
in every design step. Rather, a set of possible solutions is narrowed down as
information is established by the stakeholders involved, visualised in Figure 2.3
(Levandowski et al., 2014). The progression of SBD is thus characterized by
decreasing the design space as alternatives are deselected. Thereby, information
can be provided during the progression of a project when there is still a possibility
to change the design, as absolute decisions have been avoided by instead narrowing
down the design space. Thus, a parametric SBD allows for an automatic generation
of design alternatives (Parrish et al., 2007). By implementing SBD, all design
solutions within the sets are continuously accessible, enabling a constant comparison
of alternatives and the possibility of tracing back, facilitating negotiation (Parrish
et al., 2007). Moreover, the criterion of environmental impact can be used as
basis for the decision making during early-stage design (Penadés-Plà et al., 2016),
ultimately challenging the traditional approach of tendering procedures which are
governed by economical aspects (Ek et al., 2019).

To further concretize the issue of PBD, complex problems arise from only consider-
ing one design alternative simultaneously, illustrated in Figure 2.4. When learning
points occur along the project execution, in the shape of new information, the
current design solution needs modi�cation according to the new circumstances.
When additional learning points emerge further down the project time-line, the
new information might be too comprehensive resulting in the need to completely
reconsider the current design in order to ful�ll the newly set demands. When
instead applying the SBD-procedure, learning points such as changes in dimensions
or new information regarding the construction site can provide useful information
needed to limit the design space. As a result of multiple learning points, the
design space can be limited down to one optimal solution. Hence, working with
SBD provides an economical safety-net to avoid extensive design changes due to
unforeseeable changes of conditions resulting in increasing expenditure.
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Figure 2.3: A visual representation of the design process following SBD, in compar-
ison to the more traditional PBD procedure.

Figure 2.4: The di�erence between SBD and PBD related to the information gain
throughout the progression of a planning-process.

2.2.2 Planning process

The Swedish Transport Administration has established a planning process for
large infrastructural projects (>50 million SEK) in order to specify when certain
deliverables are expected to ensure economical and environmental sustainability
throughout the whole project lifetime. The established methodology was imple-
mented in consonance with the newly developed action plan aiming at climate
neutrality within the construction �eld by 2045. The planning process is further
aspired to ensure consistency in the evaluation and documentation of the climate
impact caused by infrastructural projects to enable the comparison of di�erent
solutions in order to strive for further improvements.
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Figure 2.5: Principle �gure och information increase during the project planning
process, according to Miliutenko (2022).

An infrastructural project can be decomposed into nine main phases according
to the working procedure implemented by the Swedish Transport Administration,
visualised in Figure 2.5 (Miliutenko, 2022). During the �rst phase,Action research,
an initial investigation is performed in order to concretize the main purpose of the
project and the di�erent demands giving rise to the need for a new infrastructural
investment. This phase is carried out in close communication with the municipal-
ities and the country council, to ensure an action plan where all demands have
been brought to light, to ultimately reach synergy within the infrastructural system
(Tra�kverket, 2018). The �rst phase is completed by delivering a rough estimation
of costs and a climate calculation indicating the anticipated energy use and climate
impact from a complete life cycle perspective of the construction that is to be built
(Tra�kverket, 2022a).

The succeeding phases, two to six, speci�cally describe the planning process. The
second phase,Decision basis - climate impact, involves collecting information about
the predicted magnitude of climate impact, which is to be used as basis for the
following decision performed by the country board (Samrådsunderlag, 2022). This
phase is also concluded by performing a climate calculation and a cost calculation.
Consecutively, phase three and four,Decision document - for decision making
and Decision document - for review, involve presenting localisation alternatives
and the corresponding environmental impacts. In the case of planning for an
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extensive infrastructural investment, the alternatives are presented to the Swedish
government, performing the �nal decision making. The chosen alternative is then
further developed, creating documentation to be subjected to a �nal review (Nya
vägar och järnvägar - Så här planerar vi, 2013). Each of the two phases are
concluded by performing additional cost- and climate calculations. During phase
�ve, Review document, the submitted documentation is exposed to the opinion of
the public. The project proposal is available for review at the Swedish Transport
Administration, but information is also spread in the prevailing area in order to
get feedback from the people a�ected (Vägplan, granskningshandling:Plan-och
miljöbeskrivning, 2022). During phase six,Declaration document, the �nal decision
is established by the Swedish Transport Administration and the project plan
becomes legally binding (Samrådsredogörelse: Göteborg-Borås, en del av nya
stambanor, 2021).

Finally, construction documents are produced and delivered during phase seven,
Construction documents, concluded by conducting the �nal cost- and climate
calculations. Furthermore, the process continues with theConstruction phase,
phase eight, which is wrapped up by producing a climate declaration and a cost
calculation for the �nalized infrastructural project. The last and ninth phase is the
Operation and maintenancephase.

Throughout the complete process, the demands set on climate impact need to
be met, more speci�cally during phase one, two, six and seven. As previously
stated, the planning process introduced by the Swedish Transport Administration
was implemented in order to contribute to achieving net zero emissions by 2045.
By constantly performing new and more detailed cost- and climate calculations
as the project proceeds and more information is known, the goals of climate and
environmental sustainability are mitigated. The presumption for more detailed
calculations is the gain of additional information along the project timeline, being
an important factor when trying to optimize factors related to sustainability.

A parallel can be drawn between the project process, as described by the Swedish
Transport Administration, and the implementation of SBD. Figure 2.5 demonstrates
the gradual information gain throughout the project process, in connection to the
aforementioned phases one through nine. As new information is gained, decisions
are made, resulting in progress. SBD drastically increases the degree of available
information in the early design phases, leaving time to ensure that all requirements
are met before the �nal decision is made later on, facilitating an interdisciplinary
cooperation between stakeholders (Rempling et al., 2015). Figure 2.5 shows how
SBD can increase the level of available information in the preliminary design phase,
which enables including aspects such as buildability earlier in the project, without
the need to make a decision earlier. Thus, the design space can be kept open during
a larger portion of the project.
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2.3 Slab frame bridges

Slab frame bridges are commonly used for span lengths up to 20-25 meters
(Almén, 2016) and constitute around 46% of all the shorter span bridges in Sweden
(Klimatoptimerat byggande av betongbroar - Råd och vägledning, 2017). To carry
longer spans, up to 35 meters, prestressing can be implemented but is seldom
economically feasible. The slab frame bridge enables a quick construction procedure
and minimal maintenance throughout the service life (Solat Yavari et al., 2017),
making it a suitable option for pedestrian/bike- and road crossings. Due to its
frequent occurrence in Sweden, there are economical and environmental gains to be
made by optimizing the structural performance of the slab frame bridge construction.

The structural elements of a slab frame bridge are wing walls, edge beams, frame
legs, haunches, bridge deck and foundation, as seen in Figure 2.6.

The structural performance and the preliminary design procedure of slab frame
bridges are presented in the following sections.

Figure 2.6: The general structural elements of a slab frame bridge.

2.3.1 Structural performance

As a system, the slab frame bridge acts as a rigid framework with varying
connection degree to the ground, spanning from pinned to �xed connection. The
bridge structure is, due to its moment rigid frame corner connections, statically
indeterminate, meaning that sectional forces cannot be solved directly from equi-
librium as compatibility conditions and constitutive relations are needed in addition.
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The structural behavior of the bridge deck is dependent of the loading conditions.
The frame legs carrying the bridge deck contribute to a one-way action, meaning
that loads are transferred between the supporting edges with beam action. However,
the horizontal width of the deck allows for load transfer across the main direction,
creating a two-way plate action.

The frame legs carry the bridge deck in moment rigid connections that contribute
to a moment sti� frame. Furthermore, the frame legs are subjected to the transver-
sal earth pressure and surcharge load coming from the abutting ground, which
counteracts horizontal loading on the bridge. Thereby, the bridge is stabilized by
utilizing the ground as a support. The frame legs are connected to slabs, which in
turn transfer the loads to the foundation.

In the corners between the bridge deck and the frame legs, angled haunches may
be integrated in order to transfer sectional forces, both shear and moment. In
particular, the haunches enhance the shear capacity, which can lessen the need for
shear reinforcement. The speci�c angle of the haunches depends on the span of the
bridge and is commonly decreased with increasing span lengths

In conjunction to the frame legs, wing walls are integrated in the slab frame bridge,
keeping the soil in control whilst increasing the rigidity of the structure. Addi-
tionally, the wing walls contribute to stabilizing the structure against transversal
horizontal loads (Alhede & Beskow, 2020).

2.3.2 Conventional design procedure of slab frame bridges

The preliminary design practice of concrete structures is to a large extent based on
a trial and error approach, where design solutions are decided through assumptions
and veri�cations in an iterative manner. In addition to being ine�cient, this type of
manual design approach makes it di�cult to seek optimized solutions (Solat Yavari
et al., 2016).

To facilitate the design process, graphs based on existing bridge structures were
provided by Vägverket(1996) to be used for preliminary design of slab frame
bridges, according to Figure 2.7. The graphs were published in a manual for bridge
engineering back in 1996, but are considered to be somewhat too outdated to be
used in today's design practice.

To further clarify the conventional preliminary design procedure used for slab frame
bridges dialogues were held with a structural engineer specialist, having great insight
on the matter. He stated that the preliminary design of commonly used bridge types,
such as the slab frame bridge, usually is carried out based on previous experiences
and reference projects. He further emphasized the use of reference projects in the
tendering process, where rough dimensions can be obtained using past examples as
basis for the design. In a later stage, when the tendering is decided, a more detailed
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Figure 2.7: Preliminary design graphs for slab frame bridges (Vägverket, 1996).

evaluation of the amount of concrete and reinforcement is commonly carried out
followed by minor adjustments of dimensions. He further explained the gradual
transition from implementing the more traditional meter strip-method for the �nal
design on slab frame bridges, to utilizing the new technologies of FEM-software. The
meter strip-method involves performing a 2D-analysis on a one meter wide strip of
the construction, along the bridge span. Recent additions to the Swedish legislation
prohibits the use of the meter strip-method for the design of new constructions,
though it is still occasionally used in projects where it is not considered economically
feasible to perform extensive FE-modelling. One such example could be the case
where an already existing slab frame bridge is to be widened due to an increase in
tra�c �ow.

2.4 Parametric optimization

This chapter presents an overview of the theory behind parametric design and op-
timization problems. Di�erent optimization- and gradient descent models are ex-
plained in order to concretize the theoretical background to such a problem. Fur-
thermore, possible de�nitions of optimization criteria and constraints related to
economy, environmental sustainability and buildability are presented, according to
de�nitions used in previous research.
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2.4.1 Parametric design

Parametric design describes design methods controlled by a set of variables, facilitat-
ing the generation of design alternatives. An essential characteristic of parametric
design is that a change in individual parameters results in an automatic update of all
the succeeding design steps. Consequently, parametric methods entail less manual
and thereby repetitive work, which facilitates innovation or development of creative
solutions (Lee & Ostwald, 2020). By creating parametric models there is a poten-
tial for rapid generation of design solutions, as variables are altered and combined.
The generation of designs can subsequently be implemented as a design space in an
optimization algorithm.

2.4.2 Optimization

Optimization is a general term for procedures that produce and compare alternative
solutions in order to �nd the most suitable - optimal - one based on set criteria.
Every optimization model is in principal built upon three parameters, being
the objective, the decision variablesand the constraints (Mathern et al., 2021),
according to:

ˆ The objectiveis the aspect that the model will maximize or minimize depend-
ing on the formulation of the problem. Within construction the objective
could be minimized carbon dioxide emissions or maximized utilization ratio
of a structural member.

ˆ The constraints make up certain conditions that the algorithm must ful�ll in
order to be considered a valid solution to the problem. Within construction
one constraint could be design veri�cations (ULS- and SLS- checks) or the
maximum allowable number of reinforcement layers due to buildability reasons.

ˆ The decision variablesare the unknown variables, for which the algorithm is
solved. They are de�ned by a domain called thedecision spacecontaining
all values that the variables could possibly adopt. Within construction the
cross-sectional dimensions of a structural element could be the decision
variables.

To summarize, an optimization problem can be described mathematically according
to Equation 2.1. The basic principles of such a problem, with the feasible region
due to constraints is further shown in Figure 2.8.
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Figure 2.8: Visual representation of an optimization problem, showing the feasible
region due to certain constraints, with the two parameters x1 and x2.

maximize/minimize F(x) (2.1)

subjected to:

gi (x) � 0; i = 1;2; :::;m

hj (x) = 0; j = 1;2; :::; r

x 2 D

Where:

ˆ x is the decision variable,
ˆ F(x) is the objective function,
ˆ gi (x) and hj (x) are the constraints set onx, and
ˆ D is the decision space ofx.

2.4.2.1 Optimization models

There is a wide range of optimization models, all applicable depending on the
problem to be analysed. The types of optimization problems can be divided into
categories and subcategories, as described according to the tree structure in Figure
2.9.
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Figure 2.9: A tree structure showing di�erent categories of optimization models
together with a visualisation of a convex and a non-convex optimization problem.

Optimization algorithms can initially be classi�ed into convex problems, non-
convexproblems oroptimization under uncertainty. The latter is applicable in cases
when there is an uncertainty related to the information used in the optimization
algorithm, due to human errors or when the model is used to make predictions
about the future (often used within economy). The uncertainty factor can be
considered by either implementing probabilistic randomized variables into the
algorithm (stochastic optimization) or by implementing a deterministic variability
of the variables and the solution (robust optimization). The convex problems have
one solution to the max/min problem, are quick to perform and can easily check
large ranges of input data. The outcome of the optimization algorithm is visually
represented by a convex region, being the junction of the separate convex constraint
functions. Non-convex problems can instead demonstrate multiple local max/min
solutions to the optimization problem and are more computationally demand-
ing. The outcome of non-convex optimization problems is a non-convex region,
being the junction of the separate non-convex constraint functions (Frontline Sys-
tems, 2023). A visual representation of the two problem types is found in Figure 2.9.

Furthermore, the category of non-convex problems can be divided intodiscrete
or continuous optimization models. The decision variables within a discrete
optimization problem can only be assigned speci�c values de�ned within a given
set. An example within construction could be the diameter of the reinforcement,
which is limited to speci�c values due to production standards. The decision
variables in a continuous optimization problem can instead be assigned any real
value within a speci�ed range. One such example could be the cross-sectional
dimensions of a structural member (Neos, 2022).

The models can be further categorised intounconstrainedor constrained problems.
Within unconstrained problems the variables can take on any value, with no excep-
tion. On the contrary, within constrained problems the outcome of the algorithm is
limited due to restrictions put on the variables, where the variables have to relate
to stated equalities or inequalities in the problem de�nition (Neos, 2022).
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2.4.2.2 Gradient descent models

To �nd the minimum of an objective function di�erent gradient-based optimizers
can be applied, such as thebatch gradient descent, stochastic gradient descent
or mini batch gradient descent(Goyal, 2021). The di�erences between the three
gradient descent models are visualized in Figure 2.10.

For the batch gradient descent method, the minimum is found by constantly
evaluating the gradient of the objective function and adjusting the step size or the
learning function according to Equation 2.2. The method is easy to grasp and
to implement, but may sometimes �nd the local instead of the global minimum.
Additionally, the method requires large sets of data to be stored since the gradient
of the objective function is calculated for all decision variables, followed by one step
at the end.

� = � � � r F(� ) (2.2)

Where:

ˆ � describes the learning rate,
ˆ F is the objective function to be minimized,
ˆ r is the gradient, and
ˆ � is the continuously updated decision variable.

The stochastic gradient descent method may be implemented in order to reduce
the storage memory required to perform the optimization algorithm. The min-
imum is found by computing the derivative of each decision variable, followed
by a revision of the model parameters. Hence the method takes one step per
training example, eliminating the need of storing previous gradients. An additional
advantage is the possibility of �nding other local minima, without being trapped in
the one found �rst. The method can be further explained according to Equation 2.3.

� = � � � r F(� ;x(i );y(i )) (2.3)

Where:

ˆ � describes the learning rate,
ˆ F is the objective function to be minimized,
ˆ r is the gradient,
ˆ � is the continuously updated decision variable, and
ˆ x(i ) and y(i ) are the training examples.
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Figure 2.10: Visual representation of gradient descent models.

The mini-batch gradient descent method is a combination of the two previously
explained methods, calculating the derivatives of a sub set or batch of the decision
variable domain and updates the model parameters after each set has been
analyzed. The method is further explained by Equation 2.4. This method requires
a reasonable amount of memory to store the gradients of each batch of decision
variables but might, as the Batch Gradient Descent method, also get stuck in local
minima.

� = � � � r F(� ;B(i )) (2.4)

Where:

ˆ � describes the learning rate,
ˆ F is the objective function to be minimized,
ˆ r is the gradient,
ˆ � is the continuously updated decision variable, and
ˆ B(i ) are the sub sets of the decision variable domain, a batch of training

examples.

2.4.2.3 Multi-objective optimization

Many situations leave a demand for optimizing on multiple criteria all at once,
e.g. multiple sustainability related criteria (Ek et al., 2019). In such cases a
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multi-objective optimization method can be implemented, considering several con-
tradictory objectives simultaneously. Such a problem is mathematically described
according to Equation 2.5 (Martí et al., 2016):

maximize/minimize F(x) = f1(x); :::; fM (x) (2.5)

subjected to:

gi (x) � 0; i = 1;2; :::;m

hj (x) = 0; j = 1;2; :::; r

x 2 D

Where:

ˆ x is the decision variable,
ˆ F(x) = f1(x); :::; fM (x) are the objective functions,
ˆ gi (x) and hj (x) are the constraints set onx, and
ˆ D is the decision space ofx.

One way to approach such a problem is by identifying the Pareto front, representing
a subset of the possible solutions where two objectives have reached their optimum
value considering both of the con�icting objectives. When the Pareto front has been
found a minor improvement of one objective would result in the retrogression of one
or more of the remaining objectives, thus giving a non-optimized solution (Sánchez-
Silva & Gómez, 2013). Hence, in a situation where two objective functions (f1 and
f2) are to be minimized simultaneously a set of feasible solutions can be detected,
as shown in Figure 2.11.

Figure 2.11: The Pareto front showing the optimal solution to a multi-objective
optimization problem.
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The Pareto-optimal set can be identi�ed, containing multiple non-dominated
solutions in addition to the optimal one. The optimal solution is the point within
the Pareto-optimal set which lies closest to the ideal point, representing the lower
threshold of the problem. Thus, all solutions within the Pareto front are valid and
optimized solutions to the problem, but of di�ering characteristics, which can be
used for negotiation during tendering procedures as previously mentioned.

In opposition to the Pareto front method, another way of concluding the impact
that di�erent criteria have on the outcome of the algorithm would be to conduct a
sensitivity analysis. The analysis is performed by �xating one of the objectives (i.e
making it into a constraint within the algorithm) to be able to observe how changes
within the model a�ect the remaining objectives. By doing so, the outcomes of
possible changes are known and conclusions can be drawn in terms of how the
objectives are relating to one another (Sánchez-Silva & Gómez, 2013).

2.4.2.4 Termination criteria

When creating an optimization model it must include a pre-de�nition of when to
terminate the iterative process, i.e includetermination criteria . The termination
criteria can be divided into two main categories,local criteria and global criteria.
The former only has access to the data computed within the current iteration
loop and compares the outcome of the speci�c iteration to a presumed optimal
value. The drawback is hence that the prede�ned sought value has to be known
in beforehand. The latter has access to the data produced in all iterations and
can judge the progress of the optimization algorithm in a more global and stable
manner. Additionally, this method is more redundant towards �nding local
max-/min- solutions since the results are continuously compared to all the previous
iterations (Martí et al., 2016).

In general, the termination criteria are meant to minimize computational costs and
abort the procedure in situations when (Martí et al., 2016):

ˆ an optimal solution has been found,
ˆ the solution is not the optimal one, but reaching an improved solution by

further iterations is improbable,
ˆ there is no viable solution to the problem, or
ˆ the solution has converged and further iterations are illogical.

When dealing with multi-objective optimization problems the global stopping crite-
ria approach has to be utilized, where all partial results are compared to previous
iterations. The reason behind this is that the solution is given by a set of optimal
points, making it impossible to compare to a threshold value. The consequence of
applying such a method is the high computational costs coming from constantly
monitoring the global progress of the algorithm in order to implement a termination
criteria (Martí et al., 2016).
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2.4.3 Optimization criteria

Bridge engineers generally aim to optimize structural designs by introducing ob-
jective functions related to costs and environmental impact, whilst considering the
contradictory criteria of buildability. The ultimate goal is to �nd a solution which
demonstrates a satisfactory behaviour regarding all criteria simultaneously. This
chapter aims at exploring possible de�nitions and quanti�cations of the criteria of
cost, environmental impact and buildability, to be used as basis for the optimization
algorithm.

2.4.3.1 De�ning investment cost criteria

Regarding optimization towards economic criteria, a sub categorization can be
made into costs related to e.g. initial investment, manufacturing, transportation,
maintenance and demolition. An algorithm which considers all the sub-criteria
simultaneously would be very extensive, leaving a requirement to specify a
somewhat simpli�ed de�nition of the cost-criterion. The most common cost de�ni-
tion is in terms of labor- and/or material costs related to the initial investment made.

A previous research project distinctly focused on the investment costs related to
the construction of slab frame bridges, i.e. material-, formwork- and procurement
costs. The speci�c prices implemented within the research are further concretized
in Appendix A.1 (Solat Yavari et al., 2016). The cost objective function was then
de�ned according to Equation 2.6:

F(x) = Costconcrete+ Costformwork + � reb � Costreinforcement (2.6)

Where:
ˆ F(x) is the objective function of overall material- and labor costs
ˆ Costconcrete is the material- and labor costs related to concrete,
ˆ Costformwork is the material- and labor costs related to formwork,
ˆ Costreinforcement is the material- and labor costs related to reinforcement, and
ˆ � reb is a factor accounting for additional costs associated with increased

reinforcement amounts due to anchorage lengths and detailing.

When including the labor-aspect within the cost de�nition, there is a possibility
to quantify buildability aspects in terms of additional costs related to a prolonged
production process, as described in Section 2.4.3.3. Other research projects limited
the cost de�nition to only consider material costs (Rempling et al., 2019), hence the
opportunity of implementing buildability in terms of additional labor costs vanishes.

2.4.3.2 De�ning environmental impact criteria

In order to optimize towards environmental criteria, its measurable quantities need
to be de�ned. Environmental impact is a broad concept that concerns numerous
aspects associated with health and natural resource deterioration. Therefore, the
optimization can be facilitated by calculating a correspondingenvironmental cost.
Previous research has been done, suggesting methods for calculating such equivalent
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environmental costs. Additionally, optimization procedures commonly limit the
de�nition of the criterion to one or a few speci�c environmental factors, such as
CO2-emissions (Ek et al., 2020).

When performing a multi-criteria optimization where environmental impact is
included, the objective function for the environmental impact can be de�ned
in terms of costs to ensure a consistent unit for all criteria. Han et al. (2014)
presents a division of the environmental cost intoresource consumption costand
pollution control cost, of which the latter is divided into solid particulate matter,
waste water, SO2, NO2 and CO2. The de�nitions presented in the paper were in
accordance with Guidelines for Chinese Environmental and Economic Accounting
(Yu et al., 2009). Similar research has been done on life cycle investment within
the building construction industry, where an environmental cost is calculated based
on air pollution, water pollution and solid waste pollution for di�erent stages of the
construction (Wang et al., 2020).

Regarding slab frame bridges in particular, means of calculating an equivalent
environmental cost have been presented. Solat Yavari et al. (2017) have suggested
an objective function for the environmental cost, based onimpact categories, i.e.
classes of environmentally harmful aspects. In the paper, each impact category was
associated with a correspondingmonetary value, i.e. an approximated environmen-
tal cost ampli�cation factor associated to the impact category.

In the study by Solat Yavari et al. (2017), values of environmental impact were
based on the ReCipe midpoint method (hierarchist), calculated using data from
the life cycle inventory database Ecoinvent. The ReCipe method was presented by
Goedkoop et al. (2009). Hierarchist denotes aperspective based on scienti�c consen-
sus with regard to the time frame and plausibility of impact mechanisms(Huijbregts
et al., 2016). The di�erent impact criteria with corresponding characterization
factors, brought forward by Solat Yavari et al. (2017), are further speci�ed in Table
A.4 in Appendix A.2.

Monetory values can be determined with di�erent weighing systems, e.g. Ecovalue
(SEK) or Ecotax (SEK). Ecovalue is based on willingness to pay (Du et al.,
2014), wheareas Ecotax (short for ecologixal taxation) is based on taxes levied
on environmentally harmful activities (Finnveden et al., 2006). Du et al. (2014)
presents monetary weighting factors for the impact categories shown in Table A.4
in Appendix A.2, based on Ecovalue08 with updated Ecovalue12 and Ecotax02,
(Finnveden et al., 2013; Finnveden et al., 2006; Ahlroth and Finnveden, 2011;
Ahlroth et al., 2011).

The objective function formulated by Solat Yavari et al. (2017) summarizes each
impact category weighed with the corresponding monetary values (Ecovalue or
Ecotax weighing factors) according to Equations 2.7 and 2.8.
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F(x) = Costenv,concrete+ � reb � Costenv,reinforcement (2.7)

Costenv =

numimpact,catX

i =1

impacti � monetaryi (2.8)

Where:

ˆ F(x) is the objective function of the overall environmental impact for the given
impact categories related to concrete and reinforcement,

ˆ Costenv,concrete is the environmental cost corresponding to the given impact
categories of the concrete,

ˆ Costenv,reinforcement is the environmental cost corresponding to the given im-
pact categories of the reinforcement,

ˆ impacti is the i:th impact category,
ˆ monetaryi is the the environmental cost corresponding to the i:th impact cat-

egory according to its Ecovalue or Ecotax monetary weighing factor, and
ˆ � reb is a factor accounting for additional environmental costs associated with

increased reinforcement amounts due to anchorage lengths and detailing.

The objective function for environmental cost, de�ned in Equation 2.7, is similar
to the objective function for the cost criteria, de�ned in Equation 2.6. However, as
the formwork is able to be reused multiple times it was assumed to have negligible
environmental impact, thus it was excluded from the objective function established
by Solat Yavari et al. (2017).

2.4.3.3 De�ning buildability criteria

Buildability is a term connecting the design to its e�ects on the actual construction
(Chigozie Osuizugbo et al., 2022). As means to consider production feasibility in
the early design stage, the buildability criterion can be included in the optimization
algorithm. The term buildability di�ers from the often related term constructabil-
ity. The two terms have been de�ned by the Construction Industry Research
and Information Association (CIRIA) and Construction Industry Institute (CII),
respectively, according to:

"Buildability is the extent to which the design of a building facilitates ease of
construction, subject to the overall requirements for the completed building."
(CIRIA, 1983)

"Constructability is a system for achieving optimum integration of construction
knowledge in the project delivery process and balancing the various project and
environmental constraints to achieve maximization of project goals and building
performance." (CII, 1993)

As opposed to buildability, constructability is a broader term more centered about
developing the management. Buildability, on the contrary, emphasizes techniques
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and productivity to a larger extent (Cheetham & Lewis, 2001). Productivity
in turn, can be de�ned in di�erent ways depending on situation. In this case,
productivity refers to labour productivity which can be de�ned asearned to actual
hours (Shehata & El-Gohary, 2011). The similarities and di�erences between the
two concepts are summarized in Figure 2.12.

As mentioned in the introduction, buildability is from a corporate perspective
foremost a matter of cost. E�cient productions require less labour hours, which
is of economic advantage. Optimization towards buildability can thus be highly
economically motivated. Chigozie Osuizugbo et al. (2022) state that the economical
bene�ts from regarding buildability are recurring in di�erent parts of the process,
concerning several stakeholders, as presented in Figure 2.13.

To further concretize the current implementation of buildability aspects within the
construction �eld, a shift has taken place during recent years where the implemen-
tation of BIM-software (Building Information Modelling) has been widely spread
to ensure buildable designs. Essentially, BIM is not only a principle of creating
3D-models, but also provides the possibility to assign attributes/information to
all the structural members as a way to ease production. By adopting BIM, the
user is able to foresee possible design problems, unnecessary waste products and
unexpected clashes in advance to minimize unpleasant surprises on the construction
site. More over, BIM-software provide the possibility of performing more extensive
planning in before hand to ensure a realistic time schedule (Trimble, 2023). The
transitional period of growing BIM applications has challenged the conventional
design procedures, characterized by 2D-drawings. The new modelling principles
leave the opportunity to deliver construction blueprints in the format of 3D
models instead, showcasing many advantages. One vast advantage is that changes
made within the model easily can be communicated to the construction workers
to constantly ensure that the latest revision is being followed (Trimble, 2023),
resulting in more e�cient workmanship.

Figure 2.12: Similarities and di�erences between the two concepts of constructability
and buildability according to Wimalaratne et al. (2021).
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Figure 2.13: The impact of buildability optimization related to di�erent stakeholders
according to Chigozie Osuizugbo et al. (2022)

Implementing BIM is a very recent way of ensuring buildability within the �eld,
in order to deliver cost- and time e�cient projects. Tra�kplats Vega is one of the
successful pioneering projects on the subject, produced by ELU in 2018 with the
Swedish Transport Administration as client, where the complete design of a tra�c
interchange was modelled and delivered using BIM within Tekla (ELU, 2018). Even
though buildability is highly topical, there are few practical examples on how to
quantify the criterion, making it a topic for further research. Further more, Sweco
ensures buildability within one of their recent projects by adopting conventional
design techniques when designing the �rst bicycle parking house in Gothenburg,
relating buildability to repetition, previous experiences and time e�ciency with
lower costs as a second order e�ect (Sweco, 2022).

2.4.3.3.1 De�ning measurable buildability constraints

The concept of buildability is highly situation speci�c and can be de�ned by
numerous aspects concerning feasibility and e�ciency of production. In order to
establish its constraints within an optimization routine, the concept of buildability
needs to be discretized into measurable quantities. Neither CII nor CIRIA suggest
how the constructability or buildability criteria can be measured, as stated by
Chigozie Osuizugbo et al. (2022).
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Previous research has been performed by Solat Yavari et al. (2016) on the opti-
mization of slab frame bridges, as mentioned in Section 2.4.3.1. The buildability
aspect was considered within the research in terms of additional labor costs, as a
result of speci�c design choices. The buildability factors considered were:

ˆ Slenderness: slender structural members were assumed to require additional
attention in order to ensure good quality of the reinforcement work.

ˆ Varying thickness: varying thickness of structural members was assumed
to increase the labor costs related to reinforcement work and formwork, in
comparison to straight members.

ˆ Concrete class: a higher concrete class was assumed to increase the labor
costs due to further need of concrete vibration in order to ensure good quality
of the concrete.

The additional labor cost factors and pure material costs, used by Solat Yavari
et al. (2016), are presented in Table A.6 in Appendix A.3. Ultimately, when
the algorithm was run with cost as the main objective function, the criterion of
buildability was also taken into account.

With a similar fundamental idea of increasing labor costs due to decreasing
buildability, another research project was performed by Khouri Chalouhi (2019)
on the subject of reinforced concrete beam bridges. The study referred to three
important geometrical properties, ultimately a�ecting the labor costs, according to:

ˆ Geometrical complexity: The geometrical properties of a structural member
were presumed to highly in�uence the procurement costs, due to more time
consuming reinforcement and formwork labor (assuming constant unit volume
of concrete). Geometrical complexity was de�ned in terms of number of
changes in angles within the cross-section perimeter of a bridge deck or the
shape of a bridge pier, according to Figure 2.14.

ˆ Kind of structural member : The labor costs de�ned for a unit volume of
concrete were assumed to vary depending on the type of structural member
being cast. An example was given, where the labor time for producing a pier
was stated to be longer than for producing a slab foundation, assuming the
same unit volume of concrete. Khouri Chalouhi (2019) explained that when
producing a pier, the casting has to be performed in steps where the concrete
is poured, vibrated and cured in turns to avoid failure of the formwork,
resulting in additional labor costs due to a prolonged production procedure.

ˆ Bridge height: Additional labor costs were assumed when the distance
between the bridge deck and the ground increased, to account for di�cult
circumstances when producing the form work.
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Figure 2.14: Structural member geometries of reinforced concrete beam bridges,
related to buildability aspects (Khouri Chalouhi, 2019).

The speci�c buildability costs stated for the di�erent bridge geometries are summa-
rized into Tables A.7-A.9 in Appendix A.3, according to Khouri Chalouhi(2019).
The �nal buildability costs were ultimately computed by multiplying the procure-
ment cost for each structural member with the corresponding additional labor cost
factors.

Rempling et al. (2019) adopted an alternative approach, compared to Khouri
Chalouhi (2019). The buildability aspect was instead implemented by using
optimization constraints, according to Section 2.4.2. Limitations were set on the
allowable number or reinforcement layers, facilitating work on site. In addition, the
spacing of the stirrups was rounded o� and down to further ease the construction
process.

Moreover, the research gap on quanti�able buildability criteria was noticed and ex-
plored by the Building and Construction Authority of Singapore in the early 2000's.
The institution established a code of practise on buildable design, theBuildable
Design Appraisal System(BDAS) published in 2005. The framework aimed to
present a buildability score for construction projects, targeted on building design,
where a higher score shows good prospects to achieve increased utilization of labor
on the construction site. The protocol is built upon the degree ofstandardisation,
simplicity and single integrated elementsshown in the project design (Singapore.
Building and Construction Authority., 2005). The buildability criteria were de�ned
according to:

ˆ Standardisation: the standardisation criteria covers the extent of repetition
in the structural layout, detailing and dimensions of structural members.

ˆ Simplicity : simplicity refers to the complexity of the structural design. Well-
known construction principles, simple geometries in formwork production
for in-situ casting and uncomplicated reinforcement layouts are examples on
measures of simplicity.
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ˆ Single integrated elements: single integrated elements is a measure of
the degree to which members can be pre-fabricated and/or mounted prior
to arriving on the construction site. Examples such as precast walls or
pre-mounted bathrooms are given in the code of practice.

The buildability score of the building was subsequently de�ned according to
Equation 2.9 (Singapore. Building and Construction Authority., 2005):

Buildability = 50[Ss(As � Ss)] + 30[Sw(Aw � Sw)] + N (2.9)

Where:

ˆ 50 and 30 are weighting factors for labor costs related to structural and archi-
tectural design,

ˆ As and Aw correspond to the �oor/wall area of a speci�c structural (As) and
architectural (Aw) design,

ˆ Ss and Sw are indices in the range of 0.3-1 based on the structural (Ss) and
architectural (Sw) system used in design, and

ˆ N is the buildability score referring to "other design considerations" related to
the extent of repetition, simplicity and possibilities of pre-fabrication.

Although the code focuses on buildings, the measurable criteria presented in
the protocol can be interpreted, adjusted and applied within bridge construction
likewise.

Further investigations show that the complexity of adding and anchoring shear
reinforcement also increases the labor costs. Therefore, it is often of substantial
advantage to avoid shear reinforcement if possible. If the shear capacity of the
concrete is insu�cient, it might, from an economic and buildability perspec-
tive, be more e�cient to increase the cross-sectional height than to add shear
reinforcement (Hendy & Smith, 2007). A structural engineer specialist at the
Bridge and infrastructure department at Skanska was consulted in order to
estimate the time consumption needed for adding shear reinforcement, based
on previous experiences. He mentioned that shear reinforcement for slab frame
bridges commonly is pre-frabricated, delivered to the construction site as welded
reinforcement ladders. The additional labor costs related to the production of
such reinforcement ladders can be implemented as additional buildability costs,
see Appendix A.3 for speci�c buildability factors implemented in relation to stirrups.

In order to further study possible interpretations of the buildability criterion a
calculation engineer, from theCalculation department at Skanska, was consulted
on the matter. She pointed out that buildability today is taken into account
by adjusting the capacities related to di�erent tasks, ultimately adjusting the
number of labor hours needed to �nish certain production-procedures. Mainly,
the capacities are regulated depending on which structural member is being cast,
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the properties of the reinforcement, the surroundings, the climate on site and the
transportation conditions. She further explained that the reinforcement diameters
commonly are related to a labour capacity, meaning that certain diameters are
associated with a corresponding time needed for assembly. For instance,� 16
compared to� 25 entails more hours of placement due to increased number of bars
needed to reach the same unit volume of steel. The exact capacities provided can
be found in Appendix A.3.

To summarize, despite the complexity of de�ning buildability in measurable terms,
previous research presents di�erent approaches to the problem. One way is to adjust
the labor costs by factors correlating to additional construction time depending on
the structural design. Another proposal is to introduce optimization constraints to
facilitate the work on site. A third alternative is to de�ne a scoring system indicating
the degree of repetition, simplicity and production procedure used.

2.5 Loads

The design of concrete structures, following the European standard, should be in
accordance with SS-EN 1990:2002 -Basis of Structural Design. When designing
concrete structures, the capacity needs to ful�l requirements for ultimate limit
state (ULS), meaning that the structure should withstand the design loads. More-
over, serviceability limit state (SLS) criteria should be satis�ed in order to limit
de�ections and control cracking. Concerning cyclic loading, which tra�c bridges
are naturally subjected to, fatigue limit state (FLS) is also needed to be taken
into consideration (SS-EN 1991-2:2003) -Tra�c Loads on Bridges . The speci�c
material data, load combinations and design checks are presented in Appendix B, C
and D. However, due to the limited scope of this thesis, only ULS- and SLS checks
were performed, concerning a limited number of main loads. See Chapter 3 for the
implementation.

Load categories acting on bridge structures are further described in section 2.5.1.

2.5.1 Load categories

Loads normally acting on a slab frame bridge can be categorized into permanent
and variable loads. The structure is subjected to a range of permanent loads,
according to:

ˆ Self weight: Constant load from the structure's weight,
ˆ Pavement: Constant load from paving material on the load carrying structure,
ˆ Earth pressure: Lateral pressure that the soil exerts on the structure,
ˆ Di�erential settlement : Load emerging from movement due to uneven dis-

placements in the foundation,
ˆ Creep: Time dependent load e�ect due to sustained loading, resulting in a

gradual increase in strain without increasing the load, and
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ˆ Shrinkage: Time dependent load e�ect emerging from the shrinkage of
concrete. Creates internal and/or external restraint e�ects due to interaction
with the reinforcement and �xation.

Furthermore, there are variable loads acting on the structure, di�ering in magni-
tude, occurrence and endurance over time and are de�ned according to:

ˆ Vertical tra�c load : Moving vertical imposed loads from tra�c,
ˆ Accelerating/Braking forces : In-plane imposed loads from velocity change of

tra�c on the bridge,
ˆ Counteracting passive earth pressure: Passive earth pressure emerging as a

reaction of horizontal movement of the bridge structure,
ˆ Centrifugal forces: Transverse force acting radially to the axis of the carriage-

way,
ˆ Wind load: Multi-directional action on the bridge structure due to wind loads

acting on the structure itself or on passing cars,
ˆ Temperature induced loads: Enforced movement due to temperature induced

deformation,
ˆ Accidental loading: Unintended load caused by accidental damage to the

structure, and
ˆ Surcharge load: Vertical load that acts on the underlying soil, creating a

horizontal pressure from the embankment, acting on the bridge frame legs.

2.5.2 Tra�c load models

According to SS-EN 1991-2:2003, 4.2.1, tra�c load from cars, lorries and special
vehicles (e.g. industrial transport), result in static and dynamic forces. In order to
describe actual loading situations, di�erent simpli�ed load models can be applied.
Bridge structures can be subjected to tra�c actions from vertical loading and
horizontal acceleration- and braking forces, as well as centrifugal forces from
asymmetrical loading along the width of the bridge deck.

Vertical tra�c loads are represented by di�erent load models described in SS-EN
1991-2:2003, 4.3.1, according to:

ˆ LM1: Concentrated and uniformly distributed loads, covering the majority of
tra�c load e�ects of lorries and cars, used for general and local veri�cations,

ˆ LM2: Single axle load applied on speci�c tyre contact areas which covers the
dynamic e�ects of the normal tra�c on short structural members,

ˆ LM3: A set of assemblies of axle loads representing special vehicles (e.g. in-
dustrial transport) which can travel on routes permitted for abnormal loads.
It is intended for general and local veri�cation, and

ˆ LM4: Crowd loading, intended only for general veri�cation.
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In addition to the vertical tra�c load models presented in SS-EN 1991-2:2003,
the Swedish Transport Agency also presents vehicle models of vertical tra�c load
representing load e�ects from di�erent types of vehicles (TSFS 2018:57, 4.2.1(1)).

Tra�c also gives rise to horizontal loading, as described in SS-EN 1991-2:2003, 4.4.
Braking and accelerating forces,Qlk, shall be allpied as longitudinal forces acting
at the surfacing level of the carriageway (SS-EN 1991-2:2003, 4.4.1), resulting
in normal forces and a bending moment. Centrifugal forces,Qtk, should also be
applied as a transverse force acting at the �nished carriageway level and radially to
the axis of the carriageway (SS-EN 1991-2:2003, 4.4.2).

Moreover, fatigue loading is represented by load models, presented in SS-EN 1991-
2:2003, 4.6. Fatigue refers to damage of the structure due to cyclic loading, which is
relevant to consider for recurring tra�c load on bridges. To examplify, fatigue load
model 3 represents single vehicle loading and consists of four concentrated axle loads.

2.6 Software

Grasshopper is a parametric interface supported by the 3D modelling software
Rhino, developed for e�ective generation of design alternatives (Oxman & Gu,
2015). Additionally Grasshopper can be connected toExcel, to manage input- or
output data, and to the BIM-software Tekla Structuresto auto-generate 3D-models
based on the designs presented within the parametric interface.

Grasshopper is essentially a visual programming tool, making it user-friendly,
thus suitable for people who are not previously acquainted with programming.
The software was mainly used within architecture in the early years but has
grown to include complex engineering applications as well. The interface is based
on pre-codedcomponents which can be connected in a systematic manner to
perform desireable tasks. As the di�erent components involved in the design are
visibly connected, an overview of the parametric progress can be obtained. Each
component is a system or a function that can take certain variables as input and
deliver speci�c outputs.

A simple example of a Grasshopper-code creating a cylinder with given dimensions
is shown in Figure 2.15a, to demonstrate the main principles of the software. In
step 1, the circle component takes as input a plane of origin (the xy-plane) and
a desired radius of the circle (5m). In step 2, the extrude component takes as
input a base shape (the circle) and a distance in a speci�c direction (10m in the
z-direction) and creates a tube. In step 3, the holes of the tube are capped to create
the cylinder. The �nal product of the script is a cylinder with a radius of 5m and
a total height of 10m, visualized in Rhino according to Figure 2.15b. Such a code
could be used to model the geometry of a cylindrical bridge support.
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(a) Grasshopper code creating a cylinder (b) Visualization in Rhino

Figure 2.15: Visual programming example on how to make a cylinder in Grasshop-
per.

If there is no pre-coded component available to perform a task that the user wants
to execute, there are empty Python- and C# components that can be used to
create project-speci�c functions using either of the two programming languages.
The user writes the script that controls the tasks performed by the component,
together with deciding its input- and output data.

To demonstrate the alternative coding-approach, the same cylinder is created
using a Python-component according to Figure 2.16a. In step 1, the inputs of
the component are set to be a radius and a height (integer type). In step 2, the
Python-code is implemented into the component. Lastly, in step 3, a cylinder is
outputted and possible error messages can be viewed. Visualisation within Rhino
is showing the same result as in the previous example, according to Figure 2.16b.

(a) Python component creating a cylinder (b) Visualization in Rhino

Figure 2.16: Programming example on how to make a cylinder using the Python-
component within Grasshopper.
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By creating Python- or C# components, which are task speci�c, the code can
most often be shortened and better adapted to the speci�c demands set within
the project. When only utilizing the existing components within the Grasshopper
interface the user becomes somewhat limited. Despite the extensive component
library, some tasks are unavailable or demanding to perform by only using the
pre-de�ned components. The opportunity to implement user-speci�ed programming
allows for a large freedom in controlling the parameterization.

By installing add on features to Grasshopper, the input- and output data for an
algorithm can be handled via Excel, allowing for a more comprehensive overview
of the variables and/or outputs. Furthermore, additional component-packages
can be installed for auto-generation of designs in BIM-software, such as Tekla
Structures. The vast advantage of using Grasshopper is the possibility to visualize
the results in the Rhino 3D interface, and the possibility of connecting the code
to other 3D modelling software. This allows for a better overview of the project,
facilitates communication and provides a basis for extracting blueprints of the
optimized design. A majority of alternative programming interfaces provide very
poor graphical visualization of results, making Grasshopper a huge asset when the
visual perspective is important.

2.7 Machine learning within structural engineering

The construction industry today is lagging behind regarding the ongoing devel-
opment and utilization of methods based on automation. By implementing such
methods, time could be saved from repetitive work and tedious tasks performed by
structural engineers. However, the development within automation has accelerated
during recent years. Research regardingmachine learningand arti�cial intelligence
(AI) has drastically increased, providing means for integrating sustainability
aspects into the structural design process. Furthermore, such methods enable
the interdisciplinary collaboration between stakeholders, to ensure a design that
ful�lls all requirements while simultaneously ful�lling the criteria of environmental-,
economic- and social sustainability. Current design software are not compatible
with the implementation of optimization procedures where such sustainability
criteria can be fully considered and compared for multiple design alternatives in
a time-e�cient manner. Hence, there is great incentive for developing AI- and
machine learning procedures within the construction sector (Mathern et al., 2019).

AI represents the creation of intelligent computerised systems that perform tasks
that would otherwise require human resources. One branch within AI is machine
learning where the system analyses immense sets of data in order to detect patterns,
enabling computerised decision making. The model outputs still have to be veri�ed
by human resources before considered valid. A branch within machine learning
is deep learning. Within deep learning, the AI model more correctly mimics the
thinking process of the human brain, becoming self-su�cient. The system can
then deliver well grounded decisions that do not require double checking by actual
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human intelligence (Janiesch et al., 2021). The di�erent levels of AI, machine
learning and deep learning respectively, are summarized into Figure 2.17 along with
their corresponding de�nitions.

The ultimate goal of creating a machine learning procedure within structural
engineering is to imitate the work performed by structural engineers, achieved by
training the models through utilizing human experiences and large data sets. Such
methods enable the combination of intelligence from multiple specialists within
di�erent �elds. Furthermore, once created, the procedure is disconnected from
heavy optimization algorithms including extensive calculations in order to ensure
that all constraints within the algorithm are met. The machie learning model is in
contrast based on recognising parameters that commonly result in optimal designs,
making its own decisions in order to provide design proposals without having to
perform any major calculations (Mathern et al., 2019).

Figure 2.17: Machine learning and deep learning within arti�cial intelligence ac-
cording to Janiesch et al. (2021).
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Methods

The study aimed to explore the economic and environmental gains to be made by
implementing parametric SBD optimization algorithms in the preliminary design
phase of bridges, whilst considering the additional cost e�ects of buildability aspects.

The slab frame bridge, slab bridge and girder bridge were all considered suitable
research subjects, being the most commonly used bridge types in Sweden (Olsson
McDowell, 2021). To achieve the sought result of minimizing the climate impact
and costs within the construction sector, the parametric optimization procedure im-
plemented in this thesis was targeted at the most frequently built construction types.

Furthermore, di�erent approaches were studied for the execution of the optimization
method. One option was to utilize pre-coded optimization components within
Grasshopper, such as the multi-objective evolutionary optimization component
Octopus. Prior knowledge within programming is not needed when implementing
such a method and the visual programming interface ensures a full overview of every
design step. Additionally, Grasshopper o�ers the possibility to produce automated
3D-models in Tekla, which by extension could be used for construction blueprints.
On the contrary, visual programming is limited to pre-coded components, thus
sometimes demonstrating cumbersome solutions. Another alternative was to
implement Python coding, either within a FEM-software, e.g., Brigade, or within
the visual programming interface of Rhino/Grasshopper. The former would enable
non-linear analyses using �nite element method, while loosing the connection to
BIM-software. However, non-linearity is seldom used in the design practice, due to
extensive computation. The latter provides the possibility of extending the code
into modeling the solution in Tekla, as one step towards considering buildability
where design clashes can be detected in advance.

3.1 The chosen method

The chosen method for the optimization was a parametric algorithm in Python, via
Grasshopper, implemented for linear elastic preliminary design of the most frequent
bridge type in Sweden � slab frame bridges. Implementing the optimization method
to a common bridge design type was considered of importance in order ensure
a large-scale application of the method, whilst limiting the scope to a singular
construction type. The structural analysis was decided to be linear, in order to

39



3. Methods

reduce the computational complexity, especially as the method was aimed for
preliminary design. Thereby, greater emphasis could be put on analysing large sets
of data while also mitigating the computational complexity. The choice of writing
the script in Grasshopper was predominantly based on the possibility of outputting
the results in a 3D environment, as well as a basis for subsequently extending the
code to BIM-software.

Furthermore, a study was carried out in dialog with a specialist within bridge
engineering from theBridge and infrastructure departmentat Skanska, as basis for
determining the constraints of buildability for implementation in the optimization
algorithm. Another intention was to get further insight into the current preliminary
design practice of slab frame bridges. The choice of employee to consult on the
matters was based on experience of structural engineering and bridge design in
particular. The chosen employee was regarded suitable, being able to contribute
with practical understanding from the construction site and experiences related to
consequences of di�erent design choices from past projects.

To further investigate a possible interpretation of buildability in terms of additional
costs, another dialogue was held with a calculation engineer from theCalculation
department at Skanska, specialised within production costing. The aim was to
establish how buildability is considered within production costing today and to
get additional inputs on possible quantitative measures of buildability to be used
within the optimization algorithm.

3.1.1 Social and ethical considerations

Social and ethical sustainability were additional aspects considered for the chosen
method. An important dilemma arising in conjunction with automated design
processes is the possible consequences of not being in control of every design step.
Input parameters for the parametric model are de�ned by the user, followed by
an output of the optimized structural design, without transparency of the process
in between. This black box - phenomenon, where the user is not in control of the
steps between the input and output, is important to consider (Kenton, 2022). A
measure taken in avoiding this phenomenon was to move forward with a method
solely based on Python coding, in which every design step and iteration within the
optimization procedure could be followed, by the support of explanatory comments.
Visual programming- and FEM-software have many advantages, but also increase
the need for considering the black box phenomenon and veri�cation of the models
produced. Programming contributes to a transparency, giving the user greater
control of the automated process.

In addition to the economic incentive of e�cient production, designing buildable
structures is also a matter of labour conditions. It is important to �nd a balance
between optimized structural performance and the societal e�ects related to build-
ability. The labour conditions as well as urban e�ects from the construction site
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are aspects that need to be kept in mind when developing structurally optimized
designs, where the �nal design also needs to be feasible (�Constructability in Con-
struction and Issues at Design and Execution�, 2023). In the method applied, these
societal e�ects were regarded by implementing buildability in the objective function.

3.2 Optimization model

The fundamental ideas of the optimization model created, derived from the
principles explained in Section 2.4.2, are summarized into Equation 3.1. Here,
soft constraints refers to requirements that can potentially be changed by negoti-
ation, as opposed to hard constraints, which need to be followed according to norms.

Optimization model

8
>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

Decision variables =

8
>>>>>>><
>>>>>>>:

Concrete class (fck)

Rebar diameter(� )

Number of rebars(n� )

Cross-sectional height (h)

Constraints =

8
>>>><
>>>>:

Hard constraints

8
>><
>>:

ULS-veri�cation

SLS-veri�cation

Soft constraints

Objective = Equivalent cost

8
>>>><
>>>>:

Investment cost

Environmental cost

Buildability cost
(3.1)

Furthermore, based on the classi�cations presented in Section 2.4.2.1, the model
created is characterized by a non-convex optimization procedure. Multiple ob-
jective functions weighed together results in numerous local max/min solutions
to the problem, as illustrated by a pareto front for double objective optimization
problems, according to Section 2.4.2.3. Additionally, as explained in Section 2.4.2.1,
non-convex optimization commonly results in more computationally demanding
algorithms, making it important to mitigate computational complexity in order to
achieve time e�ciency.

The general optimization problem implemented can be described mathematically
according to Equation 3.2:
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minimize Feq(x) = f inv (x); fenv(x); fbuild (x) (3.2)

subjected to:

� ULS;i(x) � 1; i = 1;2; :::;m

� SLS(x) � 1

x 2 Design spaceB

Where:

ˆ x is one bridge design alternative,
ˆ Feq(x) = f inv (x); fenv(x); fbuild (x) is the objective function,
ˆ f inv (x) is a partial objective function (the investment cost criterion),
ˆ fenv(x) is a partial objective function (the environmental impact cost criterion),
ˆ fbuild (x) is a partial objective function (the buildability cost criterion),
ˆ � ULS;i(x) are the ULS-utilization ratio constraints set on all cross-sections

i = 1;2; :::;mwithin one bridge designx,
ˆ � SLS(x) is the SLS-utilization ratio constraint set on each bridge designx, and
ˆ Design spaceB contains all possible and impossible bridge designsx.

3.2.1 Implementation of set-based design

The optimization method developed adopts SBD, as presented in Section 2.2.1,
meaning that the algorithm creates a set of initial design solutions which is
narrowed down along the continuation of the algorithm. In the narrowing of
data sets, information is disregarded without being deleted. Figure 3.1 shows
the principles of SBD, of which the dashed area represents the design spaces
implemented in this study. Excluded from the implementation is the initial design
spaceA , consisting of all possible slab frame bridge designs, regardless of speci�ed
input. Design spaceA is narrowed down to Design spaceB (initial data set in this
study) by establishing input parameters for the bridge structure, being the span
length (L), structural height (H), bridge deck width (W), and boundary conditions
(bc) between frame legs and foundation. Bridge designs that do not ful�ll the
constraints de�ned according to national requirements on structural performance
(ULS and SLS) are disregarded, resulting in further narrowing into Design space
C. The subset of passed designs is saved for evaluation according to the objective
function, ultimately yielding optimized solutions with the lowest objective function
values amongst passed alternatives (Design spaceD).

A broader implementation of SBD would be to start from Design spaceA . Then
the algorithm would generate a library of all possible bridge design solutions,
regardless of the speci�c geometrical input of an individual bridge. The design
alternatives for a particular bridge project (Design spaceB) constitutes a subsection
of all design solutions for any slab frame bridge structure (Design spaceA ). An
advantage of the broader SBD approach would be the possibility to change even the
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