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Abstract

Continuous urbanization and population growth are increasing the demand for
transportation infrastructure such as bridges. The construction of these structures
represents a significant economic investment for public authorities; moreover, the
construction sector accounts for a big portion of CO2 emissions. For countries
across the world to deliver on their promises of keeping global warming limited,
a change in the design philosophy is needed.

Within the bridge engineering field, a common design approach can be identified
as point-based design. While this approach delivers functional solutions, it often
results in an expensive and not climate-friendly solution. Design based on
structural optimization represents a good alternative as shown by many researchers
in the last decades. However, it has not replaced the traditional design procedure
yet. Among the reasons, there is the lack in literature of complete design of
realistic structures and the complexity of the proposed optimal solutions.
Moreover, a collection of recommendations for designers to assist them in the
decision-making process is missing as well.

The aim of this work is to cover the gap between theoretical studies and actual
application by proposing optimal design solutions of road bridges that are feasible
and simple to build. An automated design and optimization procedure is presented
as an alternative to the traditional point-based design with the aim of reducing
embedded environmental impact and cost. In the field of road bridges, the
procedure is applied to three common structures: reinforced concrete beam
bridges, reinforced concrete overhang bridge slabs and decks of composite beam
bridges.

The potential savings obtained by replacing traditional design with the proposed
solution are shown through case studies. The use of commercial software
commonly employed in design offices and the comparison with existing structures
shows the feasibility of the optimal solutions obtained with this approach.
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Parametric studies are performed to help the potential user make appropriate
decisions when performing optimization on these types of structures. As a support
in the early design stages instead, recommendations on best solutions are given in
the form of graphs and tables. Finally, the relationship between optimal solutions
concerning cost and embedded environmental impact is studied for several
materials. Material improvements or replacement to further reduce embedded
emissions are proposed as well.

Keywords: Structural optimization; Automated design; Road bridges;
Environmental impact; Global warming potential; Cost; Overhang bridge slab;
Edge beam; Composite bridges.
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Sammanfattning

Kontinuerlig urbanisering och befolkningstillväxt ökar efterfrågan på
transportinfrastruktur som broar. Dessa konstruktioner utgör en betydande
ekonomisk börda för Trafikverket. Dessutom står byggsektorn för en stor del av
CO2-utsläppen. För att länder över hela världen ska kunna uppfylla sina löften om
att begränsa den globala uppvärmningen krävs en förändring i designfilosofin.

Inom det brotekniska området kan en vanlig dimensioneringsansats identifieras
som punktbaserad design. Även om detta tillvägagångssätt ger funktionella
lösningar, resulterar det ofta i en dyr och inte klimatvänlig lösning. Design baserad
på strukturell optimering är ett bra alternativ som många forskare visat under de
senaste decennierna. Den har dock inte ersatt den traditionella designproceduren
ännu. Bland orsakerna finns bristen i litteraturen på komplett design av realistiska
konstruktioner och komplexiteten i lösningarna. Dessutom saknas
rekommendationer för konstruktörer som hjälper dem i designprocessen.

Syftet med detta arbete är att täcka gapet mellan teoretiska studier och faktisk
tillämpning genom att föreslå optimala designlösningar av vägbroar som är
genomförbara och enkla att bygga. En automatiserad design- och
optimeringsprocedur presenteras som ett alternativ till den traditionella
punktbaserade designen med syftet att minska inbyggd miljöpåverkan och
kostnad. Inom vägbroar tillämpas förfarandet på tre vanliga konstruktiontyper:
balkbroar av armerad betong, konsolande brobaneplattor av armerad betong och
samverkansbroar i stål och betong.

De potentiella besparingarna som erhålls genom att ersätta traditionell design med
den föreslagna lösningen visas genom fallstudier. Användningen av kommersiell
programvara som vanligtvis används på designkontor och jämförelsen med
befintliga broar visar genomförbarheten av de optimala lösningarna som erhålls
med detta tillvägagångssätt. Parametriska studier utförs för att hjälpa den
potentiella användaren att fatta lämpliga beslut när de utför brooptimering. Som



iv

ett stöd i de tidiga designskedena ges istället rekommendationer på bästa lösningar
i form av grafer och tabeller. Slutligen studeras sambandet mellan optimala
lösningar gällande kostnad och inbyggd miljöpåverkan för flera material.
Materialförbättringar eller nya material för att ytterligare minska utsläppen
föreslås.

Nyckelord: Strukturell optimering; Automatiserad dimensionering;
Vägbroar; Miljöpåverkan; Global uppvärmningspotential; Kostnad;
Överhängande broplatta; Kantbalk; Kompositbryggor.
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Background

Continuous urbanization and population growth are increasing the demand for
transportation infrastructure. In 2018, 55% of world’s population lived in urban
areas and this number is expected to raise up to 68% by 2050 (United Nations,
2019). This, together with the expected population growth, suggests that there will
be an increase in the production of building materials (Adesina, 2020). Due to its
performance and the possibility of production with available local materials
(Adesina, 2020), concrete is the most used construction material (Cao & Masanet,
2021). Among its components, cement, which has been identified as the second
most consumed material after water (Monteiro et al., 2017), has gained a lot of
attention for its high emissions. Its production indeed is responsible for most of
the emissions from concrete (77% in 2017 in relation to China’s building sector
according to Cao & Masanet, 2021). Moreover, the cement industry alone is
responsible for 5% of the global man-made CO2 (Cement Sustainability Initiative,
2016). Unfortunately, the situation would not improve if concrete would be
replaced with other building materials such as steel and glass that happen to be
even less sustainable (Adesina, 2020).

With the Paris Agreement of 2015, countries across the world committed to keep
global warming below 2 °C above pre-industrial levels (United Nations, 2015).
Considering that the construction sector accounts for 39% of energy-related CO2
emissions (International Energy Agency & United Nations Environment
Programme, 2017), to achieve this target regardless of the continuously increasing
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demand for building materials, the construction sector has to address the problem
on multiple fronts. Policy actions need to be taken by the cement and concrete
sector (Busch et al., 2022) to promote the adoption of widely studied measures to
reduce greenhouse gas (GHG) (Fennell et al., 2021, Habert et al., 2020, Pamenter
& Myers 2021). Alternative more sustainable materials need to be considered and
the use of recycled materials needs to increase. Operational emissions have to be
reduced (Acha et al., 2018, Xiang-Li et al., 2015, Herrera et al., 2015) as well as
embedded1 emissions in a cradle to gate approach. In this perspective, designers
could play an important role in the reduction of the amount of needed material. In
the last 50 years though, due to the presence of more conservative design codes
and the raising preference for simple solutions that are fast to design and build, an
increase in the amount of material needed to construct structures such as bridges
and tunnels has been observed (Mathern, 2021). Considering that the construction
of transport infrastructures such as bridges also represents a significant economic
burden for public authorities, the need for a change in the design philosophy is
evident.

A common design approach for civil engineering structures is a trial-and-error
procedure; the designer chooses an initial configuration for the structure and
iterates it until it satisfies a list of requirements. These types of structure are big
and expensive, and their design is time-constrained (Mathern, 2021). Therefore,
once the functional requirements have been satisfied, the number of iterations to
improve the solution with respect to other quantities is often limited (Singer et al.,
2009). Such design practice paired with years of experience can give rise to rules-
of-thumb for preliminary design (Paya-Zaforteza et al., 2009) that could result in
good solutions, but cannot guarantee the cost and emission-efficiency of the
structure. To do so, several different solutions must be considered and compared
in order to choose the optimal one.

Structural optimization with respect to environmental impact and cost has become
of major interest in the last decades. Studies have been carried out on several types
of civil engineering structures and different materials. Concerning buildings,
Kaziolas et al. (2015), focused their work on minimizing the total life cost of
timber buildings over a life span of 20 years. The environmental impact of
concrete frames has been studied in several works by Paya-Zaforteza et al. (2008),
who proposed a procedure for minimizing CO2 emissions and material cost
simultaneously using simulated annealing. Camp & Huq (2013) tackled the same
topic applying a hybrid form of a more recently developed algorithm: the big bang-
big crunch algorithm (Erol & Eksin 2006). Eleftheriadis et al. (2018) proposed a
design and optimization approach based on BIM for the cost and CO2 optimization
of reinforced concrete (RC) buildings. During the last decades, the bridge sector

1 It refers to the emissions released during the process of bringing a product to
market/use rather than during the use of the product itself.
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has been interested in structural optimization as well. Topology optimization has
been applied in some studies to identify the best material layout for several types
of bridges. Hong et al. (2003) applied the principal stress based evolutionary
structural optimization (ESO) method to arch, cable-stayed and suspension
bridges. Xie et al. (2018) optimized suspension, truss and shell bridges applying a
bi-directional ESO technique. When the attention is focused on one particular
bridge type, size optimization is a common area of research; some works consider
also materials as design variables, while few works optimize the structural
configuration. Concerning portal frame bridges, Perea et al. (2008) performed an
economic optimization of road box frames with four different heuristic algorithms.
Concrete type has been included as a variable together with the bridge dimensions.
Yavari et al. (2017) performed the size optimization of RC slab frame bridges
concerning environmental impact using Pattern Search. A case study is presented
and the environment-friendly solution is compared with the cost-effective one
obtained in a previous study (Yavari et al., 2016). Regarding cable-stayed bridges,
Hassan (2013) integrated FEM, B-spline curves and genetic algorithm to cost
optimize the stay cables. Lee et al. (2008) considered asymmetric cable-stayed
bridges under construction and applied the unit load method to cost optimize the
prestressing force in the cables. Lute et al. (2009) used support vector machine
(SVM) to reduce the computational time of the material cost optimization of cable-
stayed bridges using the genetic algorithm. Suspension bridges have also been
subject of research. Kusano et al. (2015) obtained the minimum main cable and
bridge girder volumes with a reliability based design optimization. Lonetti &
Pascuzzo (2014) present a method for the prediction of the optimum post-
tensioning forces and to dimension the cable system in hybrid cable-stayed
suspension (HCS) bridges. To improve the computational efficiency, Caof et al.
(2017) used enhanced particle swarm optimization (EPSO) to handle constraints
instead of the penalty method for the layout and size optimization of suspension
bridges.

The studies mentioned above are only a part of the most recent studies; the
academic world has been active in the field of structural optimization of bridges
at least since 1970 (Aguilar et al., 1973, Wills, 1973, Surtees & Tordoff, 1981).
However, such techniques have not replaced the traditional design procedure yet.
Pedro et al. (2017) identify the reason of the gap between research and industrial
application in the constructive infeasibility of the optimal solution.
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Aim and objectives

The aim of this work is to cover the gap between theoretical studies and actual
application by proposing optimal design solutions of road bridges that are feasible
and simple to build.

In particular, the objectives of this study are:
Develop an automated design and optimization procedure and present it
as an alternative to the traditional point-based design. Compare optimized
solutions to existing structures to show potential savings in terms of
embedded environmental impact and cost.
Apply the procedure to three structures: RC road beam bridges, RC
overhang bridge slabs for road bridges and decks of composite road
bridges. Identify, for each of these cases, critical choices that might affect
the optimal solutions and provide potential users with suggestions on best
practice.
Study the relationship between optimal solutions concerning cost and
embedded environmental impact and the possible need for multi-
objective optimization.
Study the relationship between common construction materials and
optimal solutions in terms of cost and embedded environmental impact.
Give recommendations regarding the best use of materials to reduce these
quantities. Propose material improvements or replacement to further
reduce embedded emissions.
Draw general conclusions about optimal solutions and formulate them in
terms of diagrams and tables to be used by designers to consider cost and
embedded environmental impact from the early design stage.

To reach these objectives, three software applications have been developed in
MATLAB® and integrated with two FEM software for structural analyses. For
each application, the list of limitations and simplifying assumptions is presented
at the beginning of the corresponding chapter.

Outline of the thesis

In Chapter 1, the subject of this work is introduced. A literature review on similar
research is presented to show the context in which this work has been performed.
Finally, the purpose of the study is described.
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Chapter 2 presents two design methods: the commonly used point-based design
and the one developed and used in this work. The steps included in the latter are
described in this chapter and they are shared by the three applications presented in
the following chapters: RC road beam bridges, RC overhang bridge slabs and
composite bridges.

The concept of optimization is introduced in chapter 2; therefore, in Chapter 3, the
general formulation of an optimization problem is presented together with its main
components. A list of possible types of constraints and associated issues is
presented together with a typical classification of optimization algorithms. The
aim is to introduce the readers to the specific terminology and prepare them for
understanding the specific choices made in this study.

Chapter 4 follows the structure of Chapter 3. The formulations of the objective
functions used in this study are presented. The classes of constraints shared by the
three applications are introduced. The optimization algorithms used in this work
are introduced and general information on their methods of operating is given.
Finally, based on the limitation of such algorithms, the improvements introduced
by the author are presented.

Chapters 5, 6 and 7 present the three applications.

In Chapter 5, the object of study are RC road beam bridges. A case study is
presented: an existing RC beam bridge is re-designed applying the proposed
methodology. Parametric studies are performed to assess the sensitivity of the
method to preassigned parameters and to suggest how to select them in order to
get the best performance. A comparison between the built solution and the optimal
ones obtained with the proposed method is performed to show its potential.
Conclusions are drawn on the relationship between investment cost and
environmental impact for this type of structures. Finally, the proposed design
method is applied to several cases with varying total bridge length in order to
produce recommendations for designers. Sensitivity analyses are also performed
to test the robustness of results.

Chapter 6 focuses on RC overhang bridge slabs and edge beams. Two possible
reinforcement materials are used and compared. The same bridge as in Chapter 5
is used as case study. The potential savings obtained using the optimization
procedure and/or replacing the reinforcement material with a more durable one are
shown. A parametric study of the cantilever length is performed and
recommendations regarding the optimal slab dimensions are given. A parametric
study on the life cycle cost of this structure is presented too.

In Chapter 7, decks for composite bridges are optimized. Parametric studies are
performed on a simply supported bridge. The aim is to assess the sensitivity of the
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method to preassigned parameters and to suggest how to select them in order to
get the best performance. Moreover, the design and optimization procedure is
applied to several bridges: 1, 2 and 3 span bridges with continuous or simply
supported beams. Several steel grades are used as well.

Finally, Chapter 8 summarizes the work done and draws general conclusions.
Recommendations about possible further research are given as well.
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Automated design and
optimization process vs point-
based design

Within the bridge engineering field, a common design approach can be identified
as point-based design. This approach consists in choosing a particular design
solution and iterate it until it satisfies a list of requirements. Whenever the aim
cannot be reached starting from the chosen solution, a new solution is selected and
the process starts over (Liker et al., 1996). It is clear how this process is highly
dependent on the designer experience and how it can potentially be very time
consuming. Beside this, the final structural solution is certain to meet the
functional requirements but does not necessary represent an optimum with respect
to other quantities e.g. cost and embedded emissions. Indeed, once the functional
requirements have been satisfied, the number of iterations to improve the solution
with respect to other quantities is often limited by the available time and budget
(Singer et al., 2009).

The proposed design and optimization process presented in this work is shown in
Figure 2.1. The design of the structure is completely automated: thus, every step
of the design, from the geometrical definition and modelling, to load application,
to the structural analysis, to cross-section verification etc., is performed by the
developed software without the intervention of the designer. This is necessary to
perform the iterative procedure shown in Figure 2.1 that leads to the optimal
solution. At the beginning of the design, it is necessary to identify one or more
quantities to minimize, which are called objective functions (see section 3.2). In
this study, these quantities are cost and embedded environmental impact of the

Chapter
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structure. The design procedure is divided in several modules: in Module 1, a set
of values for the design variables that describe the three-dimensional model of the
structure is assumed. At this point, an external FEM software able to handle
moving traffic loads and all the required load combinations is called by the main
program. In the present work, two FEM software have been used. For the cases of
RC road beam bridges and decks of composite bridges, a Swedish FEM software
called Strip-Step 3 has been used and Timoshenko beam elements have been
employed. For the case of RC overhang bridge slabs, Abaqus FEA is used for a
3D analysis. In Module 2, the FEM software is used to apply the loads and their
combinations requested by Eurocode: Basis of structural design (European
Commitee for Standardization, 2005-2008-2010) and Eurocode 1 (European
Commitee for Standardization, 2003). Module 3 evaluates the internal forces and
moments in the bridge deck. These values are then used in Module 4 where the
Ultimate Limit State (ULS), Serviceability Limit State (SLS) and fatigue
verifications required by Eurocode 2 (European Commitee for Standardization,
2005) and Eurocode 3 (European Commitee for Standardization, 2005) are
performed in several cross-sections. For RC structures, reinforcement is designed
using an algorithm developed by the author. In the composite bridge case, an in-
house software produced by ELU Konsult is used for cross-sectional verifications.
At this point the geometry of the bridge is completely defined and material
quantities can be computed in Module 5. Finally, in Module 6, the values of the
objective functions for the analysed solution are calculated. Until this point, the
proposed design approach does not differ that much from the point-based design.
Once the last module has been reached, an optimization algorithm varies the values
of the design variables in Module 1 and the cycle starts again. Depending on the

1. Modelling

4. Cross sectional
verification

5. Calculation of
material quantities

6. Calculation of
objective function values

2. Loads application
(FEM software)

3. Sectional forces extraction
(FEM software)

New values for
design variables

Stopping criteria

Figure 2.1: Design process
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employed optimization algorithm, one or several solutions are analysed in parallel
in each iteration. The choice of the new solutions is at least in part based on the
results of the previous iterations. The iterative process stops when one of the
stopping criteria of the optimization algorithm is met. More details about
optimization algorithms and their characteristics are given in section 3.4. Once the
iterative process ends, one or more solutions are proposed as optimal. They are the
ones, among all the tested solutions, with the lowest associated values for the
objective functions.
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3

The current chapter presents the general formulation of an optimization problem
and all its components. The mathematical formulation follows Griva et al. (2009),
where more information can be found.

The general mathematic formulation of a nonlinear optimization problem is:

minimize fi(x), i = 1, 2, …, M

subject to gj(x)  0, j = 1, 2, …, J

hk(x) = 0, k = 1, 2, …, K

where x = (x1, x2, …, xd) x  [xmin, xmax] d.

where fi(x) are called objective functions, while gj(x) and hk(x) are the constraints
of the problem. Every set of design variables x that satisfies the constraints is
called a feasible solution and contains input values belonging to the search space.

Design variables

The quantities that the optimization algorithm can independently vary in order to
minimize the objective function are denoted as design variables. All the other

Chapter
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quantities needed to describe the problem are denoted as preassigned parameters
and are defined by the user. Design variables can be discrete or continuous based
on the structural property they represent. Four categories of variables can be
identified in the field of structural optimization of discrete structures:

Material properties,
Structural system topology (i.e. connections between structural
members),
Structural system shape and
Structural members’ size.

While design variables belonging to the last two categories are usually continuous,
the rest are discrete. Since discrete variables are more difficult to optimize,
especially when combined with continuous ones, it is common to treat some of the
discrete variables (e.g. material properties) as preassigned parameters. It is really
important to carefully choose the quantities to treat as design variables; the
complexity and efficiency of the optimization problem is strongly affected by the
number and type of variables.

Objective functions

During an optimization process, several individuals (i.e. sets of values of the
variables) are tested. For each of them, corresponding values of the objective
functions are calculated. A process characterized by only one objective function
is classified as single-objective optimization and identifies the solution with the
individual with the lowest value of the objective function. Whenever several
functions must be minimized at the same time, the process takes the name of multi-
objective optimization. In this case, if the objectives are conflicting, no unique
solution which minimizes all of them simultaneously can be found. Instead, a set
of solutions called Pareto optimal solutions is identified. In order to understand
what Pareto solutions are, the concept of dominating solutions must be introduced.
Considering as objective functions fi(x) with i = 1, 2, …, M, solution x1 dominates
solution x2 if fi(x1) < fi(x2) for at least one index i and fi(x1)  fi(x2) for all indices
i. Considering this definition, Pareto optimal solutions are not dominated by any
other solution. In other words, starting from a Pareto optimal solution, any change
in the variables values that would improve one of the objective functions, would
degrade one or more of the others. Considering two conflicting objectives (f(x)
and q(x)), a typical graphical representation of these solutions is shown in Figure
3.1. According to the definition above, x1 and x2 are not dominated by any other
solution while x3 is dominated by x1. The set of Pareto optimal solutions connected
by the red line in Figure 3.1 is called Pareto front.
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Figure 3.1: Graphical representation of the solutions of a multi-objective
optimization problem with f and q as objective functions.

Constraints

Constraints can be divided in two main categories: linear and nonlinear. In the
first category, several cases can occur:

o Constraints on the single design variable (xi) of the kind

xmin,i xi xmax,i.

This type of constraints can be simply used to narrow down the problem
domain [xmin, xmax].

o Constraints on the single design variable (xi) of the kind

xi xmin,j OR xi xmax,j.

Since common optimization algorithm do not accept such OR-logic
constraint, these linear constraints must be implemented as nonlinear
ones of the kind

gj(xi) = min(xi - xmin,j, xmax,j - xi)  0.
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o Linear constrain functions of two or more design variables.
Optimization algorithms can handle this type of constrain when given in
the matrix form of Eq. (3.1) where is the vector containing the design
variables.

(3.1)

Nonlinear constraints make constrained optimization problems more difficult to
handle than unconstrained ones. To address this issue, a strategy can be that of
solving an equivalent unconstrained problem instead of the original constrained
one using the penalty method (Griva et al., 2009). The objective function f(x),
which here is assumed to be unique for the sake of simplicity, is replaced by the
penalized objective function in Eq. (3.2).

(x, , ) = f(x) + P(x, , ) (3.2)

P(x, , ) is the penalty term; it has several popular definitions and the one used
in the present work is given in Eq. (3.3) (Yang, 2014).

P , , = H g g + H h h (3.3)

The penalty term is proportional to the magnitude of the constraint violations. In
Eq. (3.3), j > 0 and k ≫ 1, while the terms Hj[gj(x)] and Hk[hk(x)] are defined in
Eq. (3.4) and Eq. (3.5).

H g =
0 if g 0,

1 otherwise,
(3.4)

H h =
0 if h = 0,

1 otherwise,

(3.5)

The penalty method handles the constraints issue while computing the objective
function; this implies all the intermediate steps between assigning the design
variable values and computing the corresponding objective function. This entire
process can be time consuming; an alternative could be to evaluate constraints as
soon as the solution has been generated and discard it in case it is not feasible
(direct approach). Both approaches are used in this work.
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Optimization algorithms

The only way to be sure to find the absolute minimum of the objective functions
would be an exhaustive search, which consists in testing all possible values of the
design variables. However, this technique is extremely time-consuming. In order
to make the process more efficient, based on the results of previous iterations,
optimization algorithms have the role of generating new sets of variables to test in
the current iteration. In other words, they are responsible for directing the search
towards the domain areas that most likely contain the optimal solution based on
previous experience.

Optimization algorithms can be grouped and classified in several ways. Before
introducing these groups, it is worth remarking that classification of optimization
algorithms is not binary: several algorithms combining two or more of the classes
exist. One first distinction is between derivative-based and derivative-free
algorithms. The first ones calculate the gradient of the objective function to guide
the selection of the variables values for the next step. Derivative-free optimization
algorithms use instead only the value of the objective function and do not compute
any derivative. Therefore, derivative-based algorithms can be use only when the
objective function is continuous and its derivatives can be computed, which is not
always the case in structural optimization. Another possible classification is
between deterministic and stochastic algorithms. Deterministic algorithms work
in a mechanical deterministic manner without any random feature, while
stochastic algorithms use randomization. As a consequence, the latter could miss
the optimal solution at each iteration making the process more time-consuming or
even unsuccessful. On the other hand, avoiding a local minimum can be useful in
order to increase the possibility of finding the global one. Lastly, optimization
algorithms can be classified as local or global search algorithms. The first ones
start from a set of variables values and update the solution moving to an improved
configuration in its neighbourhood. Global search algorithms, instead, are not
bounded to the neighbourhood of the previous solution but generate diverse
solutions by exploring the search domain on a global scale by searching in regions
not associated with the current best solution. This exploration is often performed
due to randomization. Two main limits of local search algorithms are evident: 1)
whenever the solution approaches a local minimum it might not be able to escape,
2) the success of the search is strictly related to the initial configuration and, from
a practical point of view, it relies on the experience and ability of the user who
defines it. The other side of the coin is that local search algorithms are much faster
and efficient whenever those two problems do not occur. Finally, metaheuristic
optimization algorithms can be defined as hybrid algorithms with a trade-off
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between global exploration and local search. For many of them, the global
exploration is possible due to randomization, which classifies them as stochastic.

The list of available optimization algorithms is long and continuously growing.
Hare et al. (2013) performed a survey of non-gradient algorithms commonly used
in structural engineering, while, more recently, Wang & Sobey (2020) focused on
evolutionary algorithms and their use in different fields. A thorough comparison
of optimization algorithms is out of the scope of this work, where only two are
selected for their general characteristics (see section 4.3) and applied to the studied
problems. However, the reader is welcome to refer to the above cited papers and
the ones mentioned in sections 1.1, 5.1, 6.1 and 7.1 for a more complete view of
available optimization techniques.

In general, a consequence of the No Free Lunch Theorem for Optimization
(Wolpert & Macready 1997) is that no algorithm performs better than another on
all problems. Therefore, it is important to consider the specific characteristic of
the problem and incorporate them in the behaviour of the chosen algorithm.
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Once the main concepts of optimization theory are introduced, the choices and
definitions used in this work can be presented.

Objective functions

In this work, optimal solutions are those that minimize the cost and/or the
embedded environmental impact of the structure. In the following sections, the
quantities used as objective functions are presented.

It is important to mention that these values will not be the actual total cost nor
environmental impact of the built solution. The investment cost of a bridge is the
amount of money the owner pays until the bridge inauguration (Safi, 2013). As
shown in section 4.1.1, only material and labor costs are included in this study;
other costs such as transportation of material, taxes, contractor profit etc. are
neglected. Even within the considered costs, only some materials and parts of the
bridge are included. The reason for this is that what matters the most are the
relative differences/savings between solutions and not the absolute values of the
objective functions. All contributions that do not change significantly going from
one solution to another can be neglected. Therefore, components that have no
relationship with the design variables and thus would not differ between solutions
are not included in the objective functions.

Chapter



CHAPTER 4. THE OPTIMIZATION THEORY APPLIED IN THIS WORK

18

More details regarding neglected and included contributions in each application
are given in the corresponding chapters. Unit prices and emissions used to produce
the results for the three applications are given in the corresponding chapters and
appendices. The three applications have been developed between 2016 and 2022:
any change in the unit values is due to the different year of development.

4.1.1 Investment cost

The investment cost (IC) of a structure is computed as the sum of those of each
component/element (e) of the structure as in Eq. (4.1). Examples on components
are: girders, edge beams, piers, foundation slabs and piles. For each bridge
element, except for piles, the investment cost (ICe) is computed through Eq. (4.2)
as the sum of two contributions: material cost (MCe) and labour cost (LCe). Since
the construction and installation of piles are different from that of other
components, their investment cost (ICpile) is computed as in Eq. (4.3).

= (4.1)

= + = + (4.2)

where:
 = material cost for a specific material (m) and bridge

component/element (e),
 = labour cost for a specific material (m) and bridge

component/element (e).

= × (4.3)

where:
 = unit price for pile including material and labour,

= length of the pile.

4.1.1.1 Material cost

Material cost is purely dependent on the national and international market and its
fluctuation and on the amount of material (i.e. solution dimensions). Considering
a specific material (m) and element (e),  is calculated as in Eq.(4.4).
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= × (4.4)

where:
 = unit price for material m,
= amount of material m in the considered element e.

4.1.1.2 Labour cost and constructability coefficients

Pedro et al. (2017) identify the reason of the gap between research and industrial
application of structural optimization in the constructive infeasibility of the
optimal solution. To cover this gap and to properly evaluate the labour cost,
practical considerations about constructability are included in this work. Indeed,
what determines the labour cost is the time needed to build an element, which is
not only related to the amount of material, but also to the complexity of the
considered element. Based on the shape, location and function of the element, the
time needed to build it can vary significantly. The following examples will clarify
the concept.

Example 1: When constructing a pier, if concrete was poured all at once, the
pressure on the formwork at the base of the column would be too high with the
risk of formwork collapse. Hence, it is necessary to divide the process in steps:  i)
pour concrete up to a reference height, ii) vibrate, iii) wait for the material to start
hardening and then repeat steps i-iii. This procedure is not necessary when
constructing a slab foundation since the thickness is not big enough to give rise to
excessive pressure on the formwork. Therefore, the labour time in the case of a
unit volume of concrete for slab foundations is less than for piers.

Example 2: One element can have several shapes as for the RC deck or the piers
in Figure 4.1; therefore, the labour cost for the same amount of material can
assume several values. Indeed, reinforcement labour is of increasing difficulty and
thus takes longer going from cross-section type 1 to type 3.

Example 3: For a given element of a given shape, some conditions, such as the
thickness of elements being variable or within certain ranges, can affect the labour
time. For example, constructing the formwork for a plate with variable thickness
takes longer than for the constant case.
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Example 4: Concerning the bridge deck, a temporary structure bearing the
formwork has to be installed. In this study, the cost for it is included in the
formwork and depends on the height of it with respect to the ground.

Hence, there is the need of considering constructability issues when computing the
investment cost to avoid a fictitious optimization of the structure. Without
including them, the amount of material would be minimized in each element and
it could result in slender solution difficult to build. A quantification of these
constructability issues is represented by the coefficients  of Eq. (4.5), which
shows the formula used to compute the labour cost for a specific material (m) and
element (e).

(4.5)

where:
 = cost of labour per hour,
= amount of material m in the considered element e,
 = nominal time needed to construct/install one unit of material m (in

hours),

(a) (b)

Figure 4.1: (a) Possible cross-section shapes for the bridge deck and (b) possible
pier types available in the developed design software for RC road beam bridges.
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= constructability coefficient considering specific issues that could
rise when constructing/installing material m for element e.

Since the foundation slab is the bridge component with the easiest construction
procedure, it has been used as reference element. Therefore, nominal time  and
constructability coefficient can be interpreted as:

 = time needed to construct/install one unit of material m in a slab
foundation,

= where  is the time needed to construct/install one unit of
material m in element e.

Assigning specific values to constructability coefficients can be difficult since the
actual time for manufacturing each element depends on non-quantifiable factors
such as the expertise of workers. Values used in this work have been obtained
interviewing experienced designers and construction estimators from companies
in Sweden.2.

4.1.2 Cost for life-cycle measures

Activities such as maintenance or replacement of parts of the structure with the
aim of keeping the structure serviceable during its lifetime (Safi, 2013) are called
life-cycle measures (LCM). Eq. (4.6) is used to calculate the present value of the
operation cost for an activity performed at year t from the year of investment.

=
( )

(4.6)

where:
 = interest rate.
 = cost of life cycle measure at year t.

The costs of operation depend on the type of activity, the extent of it and the
specific company hired to perform it. In Sweden, Trafikverket, the Swedish
Transport Administration, developed the Swedish Bridge and Tunnel
Management System (BaTMan) which includes a list of costs for typical bridge
and tunnel maintenance actions (Trafikverket, 2018).

The sum of investment cost and life cycle measure cost represents the cost for the
owner throughout the entire life cycle of the structure (LCCowner).

2 Sten-Åke Torefeldt (ELU Konsult AB), Lars Petterson (Skanska).
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4.1.3 Embedded environmental impact

The quantification of the potential environmental impact in this work is performed
with the life cycle assessment (LCA) technique. The idea behind this tool is that
each material/energy consumption in each life cycle stage (material production,
construction, maintenance and end of life) produces emissions of various types in
the form of pollutants (Du 2012). Life cycle inventory (LCI) databases contain
coefficients that allow computing the amount of produced pollutants per unit of
consumed material/energy. During the life cycle impact assessment (LCIA) phase,
the direct effect on the environment can be classified in a list of impact categories
(climate change, radiation, ozone depletion etc.). A midpoint approach would stop
here. Alternatively, an endpoint approach would further categorize the emissions
into damage to the human health, resources depletion and ecosystem quality
(Goedkoop et al., 2013). In Figure 4.2, the midpoint and endpoint indicators in
ReCiPe 2008 are shown.

Eqs. (4.7) to (4.9) show the steps followed in this work to calculate one indicator
of the potential environmental impact (EI). For an impact category (k), material
(m) and life cycle stage (l), the potential impact ( , ) expressed in equivalents of
a certain LCI item is calculated as in Eq. (4.7).

, = × ,
(4.7)

where:
= consumption of material m,

,  = emission of LCI item for impact category k per unit material m
during life cycle stage l.

The total potential impact ( ) in category k is then expressed by Eq. (4.8).

= ,
,

(4.8)

Different potential impacts are expressed with different units. To compute one
single indicator of the potential environmental impact, a further step is necessary.
This step, denoted as weighting, consists in aggregating all the total potential
impacts in one single indicator. Based on society and political evaluation, a
relative importance (Bauman & Tillman 2006), i.e. weight, is associated to each
impact category. The total potential environmental impact is thus computed as in
Eq. (4.9).

= × (4.9)
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where: = weighting factor for impact category k.

In particular, in this work, ReCiPe with midpoint approach (Goedkoop et al., 2013)
is used as LCIA method and Ecoinvent v.2.01 (Swiss Center for Life Cycle
Inventories, 2008) and v.3 (Swiss Center For Life Cycle Inventories, 2013) used
by the SimaPro software (PRéConsultants, 2008) as LCI database.

Constraints

When it comes to structural optimization, two main types of constraints must be
considered: structural and operational constraints. To the first category belong all
the requirements of the Eurocodes and the national codes regarding ULS, SLS,
fatigue etc. Furthermore, one must remember that bridges are infrastructures built
to cross obstacles such as rivers, highways, footpaths etc. There are areas where
piers cannot be placed and minimum vertical clearance must be guaranteed.

Figure 4.2: Midpoint and endpoint indicators in ReCiPe 2008 (Goedkoop et al.,
2013).
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Lastly, some practical constraints might be necessary such as accessibility of
certain areas during construction. These limitations, together with others based on
the common practice, fall in the previously mentioned category of operational
constraints.

Most of the structural constraints presented in Eurocodes (e.g. crack width w,
bending moment M, shear V and torsion T) are expressed in the form

E R or w wmax

where R is the resistance and E the effect of the action. Following the general
mathematic formulation of a nonlinear optimization problem shown in chapter 3,
they have been expresses as

 or .

More details regarding the specific constraints in each application are given in the
corresponding chapters.

Optimization algorithms

The selection of the type of optimization algorithm to use is influenced by the
nature of the problem and of the objective functions. Moreover, when it comes to
practical problems, computational time plays an important role as well.

Optimization algorithms are developed in such a way that no identical individuals
are proposed twice. However, the difference between two solutions proposed by
the optimization algorithm could be negligible in civil engineering terms. For
example, if one is trying to determine the best location of a pier, a variation of 1
cm not only is negligible from a structural perspective but would also be difficult
to implement in construction. To avoid analysing solutions of this type, regardless
of the algorithm used, a memory system has been integrated. First of all, the user
has to choose accuracies for the variables. At the beginning of each iteration,
variable values are rounded according to the accuracies. After rounding, only
unique individuals are studied further and their results are continuously saved and
re-used in future iterations. In such a way, the optimization algorithm still works
with continuous instead of discrete variables, but a large portion of the
computational time is saved especially when approaching convergence to the
optimal solution or in the vicinity of local minima.
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4.3.1 The appropriate class of optimization
algorithms

The computational time of the optimization process is proportional to the number
of design variables. As discussed in the corresponding chapters, a quite high
number of variables is present in each application. Due to the time restrain, it is
not reasonable to employ exhaustive search in these problems; instead,
optimization algorithms should be used to speed up the searching process.

By nature, optimization problems concerning transportation infrastructures are
non-linear discontinuous problems. Therefore, derivative-based optimization
algorithms cannot be used.

All the objective functions of Chapter 4 are strictly related to the material amounts.
When optimizing the concrete dimensions in a RC structure, concrete amount is
the result of geometric calculation based only on the variable values. The
reinforcement amount, instead, is the result of a design procedure which takes into
account several load scenarios and verifications. Thus, in the RC case, the
relationship between the variables and the objective function is implicit, complex
and non-continuous. Moreover, when optimizing the entire structure, discrete and
continuous design variables are simultaneously present (see section 5.6). The
complexity of a mixed-integer optimization problem with discontinuous objective
functions can be handled by the robustness of metaheuristic algorithms.

While the combination of local and global search of metaheuristic algorithms is
fundamental for problems with the complexities listed above, it can be an overkill
in simpler cases. When size optimization is applied to one component of a
structure and continuous variables are used, the relationships between design
variables and objective functions is more straight forward. In these cases, local
search algorithms can perform well if properly applied.

For these reasons, two gradient-free optimization algorithms have been chosen:
Genetic Algorithm (GA) and Pattern Search (PS) (also called direct search). GA
can be classified as a metaheuristic optimization algorithm that combines local and
global search using randomization (i.e. stochastic). PS is instead a deterministic
local search algorithm. Both algorithms have been successfully used in literature.

In the present work, the GA and PS provided in MATLAB® Optimization
Toolbox (The MathWorks, Inc., R2016b) has been used. The general way of
working of GA and PS is explained in the following together with specific options
selected for the current work. When not specified, the default option has been used.
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For more detailed information and for possible alternatives, the author suggests
reading the toolbox guide (The MathWorks, Inc., R2018b).

4.3.2 Genetic Algorithm

Genetic algorithm (GA) is a metaheuristic optimization technique inspired by
Darwin’s Theory of Evolution (McCall, 2005) and used to solve several structural
optimization problems (Camp et al., 2002, Govindaraj & Ramasamy, 2005,
Srinivas & Ramanjaneyulu, 2007).

4.3.2.1 Population

The algorithm starts from a population made of a user-defined number of
individuals. Each of them is characterized by a specific set of genes (i.e. values of
the design variables). In order to generate a new population, the algorithm
performs the following preliminary steps (The MathWorks, Inc., R2018b):

The objective function is evaluated for all individuals of the current
population; thus, a set of raw fitness scores is generated.
To get a measure of how fit individuals are for survival, a scaling
function is applied to raw fitness scores to get expectation values.
Based on expectation values, the parents for the next generation are
selected in a stochastic way. However, individuals with lower raw
fitness score (i.e. more fit for survival) have higher probability of being
selected.

The new generation is then formed by:
Elite children: individuals identical to those with the lowest raw fitness
scores of the previous population.
Mutation children: individuals obtained by randomly modifying the
genes of one parent.
Crossover children: individuals created extracting genes from two
parents.

The numbers of children belonging to the three categories listed above are defined
by the user.

Referring to the concepts introduced in section 3.4, elite and crossover children
represent the local component of the search, while mutation ones the global
component obtained through randomization.
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4.3.2.2 Default stopping criteria

The algorithm stops generating new populations when one of its stopping criteria
is met.

Some stopping criteria are introduced in order to limit the computational time:
The algorithm stops when a user-defined maximum number of iterations
(i.e. new populations) has been reached.
The algorithm stops when a user-defined time limit has been exceeded.

The risk of stopping the process due to one of them is that the algorithm does not
manage to get close enough to the optimum. To avoid it, default values for such
stopping criteria are defined in a way that the algorithm generates a really high
number of populations. Thus, using the default values imply long computational
time. In this work, instead of modifying the default values to make the process
faster, other strategies have been used: a memory system has been integrated and
customized stopping criteria have been added.

Another stopping criterion is particularly useful when the aim is to limit the fitness
function value instead of minimizing it:

The algorithm stops when the lowest raw fitness score is lower than a
preassigned minimum.

However, such a criterion does not guarantee the minimum but only an upper limit
of the objective function. Thus, the default value that has been used in this work
is very low.

Finally, the last two stopping criteria are based on convergence towards the
optimal solution:

The algorithm stops when there has been no improvement in the objective
function for a certain amount of time.
For each population, the algorithm saves the minimum raw fitness score.
It computes the relative average change in these values over a user-
defined number of consecutive iterations. The algorithm stops when such
average is lower than a threshold.

Concerning the first one, the time limit has to be set quite high. Indeed, it is not
uncommon that several consecutive iterations have the same optimum even far
from convergence. Regarding the second one, the average threshold would
represent the saving of the objective function that can be considered non-
significant for the studied problem. However, the default stopping criterion
computes the average over all consecutive iterations regardless of the fact that they
are improving or not (i.e. zero relative change). In such a way, the non-improving
iterations lower the average and make the threshold lose its original meaning. The
solution to this issue would be increasing the number of iterations to reduce the
influence of non-improving ones while decreasing the threshold. However, this
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would lead to a more time-consuming process. Moreover, how much the threshold
should be reduced is unclear. The solution proposed in this work is a customized
stopping criterion that follows the same idea but gets rid of the above-mentioned
problems.

4.3.2.3 Customized stopping criteria

Two customized stopping criteria have been added to the default ones of GA.
The first one is a more user-friendly version of the last stopping criterion
of section 4.3.2.2. The customized stopping criterion considers only the
improving iterations. Thus, the process is faster and the definition of the
threshold and the number of iterations to compute the average on is more
straight-forward for the user.
When the optimal solution is approached, the amount of non-improving
iterations increases. The risk is that the process could keep going because
the algorithm does not find enough improving iterations to compute the
average on. In these situations, it has been noticed that GA tends to create
population of almost identical individuals. Therefore, the second ad hoc
stopping criterion consists in terminating the optimization when a user-
defined number of individuals of the current population are identical and
no improvement in the fitness function has been achieved from the
previous iteration.

4.3.3 Pattern Search

Pattern Search (PS), also known as direct search, is an optimization technique
based on examination of trial solutions, comparison with the current best solution
and consequent individuation of the next set of trail solutions (Hooke & Jeeves
1961). This algorithm has previously been applied to solve structural optimization
problems (Surtees & Tordoff, 1981, Yavari et al., 2016 and 2017).

4.3.3.1 Trial solutions and polls

The generalized pattern search (GPS) method used in this work (The MathWorks,
Inc., R2018b) starts from an initial solution (x0) and an initial mesh size (d0).
During the first iteration, the value of the objective function in x0 is computed and
a first set of trial solutions is tested. They are defined starting from the variable
values of the initial solution and perturbing one of them at the time of ± d0. In a
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bi-dimensional problem (z and y as variables), the trial solutions would be those
of Figure 4.3. The value of the objective function for the trial solutions is compared
with that of the initial point. If the best solution results being the starting point, the
poll occurred to be unsuccessful, otherwise, it is defined as successful poll. The
starting point (i.e. the equivalent to the centre in Figure 4.3) for the next iteration
is the best solution of the current one. The mesh size varies as follows:

With  and .

Whenever a perturbation leads to a trial solution outside the searching domain of
the problem, this solution is discarded. The process is repeated until one of the
stopping criteria is met.

Figure 4.3: Graphical representation of the solutions tested in the first iteration of
a GPS routine. Red crosses are the trial solutions.

4.3.3.2 Default stopping criteria

Similarly to GA, some of the stopping criteria are introduced to limit the
computational time:

The algorithm stops when a user-defined maximum number of solutions
has been tested.
The algorithm stops when a user-defined maximum number of polls (i.e.
iterations) has been reached.
The algorithm stops when a user-defined time limit has been exceeded.
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The same reasoning that applied for GA hold for PS, thus the default values are
used and the integrated memory system is responsible for the reduction of the
computational time.

The remaining criteria, instead, check for the convergence towards an optimum:
The mesh size is lower than a user-defined mesh tolerance.
After a successful poll, the improvement in the objective function is
lower than a user-defined function tolerance and the mesh size is lower
than a user-defined value.
After a successful poll, both the mesh size and the distance between the
last two best solutions are lower than a user-defined value.

Concerning the first one, with a small enough tolerance and d0 far from this value,
it represents convergence to a minimum because the mesh size decreases only
during unsuccessful polls. Therefore, very low values can be reached only after a
long series of unsuccessful polls (i.e. polls pointing at the same solution, the
optimal one). The other stopping criteria, instead, terminate the process when the
changes in the solutions and the corresponding objective functions become
insignificant.

One problem of this algorithm is hidden behind the concept of mesh size. Indeed,
as explained in section 4.3.3.1, the trial solutions are obtained perturbing one
variable at the time with the same mesh regardless of the nature of the variables
and of its domain. Thus, the same mesh size can be very little or very big for two
variables with different order of magnitude. One solution would be using as design
variables the normalized values of the geometric variables.

Moreover, it can be difficult to define a value for the function tolerance without
knowing a priori what the minimum objective function will be. One way to handle
this problem is to calculate the value of the objective function in the starting
solution and define the function tolerance as a percentage of it.
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This chapter presents the application of the procedure presented in Chapter 2 to
reinforced concrete road beam bridges. The entire structure is optimized: both the
static system configuration and the deck cross-section sizes are considered as
design variables. The aim is to minimize the investment cost and the
environmental impact of the bridge.

Background

Concerning optimization of prestressed concrete (PC) and RC beam bridges, the
main subject of studies in literature has been the deck. Kaveh et al. (2016) applied
a modified version of the  Colliding Bodies Optimization (MCBO) algorithm to
minimize the cost of the post-tensioned concrete box girder of a simply supported
single span bridge. The same type of bridge deck has been studied by Garcia-
Segura & Yepes (2016) as well, who proposed a multiobjective approach
considering cost, CO2 emissions and overall safety factor. A size optimization for
precast-prestressed concrete U-beam bridges is presented by Yepes et al. (2015)
with the aim of minimizing cost and CO2 emissions. Rana et al. (2013)
implemented an evolutionary operations-based global optimization algorithm and
applied it to minimize the cost of the prestressed concrete I-girder of a two span
continuous bridge. Jahjouh et al. (2013) show the efficiency of the Artificial Bee
Colony (ABC) algorithm in the optimization of RC beams with rectangular cross-

Chapter
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section. Akin & Saka (2010) presented a minimum cost design of RC continuous
beams including cross-section dimensions and reinforcement layout.

One problem associated to structural optimization is computational time. Some
researches have takled the problem. In the work by Pedro et al. (2017), to reduce
the computational time, the optimization is performed in two steps: a simplified
model is used in the first one to identify the optimum region for the consequent
local search using a detailed FEM model. With the same aim of reducing
computational time, artificial neural networks (ANN) have been paired with
genetic algorithms (GA) in the optimization of a T-girder bridge deck in terms of
cost in a work by Srinivas & Ramanjaneyulu, (2007).

Several optimization algorithms have been developed and tested against each other
and methods have been proposed to reduce the computational time. However, such
techniques have not replaced the traditional design procedure yet. Pedro et al.
(2017) identify the reason of the gap between research and industrial application
in the constructive feasibility of the optimal solution. Cost optimization in
literature mainly deals only with material cost. However, labour cost, time needed
to erect the structure and formwork play an important role in the economy of cast
in place structures (Wight & MacGregor 2008) such as RC beam bridges, which
are the object of this application. Moreover, most of the studies optimize one
component of the structure, for instance the deck; system optimization including
structural configuration and component sizes is rare (Hassanain & Loov 2003).

Concerning reinforced concrete beam bridges, to the best of the author knowledge,
no article in the literature has been published dealing with the optimization of the
entire bridge including both the structural configuration and cross-section
dimensions. The study that gets the closest to this aim has been carried out by
Aydin & Ayvaz (2013). The purpose was to cost optimize PC bridges by selecting
the optimal number of spans, number of girders and deck dimensions, assuming
that the superstructure consists in a series of adjacent simply supported girders.

Scope

This part of the work is subject to the following limitations and simplifying
assumptions:

The developed software deals with straight bridges with constant width,
thus centrifugal forces are neglected.
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The dimensions of the piers are pre-assigned, while the number of
foundation piles and the dimensions of the foundation slab are actually
designed.
In the structural analysis, foundations are replaced by springs with an
equivalent spring stiffness to reduce the computational time (Figure 5.2).
For the torsional stiffness of the deck cross-section, only the web is
considered, while the overhang slabs are neglected.
Pavement and edge beam dead weights are considered; however, they are
not included in the properties (area, second moment of inertia etc.) of the
resisting cross-section of the deck.
In the structural analysis, dead weight and stiffness of reinforcement are
neglected.
Concerning the loads, all the loads and their combinations requested by
the Eurocode 1 (European Commitee for Standardization, 2003) and the
national Swedish standard TRVK Bro 11 (Trafikverket, 2011) are
considered. Traffic loads, dead weight, braking/acceleration forces, wind
force, support displacements, temperature loading and concrete creep and
shrinkage are considered. Accidental loads, however, are neglected.
No dynamic effects have been considered.
Cost and environmental impact of bearings and expansion joints have not
been included.

The quantification of the potential environmental impact is performed with the life
cycle assessment (LCA) technique. Concerning the life cycle stages, a cradle-to-
gate approach, which considers only the material production phase has been used.

Design variables

In this application, the design variables are:
Number of spans (user-defined admissible range),
Longitudinal location of intermediate piers,
Type of connection between intermediate piers and the deck,
Dimensions of the concrete deck cross-sections at several locations in each
span (user-defined number of design cross-sections per span).

The total number of variables is function of the number of spans. Since
optimization algorithms require a fixed number of design variables, it was not
possible to optimize all variables at the same time. Therefore, the approach
proposed by El Mourabit (2016) has been adopted: the problem has been divided
in two consecutive levels and several sub-levels as shown in Figure 5.1.
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Figure 5.1: Subdivision of the design and optimization problem into sub levels.

Level 1 has the goal of optimizing the static system in terms of number of spans,
pier locations and pier-deck connection. Once again, the number of design
variables is not fixed since the number of spans is a design variable itself.
Therefore, for each possible number of spans, one optimization problem with only
pier locations and pier-deck connection is solved using the procedure of Figure
2.1. At this stage, the deck cross-section is assumed to be constant along the deck
and to have dimensions defined by the user. The only dimension that is not kept
fixed during the iterations is the total deck height which is calculated as explained
in section 5.5.1.1. The span length and the deck height are strictly related; fixing
the latter would bias the results of the optimization. At the end of level 1, the
optimal static system configurations for all sub-problems (i.e. for all possible

Sub-problem 1

o Given number of
span: n1,

o Given deck
cross-section,

Find the optimal
static system: S1

Sub-problem i

o Given number of
span: ni,
with n1 < ni < nN

o Given deck
cross-section,

Find the optimal
static system: Si

Sub-problem N

o Given number of
span: nN,

o Given deck
cross-section,

Find the optimal
static system: S2

… …

Solution of Level 1:

Solution Si such that
ICi  ICj or EIi  EIj
with i, j = 1,…, N

Level 2

o Given the static
system: Si,

Find the optimal
deck dimensions.

Level 1
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numbers of spans) are compared. The one resulting in the lowest investment cost
or environmental impact is selected and used in level 2.

Level 2 has the goal of optimizing the cross-section dimensions. The procedure of
Figure 2.1 is followed as well considering all cross-sectional dimensions of the
deck as design variables.

Dividing the procedure in two levels not only solves the problem of varying
number of variables but also allows for finding the optimal solution in a faster way
by reducing the total number of variables treated simultaneously.

Objective functions

The developed software performs a single-objective optimization using
investment cost or embedded environmental impact as objective function.
However, during the process, both values are calculated.

With reference to section 4.1.1, the elements included in the investment cost
calculations are deck, piers, foundation slab and piles. Concerning the materials,
concrete, reinforcement and formwork are considered. Lastly, two possible types
of pier-deck connection have been considered in the study: fixed and movable
bearing. Fixed bearings are those where all rotations and translations are fixed.
Movable bearing, instead, allow for longitudinal translation and bending rotation.
Fixed bearings cause an increase in the internal forces and moments in the
substructure. Pier diameters, the percentage of reinforcement in the foundation
slab and in the piers are not designed; pre-assigned values are used instead. Thus,
a multiplying factor equal to 1.2 has been employed to increase the cost of the
substructure (pier, foundation slab and piles if present) in case of fixed connection.
The values used for the unit material prices and the constructability coefficients
are shown in Tables A. 1 to A. 6 in appendix A. Regarding the cost of labour per
hour, 500 SEK has been used.

Concerning the environmental impact, the formulation in section 4.1.3 is used.
Most previous studies about environmental impact of structures/bridges (Camp &
Huq, 2013, Eleftheriadis et al., 2018, Garcia-Segura & Yepes, 2016, Paya-
Zaforteza et al., 2008 and 2009, Yepes et al., 2015) have considered only one
impact category, i.e. climate change. In this application, to perform a more
complete analysis, three impact categories are considered: climate change (CC),
terrestrial acidification (TA) and freshwater eutrophication (FE). The
corresponding characterization factors are respectively global warming potential
(GWP) expressed as CO2 emissions in the air, terrestrial acidification potential
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(TAP) as SO2 emissions in the air and freshwater eutrophication potential (FEP)
as P emissions in freshwater.

Concerning the lifecycle stages, a cradle-to-gate approach, which considers only
the material production phase, has been chosen for several reasons. First of all,
previous studies (Flower & Sanjayan, 2007, Du & Karoumi, 2013) have shown
that this stage for bridges is the most influential one. Furthermore, the main aim
of this application is to find the best solution, in terms of static system and
dimensions, for one particular structural type (i.e. reinforced concrete beam
bridges). The construction method and the maintenance and inspection plans are
assumed to be the same regardless of the solution. As a consequence, it is
reasonable to expect that these phases will not significantly affect the choice of
one solution instead of another. Due to their re-use, the production of material for
temporary structures (i.e. scaffolding and formwork) has not been included in the
calculations. Thus, only concrete, steel for reinforcement bars and RC piles have
been used as materials. The values in Table A. 7 in appendix A are used for the
calculation of the potential impacts. Finally, concerning the weighting system,
results of previous studies with similar aim (Yavari et al., 2017 and Ahlroth &
Finnveden, 2011) show no great differences between the solutions of the
optimization problem obtained using two different weighting systems that
monetarize the environmental impact: Ecotax02 (Finnveden et al. 2006) and
Ecovalue (Ahlroth & Finnveden, 2011, Finnveden et al., 2013). The values in
Table A. 7 in appendix A help understanding why no significant differences have
been obtained with the two weighting systems. Both concrete and reinforcement
steel in production phase emit much more CO2 than SO2 or P per unit material. As
a consequence, regardless of the adopted weighting system, climate change is
always the leading impact category. Therefore, Ecovalue12 is used in this work
since it is the most recent one. It aggregates all the emissions in a monetary value
based on individual willingness-to-pay for the loss of benefits due to
environmental degradation (Ahlroth & Finnveden 2011) and its significant values
for this work are shown in Table A. 9 in appendix A.

Constraints

Since the entire bridge is optimized, in this application, both structural and
operational constraints are considered. Moreover, all methods presented in section
4.2 for handling them are used.
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5.5.1 ULS and SLS

In terms of structural constraints, Eurocode requirements at ULS and SLS are
considered. Referring to the iterative procedure presented in Chapter 2 and Figure
2.1, in Module 4, the cross-sectional verification consists in identifying the
minimum required reinforcement in the bridge deck.

The structural analysis is performed using a FEM software called Strip-Step 3
where Timoshenko beam elements have been employed. In Figure 5.2 and Figure
5.3 are shown the structure as it is modelled in the software and the deck cross-
section. The results of the structural analysis are used to design the reinforcement
and eventually quantify the possible constraint violation.

Before starting the optimization, the user has to assign all dimensions of the deck
cross-section and decide to keep constant the web width (2b1) or the web
inclination (b2/h1). All dimensions of the deck except for the web height (h1) are
kept constant along the bridge during level 1. The web height instead is constantly
updated and varies along the deck.

Figure 5.2: Static system.

Figure 5.3: Deck cross-section model.
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5.5.1.1 Minimum deck height for the optimal static
system

The deck cross-section has the shape shown in Figure 5.4a, which is simplified as
in Figure 5.4b and c for the ULS and SLS checks in the longitudinal direction.

The h1 updating procedure is divided in two steps. In the first step, a set of values
for the web height along the deck is assumed and the external FEM software uses
it for the structural analysis. In the second step, the results of the structural analysis
are used to find in each cross-section the minimum h1 and the corresponding

(b)

(c)

Figure 5.4: a) Cross-section of the deck. Idealized cross sections for the
reinforcement design in b) ULS and c) SLS

(a)
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reinforcement that fulfil ULS and SLS requirements The minimum height is then
increased by 30%. Whenever this value exceeds the maximum allowed by the user,
the latter is used.

Concerning h1 values of the first step, in the first cycle (i.e. iteration) of the
optimization process, h1 is assumed constant along the bridge and equal to a user-
defined value. In subsequent iterations instead, values from the previous cycle are
used as starting point for the updating procedure.

Given the updated deck heights, the structural analysis is performed again and
internal forces and moments are used to re-design the minimum needed
reinforcement. If the required reinforcement exceeds the maximum allowed by the
codes, the latter is used instead. The fact that the structural analysis is performed
again with the updated values of h1 explains the need of increasing (here arbitrarily
by 30%) the minimum value found during the h1 updating procedure. Such value
was barely enough to bear the internal forces and moments obtained with the
previous structural analysis; most probably it would not fulfil ULS and SLS with
the new structural analysis.

5.5.1.2 Reinforcement design

Beforehand, the user has to assign bar diameters, spacing and cover considering
the codes and the specific bridge requirements (e.g. exposure class etc.). The
calculated reinforcement is not a theoretical value arbitrarily placed in the cross-
section. Instead, it is the result of a specific bar layout which physically fits in the
cross-section and guarantees the required capacity. Working in terms of total
amount and ideal centre of gravity of the reinforcement has a big risk: due to the
cross-section dimensions, the actual placement of the bars could lead to a different
centre of gravity and a lower resistance. Thus, the need for a design that arrives to
the detail of reinforcement bars placement. In level 2, the web height is one of the
variables; therefore, the reinforcement is immediately designed for each possible
solution without any updating procedure on h1. Once again, if the required
reinforcement exceeds the maximum allowed by the codes, the latter is used
instead.

When computing the total amount of reinforcement for the calculation of
investment cost and environmental impact, the bars’ layout designed in a specific
cross-section is kept constant for the deck portion going from that cross-section to
halfway the two adjacent ones (Figure 5.5).
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Figure 5.5: Distribution of reinforcement along the deck. Red lines indicate design
cross-sections, while dotted lines are placed at equal distance from two
consecutive design cross-sections. CS = cross-section, RL = reinforcement layout.

5.5.1.3 Constraint formulation: bridge deck

In this case, the performed verifications are: crack width w, bending moment M,
shear V and torsion T. They are used in the reinforcement design section and to
calculate the minimum web height in level 1. Infeasible cases, in which a fictitious
value of the web height and/or the reinforcement area has been used instead of the
required one, are treated with the penalty method. This choice has been made due
to the non-linearity of such constraints.

Referring to Eq. (3.3), only the first term is considered and the magnitude of the
constraints violations for each cross-section is computed as in Eq.(5.1) - (5.3).

(5.1)

 (5.2)
[Eq. (6.29) in EC2]

(5.3)

where:
 = upper edge/lower edge,

 = action on the cross-section,
 = resistance of the cross-section.

5.5.1.4 Constraint formulation: overhang bridge slab

In addition to the above mentioned constraints in the longitudinal direction, cross-
sections are verified and reinforcement is designed in the overhang slab for
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bending, shear and limited crack width. All possible locations of vehicles on the
overhang slab are considered together with the scenario of missing edge beam due
to replacement. Load models LM1 and LM2 are considered as required by
Eurocode 1. More details regarding the reinforcement design procedure and the
loads are given in the dedicated section 6.2.

In this stage, the overhang slab has been isolated from the rest of the deck. It has
been studied as a slab with varying thickness, free in correspondence of the edge
beam and clamped at the opposite edge. The effect of the edge beam is taken into
account by extending the slab. The length of the added portion is computed in such
a way that it has the same flexural rigidity of the edge beam (Veganzones Muñoz,
2016). For every considered load scenario, the flexural moment is computed at the
clamped edge using the influence surfaces proposed by Homberg & Ropers,
(1965). Shear forces, instead, are computed in the most critical cross-sections
according to Swedish regulations (Trafikverket, 2011). In the current practice,
shear reinforcement in the overhang slab is avoided. Therefore, bending
reinforcement is calculated both for the moment at the clamped edge and to
provide enough shear resistance in absence of stirrups. The required reinforcement
varies along the overhang slab; however, to reduce complexity during
construction, the final design can contain a maximum of two groups of
reinforcement bars. One group goes from edge beam to edge beam across the deck
and a shorter group connects the midpoints of the two overhang slabs.

To account for infeasible solutions, once the reinforcement has been designed, the
possible constraint violation is computed using Eq.(5.1) - (5.3) without torsion.

5.5.2 Infeasible regions for piers

Since bridges are built to cross obstacles, there are specific regions where it is not
possible to place piers. In level 1, such constraints have the form

xi xmin,j OR xi xmax,j.

As explained in section 3.3, they are implemented in the non-linear form

gj(xi) = min(xi - xmin,j, xmax,j - xi)  0,

where xmin,j and xmax,j represent the coordinate of the obstacle to cross.

Since it has been decided to avoid non-linearly constrained problems, the direct
approach has been employed in this case. For solution with piers in infeasible
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regions, no structural analyses are performed. Instead, a fictitious value for the
objective function is assumed. To make the optimization algorithm discard such
solutions in favour of feasible ones, this default value is set at one order of
magnitude higher than the expected output for a feasible solution.

5.5.3 Minimum vertical clearance

Concerning the minimum vertical clearance, it is checked in both levels since the
cross-section heights vary in both. The magnitude of the constraint violation is
computed as in Eq. (5.4).

g . . = , 1 (5.4)

where:
= height under the bridge deck in a cross-section,

,   = the minimum vertical clearance for j-th obstacle.

Once the number of design cross-section per span is defined by the user, they are
placed along the span at equal distance one from each other. Therefore, there is no
guarantee that they are aligned with regions with minimum vertical clearance. As
a consequence,  is calculated by linearly interpolating height values in
design sections. The constraint on the minimum vertical clearance in level 2 is thus
a linear function of more than one variable. In level 1 instead, the cross-section
heights are not directly variables of the problem and they are computed as
explained in section 5.5.1.1: thus, in this case the constraint is non-linear. As
explained in section 3.3, linear constraints of more than one variables and non-
linear ones are difficult to handle, thus the use of the penalty method again.

5.5.4 Cross-section dimensions and span length

The only linear constraints considered in this work are defined by the user in terms
of limitations on each cross-section dimension and on span lengths. Since in level
2 the cross-section dimensions are the variables of the problem, these linear
constraints are simply used to narrow down the searching space [xmin, xmax].

Such procedure cannot be applied to the limitation of span lengths since each
length is function of two variables of level 1 (i.e. pier locations). Therefore, a linear
constraint is given as input to the optimization algorithm selected for level 1 and
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is implemented in the form of Eq. (3.1). In particular, the terms of Eq. (3.1) in this
case are:

 = matrix of 1 and 0 built such that each row of the product
represents the length of one of the spans,

 = vector containing the minimum and maximum values for each span
length,

 = vector containing the variables of level 1.

Optimization algorithms

As said in section 4.3, the two algorithms used in this work are Genetic Algorithm
and Pattern Search. In this application, they have both been used: GA in level 1
and PS in level 2. The reasons behind this choice are listed below.

As previously anticipated, the most time-consuming step of the design procedure
of each solution is the use of a FEM software application for the structural analysis.
Such a step is performed at least once for each individual of each iteration.
Furthermore, in level 1, the structural analysis is performed twice per individual
to determine the minimum web height as explained in section 5.5.1.1.
Computational time is of major interest in level 1. Using an optimization algorithm
that searches in several areas of the domain to find the best solution in the shortest
time is preferable thus, pointing at the metaheuristic optimization algorithm of
choice: GA.

In level 1, there is a mixture of discrete variables (i.e. pier-deck connection can
only be fixed or movable) and continuous variables (i.e. pier locations). Once
again, GA would be the best among the available algorithm to handle such a
problem.

Moreover, in level 1 the deck heights are computed based on the results of a
structural analysis carried out with provisional cross-sections heights from the
previous iteration (section 5.5.1.1). Such provisional heights have no relation with
the variable values of the current iteration. It results in the introduction of random
noise in the objective function of level 1, which suggests the use of stochastic
optimization algorithms. Furthermore, the fact that stochastic algorithms can be
slower than deterministic ones is not a major problem in level 1 since the number
of variables is much lower than in level 2.

Level 2 shows fewer difficulties than level 1 and a more straight-forward
relationship variables-objective function: therefore, a local search algorithm such
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as PS is expected to work well. The author tried to apply GA also to level 2;
however, it performed worse compared to PS.

Case study: Bridge over Norrtälje
River

The proposed procedure has been applied to re-design an existing road beam
bridge crossing Norrtälje River, Sweden. The bridge had been designed in 2013
by the Swedish company ELU Konsult AB according to Eurocodes requirements.

5.7.1 The built structure

The shape of the cross-section of the deck and the elevation of the bridge are
shown respectively in Figure 5.4a (page 38) and Figure 5.6. The bridge has five
spans (21.5 + 27 + 27 + 27 + 21.5 m) and crosses three foot paths with a minimum
vertical clearance of 3 m and Norrtälje River (Table 5.1). The deck has constant
width of 10 m except for the first span from the left and part of the second one
where it varies from 15.4 m to 10 m. The overhang bridge slab is constant along
the bridge and has minimum thickness (h3) of 200 mm, maximum one (h2+h3) of
350 mm and length (b3) of 2690 mm. The web inclination (b2/h1) is constant as
well and equal to 0.38. The total height of the deck cross-section is equal to 1150
mm at all mid-spans and at the abutments, while it is 1650 mm at the intermediate
piers (i.e. web height of 800 and 1300 mm). Concerning the vertical alignment,
the roadway has a slope of 0.68%, while in the horizontal plane it is slightly
curved. The concrete in the superstructure is of quality C35/45, that in the
substructure is C30/37 and the reinforcement is B500B.

Figure 5.6: Elevation of the Bridge over Norrtälje River. MB stands for movable
bearing and FB for fixed bearing (El Mourabit, 2016).
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Table 5.1: Location (distance from the first pier on the left) of the obstacles the
bridge over Norrtälje River crosses. FP stands for foot path.

Obstacle Location (m)

FP1 6.2 - 10.2

FP2 40.4 - 44.4

Norrtälje River 51.5 - 72.5

FP3 86.4 - 90.4

The developed software deals with straight bridges with constant width; therefore,
to allow a fair comparison with the optimal solution found by the software, the
built solution (BS) used in the following is a modified version of the existing
structure. A constant total deck width of 10 m all along the bridge has been
assumed. The reinforcement is computed with the same procedure used during the
optimization. Finally, the two curvatures have been neglected.

5.7.2 Optimal solution: results and discussion

During the optimization of the static system (level 1), only the pier locations have
been used as variables. Type and cost of expansion joints depends on the
elongation they must accommodate. Since this cost and their environmental
impact have not been included in the calculation, all deck bearings have been
considered movable except for the one closest to the center of the bridge. In this
way the two expansion joints at the ends of the deck would work in the same way
and thus have the same cost regardless of the final solution. Moreover, aiming at
even elongations is the common practice.

During level 1, both cases with fixed web width (2b1) and fixed web inclination
(b2/h1) have been studied to understand which one performs better. Table 5.2
shows the assumed feasible ranges for the cross-section dimensions. Table 5.3
presents the values that have been used as initial dimensions for the deck cross-
section. All possible combinations of these values have been tested assuming 5
spans as in the existing structure. The aim was to study the effect of initial cross-
sections dimensions on the optimal static system (section 5.7.2.1).

In level 1 the height of the web (h1) is computed as explained in section 5.5.1.1 in
three cross-sections per span (at the supports and at mid-span). Given certain sets
of cross-section dimensions, the optimal solution can result in a deck so tall that
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the requirement of minimum vertical clearance at the footpaths is not fulfilled. In
the next paragraphs, whenever an infeasible solution for level 1 will be mentioned,
it will refer to this instance.

Table 5.2: Assumed feasible ranges for the dimensions of the deck of the bridge
over Norrtälje River.

Dimension Feasible range

h3 (mm) 180 - 600

h2 (mm) 0 - 500

h1 (mm) 300 - 3500

b3 (mm) 1500 - 2940

b1 (mm) 500 - 3000

b2/h1 (-) 0 - 1

Table 5.3: Tested initial values for the dimensions of the deck of the bridge over
Norrtälje River.

Dimension Initial values in level 1

h3 (mm) [200, 300, 400, 500, 600]

b3 (mm) [1500, 2000, 2500, 2900]

h2 (mm) min (5% b3, 500 mm)

b1 (mm) [1000, 2000, 3000]

b2/h1 (-) [0, 0.3, 0.5, 0.8, 1]

5.7.2.1 Effect of the initial deck dimensions on the
optimal static system

Regardless of the objective function, results show that the cases with fixed web
inclination generally perform better than the one with fixed web width.
Furthermore, feasible solutions are found with almost all web inclinations of Table
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5.3. When using the web width as variable instead, only certain combinations of
cross-section dimensions lead to a feasible solution.

Finally, the configuration of level 1 should resemble as much as possible the one
of level 2 and thus the one that will be built in order not to affect negatively the
result. As the built solution suggests, a fixed web inclination is preferable to a
fixed web width. Therefore, it is advisable for users to assume fixed web
inclination when optimizing the static system.

Keeping the web inclination fixed, the best results for both investment cost and
environmental impact have been found with long and thin overhang slabs (Figure
5.7). To explain this, consider Figure 5.4 (page 38): the flange does not play a
significant role in the load bearing capacity of the cross-section while adding
material and thus cost. Therefore, for a given cantilever length, its thickness should
be as small as possible. Furthermore, the governing dimension for the deck
stiffness is the web height. Since the total width of the deck is fixed, a shorter
overhang slab would lead to a wider web but not a much stiffer cross-section. Once
again, it would result in additional material and cost without additional load
bearing capacity. Finally, improvement in the performance is achieved with
increasing web inclination (b2/h1) as shown in Figure 5.8. This results from the
highest bending moments being reached on the supports. The upper part of the
cross-section requires higher resistance, and thus more material, than the lower
part. However, it is not always possible to find feasible solutions for high values
of the inclination (0.8, 1) in level 1. In these cases, the web in the lower part can
become very narrow and thus the reinforcement must be placed in several rows;
its centre of gravity is moved upwards with a consequent reduction of the bending
resistance. To increase the resistance, an even taller cross-section is necessary with
the risk of not fulfilling the requirement about the minimum vertical clearance
over footpaths. Therefore, it is advisable to assume intermediate values of the web
inclination (0.3, 0.5) in level 1.

Figure 5.7: Effect of the overhang slab thickness (h3) and length (b3) on the
investment cost (IC) of the optimal solution for a given web inclination (here 0).
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Figure 5.8: Effect of the web inclination (b2/h1) on the investment cost (IC) of the
optimal solution for a given dimensions of the overhang slab (here h3 = 200 mm).

Another important result of the parametric study on the initial values of the deck
cross-section concerns the relation between investment cost (IC) and
environmental impact (EI). With the current material prices and emissions (Table
A. 1 and Table A. 7), the two objective functions seem not to be conflicting. Thus,
a multi-objective approach would not be necessary. Table 5.4 and Table 5.5 show
results of level 1 optimization for two different deck cross-sections. It can be
noticed that optimizing IC or EI lead to similar solutions in terms of piers location
and almost equal objective functions. The same behaviour has been observed for
other dimensions of the cross-sections.

Table 5.4: Optimal static system for the bridge over Norrtälje River assuming: 5
spans, h3 = 200 mm, b3 = 2000 mm and b2/h1 = 0.3.

Quantity Minimizing IC Minimizing EI

IC (106 SEK) 13.28 13.39

EI (106 SEK) 2.64 2.64

Intermediate pier 1 at (m) 22.1 20.8

Intermediate pier 2 at (m) 48.0 48.0

Intermediate pier 3 at (m) 77.1 76.4

Intermediate pier 4 at (m) 101.4 100.4
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Table 5.5: Optimal static system for the bridge over Norrtälje River assuming: 5
spans, h3 = 400 mm, b3 = 2500 mm and b2/h1 = 0.8.

Quantity Minimizing IC Minimizing EI

IC (106 SEK) 12.42 12.45

EI (106 SEK) 2.46 2.46

Intermediate pier 1 at (m) 21.2 20.7

Intermediate pier 2 at (m) 48.1 48.0

Intermediate pier 3 at (m) 76.6 77.4

Intermediate pier 4 at (m) 102.9 103.3

5.7.2.2 Optimal static system

Based on all considerations in section 5.7.2.1, the following values have been
assumed for the initial deck cross-section: h3 = 200 mm, b3 = 2500 mm and b2/h1
= 0.5. Three possible configurations have been studied for level 1: 4, 5 and 6 spans.
The optimization has been performed twice: once minimizing EI and once
minimizing IC.

No feasible solutions have been found for 4 spans in both cases. Concerning the
cases with 5 and 6 spans, results are summarized in Table 5.6 and Table 5.7. For
the specific case study, the difference in terms of EI and IC for the cases with 5
and 6 spans is not significant (0.2 - 0.3%); therefore, the user can decide which
static system to use in level 2 based on other criteria. In the presented work, the
case with 5 spans has been selected. From the esthetical point of view, a more
symmetric static system has been considered more pleasant. Considering the case
that minimizes EI, indeed, the span lengths for the configurations with 5 and 6
spans are respectively 22.1 + 25.8 + 28.4 + 26 + 21.7 m and 15.7 + 14.5 + 18 +
27.8 + 25.4 + 22.6 m. Moreover, this choice allows for a more fair comparison
with the built solution that presents 5 spans.

Once again, referring to Table 5.6 and Table 5.7, IC and EI are not conflicting in
the current case study: minimizing one leads to a low value of the other as well. It
can also be noticed that the solution that minimize EI in the case with 6 spans reach
lower values of IC than that minimizing IC itself. However, the difference is not
significant (0.4%).
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Table 5.6: Optimal static system for the bridge over Norrtälje River assuming: 5
spans, h3 = 200 mm, b3 = 2500 mm and b2/h1 = 0.5.

Quantity Minimizing IC Minimizing EI

IC (106 SEK) 11.99 12.00

EI (106 SEK) 2.32 2.32

Intermediate pier 1 at (m) 22.0 22.1

Intermediate pier 2 at (m) 48.0 47.9

Intermediate pier 3 at (m) 76.3 76.3

Intermediate pier 4 at (m) 101.2 102.3

Table 5.7: Optimal static system for the bridge over Norrtälje River assuming: 6
spans, h3 = 200 mm, b3 = 2500 mm and b2/h1 = 0.5.

Quantity Minimizing IC Minimizing EI

IC (106 SEK) 12.02 11.97

EI (106 SEK) 2.32 2.31

Intermediate pier 1 at (m) 14.7 15.7

Intermediate pier 2 at (m) 28.2 30.2

Intermediate pier 3 at (m) 48.3 48.2

Intermediate pier 4 at (m) 76.3 76.0

Intermediate pier 5 at (m) 101.3 101.4

5.7.2.3 Optimal deck dimensions

The optimization of the deck dimensions has been performed for two different
static systems: the one obtained minimizing EI (22.1 + 25.8 + 28.4 + 26 + 21.7 m)
and the one obtained minimizing IC (22.0 + 26.0 + 28.3 + 24.9 + 22.8 m). The
same objective functions as level 1 have been used for the two cases. During level
2 optimization, the following variables have been used: thicknesses of the
overhang slab (h2 and h3), amplified inclination of the web (1000×b2/h1) and web
height (h1). The total deck width is given, thus either the cantilever length (b3) or
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the web width (2b1) can be used as variable. To understand which one is the more
suitable for the problem, both cases have been studied. Three design cross-sections
per span have been considered: those at the pier locations and that at mid-span, for
a total of eleven different cross-sections.

Tables 5.8 – 5.11 show the comparison between the total material quantities and
costs for the built solution (BS) and optimal solutions (OS). OS in Table 5.10 and
Table 5.11 are obtained minimizing EI, while in Table 5.8 and Table 5.9
minimizing IC. The optimization procedure applied to find OS in Table 5.8 and
Table 5.10 used 2b1 as design variable, while that to find OS in Table 5.9 and
Table 5.11 used b3. Eleven cross-sections have been considered with five design
variables each for a total of 55 variables. For the sake of brevity, the obtained
dimensions of the deck cross-sections are summarized in Tables 5.12 to 5.15.

Once again, the two quantities used as objective functions appear not to be
conflicting. Regardless of the used design variable and the objective function, a
reduction of 8-15% on both IC and EI is obtained (Table 5.8-Table 5.11).

Regarding the cross-section dimensions, all cases show big variations in the web
height as expected for a continuous beam. However, the cases with 2b1 as design
variable (Table 5.12 and Table 5.14) present shorter sections at the supports (i.e.
lower maximum values of h1). Concerning the overhang slab, all cases tend to
make it as slender as possible as expected for the same reasons explained in section
5.7.2.1. However, the cases with 2b1 as design variable (Table 5.12 and Table 5.14)
have longer overhang slab than the others and thus steeper web inclinations (i.e.
lower values). The consequence of these differences is that the performance of the
optimization process with b3 (Table 5.9 and Table 5.11) as variable is slightly
better.

The geometric differences listed above have an effect on the savings in terms of
materials. It can be noticed that high savings in the reinforcement amount (~20%
in Table 5.9 and Table 5.11) correspond to high saving in both EI and IC. When
the reinforcement amount is slightly increased in order to reduce the concrete
(Table 5.8), IC gets slightly higher, while EI lower. However, if the increase in the
reinforcement amount is significant, despite of a significant reduction of concrete
(Table 5.10), the performance is poorer. These results are a first hint of the fact
that the optimization is mainly led by the reinforcement amount regardless of the
objective function. However, IC is more sensitive to changes in reinforcement
amount than EI, while the latter is more sensitive to changes in concrete amount.
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Table 5.8: Built solution (BS) versus optimal solution (OS): web width as design
variable and Investment Cost (IC) as objective function.

Quantity BS OS Saving (%)

Concrete (m3) 1085 934 13.90

Reinf. (ton) 252 214 15.14

Form (m2) 1 718 1 651 3.90

Piles (m) 2 016 1848 8.33

IC (106 SEK) 12.06 10.72 11.09

EI (106 SEK) 2.32 1.99 14.12

Table 5.9: Built solution (BS) versus optimal solution (OS): cantilever length as
design variable and Investment Cost (IC) as objective function.

Quantity BS OS Saving (%)

Concrete (m3) 1085 1015 6.43

Reinf. (ton) 252 200 20.72

Form (m2) 1 718 1650 3.95

Piles (m) 2 016 1932 4.17

IC (106 SEK) 12.06 10.68 11.46

EI (106 SEK) 2.32 2.00 13.77
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Table 5.10: Built solution (BS) versus optimal solution (OS): web width as design
variable and Environmental Impact (EI) as objective function.

Quantity BS OS Saving (%)

Concrete (m3) 1085 901 16.91

Reinf. (ton) 252 230 8.61

Form (m2) 1 718 1 663 3.18

Piles (m) 2 016 1 848 8.33

IC (106 SEK) 12.06 11.02 8.65

EI (106 SEK) 2.32 2.05 11.87

Table 5.11: Built solution (BS) versus optimal solution (OS): cantilever length as
design variable and Environmental Impact (EI) as objective function.

Quantity BS OS Saving (%)

Concrete (m3) 1085 1010 6.86

Reinf. (ton) 252 201 20.37

Form (m2) 1 718 1656 3.62

Piles (m) 2 016 2016 0.00

IC (106 SEK) 12.06 10.74 10.92

EI (106 SEK) 2.32 2.01 13.43
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Table 5.12: Cross-section dimensions along the bridge in the optimal solution: web
width as design variable and Investment Cost (IC) as objective function

Dimension Range Mean value

b3 (m) 2.87 - 2.94 2.92

h2 (mm) 80 - 190 120

h3 (mm) 180 - 220 191

b2 /h1 (-) 0.5 - 1 0.74

h1 (m) 0.63-1.81 1.06

Table 5.13: Cross-section dimensions along the bridge in the optimal solution:
cantilever length as design variable and Investment Cost (IC) as objective
function.

Dimension Range Mean value

b3 (m) 2.50-2.94 2.72

h2 (mm) 50-180 97

h3 (mm) 180-200 192

b2 /h1 (-) 0.75-1 0.92

h1 (m) 0.48-1.92 1.24

Table 5.14: Cross-section dimensions in the optimal solution: web width as design
variable and Environmental Impact (EI) as objective function.

Dimension Range Mean value

b3 (m) 2.88 - 2.94 2.93

h2 (mm) 20 - 140 95

h3 (mm) 180 - 260 199

b2 /h1 (-) 0 – 0.93 0.52

h1 (m) 0.48-1.67 0.97
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Table 5.15: Cross-section dimensions in the optimal solution: cantilever length as
design variable and Environmental Impact (EI) as objective function.

Dimension Range Mean value

b3 (m) 2.50-2.93 2.73

h2 (mm) 50-130 80

h3 (mm) 180-230 199

b2 /h1 (-) 0.78-1 0.91

h1 (m) 0.51-1.92 1.22

Consider now the optimal solution obtained minimizing EI and using as design
variable the cantilever length. Figure 5.9 shows the variation of the amount of
building materials, EI and IC during the optimization process. The vertical line
represents the passage from level 1 to level 2, which needs many more generations
(i.e. iterations) to find the optimal solution due to the higher number of variables.
All quantities are normalized with respect to the corresponding values in the first
feasible solution. The trends of the investment cost and the environmental impact
are similar, thus confirming the idea that the two objective functions are not
conflicting.

Figure 5.9: Variation of the amount of building materials, EI and IC during the
optimization. The vertical line represents the passage from level 1 to level 2.
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The considerations about the relationships between materials amount and
objective functions of section 5.7.2.3 meet the results in Figure 5.9 and Figure
5.10. In some portions of the first graph, the environmental impact shows a slightly
stronger dependence on the concrete amount than the investment cost. Such result
is confirmed by Figure 5.10 that shows the materials contribution on EI and IC for
the optimal solution. Since IC includes the form and scaffolding, while EI does
not, a modified IC that considers only concrete, reinforcement and RC piles has
been computed. In this way the comparison between IC and EI in terms of
materials contributions is easier. The graphs of Figure 5.10 clearly show that
concrete has a higher impact on EI than it has on IC. However, reinforcement
contributes the most to both IC and EI.

Finally, concerning the impact categories, Figure 5.11 shows that the highest
contribution to the total environmental impact comes from the global warming
potential as expected.

Figure 5.10: Materials contributions to the total environmental impact, the total
investment cost and the modified investment cost (i.e. investment cost of only
concrete, reinforcement and RC piles).

Figure 5.11: Impact categories contributions to the total environmental impact.
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5.7.2.4 Effect of initial mesh size on the deck
dimensions

Referring to the description of the Pattern Search (PS) algorithm in section 4.3.3,
it is easy to understand that the result of such a deterministic search is affected by
the starting point and the initial mesh size. In the current application, the starting
point is represented by the dimensions of all cross-sections at the end of level 1.
Most of them have been pre-assigned as described in section 5.7.2.1, while the
web height is the result of the design procedure of section 5.5.1.1. Concerning the
initial mesh size, a value equal to 150 has been used to obtain all the solutions
shown up to now. A sensitivity analysis considering three different values for the
initial mesh size (0.0150, 1.5, 150) has been performed considering EI as objective
function and using the cantilever length as design variable. The complete solutions
in terms of design variables are shown in Figures 5.12 to 5.14 and Table 5.16,
Table 5.18 and Table 5.20, while the comparison with the built solution in Table
5.17, Table 5.19 and Table 5.21. In terms of number of iterations required to reach
the optimum, these values are 227, 293 and 185 for mesh sizes 0.0150, 1.5 and
150 respectively.

It can be observed that higher savings have been achieved with smaller initial mesh
sizes. Concerning the web inclination and the overhang slab dimensions, the three
solutions don not differ too much: they all point towards long and thin overhang
slab and high web inclination (i.e. almost 45º). Concerning the distribution of web
heights long the deck. All the solutions show:

Almost constant height in the first and last half spans,
Taller cross-sections at the bearings than in the field,
Almost symmetrical cross-sections in each span, except for the first and
the last one.

However, there are some significant differences between the h1 values for the case
with lowest savings (i.e. that with initial mesh size equal to 150) and the other two:
Better results are obtained when:

The cross-sections are symmetric not only in each span but also with
respect to the center of the bridge.
The height of the cross-section at the two central piers is reduces to match
that at the other supports.

To conclude, the initial mesh size plays an important role in the level 2
optimization. The design variables in this case study were of the order of
magnitude 103 (b3 and h1) and 102 (h2, h3 and 1000b2/h1). The optimizations with
the best results have been obtained with initial mesh sizes much smaller than the
variables (at least two orders of magnitude). However, it is not possible to draw a
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general conclusion since only one case study has been analyzed: further research
is required for determining the optimal initial mesh size applicable to other case
studies.

Span 1: length   22.100 m
b1: 1000     b2: 1100     b3: 2900     h1: 1110     h2: 90     h3: 200
b1: 1001     b2: 1079     b3: 2920     h1: 1080     h2: 80     h3: 200
b1: 1002     b2: 1498     b3: 2500     h1: 1720     h2: 60     h3: 190

Intermediate pier 1: movable bearing

Span 2: length   25.800 m
b1: 1002     b2: 1498     b3: 2500     h1: 1720     h2: 60     h3: 190
b1: 1507     b2: 693       b3: 2800     h1: 700       h2: 70     h3: 200
b1: 1004     b2: 1496     b3: 2500     h1: 1870     h2: 50     h3: 200

Intermediate pier 2: fixed bearing

Span 3: length   28.400 m
b1: 1004     b2: 1496     b3: 2500     h1: 1870     h2: 50     h3: 200
b1: 1088     b2: 982       b3: 2930     h1: 1180     h2: 80     h3: 200
b1: 1000     b2: 1500     b3: 2500     h1: 1910     h2: 60     h3: 190

Intermediate pier 3: movable bearing

Span 4: length   26.000 m
b1: 1000     b2: 1500     b3: 2500     h1: 1910     h2: 60     h3: 190
b1: 1457     b2: 773       b3: 2770     h1: 780       h2: 130   h3: 180
b1: 1001     b2: 1499     b3: 2500     h1: 1920     h2: 50     h3: 230

Intermediate pier 4: movable bearing

Span 5: length   21.700 m
b1: 1001     b2: 1499     b3: 2500     h1: 1920     h2: 50     h3: 230
b1: 1591     b2: 509       b3: 2900     h1: 510       h2: 80     h3: 200
b1: 1607     b2: 603       b3: 2790     h1: 650       h2: 130   h3: 200

Figure 5.12: Optimal solution: Environmental Impact (EI) as objective
function and initial mesh size 150.
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Table 5.16: Cross-section dimensions for the optimal solution: Environmental
Impact (EI) as objective function and initial mesh size 150.

Dimension Range Mean value

b3 (m) 2.50-2.93 2.73

h2 (mm) 50-130 80

h3 (mm) 180-230 199

b2 /h1 (-) 0.78-1 0.91

h1 (m) 0.51-1.92 1.22

Table 5.17: Built solution (BS) versus optimal solution (OS): Environmental
Impact (EI) as objective function and initial mesh size 150.

Quantity BS OS Saving (%)

Concrete (m3) 1 085 1 010 6.86

Reinf. (ton) 252 201 20.37

Form (m2) 1 718 1 656 3.62

Piles (m) 2 016 2 016 0.00

IC (106 SEK) 12.06 10.74 10.92

EI (106 SEK) 2.32 2.01 13.43
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Span 1: length   22.100 m
b1: 1000     b2: 1080     b3: 2920     h1: 1080     h2: 100     h3: 180
b1: 1040     b2: 1040     b3: 2920     h1: 1040     h2: 90       h3: 190
b1: 1001     b2: 1489     b3: 2510     h1: 1740     h2: 60       h3: 190

Intermediate pier 1: movable bearing

Span 2: length   25.800 m
b1: 1001     b2: 1489     b3: 2510     h1: 1740     h2: 60       h3: 190
b1: 1440     b2: 620       b3: 2940     h1: 620       h2: 100     h3: 180
b1: 1008     b2: 1492     b3: 2500     h1: 1700     h2: 50       h3: 200

Intermediate pier 2: fixed bearing

Span 3: length   28.400 m
b1: 1008     b2: 1492     b3: 2500     h1: 1700     h2: 50       h3: 200
b1: 1288     b2: 932       b3: 2780     h1: 1030     h2: 70       h3: 200
b1: 1000     b2: 1500     b3: 2500     h1: 1630     h2: 50       h3: 200

Intermediate pier 3: movable bearing

Span 4: length   26.000 m
b1: 1000     b2: 1500     b3: 2500     h1: 1630     h2: 50       h3: 200
b1: 1388     b2: 692       b3: 2920     h1: 700       h2: 100     h3:180
b1: 1004     b2: 1496     b3: 2500     h1: 1690     h2: 60       h3: 190

Intermediate pier 4: movable bearing

Span 5: length   21.700 m
b1: 1004     b2: 1496     b3: 2500     h1: 1690     h2: 60       h3: 190
b1: 1000     b2: 1070     b3: 2930     h1: 1070     h2: 90       h3: 190
b1: 1000     b2: 1090     b3: 2910     h1: 1090     h2: 100     h3: 180

Figure 5.13: Optimal solution: Environmental Impact (EI) as objective
function and initial mesh size 1.50.
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Table 5.18: Cross-section dimensions for the optimal solution: Environmental
Impact (EI) as objective function and initial mesh size 1.50.

Dimension Range Mean value

b3 (m) 2.50-2.94 2.76

h2 (mm) 50-100 79

h3 (mm) 180-200 189

b2 /h1 (-) 0.86-1 0.95

h1 (m) 0.62-1.74 1.22

Table 5.19: Built solution (BS) versus optimal solution (OS): Environmental
Impact (EI) as objective function and initial mesh size 1.50.

Quantity BS OS Saving (%)

Concrete (m3) 1 085 973 10.32

Reinf. (ton) 252 200 20.38

Form (m2) 1 718 1 642 4.40

Piles (m) 2 016 2 016 0.00

IC (106 SEK) 12.06 10.63 11.88

EI (106 SEK) 2.32 1.98 14.80
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Span 1: length   22.100 m
b1: 1005     b2: 1055     b3: 2940     h1: 1090     h2: 90     h3: 200
b1: 1036     b2: 1124     b3: 2840     h1: 1140     h2: 80     h3: 190
b1: 1000     b2: 1500     b3: 2500     h1: 1610     h2: 60     h3: 240

Intermediate pier 1: movable bearing

Span 2: length   25.800 m
b1: 1000     b2: 1500     b3: 2500     h1: 1610     h2: 60     h3: 240
b1: 1393     b2: 667       b3: 2940     h1: 680       h2: 80     h3: 200
b1: 1026     b2: 1104     b3: 2870     h1: 1460     h2: 140   h3: 200

Intermediate pier 2: fixed bearing

Span 3: length   28.400 m
b1: 1026     b2: 1104     b3: 2870     h1: 1460     h2: 140   h3: 200
b1: 1038     b2: 1042     b3: 2920     h1: 1150     h2: 100   h3: 180
b1: 1002     b2: 1068     b3: 2930     h1: 1720     h2: 80     h3: 230

Intermediate pier 3: movable bearing

Span 4: length   26.000 m
b1: 1002     b2: 1068     b3: 2930     h1: 1720     h2: 80     h3: 230
b1: 1462     b2: 628       b3: 2910     h1: 630       h2: 80     h3: 200
b1: 1000     b2: 1500     b3: 2500     h1: 1550     h2: 60     h3: 190

Intermediate pier 4: movable bearing

Span 5: length   21.700 m
b1: 1000     b2: 1500     b3: 2500     h1: 1550     h2: 60     h3: 190
b1: 1038     b2: 1122     b3: 2840     h1: 1140     h2: 90     h3: 190
b1: 1000     b2: 1210     b3: 2790     h1: 1220     h2: 70     h3: 200

Figure 5.14: Optimal solution: Environmental Impact (EI) as objective
function and initial mesh size 0.0150.
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Table 5.20: Cross-section dimensions for the optimal solution: Environmental
Impact (EI) as objective function and initial mesh size 0.0150.

Dimension Range Mean value

b3 (m) 2.50-2.94 2.82

h2 (mm) 60-140 85

h3 (mm) 180-240 202

b2 /h1 (-) 0.62-1 0.92

h1 (m) 0.63-1.72 1.22

Table 5.21: Built solution (BS) versus optimal solution (OS): Environmental
Impact (EI) as objective function and initial mesh size 0.0150.

Quantity BS OS Saving (%)

Concrete (m3) 1 085 970 10.44

Reinf. (ton) 252 199 21.11

Form (m2) 1 718 1 650 3.96

Piles (m) 2 016 2 016 0.00

IC (106 SEK) 12.06 10.60 12.09

EI (106 SEK) 2.32 1.97 15.23
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5.7.2.5 Effect of number of variables on the
performance of the optimization

The optimal solutions presented up to now are characterized by deck dimensions
varying all along the bridge (scenario A in Table 5.22). In real structures as the
built one, it is common practice to keep some dimensions constant to make the
construction work easier. The optimization procedure presented in this work can
be applied with some of the deck dimensions kept constant along the bridge. In
this section, the performances of the optimization procedure for the three scenarios
of Table 5.22 are compared. In all of them, the objective function is EI, b3 has been
used as a variable and the initial mesh size is 0.0150. Tables 5.23 to 5.28 compare
the three optimal solutions with the built one in terms of deck dimensions,
materials quantities, EI and IC.

The number of iterations to get to the optimal solution has been 227, 108 and 80
for scenarios A, B and C respectively. As expected, a reduction in the number of
variables leads to a faster procedure; however, also the savings are reduced
significantly.

One can conclude that the proposed methodology performs the best in terms of
savings in EI and IC when the deck dimensions are allowed to vary along the
bridge.

Table 5.22: scenarios tested in level 1. CS = cross-section. nCS = number of design
cross-section = 11 in the case study.

Variable Scenario A Scenario B Scenario C

b3 1 variable/CS 1 variable/CS 1

h2 1 variable/CS 1 1

h3 1 variable/CS 1 1

b2 / h1 1 variable/CS 1 1

h1 1 variable/CS 1 variable/CS 1 variable/CS

Number of variables 5*nCS = 55 3+2*nCS = 25 4+1*nCS = 15
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Table 5.23: Built solution (BS) versus optimal solution (OS) for Scenario A of
Table 5.22 in terms of static system and deck dimensions.

Dimension BS OS

b3 (mm) 2690 2500-2940

h2 (mm) 150 60-140

h3 (mm) 200 180-240

b2 /h1 (-) 0.38 0.62-1

h1 (mm) 800, 1300 630-1720

Table 5.24: Built solution (BS) versus optimal solution (OS) for Scenario A of
Table 5.22 in terms of materials quantities, IC and EI.

Quantity BS OS Saving (%)

Concrete (m3) 1 085 970 10.44

Reinf. (ton) 252 199 21.11

Form (m2) 1 718 1 650 3.96

Piles (m) 2 016 2 016 0.00

IC (106 SEK) 12.06 10.60 12.09

EI (106 SEK) 2.32 1.97 15.23
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Table 5.25: Built solution (BS) versus optimal solution (OS) for Scenario B of
Table 5.22 in terms of static system and deck dimensions.

Dimension BS OS

b3 (mm) 2690 2500-2840

h2 (mm) 150 80

h3 (mm) 200 190

b2 / h1 (-) 0.38 0.75

h1 (mm) 800, 1300 650 - 1990

Table 5.26: Built solution (BS) versus optimal solution (OS) for Scenario B of
Table 5.22 in terms of materials quantities, IC and EI.

Quantity BS OS Saving (%)

Concrete (m3) 1 085 997 8.10

Reinf. (ton) 252 207 17.95

Form (m2) 1 718 1 664 3.14

Piles (m) 2 016 2 016 0.00

IC (106 SEK) 12.06 10.85 10.01

EI (106 SEK) 2.32 2.03 12.64
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Table 5.27: Built solution (BS) versus optimal solution (OS) for Scenario C of
Table 5.22 in terms of static system and deck dimensions.

Dimension BS OS

b3 (mm) 2690 2740

h2 (mm) 150 70

h3 (mm) 200 200

b2 / h1 (-) 0.38 0.63

h1 (mm) 800, 1300 600 - 1990

Table 5.28: Built solution (BS) versus optimal solution (OS) for Scenario C of
Table 5.22 in terms of materials quantities, IC and EI.

Quantity BS OS Saving (%)

Concrete (m3) 1 085 1 021 5.86

Reinf. (ton) 252 211 16.15

Form (m2) 1 718 1 685 1.89

Piles (m) 2 016 2 016 0.00

IC (106 SEK) 12.06 11.05 8.41

EI (106 SEK) 2.32 2.07 10.81
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5.7.2.6 Easy-to-build optimal solutions

Instead of obtaining a solution more construction-friendly as shown in the
previous section, it is possible to manually modify the optimal one obtained in
Scenario A (Table 5.22). That solution is characterized by spans of various lengths
and deck dimensions varying all along the bridge. A more buildable solution
(Buildable Optimal Solution BOS) has been designed based on it. Concerning the
static system, the aim was to have a symmetrical structure. The span lengths for
BOS have been computed averaging the values of the optimal one. An accuracy
of 0.5 m for the span lengths has been used to allow for an easier construction.
Concerning the deck cross-section, the overhang slab and the web inclination have
been kept constant as in the built solution, while the web height varies. The
recommendations in section 5.7.2.4 have been followed. Moreover, it has been
observed in Figure 5.14 that the field of the second and second to last spans
required shorter cross-sections than the other spans. The comparison between the
proposed Buildable Optimal Solution (BOS) and the built solution (BS) is
presented in Table 5.29 and Table 5.30.

The comparison in Table 5.29 shows that simply adjusting the spans lengths,
increasing the deck height and web inclination and adding one design cross-
section, gives savings of more than 10% both for EI and IC (Table 5.30). Such
savings are possible without having to change the bridge type, the construction
method, the materials etc.

The BOS designed in this way gives higher savings than the ones obtained by
fixing some of the deck dimensions during the optimization (i.e. Scenarios B and
C in Table 5.22). Thus, it is confirmed that the best use of the proposed design and
optimization methodology consists in:

1. Assume that all deck dimensions can vary along the bridge during the
optimization process.

2. Manually adjust the optimal solution at the end of the optimization
process to meet aesthetic and functional requirements.

The results presented in this section are very promising. Indeed, the Bridge over
Norrtälje River has been designed by an experienced engineer, as similarities
between BS and OS prove. If the application of the design procedure proposed in
this work leads to savings of 10-15% for such a structure, even better results can
be expected for other structures. Moreover, this procedure would allow engineers
with limited experience to design optimal solutions saving materials and lowering
the environmental impact.
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Table 5.29: Built solution (BS) versus buildable optimal solution (BOS) in terms
of static system and deck dimensions. MB = movable bearing, FB = fixed bearing.

Variable BS BOS

Spans lengths (m) 21.5 27 27 27 21.5 22 26 28 26 22

Bearings MB MB MB FB MB MB MB MB FB MB MB MB

b3 (mm) 2690 2750

h2 (mm) 150 100

h3 (mm) 200 180

b2 / h1 (-) 0.38 (i.e. h1 = 2.6 b2) 0.91 (i.e. h1 = 1.1 b2)

h1 (mm)

800: field of all spans
and abutments

1300: intermediate
supports

1100: field of spans 1-3-5
and abutments

600: field of spans 2-4

1700: intermediate supports

Table 5.30: Built solution (BS) versus buildable optimal solution (BOS) in terms
of materials quantities, IC and EI.

Quantity BS BOS Saving (%)

Concrete (m3) 1 085 988 8.87

Reinf. (ton) 252 207 17.80

Form (m2) 1 718 1 677 2.37

Piles (m) 2 016 2 016 0.00

IC (106 SEK) 12.06 10.83 10.17

EI (106 SEK) 2.32 2.02 12.88
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5.7.2.8 Effect of reduced unit impacts of materials

Promising results have been obtained both for the investment cost and the
environmental impact by slightly changing the dimensions of the bridge. The next
step consists of investigating the effect of a reduction in the unit emissions of
materials. Concerning reinforcement, one way for reducing the impact is to
increase the amount of recycled steel. Regarding concrete, cement producers could
work on the used raw materials and on enhancing the manufacturing process.

In this section, a fictitious reduction of 30% in the emissions of concrete and
reinforcement has been applied separately. The two optimal solutions (minimizing
EI) for the Bridge over Norrtälje River are compared. The aim is to identify in
which direction research and industries should move concerning the reduction of
emissions in the production phase.

Table 5.31 compares the two optimal solutions. The one obtained assuming
reduced emissions of steel leads to a more environment-friendly and cost-effective
solution compared to the solution obtained assuming reduced emissions of
concrete. However, it presents a higher content of reinforcement. This result is
reasonable: reducing the unit emission of reinforcement makes the concrete a
bigger problem for the environmental impact. As a consequence, the optimization
procedure tries to minimize the concrete amount thus increasing the reinforcement
amount. This idea gets clearer looking at Table 5.32 and Table 5.33. They present
the comparison between the optimal solutions (OS) with reduced impacts and the
built one. For a fair comparison, EI for the built solution (BS) has been re-
computed assuming reduced emissions of materials. In the case with reduced unit
emission of concrete, the optimization tends to focus on reducing the
reinforcement amount. On the other hand, when producing reinforcement gets
more environment-friendly, the reductions are moved towards concrete amount as
well. Furthermore, by reducing the unit emissions associated with reinforcement
production, EI for the built solution decreases.

To conclude, one can say that a reduction in the unit emissions of reinforcement
would be more beneficial than the same reduction in the unit emission of concrete.
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Table 5.31: Comparison between the optimal solutions obtained reducing the unit
emissions of concrete and reinforcement.

Quantity
Reducing concrete
unit emission by

30%

Reducing steel
unit emission by

30%

Difference

(%)

Concrete (m3) 1 032 931 10.33

Reinf. (ton) 198 209 -5.40

Form (m2) 1 695 1 635 3.53

Piles (m) 2 016 1 932 4.17

IC (106 SEK) 10.79 10.64 1.40

EI (106 SEK) 1.75 1.67 4.73

Table 5.32: Built solution (BS) versus optimal solution (OS) with reduced concrete
unit emission by 30%.

Quantity BS OS Saving (%)

Concrete (m3) 1 085 1 032 4.87

Reinf. (ton) 252 198 21.30

Form (m2) 1 718 1 695 1.34

Piles (m) 2 016 2 016 0.00

IC (106 SEK) 12.06 10.79 10.53

EI (106 SEK) 2.05 1.75 14.24
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Table 5.33: Built solution (BS) versus optimal solution (OS) with reduced steel
unit emission by 30%.

Quantity BS OS Saving (%)

Concrete (m3) 1 085 931 14.21

Reinf. (ton) 252 209 17.05

Form (m2) 1 718 1 635 4.82

Piles (m) 2 016 1 932 4.17

IC (106 SEK) 12.06 10.64 11.78

EI (106 SEK) 1.96 1.67 14.52

Parametric studies

Section 5.7 showed the potential of replacing the current design practice with the
use of the developed software in one case study. In this section, a further step is
done: the design and optimization procedure is applied to several cases in order to
draw general conclusions and produce guidelines for designers.

5.8.1 Optimal number of spans

As previously explained, level 1 aims to find the optimal static system including
the optimal number of spans. To do so, the optimization of the static system is
performed as many times as the number of different configurations (i.e. number
of spans) the user wants to test. The configuration corresponding to the lowest
value of the objective function is then used during level 2. The graphs in Figure
5.15 and Figure 5.16 are obtained by performing level 1 optimization on a set of
total bridge lengths. As in the case of the Bridge over Norrtälje River, the deck
cross-section has been assumed to have constant width of 10 m. Moreover, the
following values have been assumed for the other deck dimensions: h3 = 200 mm,
b3 = 2500 mm and b2/h1 = 0.5. The distance between the deck upper surface and
the ground level has been assumed to be constant all along the bridge and equal to
5 m. A minimum clearance of 3 m all along the bridge has been assumed as well.
No infeasible regions for the piers have been considered and only numbers of
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spans which allowed for spans length in the range 8-403 m have been tested. Total
bridge lengths between 25 and 200 meters with a maximum of 7 spans have been
tested. The graphs in Figure 5.15 and Figure 5.16 show the final values of the
objective function (environmental impact in Figure 5.15 and investment cost in
Figure 5.16) divided by the total area of the deck and then normalized with respect
to the lowest value (i.e. the case with total length of 25 m and 2 spans). One curve
for each number of spans is drawn in the figures. The intersection between each
couple of consecutive curves is indicated as well.

Figure 5.15 and Figure 5.16 show that the shorter the bridge is, the bigger the
difference in terms of EI and IC between solutions with different number of spans
is. Accordingly, in the range of length 100-130 m, the solutions with 5, 6 and 7
spans do not differ that much. This confirms the solution for the Bridge over
Norrtälje River found in section 5.7.2.2.

Comparing the two figures, no significant differences in the optimal number of
spans (summarized in Table 5.34) are introduced by changing the objective
function. This allows to conclude, with still more certainty, that EI and IC are not
conflicting for this type of structures and the assumed costs and emissions.

Figure 5.15: Normalized environmental impact (EI) per deck square meter for
several bridge lengths and span number.

3 For spans longer than 40 m prestressed decks are usually used.
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Figure 5.16: Normalized investment cost (IC) per deck square meter for several
bridge lengths and span number.

Table 5.34: Optimal number of spans to minimize the environmental impact and
the investment cost per deck square meter.

Total bridge length (m) Optimal number of spans

25-35 2

35-55 3

55-65 4

65-95 5

95-130 5-6-7

130-200 7

5.8.2 Effect of material prices on the optimal
number of spans

To verify the validity of results in Table 5.34, a sensitivity analysis on steel unit
material price has been performed for bridge total lengths up to 100 m. No
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variation of the concrete cost has been assumed since the optimization process is
affected by the ratio between the unit cost of the two materials, not by the absolute
values. Only the optimization aiming to minimize IC has been performed for the
new costs since the results of the one minimizing EI will not be affected by such
a variation. Results are shown in Figure 5.17. A progressive increment of the
reinforcement cost leads to a progressive increase in the total investment costs.
For a given number of spans, the difference grows with the total bridge length.
Indeed, given the number of spans, longer bridges have longer spans, which will
need higher amounts of reinforcement compared to shorter ones. However, all
curves present the same behavior. Therefore, the intersections between them
should not change significantly.

To prove it, Figure 5.18 and Figure 5.19 show the most extreme cases: a reduction
of 80% and an increase of 100% in the reinforcement cost. As expected, the longer
the bridge, the biggest the effect of the variation in material cost. However, the
range of variation of the intersections is limited to 4 m.

Figure 5.17: Effect of the change in the reinforcement unit price on the normalized
investment cost (IC) per deck square meter. Assumed default price of
reinforcement: 9000 SEK/ton.
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Figure 5.18: Normalized investment cost (IC) per deck square meter for several
bridge lengths and span number. Assumed cost of reinforcement: 0.2*9000
SEK/ton.

Figure 5.19: Normalized investment cost (IC) per deck square meter for several
bridge lengths and span number. Assumed cost of reinforcement: 2*9000
SEK/ton.
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To conclude, the concrete-steel price ratio has a small effect on the optimal number
of spans and the recommendations of Table 5.34 are still valid in the length range
25-100 m.

5.8.3 Effect of unit emissions on the optimal
number of spans

Concerning the optimization that uses as objective function EI, once again, results
are affected by the ratio between the unit emissions of concrete and steel, not by
the absolute values. However, instead of finding the optimal solutions increasing
and then decreasing the emissions of only one material; the unit emissions of both
have been dicreased saparately. In this way, two analysis can be performed.

The first one aims, as in the case of IC, to analyze the sensitivity of results in Table
5.34 to the values assumed for the unit emissions. Such analysis is of major
importance: unit emissions used in this work (Table A. 7) are taken from the
Ecoinvent v.2.01 (Swiss Center for Life Cycle Inventories, 2008) database that
considers the typical European technologies and averages data collected in Europe
and Worldwide. The single producer could use different technologies and thus
give different values, which could lead to a different optimal configuration.
Results of the sensitivity analysis are shown in Figure 5.20. Figure 5.21 and Figure
5.22 show the most extreme cases: a reduction of 50% in the reinforcement and
concrete unit emissions. As in the previous section, the optimal number of spans
is not strongly affected by these variations. Once again, the sensitivity increases
for longer bridges. Thus, recommendations in Table 5.34 can still be used.

The second type of analysis is similar to the one performed on the Bridge over
Norrtälje River in section 5.7.2.7. It assumes values in Table A. 7 (i.e. taken from
Ecoinvent v.2.01) as baseline and aims to understand which production technology
should be improved in order to further reduce the environmental impact of this
type of bridges. Referring to Figure 5.21 and Figure 5.22, given a total bridge
length, all curves in the case of reduced concrete unit emission are higher than
those with reduced reinforcement unit emission. In other words, a reduction in the
unit emissions of reinforcement would be more beneficial for the environmental
impact than the same reduction in the unit emission of concrete. This result
confirms what has been found for the Bridge over Norrtälje River.
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Figure 5.20: Effect of the change in materials unit emissions on the normalized
environmental impact (EI) per deck square meter. Assumed default emissions:
Table A. 7 from Ecoinvent v.2.01.

Figure 5.21: Normalized environmental impact (EI) per deck square meter for
several bridge lengths and span number. Reduction of 50% in the concrete unit
emission with respect to values in Table A. 7.
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Figure 5.22: Normalized environmental impact (EI) per deck square meter for
several bridge lengths and span number. Reduction of 50% in the reinforcement
unit emission with respect to values in Table A. 7.

Conclusions

In this chapter, a two-steps automatic design and optimization procedure for RC
road beam bridges has been presented. It finds the solution that minimizes the
investment cost and the environmental impact of the bridge, while fulfilling all
requirements of Eurocodes. In the first step, given the soil morphology and the
two points to connect, it selects the optimal number of spans, type of piers-deck
connections and piers location considering any obstacle the bridge has to cross. In
the second and final step, it finds the optimal dimensions of the deck cross-
sections. Furthermore, the required reinforcement for the deck is designed in a
detailed way: given the bar diameters, spacing and cover, the total amount of bars
and the exact layout are computed.

A software for the application of the proposed procedure has been developed in
MATLAB® and integrated with a commercial FEM software for the structural
analysis of bridges. An application for the detailed design of reinforcement in RC
sections has been developed as well. Pattern Search provided in MATLAB®
Optimization Toolbox has been used as optimization algorithm together with a
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modified version of Genetic Algorithm. A memory system has been integrated to
make the process faster and treat continuous variables in a discrete way.

The software has been tested on an existing bridge recently designed according to
Eurocodes standards. Several analyses have been carried out in this case study
leading to the following results.

The performance of the optimization procedure is affected by the user
choices in terms of number and type of variables, initial dimensions and
parameters used by the optimization algorithms. Recommendations on
how to select them in order to get the best performance are given in
sections 5.7.2.1, 5.7.2.4 and 5.7.2.5.

Environmental impact is more sensitive than investment cost to
variations in the total amount of concrete. However, best results for both
investment cost and environmental impact are reached when the
optimization aims to reduce the amount of reinforcement.

Environmental impact (EI) and investment cost (IC) are not conflicting:
while minimizing one of the two, the other one is significantly decreased.

Comparing the built solution (BS) with the buildable optimal solution
(BOS), savings in terms of EI and IC in the range 10-15% have been
reached. The proposed solution follows the same aesthetic principles as
the built one and its construction should not be more difficult to execute.
Thus, the proposed procedure is proved to perform better than the current
design practice.

A reduction of 30% in the unit emissions of reinforcement and concrete
have been simulated separately. The comparison between the two optimal
solutions shows that the reduction in steel emissions leads to a more
environment-friendly solution. Thus, to further reduce the environmental
impact of bridges, the proposed method should be combined with
enhanced production techniques of steel aiming to reduce its unit
emissions. As an alternative, constructors could increase the amount of
recycled steel in new structures.

In addition to the above-mentioned case study, the proposed design procedure has
been applied in a parametric study with various total bridge lengths in order to
determine the optimal static system.
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Recommendations about the optimal number of spans for bridges of
lengths in the range 25-200 m are given through Figures 5.15 to 5.20 and
Table 5.34.

Solutions have been obtained both minimizing the investment cost and
the environmental impact. The results in terms of optimal number of
spans for the two cases do not differ significantly. This proves what
inferred in the case study as well: investment cost and environmental
impact are not conflicting for this type of bridges.

The two main materials used in these structures are concrete and
reinforcement steel bars; thus, results of the optimization procedure aim
to minimize IC are sensitive to the ratio between the unit costs of the two
materials. A sensitivity analysis has been performed varying the unit cost
of reinforcement and keeping constant that of concrete. Results in terms
of optimal number of spans do not vary significantly for bridges of length
25-100 m.

Analogously, a sensitivity analysis first reducing the unit emissions of
reinforcement and then those of concrete has been performed for the
optimization aimed to minimize EI. Once again, results in terms of
optimal number of spans do not vary significantly for bridges of length
25-100 m.

In line with what obtained in the case study, results of the sensitivity
analysis on materials unit emissions also show that a reduction of steel
emissions is more effective than the same reduction of concrete emissions
to decrease the total environmental impact of the bridge.
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6

Optimization of RC overhang
bridge slabs

The typical cross-section of a beam bridge deck can be divided into three main
parts: one or more girders, one slab and two edge beams. The girders are typically
made of steel or reinforced concrete and can have varying dimensions along the
bridge to guarantee enough resistance in the longitudinal direction. A RC slab is
placed on top of the girders or is cast together with them. In the case of concrete
slabs which are wider than the girders, the two most external portions are uniquely
constrained on one side each: therefore, they are called overhang bridge slabs or
cantilever bridge slabs (Figure 6.1).

In this chapter, the design and optimization procedure presented in section 2 is
applied to RC overhang bridge slabs with edge beams. Two types of rebar
materials are used: steel and Glass Fiber Reinforced Polymer (GFRP).

Figure 6.1: Overhang bridge slab and edge beam.

Chapter
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Background

The dimensions of the overhang slab and the edge beams are usually kept constant
along the bridge and chosen based on the engineer experience and rules of thumb.
During the design, these elements are not considered to contribute much to the
longitudinal resistance of the deck: as shown in Figure 5.4, only a small part of the
slab is included in the resistance calculation, while the edge beam is completely
neglected. However, they affect the deck self-weight. The reinforcement in these
members is designed in order to resist the actions from groups of concentrated axle
loads acting eccentrically on the slab. Such analysis can be performed on different
levels of modelling sophistication (Plos et al., 2016). Simplified methods for
calculating the design forces are normally used by engineers (Veganzones Muñoz,
2016). One of these methods is the one used in the previous application and
presented in section 5.5.1.4.

Simplified methods permit a fast and simple analysis of the overhang slab, but
they are too conservative (Plos et al., 2016 and Shu et al., 2019). Several studies
have been performed to estimate the actual load bearing capacity of overhang slabs
considering bending and shear behaviour (Vaz Rodrigues et al. 2008), punching
and fatigue behavior of prestressed concrete slabs (Hoonhee et al., 2010),
compressive membrane action (Amir, 2014, Keyvani et al., 2014, Belletti et al.,
2015 and Zhu et al., 2020) and the redistribution of shear forces (Shu et al., 2019).
Modelling these effects in the design stage would be too complex and it is
supported only by a few Codes (UK Highways Agency BD 81/02, 2002, Transit
New Zealand Ararau Aotearoa , 2003 and CAN/CSA-S6-06, 2006), which is one
of the reasons behind the use of simplified methods.

On the base of what just said, the problem is clear: pre-assigning the overhang slab
thicknesses based on rules of thumbs together with the use of conservative
assessment methods leads to over-designed slabs. The weight of these slabs is used
in the design of the deck and the substructure which, in turn, might lead to
significant increase in both the cost and the environmental impact of the entire
bridge. From this problem raises the need for structural optimization of these
components.

Several studies regarding the size optimization of bridge decks are present in
literature; however, most of them focus the optimization process on the
longitudinal design of the deck and perform a posterior assessment of the overhang
slab. While some research about optimization of RC or prestressed concrete slabs
has been performed (Aldwaik & Adeli, 2016, El Semelawy et al., 2012,
Ahmadkhanlou & Adeli, 2005), no article about the optimization of the overhang
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bridge slab itself has been found in the literature, to the best of the authors’
knowledge.

From a life cycle perspective, edge beams contribute significantly to maintenance
costs. In particular, 60% of life cycle measure costs for bridges in Sweden are due
to edge beam reparations (Fasheyi, 2013). This has to do with corrosion of steel
reinforcement in edge beams. From this, the proposal of replacing steel
reinforcement with a material that would not be sensitive to corrosion such as
GFRP.

Several studies on the use of FRP in structures because of their durability have
been performed. Three design solutions for footbridges are compared by Tromp et
al., 2019: concrete, steel and FRP deck. The solution with steel deck is identified
as the absolute least climate-friendly, while FRP outperforms the three if no end-
of-life scenarios are included. Berg et al. (2006) proposed the use of FRP materials
as reinforcement and formwork in concrete highway bridge decks. A study on the
environmental impact of RC columns with GFRP reinforcement is performed by
Al-Ayish et al., 2019. Their use instead of steel reinforcement is also proposed for
tunnels (Tiberti et al., 2014). Apart from the proven good resistance to
environments with high alkalinity, GFRP bars are allays also in aggressive marine
environments (Emparanza et al., 2022). The push from research in using these
materials is influencing the market for construction industry. Their request is
slowly growing but their use is still way limited compared to that of regular steel
(Eurometal, 2016).

In this study, a design procedure for GFRP RC sections is presented and the
potential for savings both in terms of life cycle costs and CO2-eq. emissions is
investigated.

Design variables and structural
analysis

It is possible to isolate the overhang slab from the rest of the deck without
significant loss of accuracy (Bakht, 1981). In this application, the structure is
modeled as a rectangular slab, which is clamped at one edge and free at the other
three edges (Mufti et al., 1993, Pacoste et al., 2012). The concrete slab has a
tapered thickness, linearly varying from the root to the free edge where the edge
beam is attached (Figure 6.2).
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Figure 6.2: Overhang slab and edge beam model.

The design variables of the optimization problem are the thicknesses of the slab
(tFE and tCE) and the height of the edge beam (hEB). In order to completely define
the geometry in Figure 6.2, these dimensions are necessary together with the
cantilever length (lc) and the length of the model (lx), which represents only a
portion of the entire overhang slab. lc depends on the deck width and the design in
the longitudinal direction, while lx has to be selected in such a way that the model
properly reproduces the behavior of the actual slab. The advantage of this model
lies in its simplicity since, with the appropriate lx, it is not necessary to consider
the whole length of the bridge. Figure 6.3 shows the relation between the minimum
longitudinal length of the model (lx) and the slab length (lc) obtained with a
convergence study on lx (Zelmanovitz Ciulla & García-Brioles Bueno 2018). Note
that the range of lengths in the figure is larger than that of realistic bridge deck
overhang slabs. Eq. (6.1) approximates the curve in Figure 6.3.

Figure 6.3: Minimum longitudinal length (lx) of the model as a function of the
cantilever length (lc).
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= 0.022 + 0.37 2.14 + 8.97 (6.1)

The analysis of the complete overhang slab would be necessary for short span
bridges where the distance between the abutments is less than lx in Eq. (6.1).
However, for very short spans, other type of bridges, such as slab-frame bridges,
are preferred over beam bridges with overhang slabs.

For the structural analysis, a 3D FE model of the overhang slab and the edge beam
is created in Abaqus (Simulia, 2016). By using shell elements for the slab and
beam elements for the edge beam, it is possible to capture the different behaviors
of the two elements and take into account the structural contribution of the edge
beam. To deal with the diverse behaviors of the overhang slab and the edge beam,
two different element types are used. A 4-node doubly curved thin or thick shell
with reduced integration (S4R) is chosen to model the slab, whereas 2-node linear
beam elements (B31) describe more accurately the response of the edge beam. The
connection between the free edge of the overhang slab and edge beam is performed
by tie constraints. Linear elastic analysis is adopted and, to account for the
conservative results obtained by this approach, distribution widths recommended
by Pacoste et al. (2012) are considered.

The software used for the structural analysis is not specialized in bridges, thus
there are not traffic loads, nor load combinations already implemented in the
software. All the loads listed below are modelled as line or surface loads and
combined according to Eurocodes. The loads considered in the analysis are: self-
weight of the structure and the pavement, LM1 and LM2 (Figure 6.4) defined by
Eurocode 1, sections 4.3.2 and 4.3.3 (European Commitee for Standardization,
2003). For the ultimate limit state, the least favorable of the load combinations in
Eq. 6.10a and 6.10b in section 6.4.3.2 of Eurocode: Basis of structural design
(European Commitee for Standardization 2005) is considered. For the
serviceability limit state, the load combination in Eq. 6.16b in section 6.5.3 of
Eurocode: Basis of structural design is considered instead.

Concerning load scenarios, three cases are considered both for LM1 and LM2:
Case 1: Vehicle travelling along the outmost part of the overhang slab, at
a minimum distance of 24 cm from the inner side of the edge beam. This
design case might give rise to the highest bending moment at the root of
the overhang slab.
Case 2: Vehicle travelling at distance d0 (effective depth of the cross-
section at the root) from the clamped edge. This scenario might give rise
to the highest values of shear forces on the deck. Loads even closer to the
root of the overhang slab are transferred to the longitudinal system and
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thus do not contribute to the shear in the overhang slab. However, they
contribute to the bending moment at the root of the overhang slab.
Case 3: Vehicle travelling at one meter from the free edge and no
uniformly distributed load due to traffic is acting within one meter from
the edge beam. This case represents the traffic during replacement of the
edge beam.

Since LM1 considers a vehicle which is a tandem system (TS) consisting of
double-axle concentrated loads, two possible placements in the longitudinal
directions of the axles are considered for the cases listed above. In the first
instance, the axles are placed at equal distance from the symmetrical axis of the
model; in the second, one of the axles is on top of the symmetrical axis (Figure
6.4). For every considered load scenario, the flexural moment is computed at the
clamped edge. Shear forces, instead, are computed in the most critical cross-
sections according to Swedish regulations (Trafikverket, 2011).

Figure 6.4: a) and b) Possible location of the tandem system for load model 1
(LM1), c) load model 2 (LM2).

Objective functions

When performing size optimization with given materials (i.e. concrete and steel
reinforcement or concrete and GFRP reinforcement), including LCM in the
objective function is expect not to make the difference. The maintenance and
inspection schedule does not depend on the sizes of the structure and the cost of
each life cycle measure has little to no connection with the sizes either. However,
when comparing two optimal solutions with different materials, LCM might be
determinant.
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Transportation from the producer to the site is not calculated in IC. However, one
should consider that, at the current stage, GFRP reinforcement producers are less
common than steel ones. Therefore, the transportation distance would probably be
longer. However, GFRP are way lighter so the number of required trucks might be
lower.

Furthermore, during operation and maintenance activities, traffic disturbance
occurs and the number of accidents might increase. The society and user cost
related to them is not included in this study to avoid including more uncertainties
and case-dependent variables such as average daily traffic, percentage of heavy
trucks etc. Moreover, these costs do not depend on the design variables and thus
have no role in defining the optimal solution. Considerations regarding these
quantities are made when comparing the two reinforcement materials.

Finally, complete life cycle costing analysis would include end of life (EOL) of
the structure. In this study, EOL has been neglected because an estimation
performed today would not significantly represent the situation at the end of the
design life of the structure (e.g. in 120 years) (Tromp et al., 2019). In particular,
GFRP reinforcement is a relatively young material, technologies for its disposal
are expected to change and improve fast.

For the above reasons, the objective function used in this chapter includes only
investment cost. LCM is used to compare the solutions with the two types of
reinforcement.

With reference to section 4.1.1, the elements included in the investment cost
calculations are the slab and the edge beam. Concerning the materials, concrete,
reinforcement and formwork are considered. The values used for the unit material
prices and the time needed to construct/install one unit of material are shown in
Table B. 1 and Table B. 2 in appendix B. Regarding the cost of labour per hour,
500 SEK has been used. In Table B. 2, the time needed to install GFRP
reinforcement is lower than the one for steel reinforcement. These values have
been obtained interviewing experienced designers and cost estimators, who
justified this difference with the reduced weight of GFRP bars. A reduction in the
labour time has also been observed by Berg et al. (2006).

Concerning LCM, the interest rate is assumed to be 4% (Trafikverket, 2020) and
the design life of the structure is set to 120 years. The operations included in this
study are: edge beam impregnation, edge beam replacement and replacement of
the waterproofing layer in the slab. The costs of these operations are listed in Table
B. 3 in appendix B. Costs are given per unit length and surface respectively for the
edge beam and the cantilever slab. Therefore, LCM does not depend on the
thicknesses of the slab nor on the height of the edge beam, which are the design
variable of the optimization problem. This confirms that LCM does not play a role
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in the search for the optimal dimensions of the structure for a given set of
materials. These operations are necessary in the case of steel reinforcement due to
the risk of corrosion, while they are not necessary with GFRP reinforcement. Thus,
LCM is relevant when comparing optimal solutions with different reinforcement
materials. Inspections, annual cleaning as well as railing replacement are
necessary in both cases, therefore, they are not included in the calculations of
costs. Finally, in the comparison between the two reinforcement materials, one has
to keep in mind that the use of steel will lead to additional costs related to traffic
disturbance and possible accidents which are not quantified in this work.

Concerning the environmental impact, CO2-eq emissions (i.e. global warming
potential GWP) are used as objective function. The decision of limiting the study
to GWP instead of including more emissions as in the previous application is a
consequence of the obtained results in section 5.7.2. GWP appears to be the
leading component for RC structures. The values used for the calculation of the
GWP are listed in Table B. 4 in appendix B.

Constraints

In this case, the performed structural verifications are: durability , crack control
w, deflection control u, bending moment M and shear V. Once the reinforcement
has been designed as explained in section 6.4.1, the possible constraint violations
are quantified as in Eqs. (6.2) to (6.6) and they are treated with the penalty method
due to the non-linearity of ULS and SLS constraints.

(6.2)

 (6.3)

(6.4)

[Eq. 7.2 (2) in EC2] (6.5)

(6.6)

where:  = maximum deflection according to Eq. (6.7).

[Eq. 7.4.1 in EC2] (6.7)
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Another list of constraints is used as well: they are the one related to
constructability. Eurocode limits bar spacing and concrete cover. As a
consequence, in order to fit at least one layer of reinforcement in the cross-section,
the overhang slab and the edge beam have minimum thicknesses. Eq. (6.8) and
(6.9) show the mathematical formulation of these constraints.

,
 (6.8)

,

(6.9)

The latter, together with limitations on single thicknesses according to user
preferences and/or national codes (Trafikverket, 2011) are used to narrow down
the searching space.

Finally, the linear constraints of several variables shown in Eq. (6.10) and (6.11)
have to be fulfilled as well.

0 (6.10)

+ + 8 cm 0 [Eq. B.1.11.2 in Bro 11:085] (6.11)

where:  = thickness of the pavement.

Constraints in Eq. (6.10) and (6.11) are given as linear constraints to the
optimization algorithm in the form of Eq. (3.1).

While the amount and type of constraints are the same regardless of the
reinforcement material choice, their effect can be different. Indeed, the admissible
crack width and the minimum concrete cover in the case of GFRP are different
from those of steel reinforcement due to the absence of corrosion risk.

6.4.1 Reinforcement

Results of the structural analysis in ULS are used to design the reinforcement,
which is also verified according to SLS for stress limitation, crack control and
deflection control.

The same assumptions of section 5.5.1.4 apply: since in common practice shear
reinforcement in the overhang slab is avoided, bending reinforcement is calculated
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both for the moment at the clamped edge and to provide enough shear resistance
in absence of stirrups. Once again, the output of the design procedure is not the
theoretical total area of reinforcement, but the specific bar layout as shown in
Figure 6.5.

Reinforcement for the slab consists in a grid of bars at the top and another at the
bottom. Whenever several layers of transversal bars would be necessary, bundle
bars are used instead. Top reinforcement is designed for a given bar diameter.
Bottom reinforcement, instead, is designed such that the bar spacing is the same
as the transversal top reinforcement while the lowest suitable commercial diameter
is used.

In the following, longitudinal reinforcement will refer to that in the direction of
the bridge and transversal reinforcement to that in the direction of overhang slab.
Concerning the transversal top reinforcement, the required steel area is expected
to vary along the overhang slab. To reduce complexity during construction, the
same rule as in section 5.5.1.4 has been applied: final design can contain a
maximum of two groups of reinforcement bars. One group of bars runs across the
overhang slab and a shorter group stops at the midpoint (i.e. lc/2). Finally, the
longitudinal reinforcement both at the top and bottom of the slab is the minimum
required by standards. Concerning the edge beam, reinforcement is designed
according to the recommendations of the Swedish standard Bro 11 (Trafikverket,
2011).

Figure 6.5: Example of reinforcement layout in the overhang slab and in the edge
beam (Zelmanovitz Ciulla & García-Brioles Bueno 2018).

6.4.1.1 Design of GFR rebars vs steel rebars in the
slab

Since GFRP bars are not commonly used in bridges, more details regarding their
behavior and the used design method are given below.
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GFRP under tensile loading has a purely linear elastic behavior (Hollaway, 1993),
which differs from the typical elastoplastic behavior of steel (Figure 6.6).
Therefore, a different design procedure is necessary when working with GFRP RC
sections. When GFRP bars with adequate bond characteristic are employed,
Duranovic et al., 1997a and 1997b proved that the assumptions of perfect bond
between reinforcement and concrete as well as sections that remain plane during
loading are valid. Thus, the same sectional analysis techniques used for steel RC
section can be used to formulate the design procedure for GFRP RC sections.

Figure 6.6: Stress-strain diagram for steel and GFRP reinforcement.

In this application, module 4 of the design process in Figure 2.1 consists in
calculating the needed bending reinforcement ( ) in the structure in an iterative
way. Starting from the minimum amount of reinforcement of Eq. (6.12), the
reinforcement is increased up to the maximum amounts of Eq (6.13) and (6.14)
until the condition in Eq. (6.15) is met. If the latter is never satisfied, the solution
is penalized and is not considered as a candidate for the optimal solution.

, = max 0.26 × × × ; 0.0013 × ×

[Eq. 9.1N in
EC2] (6.12)

, , = 0.04 × × [EC2] (6.13)

, , = 0.035 × × [Schöck Combar 2016] (6.14)

= (6.15)

where:
 = concrete tensile strength,

 = characteristic yield strength of reinforcement,
 = width of the cross-section,
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 = distance between the edge of the compressed area and the centre of
gravity of the reinforcement,

 = bending moment acting on the cross-section,
 = resisting bending moment of the reinforced cross-section,

 = height of the cross-section.

In order to calculate , the neutral axis of the reinforced cross-section has to be
identified using the equilibrium equation in Eq. (6.16).

= + (6.16)

where:
 = axial force acting on the cross-section,

 = force in the reinforcement,
 = force in the concrete,

 = distance between the edge of the compressed area and the neutral
axis.

The forces in the two materials represent the resultants of the stresses in the cross-
section. Neglecting the tensional resistance of concrete, considering perfect bond
between reinforcement and concrete and assuming that sections remain plane
during loading, the stress in the GFRP bars ( , ) can be calculated according
to Navier’s formula as in Eq. (6.17), while for steel reinforcement ( , ), Eq.
(6.18) should be used.

, ( ) = , × ( ), 0 ( ) , (6.17)

, ( ) =
, × ( ), 0 ( ) = ,

, < ( ) ,

(6.18)

where:
 = Young modulus of the reinforcement material,
 = deformation in the reinforcement calculated according to Eq. (6.19),

which is derived by the perfect bond between reinforcement and concrete
and the maintained planarity of the cross-sections,

 = design ultimate deformation of the reinforcement material,
 = design yield deformation of steel,
 = design yield stress of steel.

( ) = , × ( ) (6.19)
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where: ,  = maximum concrete strain reached at the edge of the compressed
area of the section.

The tension force in the reinforcement ( ) is calculated according to Eq. (6.20).

( ) = ( ) (6.20)

Concerning concrete, the compressive stress ( ( , )) at a distance y from the
neutral axis is calculated according to Eq. (6.21) [Eq. 3.17 and 3.18 in EC2].

( , ) =
× 1 1 , , 0 ( , )

, < ( , )
(6.21)

where:
 = design compressive strength of concrete,
 = concrete strain at reaching the maximum strength,
 = ultimate concrete strain,

 = coefficient dependent on the concrete class (table 3.1 in EC2),
( , ) = stain in the concrete at height y, which is computed as in Eq.

(6.22).

, = × , (6.22)

The compression force in the concrete for a rectangular cross-section with width
b is calculated as in Eq. (6.23).

= × ( ( , )) (6.23)

Whenever concrete is crushing (Eq. (6.24)), the effective compressive zone of EC2
can be used and Eq. (6.23) can be rewritten as in Eq. (6.25).

, = (6.24)

= × × × × (6.25)

In the ULS design of steel RC sections, concrete crushing is assumed for any
location of the neutral axis. As a result, the force in the reinforcement can be
calculated using Eq. (6.26), while Eq. (6.25) is used for the force in concrete.
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, =
× , 0 < , = ( + ) ×

, × × × ( ) , ,

 (6.26)

where:
,  = location of a neutral axis below which steel reinforcement is at

its yield stress,
 = effective height of the compression zone (Eq. 3.19-3.20 in EC2),

 = effective strength of concrete (Eq. 3.21-3.22 in EC2).

When it comes to flexural failure of GFRP RC sections, two failure modes are
considered instead: concrete crushing or reinforcement rupture.
The case of concrete crushing, analogous to the steel reinforcement case, is
obtained for neutral axis is in the range of Eq. (6.27). In this case, the force in the
reinforcement can be computed with the aid of Eq. (6.28) and the one in concrete
with Eq. (6.25).

, = ( + , ) × (6.27)

, ( ) = , × × × ( ) (6.28)

where: ,  = location of a neutral axis at which GFRP reinforcement reaches
the ultimate stress.

In the case of rupture of GFRP in tension, which is reached for neutral axis in the
range of Eq. (6.29) instead, the maximum stress in the concrete is lower than the
ultimate value for the material. In this case, the force in the reinforcement is
expressed as in Eq. (6.30).

0 , (6.29)

, = , × , × (6.30)

The force in concrete can have two formulations depending on the location of the
neutral axis and the consequent maximum value of the concrete stress. In the
neutral axis range of Eq. (6.31), Eq. (6.32) should be used, in the range of Eq.
(6.33), Eq. (6.34) should be used instead.

0 <
,

= ( + , ) × (6.31)

= × × 1 1
(6.32)
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,
< , (6.33)

= × 1 1 + (6.34)

where:
,

 = location of the neutral axis at which concrete strains exceed
,
 = compressive strain in the concrete at the peak stress,
 = distance from the neutral axis where  is reached. It is computed

using Eq. (6.35).

= , × ,
,

< , (6.35)

Figure 6.7 shows the graphs of the forces in the two materials as a function of the
neutral axis location.

Figure 6.7: Force in the concrete and in the reinforcement for cross-sections
subject to axial force and bending moment. Steel and GFRP rebars are considered.

Going back to Eq. (6.16), it is not possible to find the location of the neutral axis
since the definitions of the forces in the two materials depend on it. One approach
would be to solve Eq. (6.16) for every possible location on x and find the solution
which is actually within the assumed range of x. This approach can be time
consuming. However, it is possible to reduce the searching space for  as
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explained below. The force in the reinforcement has an upper limit which is
defined by Eq. (6.36) and Eq. (6.37) respectively for GFRP and steel
reinforcement.

, , , = , × , × (6.36)

, , , = × (6.37)

Using Eq. (6.16), Eq. (6.36) and Eq. (6.37), it is possible to calculate the maximum
force that can be reached by the concrete using Eq. (6.38).

, = , (6.38)

The maximum concrete force calculated in Eq. (6.38) is reached for a neutral axis
location identified by

,
. Since  is monotonically increasing in  as

shown in Figure 6.7,
,

. is the upper limit for . Therefore, by identifying the
interval to which , belongs, it is possible to identify the interval to which
belongs or at least limit the search domain.

Concerning GFRP RC sections, it is possible to identify the type of failure by
calculating the value of , .
If:

0 , 2 3 × × ×
,

=
,

(6.39)

then

0
, ,

< , (6.40)

Eq (6.40) indicates a cross-sectional failure due to rupture of GFRP reinforcement
in tension. Therefore, Eq. (6.30) is used to calculate the force in the reinforcement
which is used in Eq. (6.16) to calculate the force in concrete. The latter, together
with Eq. (6.32), allows for the calculation of .
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If instead:

,
< , × , × × × = , (6.41)

then

0 <
, , (6.42)

Once again, Eq. (6.42) indicates a cross-sectional failure due to rupture of GFRP
reinforcement in tension. Eq. (6.30) and Eq. (6.16) can still be used to calculate
the values of the two forces, but Eq. (6.34) should be used to determine  instead.

If none of the above mentioned cases occur, the failure is due to concrete crushing
and Eq. (6.25), (6.28) and (6.16) are used to determine the forces and the neutral
axis location. If the neutral axis falls beyond d and the reinforcement is in
compression, the solution is penalized and is not a candidate for the optimal
solution.
A similar reasoning is applied to the case of steel reinforcement.

Once the neutral axis is identified, the resisting bending moment can be computed
as follows:

for 0 < , (6.43)

= × + × ×
2

(6.44)

for < , (6.45)

= × + × × , × (6.46)

where:  = distance between the edge of the compressed area and the point of
application of the axial force.

Common practice for cantilever bridge slabs is to avoid shear reinforcement and
instead make sure that the bending reinforcement together with the slab
dimensions guarantee enough shear resistance. Therefore, bending reinforcement
is design as explained in the previous section and then the shear resistance of the
RC cross-section is calculated. Concerning the steel reinforcement case, the
calculations are based on section 6.2.2 of Eurocode 2, while in the case of GFRP
reinforcement, some changes are made. Experimental tests on beams and slabs
showed that the shear capacity of GFRP RC structures can be calculated with the
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same approach as steel RC structures by taking into account the different
stiffnesses of the two materials (International Federation for Structural Concrete
(fib), 2007).. In particular, to determine the amount of GFRP reinforcement, the
maximum strain fw that can be developed in the reinforcement is considered to be
0.0045 (International Federation for Structural Concrete (fib), 2007). Following
this principle, Guadagnini et al. (2003) proposed a modification to the concrete
shear resistance of Eurocode 2 as in Eq. (6.47).

, = × × 0.18 × × 100 × × × (6.47)

where:
 = concrete partial safety factor,
 = coefficient calculated as in Eq. (6.48),
 = reinforcement ratio calculated as in Eq. (6.49),

 = corrective factor for GFRP reinforcement calculated as in
Eq.(6.50).

= max 1 + 200 , 2 with in mm (6.48)

= max ( × ) , 0.02 (6.49)

= , , × (6.50)

If the resistance calculated with the bending reinforcement ( ) is lower than
needed, reinforcement is increased within the limit of Eq. (6.13) and (6.14) until
enough shear resistance is obtained.

6.4.1.2 Design of GFR reinforcement vs steel
reinforcement in the edge beam

Steel reinforcement in the edge beam is designed to be the minimum suggested by
Swedish standard Bro 11 (Trafikverket, 2011). Concerning bending
reinforcement, it consists in 7 bars of 16 mm diameter each placed as follows: 2 at
the bottom of the edge beam, 4 at the top and one at the middle of the edge beam
height. Since there is no indication of the number of bars in case of a different
reinforcement material, GFRP bending reinforcement has been designed to give
the same bending resistance as the suggested steel reinforcement.
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Concerning shear reinforcement, the Swedish standard Bro 11 suggests the use of
minimum one stirrup of diameter 10 mm every 300 mm. In the design of steel
shear reinforcement, the diameter of the stirrups ( ) is set to 10 mm while the
spacing ( ) is defined according to Eqs. (6.51) to (6.55).

(6.51)

(6.52)

(6.53)

[Eq. 9.5N in EC2] (6.54)

[Eq. 9.6N in EC2] (6.55)

Concerning the GFRP case, the diameter of stirrups ( ) is kept at 10 mm while
the spacing ( ) is defined based on Eqs. (6.56) to (6.60) which are obtained using
Guadagnini et al. approach on Eqs. (6.51) to (6.55).

(6.56)

(6.57)

(6.58)

(6.59)

(International Federation for Structural Concrete (fib),
2007) (6.60)

Optimization algorithms

The variables in this problem are the dimensions of the overhang slab and the edge
beam, so they are all continuous and represent similar features. This type of
variables and the objective functions previously introduced can be handled by a
gradient-free optimization algorithm such as Pattern Search. As previously
mentioned, the latter has been employed with success in similar problems in
literature (Surtees & Tordoff, 1981, Yavari et al., 2016 and Yavari et al., 2017) as
well as in level 2 optimization in the RC road beam bridge application, which
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performed a similar size optimization. The nature of this algorithm makes it
sensitive to the starting point and at risk of getting stuck in a local minimum. A
way to avoid these problems is to use an algorithm that combines local and global
search using randomization, such as Genetic Algorithm, which has been used in
several studies as well (Camp et al., 2002, Govindaraj & Ramasamy, 2005,
Srinivas & Ramanjaneyulu, 2007). Both algorithms have been used in this
application for the single objective formulation of the problem and their
performances have been compared. For the multi-objective formulation, only GA
has been used since PS cannot handle such problems.

Case study: Bridge over Norrtälje
River

The same case study of section 5.7 is used in this application. This structure is a
RC bridge; however, it should be mentioned that the design and optimization
procedure of this application can be applied to any deck presenting an overhang
concrete slab, including composite bridges.

6.6.1 The built structure and a previous study

In the built bridge, the overhang slab is constant along the bridge and has thickness
at the free edge (tFE) of 200 mm, thickness at the clamped edge (tCE) of 350 mm
and free slab length (lc) of 2690 mm. The edge beam has a constant cross-section
of dimensions 400 mm × 410 mm (bEB × hEB). The concrete in the superstructure
is of quality C35/45 and the reinforcement is of type B500B. Since the same bridge
has been studied in the previous application as well, the obtained approach and the
results are summarized in the following for comparison. In that study, the edge
beam dimensions are treated as preassigned parameters, while the slab thicknesses
are design variables. Also in that study, the overhang slab is isolated from the rest
of the deck and modelled as a slab clamped at one edge only. No finite element
model of this member or of the edge beam is employed. The flexural moment at
the clamped edge is computed using the influence surfaces proposed by Homberg
& Ropers (1965) taking into account the effect of the edge beam by fictitiously
extending the slab. Shear forces are computed by equilibrium in the most critical
cross-sections according to Swedish regulations (Trafikverket, 2011). The
overhang slab of the optimal solution identified by the author has the following
dimensions: hEB = 410 mm (preassigned), tCE = 280 mm and tFE = 180 mm.
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6.6.2 Optimal solution: results and discussion

Initially, only one objective function at a time is considered and Pattern Search is
used. Then Genetic Algorithm is used instead to solve the two single-objective
problems. Finally, the multi-objective problem is analysed and GA is applied
again.

In the comparison between optimization algorithms, no computational time is
shown since it depends on computer characteristics, multitasking etc. Instead, the
number of analysed solutions, i.e. individuals proposed by the optimization
algorithm, is used as performance metric when two processes converge to the same
result. The complete evaluation of one individual, including structural analysis,
design of reinforcement, computation of material quantities and evaluation of
investment cost and global warming potential, does not depend on the chosen
optimization algorithm. Therefore, what makes a difference in terms of
computational time is the number of individuals each algorithm has to analyse
before reaching the optimal solution. Moreover, for the two analysed algorithms,
the number of iterations is not relevant in the comparison. Indeed, each iteration
of GA analyses 40 individuals (35 new and 5 elites from the previous generation),
while PS evaluates 6 individuals per iteration. For the sake of completeness, both
number of evaluated solutions and number of iterations will be shown. Finally,
due to the introduction of the memory system based on the dimension accuracy
during construction, not all the analysed solutions result in a new complete
evaluation. Therefore, also the number of evaluated solutions is shown to measure
the reduction in the computational time thanks to the memory system.

6.6.2.1 Single-objective optimization problem with
steel reinforcement

Table 6.1 summarizes the results of the two single-objective optimization
problems solved with PS. Figure 6.8 and Figure 6.9 show the variation of material
amounts, IC and GWP during the process. Notice that the starting point of both
optimization problems is the solution of the previous application.

In both cases, because of the reduction in material quantities, IC and GWP are
reduced by 4% and 9% respectively with respect to the built solution. Moreover,
the slenderer overhang slab leads to a decrease of the concrete amount and the
self-weight of 14% and a possible further reduction of materials in the girders/web.
One can notice that the optimal solution (OS) for the system overhang slab-edge
beam is not far from that for the entire bridge in which no 3D FE model of the
deck is used and the flexural moment is computed using approximated methods.
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The results in Table 6.1 show that the solutions obtained with the two objective
functions are identical and the number of iterations is the same.

Table 6.1: Results of single objective optimization using Pattern Search with
Global warming potential (GWP) and Investment cost (IC) as objective functions.

Quantity Built
solution

Starting
point

OS
minimizing

GWP

OS
minimizing

IC

 (mm) 350 280 290 290

 (mm) 200 180 170 170

 (mm) 410 410 400 400

1 0.953 0.91 0.91

1 0.989 0.96 0.96

no. iterations - - 33 33

no. evaluated solutions - - 56 59

no. analysed solutions - - 198 198

Figure 6.8: Normalized quantities during the single-objective optimization using
Pattern Search and global warming potential as objective function.
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Figure 6.9: Normalized quantities during the single-objective optimization using
Pattern Search and investment cost as objective function.

Figure 6.8 and Figure 6.9 shows that the convergence paths that the two processes
follow differ a little. In particular, when the algorithm tries to minimize IC, in the
first iterations there is a phase in which IC and GWP are conflicting. In other
words, there is a temporary increase in GWP due to the decrease in IC. However,
for the rest of the process, the two quantities decrease together and converge to the
same result.

PS is a deterministic local search algorithm; therefore, one could argue that the
solution is a local minimum influenced by the choice of the starting point. Unless
the objective function is known in close form and the absolute minimum can be
calculated, there is no guarantee that the solution found with any optimization
algorithm is not a local minimum. However, there are some strategies to mitigate
this doubt. If one fears that the starting point is affecting the final solution,
simulations with several starting points can be run. In this case, one additional
simulation where the built solution has been used as starting point for the case with
investment cost as objective function has been performed: the same optimal
solution as Table 6.1 has been found. To confirm the hypothesis that it is not a
local minimum, more simulations would be necessary. Another strategy would be
to use a different optimization algorithm that combines local and global search
using randomization, such as GA. When applying GA, the same optimal solutions
as in the case with PS has been obtained, thus confirming that this solution is most
probably not a local minimum.
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Concerning the computational effort, Table 6.2 compares the evaluated and
analysed solutions with PS and GA. Both when minimizing IC and GWP, GA
requires around four times as many analysed solutions as PS to get to the same
results. It is possible to conclude that PS performs way faster than GA in this
optimization problem.

Finally, comparing the evaluated solutions with the analysed ones with both
objective functions and optimization algorithms, the memory system allows to
save between 38% and 72% of the computational time. One can notice that the
difference between analysed and evaluated solutions in the case of GA changes
significantly for the two objective functions. This is a consequence of the
stochastic nature of GA.

Table 6.2: Comparison between Genetic Algorithm (GA) and Pattern Search (PS)
in the single-objective optimization with respect to Global warming potential
(GWP) and Investment cost (IC).

Quantity GA - GWP PS - GWP GA - IC PS - IC

no. iterations 21 33 21 33

no. evaluated solutions 254 56 459 59

no. analysed solutions 740 198 740 198

6.6.2.2 Multi-objective optimization problem with
steel reinforcement

The single objective optimization led to the same optimal solution using the two
objective functions. To confirm that they are not conflicting, the same problem has
been solved using GA and a multi-objective formulation. The expected result of a
multi-objective optimization problem with conflicting objectives is a set of Pareto
optimal solutions. However, in the studied case, only one solution is found after
24 iterations and 198 evaluated individuals. The optimal solution coincides with
that of the single-objective formulation.

During the optimization, some generations present couples of Pareto solutions. A
representative example is in Table 6.3, where GWP and IC are normalized with
respect to the minima for the two Pareto solutions. This allows to clearly show
which solution minimizes each objective function and to see the relative difference
between the solutions. The presence of Pareto solutions in intermediate
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generations agrees with what observed in Figure 6.8 and Figure 6.9. Initially, IC
and GWP can appear conflicting; the reason is that IC is more sensitive to changes
in reinforcement amount than GWP, which, instead, is more sensitive to changes
in concrete amount. However, if the increase in the reinforcement amount is
significant, despite of a significant reduction of concrete, GWP increases.
Therefore, at the end of the optimization process, the reinforcement amount is the
leading factor for both objective functions. The same result is shown in the
application to RC road beam bridges.

Merging the results of the individuals evaluated in all the optimization processes
mentioned in this section, it is possible to have an idea of how IC and GWP varies
with the variable values. Figure 6.9 shows IC and GWP against tCE and tFE for all
the evaluated individuals with hEB = 41 cm. Figure 6.11 shows IC and GWP against
tCE and hEB for all the evaluated individuals with tFE = 17 cm. One can notice that
the optimal solution corresponds to the global minimum of the two functions.

All the results above are obtained considering the height of the edge beam to be at
least equal to 40 cm, which is the value recommended by Swedish standards.
Simulations with shorter allowed edge beams have been performed to draw some
preliminary conclusions on the role of the edge beam in the optimal solution.
Results show that the optimization procedure tends to minimize the edge beam
height arriving to the same thickness as the slab. This corresponds to having no
edge beam at all. The latter cannot be completely removed from the bridge deck
because of its non-structural functions. However, it is suggested that alternative
solutions to the classical RC edge beam should be considered.

Table 6.3: Pareto optimal solution for generation 10.

Quantity Pareto optimal solution 1 Pareto optimal solution 2

 (mm) 290 290

 (mm) 170 180

 (mm) 410 400

1 1.0077

1.0007 1
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Figure 6.10: Normalized Investment cost (IC) and Global warming potential
(GWP) as a function of the overhang slab thicknesses at the clamped edge (CE)
and the free edge (FE). Edge beam height of 41 cm.

Figure 6.11: Normalized Investment cost (IC) and Global warming potential
(GWP) as a function of overhang slab thickness at the clamped edge (tCE) and edge
beam height (hEB). Slab thickness at the free edge of 17 cm.
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6.6.2.3 Single-objective optimization problem with
GFRP reinforcement

In the previous section it has been shown how the use of structural optimization
instead of traditional design could lead to significant savings, while keeping the
same materials of the built solution. In this section, the potential for further savings
changing the reinforcement material to GFRP is explored.

Table 6.4 shows the comparison between the built solution and the optimal
solutions with the two reinforcement materials. The starting point for the
optimization is the same as Table 6.1. As anticipated, LCM does not depend on
the design variable values but on the geometric characteristic of the bridge and the
reinforcement material; therefore, LCM for the optimal solution with steel
reinforcement is the same as that for the built solution. For the sake of
completeness, LCCowner is shown; however, to have a meaningful comparison
between solutions, it is advisable to analyse IC and LCM separately. The way of
calculating these two quantities is different: IC is calculated on the base of
production of materials and labour work for the construction or installation as
shown in section 4.1 and 6.3. As mentioned in section 4.1, the objective functions
of this work exclude contribution that are present in real constructions but do not
affect the search of the optimal solution. On the other hand, LCM is based on
values taken from BaTMan, thus from actual projects.

Table 6.4 shows how the use of size optimization allows for reductions of 4% and
9% in IC and GWP when keeping the original reinforcement material: steel.
Increased savings are obtained switching to GFRP reinforcement: it is possible to
reduce IC up to 6%, and, more importantly, GWP up to 30%. Finally, the use of
an optimization procedure leads to a slenderer cantilever slab, which results in a
reduction of its self-weight of 11% and 6% in the cases of GWP and IC as
objective functions respectively. The latter affect the design of the main girder of
the deck. Therefore, there is an additional potential benefit in using optimization
techniques instead of the common design practice. This benefit is more
pronounced in the case of steel reinforcement. Moreover, for the first time in this
work, IC and GWP appear to be conflicting even though the two optimal solutions
differ of only a few centimetres and 1% in the objective functions.

The reduction of 30% in GWP might come as a surprise considering the values in
Table B. 4, where the unit emission of GFRP is higher than that of steel. However,
emissions are expressed per unit weight and steel is heavier than GFRP. In
particular, in this work, the following values are used: 1 m3 of GFRP weighs 2.2
ton and 1 m3 of steel weighs 7.92 ton. As a consequence, the emission of CO2-eq.
per unit volume of steel end up being higher than that of GFRP.
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Table 6.4: Results of single objective optimization using Pattern Search with
Global warming potential (GWP) and Investment cost (IC) as objective functions.
BS = built solution, OS = optimal solution.

Quantity Steel:
BS

Steel:
OS

GFRP: OS
for GWP

GFRP: OS
for IC

 (mm) 350 290 310 320

 (mm) 200 170 170 190

 (mm) 410 400 400 400

1 0.91 0.70 0.71

1 0.96 0.95 0.94

1 1 0 0

1 1 0.90 0.89

Parametric studies

In addition to the specific case of the previous section, this design approach based
on optimization has been applied to a set of overhang slab lengths going from 1 m
to 3 m. Slabs shorted than 1 m would be treated as flanges of the deck cross-
section, while the upper limit guarantees that only one traffic lane is on the
overhang slab. Whenever the bridge deck needs to be particularly wide, instead of
extending the overhang slab, a different solution is usually chosen (e.g with several
girders). A single objective formulation is implemented and PS is used as
optimization algorithm.

6.7.1 Steel reinforcement

Figure 6.12 and Figure 6.13 show the optimal overhang slab thicknesses obtained
while varying the free length using steel reinforcement of grade B500B and two
different classes of concrete: C35/45 and C50/60. The optimal edge beam height
is not shown since no interesting trend has been observed: all optimal solutions
present an edge beam with height of 40 cm.
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Figure 6.12: Optimal overhang slab thicknesses for slab lengths between 1 and 3
m. Materials: concrete of class C35/45 and steel reinforcement of class B500B.

Figure 6.13: Optimal overhang slab thicknesses for slab lengths between 1 and 3
m. Materials: concrete of class C50/60 and steel reinforcement of class B500B.
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For both concrete classes and for free lengths above 170 cm, the optimal solutions
obtained with the two objective functions coincide, as expected in light of the case
study. For shorter overhang slabs, instead, two different solutions are obtained. In
particular, solutions for minimum GWP, present more tapered slabs with respect
to those for minimum IC. As a result, when minimizing GWP, slabs requiring a
lower amount of concrete and a slightly higher amount of reinforcement are
preferred. As mentioned before, GWP is more sensitive to changes in concrete
amount compared to IC, which is more sensitive to fluctuations in reinforcement
amount instead. However, the amount of reinforcement usually leads the
optimization for both objective functions due to its high cost and unit emission. In
other words, when minimizing CO2-eq. emissions, the amount of concrete is
reduced as long as it is possible to do so without increasing significantly the
amount of reinforcement. In the studied optimization problem, for the concrete
class C35/45, for a length of 100 cm, a decrease of 5% in concrete volume leads
to an increase of only 0.07% in the reinforcement. For a length of 160 cm, a
decrease of 1.6% in concrete volume leads to an increase of 0.12% in the
reinforcement. For longer slabs, a reduction in concrete would require an increase
in reinforcement such that the final GWP would increase. Thus, the ratio between
concrete decrease and reinforcement increases changes with the overhang slab
length. This has to do with the leading design action: for short overhang slabs,
shear is dominant over bending moment, vice versa for long overhang slabs.

Even though the couples of optimal solutions are geometrically different, they do
not differ that much in terms of investment cost and global warming potential. In
particular, the biggest differences are found in correspondence of lc = 105 cm and
lc = 140 cm. In the first case, choosing the solution with IC increased by 0.73%
compared to the most economical one leads to a reduction of 1.18% in GWP. For
the longer overhang slab, to save 2.70% of GWP, IC has to increase of 0.33%. The
non-significant differences in terms of IC and GWP leave the choice between the
two optimal solutions to the designer. In this choice, one should also consider the
fact that the overhang slab is part of the longitudinal load bearing structure. For
example, when designing reinforced concrete decks as in section 5.4, only the part
of the overhang slab that is closest to the girder is included in the design cross-
section. The more external portion only adds self-weight. Therefore, the slab
should be as tapered as possible to increase the resistance at the clamped edge and
decrease the load at the free edge. Thus, the optimal solution obtained by
minimizing GWP could be preferred over that for minimum IC. Aesthetical
reasons might lead to one solution instead of another as well.

Finally, considering the load cases described in section 6.2, up to lc = 224 cm, only
one wheel per axle acts on the overhang slab. For slightly longer slabs, only the
bending moment at the clamped edge is influenced by the additional wheel.
Finally, for lc around 250 cm and higher (i.e. lc > 224 cm + d0 (effective depth of
the cross-section at the root)), also the shear force is affected by the presence of
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the additional wheel. This leads to the need of a thicker clamped edge and a higher
amount of reinforcement as shown in Figure 6.12 and Figure 6.13.

All the considerations above are valid for both concrete classes. When comparing
optimal solutions obtained with the two concrete classes for a given overhang slab
length, the C50/60 solution is slenderer than that for C35/45. However, in the
studied range on overhang slab lengths, the solutions for C35/45 happen to be
cheaper (savings in the range 1.71-5.13% with mean of 2.63%) and more
environment-friendly (savings in the range 4.53-10.54% with mean of 6.91%).
Indeed, the increase in unit price and unit CO2-eq. emissions obtained by
increasing the concrete strength counteracts the savings in concrete amount,
without significantly reducing the reinforcement amount.

6.7.2 GFRP reinforcement

Figure 6.14 shows the optimal overhang slab thicknesses obtained while varying
the free length using GFRP reinforcement and concrete of class C35/45. The
optimal edge beam height is not shown since, once again, no interesting trend has
been observed: all optimal solutions present an edge beam with height of 40 cm.
One of the differences between steel and GFRP reinforcement is the behaviour
when paired with the two objective functions. In the case with GFRP
reinforcement, the two objective functions appear to be conflicting for all
cantilever lengths. The relative difference between the optimal solutions is slightly
higher than in the steel reinforcement case. The maximum differences are found
for lc = 170 cm and lc = 185 cm. For lc = 170 cm, the optimal solution for the
climate would have GWP lower than the most economical solution by 4.2%. This
would come at a price: IC would be 1.1% higher. For lc = 185 cm instead, the most
economical solution would lead to a saving in IC of 3.6% compared to the most
climate-friendly solution. This would correspond though to GWP higher by 1.4%.
For most cantilever lengths, choosing the solutions that minimize GWP would not
increase IC as much as choosing the solutions that minimize IC would increase
GWP. Unless otherwise justified, it is advisable to go for the most climate-friendly
solution.

The reason for the existence of two different optimal solutions is to be found in
the relationships between the two main materials involved: concrete and GFRP
reinforcement. Figure 6.15 and Figure 6.16 compare the concrete and
reinforcement volumes of the two sets of optimal solutions. As also shown in
Figure 6.14, when the aim is to minimize GWP, slenderer slabs with less
reinforcement are preferred. Vice versa, when IC is to be minimized, the focus is
on the reduction of reinforcement resulting in thicker cross-sections and more
concrete volume.
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Figure 6.14: Optimal overhang slab thicknesses for slab lengths between 1 and 3
m. Materials: concrete of class C35/45 and GFRP reinforcement.

Figure 6.15: Concrete volume for the two sets of optimal solutions that minimize
IC and GWP. Materials: concrete C35/45 and GFRP reinforcement.
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Figure 6.16: Reinforcement volume for the two sets of optimal solutions that
minimize IC and GWP. Materials: concrete C35/45 and GFRP reinforcement.

6.7.3 Steel reinforcement vs GFRP
reinforcement

Figure 6.17 and Figure 6.18 allow for the direct comparison between the optimal
solutions using steel and GFRP reinforcement for the two objective functions. In
both cases, the solutions with GFRP reinforcement result in thicker slabs. This
comes from the fact that, for the same concrete cross-section, more reinforcement
is needed when using GFRP instead of steel. The difference in thicknesses is more
accentuated for the case minimizing IC:this agrees with the results observed
several times in this work: GWP is more sensitive to concrete variations while IC
is more sensitive to reinforcement variations. Therefore, when minimizing IC,
there is a stronger will to reduce reinforcement by increasing concrete.
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Figure 6.17: Comparison between optimal cantilever slab thicknesses for steel and
GFRP reinforcement when minimizing IC.

Figure 6.18: Comparison between optimal cantilever slab thicknesses for steel and
GFRP reinforcement when minimizing GWP.
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Figures 6.19 to 6.22 show the comparison between the values of the objective
functions when using the two reinforcement materials. In particular, Figure 6.19
and Figure 6.22 show GWP and IC for the most climate-friendly solutions, while
Figure 6.20 and Figure 6.21 show them for the most economical solutions.
Concerning GWP, using GFRP reinforcement is clearly better than steel, no matter
which solution is considered (most economical or most climate-friendly).
Concerning IC, differences in IC and GWP between reinforcement materials are
limited. However, if the solutions minimizing IC are considered, GFRP
reinforcement appears to be a better choice for all cantilever lengths. Additionally,
one must consider that steel reinforcement, being sensitive to corrosion, will also
need more maintenance operations compared to GFRP. Each of this life cycle
measure might also lead to traffic disturbances with associated society and user
costs. Considering all of this, GFRP is to be preferred.

Figure 6.19  and Figure 6.20 show a steeper increase in GWP for cantilever lengths
above 270 cm. One can conclude that it is advisable to limit the cantilever length.
However, a complete analysis of the deck would be necessary to confirm this
result.

Figure 6.19: Comparison between steel and GFRP reinforcement in terms of
GWP. The shown solutions are those minimizing GWP.
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Figure 6.20: Comparison between steel and GFRP reinforcement in terms of
GWP. The shown solutions are those minimizing IC.

Figure 6.21: Comparison between steel and GFRP reinforcement in terms of IC.
The shown solutions are those minimizing IC.
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Figure 6.22: Comparison between steel and GFRP reinforcement in terms of IC.
The shown solutions are those minimizing GWP.

The results in sections 6.7.1 and 6.7.2 show that in the case of steel reinforcement,
the two objective functions are not conflicting, while in the case of GFRP
reinforcement they are. The reason behind this is to be found in the ratios between
the unit costs and unit emissions of the three materials. In Table B. 1 and Table B.
4, material prices and unit emissions for the three materials have different units.
In order to look at the ratios, prices and emissions are rewritten as in Table 6.5 and
Table 6.6 per unit volume. These tables show how concrete seems to be the
cheapest and most climate-friendly material among the three. Comparing steel and
GFRP, the first is cheaper but has a higher climate impact. These considerations
apply if one cubic meter of each material is considered. However, one should
consider two factors: 1) in RC sections, the area (thus volume) of reinforcement is
way lower than that of concrete as shown in Eqs. (6.2) to (6.4), 2) given the same
concrete section, to obtain the same resistance using GFRP and steel, different
reinforcement contents are needed. Considering the upper and lower bounds for
the reinforcement content of Eqs. (6.2) to (6.4) and assuming to have 1 m long
beam/slab with 1 m2 concrete cross-section, Table 6.7 and Table 6.8 can be
obtained. They show the material costs and emissions in the extreme cases of
reinforcement content. Figure 6.23 shows the same results.
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Table 6.5: Material prices per unit volume.

Material Unit price Cm

Concrete C35/45 1 800 SEK/m3 = Cconcrete

Steel reinforcement (B500B) 71 280 SEK/m3 = 39.6 Cconcrete

GFRP reinforcement, 70% fibres, VE 132 000 SEK/m3 = 73.3 Cconcrete

Table 6.6: Emission of CO2-eq. per unit volume from Ecoinvent Database v3
(Swiss Center For Life Cycle Inventories, 2013).

Material Emissions of CO2-eq. (fm)

Concrete C35/45 381 kg CO2-eq./m3 = fconcrete

Steel reinforcement (B500B) 16 568.64 kg CO2-eq./m3 = 43.5 fconcrete

GFRP reinforcement,

70% fibres, VE

7 759.4 kg CO2-eq./m3= 20.4 fconcrete

Table 6.7: Reinforcement cost with respect to concrete cost for several
reinforcement contents. Materials: concrete C35/45, steel B500B, GFRP 70%
fibres, VE.

Reinforcement
material

Reinforcement
content NormalizedMC

Leading
material

Steel  0.01 – 0.025 0.396 – 1 Concrete

Steel 0.025 – 0.040 1 – 1.584 Reinforcement

GFRP  0.01 – 0.014 0.733 – 1 Concrete

GFRP 0.014 – 0.035 1 – 2.567 Reinforcement
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Table 6.8: Emission of CO2-eq. due to reinforcement with respect to emission of
CO2-eq. due to concrete for several reinforcement contents. Materials: concrete
C35/45, steel B500B, GFRP 70% fibres, VE.

Reinforcement
material

Reinforcement
content Normalized GWP

Leading
material

Steel  0.01 – 0.023 0.435 - 1 Concrete

Steel 0.023 – 0.040 1 – 1.739 Reinforcement

GFRP  0.01 – 0.035 0.204 – 0.714 Concrete

Figure 6.23: Global warming potential and material cost of reinforcement with
respect to concrete.
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When the ratio between material costs or global warming potentials is equal to 1,
the two materials contribute in the same amount to the total cost or global warming
potential. As indicated in Figure 6.23, when the ratio raises above 1, reinforcement
has the highest contribution. Thus, to reduce the objective function, it is preferable
to reduce the reinforcement amount. When instead the ratio is below 1, concrete
should be reduced since it has the highest influence.

In Figure 6.23, it is clear why the case with steel reinforcement leads to only one
solution for the two objective functions, while the case with GFRP has two distinct
solutions. The two lines representing the ratios of costs and emissions for steel
reinforcement almost overlap. Therefore, the optimization behaves in the same
way for both objective functions. In the case of GFRP, for any admissible
reinforcement content, the ratio between GWPs of reinforcement and concrete is
always below 1. As a result, the optimization tries to reduce concrete as much as
possible. Concerning MCs instead, almost all reinforcement contents would make
the optimization focus on reducing reinforcement amount. This explains the
existence of two different solutions.

Creating a graph as the one in Figure 6.23 with several possible reinforcement
materials can help draw conclusions before performing the optimization process.
Given a reinforcement material, it is possible to understand if it will be necessary
to perform one optimization procedure for each objective function. For the
solution to be unique, two cases are possible: 1) the GWP and MC lines overlap as
in the case of steel in Figure 6.23, 2) there exist two distinct lines but they belong
to the same area of the graph (above or below 1). Another conclusion that can be
drawn is the following. For a given reinforcement material, if it appears that
concrete will lead the optimization, one can replace the more complex objective
functions with concrete weight or volume.

6.7.4 Parametric studies on LCM

In this problem, LCM is calculated only for the steel reinforcement case and it does
not depend on the design variables. However, it depends on the cantilever length
and the interest rate. Figure 6.24 and Figure 6.25 show these dependences. LCM
is higher for longer cantilevers: in these cases, choosing GFRP as reinforcement
material instead of steel is recommended even more. Whenever the interest rate
raises, two phenomena happen: the difference between long and short overhang
slabs in terms of LCM is negligible and the value of LCM is relatively low.

Figure 6.26 and Figure 6.27 show the contributions of life cycle measures on the
slab and the edge beam to the total LCM. Since only the replacement of
waterproofing layer in the slab depends on the cantilever length, the contribution
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of the slab on the total, is proportional to the cantilever length. However, no matter
what length and what interest rate are considered, the contribution of the edge
beam is significantly higher. This result, together with the optimization process
always converging to the shortest allowable edge beam, suggests that the edge
beam is a cost and environment critical element. Other solutions to replace the
traditional edge beam should be considered.

Figure 6.24: LCM as a function of the interest rate for cantilever lengths between
100 cm and 300 cm.

Figure 6.25: LCM as a function of the cantilever length for interest rates between
2% and 8%.
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Figure 6.26: Contributions of slab and edge beam life cycle measures on the total
LCM for various cantilever lengths and 2% interest rate.

Figure 6.27: Contributions of slab and edge beam life cycle measures on the total
LCM for various interest rates (p) and cantilever length of 1 m and 3 m.
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Conclusions

In this chapter, the design and optimization procedure presented in this work is
applied to RC overhang slabs of bridge decks with edge beams. Investment cost
(IC) and global warming potential (GWP) are minimized by optimizing the slab
thicknesses and the edge beam height. Cost for life cycle measures (LCM) is
calculated at the end of the optimization process. Reinforcement is designed to
fulfil Eurocodes requirements for ULS and SLS. Two types of reinforcement are
considered: traditional steel reinforcement and GFRP reinforcement. Two
optimization algorithms are used and compared in terms of performance: Pattern
Search (PS) and Genetic Algorithm (GA). Both single and multi-objective
problems are solved.

A software for the application of the proposed procedure has been developed in
MATLAB® and integrated with a commercial FEM software for the structural
analysis of bridges (Abaqus FEA). Pattern Search provided in MATLAB®
Optimization Toolbox has been used as optimization algorithms together with a
modified version of Genetic Algorithm. A memory system has been integrated to
make the process faster and treat continuous variables in a discrete way.

A case study regarding a reinforced concrete beam bridge in Norrtälje, Sweden, is
presented. Both optimization algorithms are used separately to solve the single-
objective optimization problem. GA is also used for the multi-objective
formulation of the problem. The following conclusions can be drawn:

In the single objective optimization, PS reaches the optimal solution in
shorter computational time compared to GA. For the two objective
functions, GA is 4.5 and 7.8 times slower than PS.

The use of the memory system with a design variable tolerance of 1 cm
allows for reductions in the computational time between 38% and 72%
for the two algorithms.

When steel reinforcement is used, the same optimal solution is found by
the two algorithms and with the two objective functions used separately
or simultaneously, i.e. no Pareto optimal solutions are identified. IC and
GWP appear not to be conflicting when steel reinforcement is used

Using the same materials as the built solution (i.e concrete C35/45 and
steel B500B), the optimization procedure leads to savings in IC, GWP
and weight of 4, 9 and 14% respectively.
When GFRP reinforcement is used instead, two different solutions are
found. The one that minimizes IC leads to the following reductions: 6%,
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29% and 6% respectively in IC, GWP and weight. The solution that
minimizes GWP instead leads to the following reductions: 5%, 30% and
11% respectively in IC, GWP and weight. The difference between the
two optimal solutions in terms of objective functions is only 1%,
however, the sizes of the slab and the amount of concrete change slightly
more.

Comparing the optimal solutions for steel and GFRP reinforcement, the
second one is to be preferred. Additionally, the solutions with steel
reinforcement requires several maintenance measures among which
impregnation and replacement of the edge beam and replacement of the
waterproofing layer in the slab. These activities contribute to LCM for
the steel solution while they are not necessary for the GFRP case.

Regardless of the reinforcement material, the optimal value of the edge
beam height is the lowest recommended by Swedish standards. When this
limit is disregarded, the optimization procedure reduces the edge beam
height arriving to the same thickness as the slab, i.e. it removes the edge
beam. Since the latter cannot be completely removed from the bridge
deck because of its non-structural functions, alternative solutions to the
classical RC edge beam should be considered.

The optimization procedure is also applied to a set of overhang slab lengths going
from 100 cm to 300 cm. Optimal solutions for overhang slab thickness are
presented in graphs that can be used in early design stage. Moreover, the following
conclusions can be drawn:

In the case with steel reinforcement, no differences between cost-
effective and environment-friendly solutions are observed for overhang
slabs longer than 170 cm. For shorter cases, two solutions are found. They
differ geometrically, but the values of their objective functions are
similar: the maximum difference between the two solutions in terms of
GWP and IC are respectively 2.70% and 0.73%.

Two different concrete qualities have been paired with steel
reinforcement: C35/45 and C50/60. Solutions for C35/45 are cheaper
(savings up to 5.13%) and more environment-friendly (savings up to
10.54%) than those for C50/60. Thus, whenever the choice of concrete
class is not restrained by other factors, the lower concrete class should be
used. In RC decks, common practice is to use the same concrete class for
the girder and the overhang slab. Therefore, it can happen that the choice
of concrete class has to follow the design of the entire deck.
In the case with GFRP reinforcement, the two objective functions appear
to be conflicting for all cantilever lengths. The relative differences
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between the optimal solutions are 4.2% and 3.6% respectively for GWP
and IC. For most cantilever lengths, choosing the solutions that minimize
GWP would not increase IC as much as choosing the solutions that
minimize IC would increase GWP. Unless otherwise justified, it is
advisable to go for the most climate-friendly solution.

By comparing the concrete and reinforcement volumes of the two sets of
optimal solutions one can notice that slender slabs are preferred when the
aim is to minimize GWP, while thicker cross-sections and more concrete
volume are obtained when minimizing IC.

Comparing the solutions for GFRP reinforcement result in thicker slabs
compared to those with steel reinforcement. The reason is that more
reinforcement area is needed when using GFRP instead of steel.

GFRP reinforcement appears to be a better choice for all cantilever
lengths in comparison to steel. Indeed, both IC and GWP are lower. The
same reasoning regarding LCM applied to the case study is valid here.

A parametric study on the effect of the interest rate and the cantilever length
on LCM is performed as well and led to the following conclusions:

LCM is higher for longer cantilevers: in these cases, choosing GFRP as
reinforcement material instead of steel is recommended even more.
However, for high interest rates the difference between long and short
overhang slabs in terms of LCM is negligible and the value of LCM is
relatively low.

The contribution of maintenance operations concerning the slab on the
total LCM is significantly lower than that of the edge beam. This result,
together with the optimization process always converging to the shortest
allowable edge beam, suggests that the edge beam is a cost and
environment critical element. Other solutions to replace the traditional
edge beam should be considered.
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In this last application, steel-concrete composite bridges are studied. The aim is to
optimize the bridge deck with respect to material cost and global warming
potential. Once again, the attention is on road beam bridges.

Background

Several studies have been performed concerning composite floors for multistory
buildings, which consist of concrete slabs connected to steel beams through shear
connectors. Senouci & Al-Ansari (2009) showed that a reduction in composite
beams cost can be achieved using genetic algorithms for the optimization of steel
beam, concrete slab and shear studs. Kravanja et al. (2017) performed cost
optimization of composite steel and concrete floors using multi-parametric mixed-
integer non-linear programming (MINLP) approach. Several parametric studies
have been performed to identify the influence on the optimal solutions and assist
designers in decision making process. Other parametric studies have been
performed by Korouzhdeh et al. (2019) while proposing a standardized
formulation procedure for cost-safety optimization of steel-concrete composite
beams.

The geometry of composite floors resembles that of composite beam bridges:
however, span lengths are shorter and loads are different thus results can not be

Chapter
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directly applied. Some studies on optimization of composite bridges have been
found as well. Gocal & Dursova (2012) compared 32 superstructures of steel and
concrete composite road bridges in terms of consumption of structural steel,
concrete and reinforcing steel bars. The aim was to optimize the transversal
disposition of these structures considering various span lengths, bridge width and
number of girders. In a work by Orcesi et al. (2018), five design options for steel-
concrete composite bridge decks are compared in terms of agency costs, user cost
and total environmental impact. They differ by steel quality and, as a consequence,
maintenance strategy and material amount. Pedro et al. (2017) proposed a method
to minimize material cost of simply supported steel-concrete composite I-girder
bridges. Skoglund et al. (2020) instead, proposed the use of high strength steel to
obtain more sustainable construction. However, they showed that such a solution
does not represent a good alternative to traditional steel when fatigue is the
designing action, which is often the case for composite bridges.

To the best of the author knowledge, no article in the literature has been published
dealing with the optimization of composite bridge decks considering all traffic
loads, load combinations and construction phases and including the number and
location of splices.

Scope

This part of the work is subject to the following limitations and simplifying
assumptions:

The developed software deals with straight bridges with constant width,
thus centrifugal forces are neglected.
The static system is preassigned. The deck is modelled as a continuous
bridge over several supports. It is possible to assign several different
boundary conditions, however, the results in this chapter are for one pin
support on one side and rollers in all other support locations (Figure 7.1).
The deck is made of two symmetric steel girders and a RC slab of
constant thickness (Figure 7.2). The presence of only two steel girders
limits the total width of the deck. Due to symmetry, the structural analysis
is performed considering only half of the deck.
Wind and braking loads have been omitted.
No dynamic effects have been considered.
The casting sequence for concrete is preassigned together with the length
of casting as explained in section 7.5.



7.3 DESIGN VARIABLES

131

Figure 7.1: Example of static system of composite bridge with three spans.

Figure 7.2: Cross-section of composite bridge deck.

Design variables

Steel girders for composite bridges do not generally have constant dimensions
along the entire bridge. However, the sections do not vary linearly as it can happen
for RC decks. It is common to have a segment of steel girder with constant
dimensions connected, e.g. welded, to another one of different dimensions in a
location along the span called splice. The number and location of splices is usually
decided by the designer. In this application, the total height of the beam is assumed
to be constant along the span. Moreover, no splices can be placed at an
intermediate support to avoid fatigue problems.

Considering Figure 7.3 and Figure 7.4, the design variables of the optimization
problem are all the dimensions of the steel girder (wlf, tlf, tw, tuf, wuf and hbeam) in
every cross-section with different dimensions and the location of the splices. Since
it is not possible to solve an optimization problem where the number of variables
is not predefined, the number of splices along each span is preassigned. However,
their locations are design variables.

L1 L2 L3

B

b

tc
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Figure 7.3: Part of cross-section of symmetric composite bridge deck.

Figure 7.4: Splice locations.

Objective functions

The two previous applications (chapters 5 and 6) are about topological and size
optimization of reinforced concrete structures. Even though only concrete
dimensions are treated as design variables, reinforcement is designed accordingly.
Therefore, both materials are changing in the optimization process and they are
contributing to the objective functions. Therefore, in general, minimizing the
volume or the weight of the structure would not lead to the same result as
minimizing cost and environmental impact.

In this application instead, the RC slab is neither designed nor optimized. Only the
steel girder dimensions and the number of splices along each span are optimized.
In other words, only the amount of one material can change between two solutions.
As a result, minimizing the steel volume would lead to the same results as
optimizing the investment cost or the global warming potential. For this reason,
the objective function of this study is the volume of steel in the girders, which are

wuf

wlf

tlf

tuf

tw
hbeam

xsplice1

xsplice2
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assumed to be made of one steel grade only. In the case of hybrid girders, i.e. when
several steel grades are used for the beam plates, minimizing the volume would
not necessary minimize the cost (Skoglund et al. 2020).

Once the volume of the bridge is minimized, it is possible to calculate the material
cost and the embedded carbon emissions using the tables in appendix C.
Computing these values is of interest when comparing several optimal solutions
e.g. made of different steel grades.

The decision of not including the RC slab is based on the fact that the main
resisting components are the girders and the slab dimensions and reinforcement
content can be preassigned based on the total width of the deck and the distance
between girders. In this application, the slab is assumed to be constant in thickness
across the deck width and along the bridge. Alternatively, values obtained in
chapter 6 could be used for the overhang portion of the slab.

Constraints

In this application, the main constraints are structural and they are taken into
account using the penalty method. To quantify the possible constraint violation,
two external software are used. The same FEM software used for the application
in chapter 5, Strip-Step 3, is used in this study for the structural analyses. The main
difference between the structural analyses for this application with respect to the
other two is that here it is performed several times for each studied individual. The
reason is to be found in the construction method for this type of bridges. A typical
method consists in launching the steel girders and subsequently casting the
concrete slab. The latter is usually casted in several steps: to avoid cracking in the
concrete, for each span, the portions where the bending moment due to self-weight
is expected to generate compression in the slab are casted first. Until the fresh
concrete hardens, its resistance should not be considered, while its weight should.
As a result, both acting loads and resisting sections change during construction.
Therefore, one structural analysis is performed for every construction phase, i.e.
every time a change in the loads and/or in the resisting section occurs. Figure 7.5
shows the construction phases and the assumed concrete casting sequence in the
case of a three-span bridge. When the bridge is simply supported, concrete is
casted all at once.
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Figure 7.5: Construction phases for a three-spans bridge.

The outcome of the structural analyses are the sectional forces which are used to
quantify the possible constraint violations. These verifications are performed in
the following sections along the spans:

at the supports,
at the mid-point and quarter points,
right before and right after the splice locations,
right before and right after the concrete casting segment extremes,
right before and right after the section where concrete is expected to crack
(i.e. 15% of the span length from internal supports as in European
Commitee for Standardization, 2005).

Some of these sections are chosen because they are expected to be critical for
shear, others for fatigue and others for bending. All verifications are performed in
each section. Cross-beams are not modelled, however, their weight is included in
the loads by increasing the self-weight of the steel girders by 10%. Other critical
sections for fatigue are those where the cross-beams are welded to the main beams.
By performing the fatigue verification for all sections listed above with an
appropriate detail category, one can have a good understanding of the fatigue
behaviour of the structure and identify the best locations for the cross-beams.

0.2 L2 0.2 L2

L1
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Once the sectional forces are extracted from the structural analysis, to determine
the cross-sectional class, stresses and resistance to bending (M) and fatigue (FAT),
an ELU Konsult in-house software, ECBalk, is used. Constraints are formulated
as in Eq. (7.1) and (7.2) and handled using the penalty method.

g = 1
(7.1)

g , =
× ,

1
 (7.2)

where:
 = highest stress in the section,
 = partial factor for equivalent constant amplitude stress ranges,

,  = damage equivalent stress range related to 2 million cycles (9.2 –
EC3),

 = reference value of the fatigue strength at 2 million cycles,
 = partial factor for fatigue strength.

The value of  depends on the detail that is checked for fatigue. Detail category
80 is used for all sections and all plates. In sections close to splices, in upper and
lower flanges, the minimum between detail categories 71 and 80 including size
effect is used. Detail category 71 is used in presence of cope holes. The latter are
necessary when welding on site. It is preferable to reduce or avoid welding on site;
however, it might not be possible or economical to transport beams longer than 25
m. Since the splices locations are design variables, it is not known a priori how
long each segment will be and, if any, which welds will be performed on site.
Therefore, using detail category 71 around every splice is a conservative solution.

Since the use of ECBalk, together with Strip-Step 3, is the most time-consuming
part of the procedure, shear (V) is verified according to Eq. (7.3) before
performing the analysis in ECBalk. If the solution does not pass the shear check,
it is discarded. Therefore, the direct approach is applied to this constraint.

1

(7.3)

Concerning constructability and other practical constrains, they are taken into
account in the search domain of the problem. The upper flange of the steel girders
has to be at least 300 mm wide and 20 mm thick in order to allow for the shear
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studs to be installed. Every plate, including the web height, cannot be wider than
3000 mm, which is the limit for steel plate production in Sweden.

Optimization algorithms

Based on results obtained in chapters 5 and 6, pattern search appears to work well
in size optimization problems. For this reason, it is employed in this study as well.
Since the variables to optimize are steel plate dimensions and splice locations, they
have very different order of magnitudes: a plate can be a couple of centimetres
thick but up to 3 m wide while a splice distance from a support can be of several
meters. During the search, PS applies one mesh to all variables to produce new
individuals. To guarantee that the mesh would have the same impact on all
variables, instead of using as design variables the actual dimensions of the girders,
normalized values are used. Considering the dimension , the normalization is
performed as in Eq. (7.4).

(7.4)

where:
 = normalized value of ,

 = upper bound for ,
 = lower bound for .

As a consequence, all design variables have to be between the values 0 and 1.

Parametric studies

The procedure described in chapter 2 is applied to design and optimize single span
and continuous bridges. Several span lengths are studied together with three
common steel grades: S355, S420 and S460. The parameters in Table C. 1 in
appendix C are used for all cases. To better understand the results of this section,
one need to keep in mind the following. If the bridge is simply supported, sagging
moment is expected to be the designing action. The sectional parts more affected
by this action are the bottom flange and the total beam height. In particular, what
matters the most is the product between the beam height and the flange area. If the
height decreases below a threshold, the flange area has to increase. This product
is expected to increase towards midspan as for the bending moment. Since there
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is no hogging moment, the top flange is not expected to contribute significantly to
the resistance. Concerning the web, the thickness is expected to be determined by
shear forces, which increase towards the supports.

7.7.1 Simply supported bridge: choice of
parameters and their effect

In this section, the case of simply supported bridge with 25 m long span and 4
splices is analysed. Several starting solutions, penalty factors, initial mesh sizes
and searching domains are used to identify the best parameters to be used in the
optimization. The cases in Table 7.1 and Table 7.2 are studied. Notice that 5
different cross-sections are optimized; when only one value is presented, it means
that all cross-sections have the same value. The search domain for the optimal
solution and the starting solutions for cases in Table 7.1 are shown in Table 7.3.
The optimal solutions and the corresponding penalized objective functions and
penalty terms are in Tables 7.4 to 7.10. The results shown in the table are discussed
in sections 7.7.1.1 - 7.7.1.3.

Table 7.1: Sets of preassigned parameters used in the optimization of a simply
supported composite bridge deck with 25 m long span and steel S355 girders.

Case
id

Penalty factor
( )

Initial mesh
size

Girder segment lengths
between splices (m)

1 103 0.3 7.5 – 3.3 – 3.3 – 3.3 – 7.5

2 104 0.01 7.5 – 3.3 – 3.3 – 3.3 – 7.5

3 104 0.3 7.5 – 3.3 – 3.3 – 3.3 – 7.5

4 104 0.01 5 – 5 – 5 – 5 – 5

5 104 0.01 5 – 5 – 5 – 5 – 5

6 107 0.01 7.5 – 3.3 – 3.3 – 3.3 – 7.5

7 107 0.01 5 – 5 – 5 – 5 – 5
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Table 7.2: Starting girder dimensions for cases in Table 7.1.

Dimensions Cases 1 - 4 Case 5 Case 6 Case 7

tlf (mm) 40 80 40 20 – 40 – 40 – 40 - 20

wlf  (m) 1.20 1.20 0.70 0.35 – 0.7 – 0.7 – 0.7 – 0.35

tuf (mm) 20 30 30 20

wuf (m) 0.30 0.30 0.30 0.30

tw (mm) 20 20 20 20 – 15 – 10 – 15 - 20

hbeam (m) 2.50 2.00 2.00 2.00

Table 7.3: Assumed feasible ranges for the design variables for composite bridge
decks.

Dimension Feasible range

tlf (mm) 20 – 80

wlf  (m) 0.30 – 1.20

tuf (mm) 20 – 80

wuf (m) 0.30 – 1.20

tw (mm) 10 – 30

hbeam (m) 0.50 – 3.00

Splice location/span length 0.1 – 0.9
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Table 7.4: Optimal solution for case 1. The optimal solution for the upper flange
of the girder has minimum dimensions 20 x 300 mm.

tlf
(mm)

wlf

(m)
tw

(mm)
hbeam

(m)
Segment

length (m)

Penalized
objective

function (m3)

Contribution
of penalty

term

25 0.30 15

2.00

4.92

8356 2.12%

35 0.46 10 11.89

40 0.41 15 0.21

50 0.38 10 3.32

25 0.32 15 4.66

Table 7.5: Optimal solution for case 2. The optimal solution for the upper flange
of the girder has minimum dimensions 20 x 300 mm.

tlf
(mm)

wlf

(m)
tw

(mm)
hbeam

(m)

Segment
length

(m)

Penalized
objective
function

(m3)

Contribution
of penalty

term

20 0.30 15

1.94

3.83

8573 0

30 0.33 15 1.20

35 0.56 10 14.99

25 0.39 15 0.22

25 0.37 15 4.76
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Table 7.6: Optimal solution for case 3. The optimal solution for the upper flange
of the girder has minimum dimensions 20 x 300 mm.

tlf
(mm)

wlf

(m)
tw

(mm)
hbeam

(m)

Segment
length

(m)

Penalized
objective
function

(m3)

Contribution
of penalty

term

30 0.46 15

1.75

5.96

8866 0

35 0.65 10 12.98

45 0.42 10 0.99

35 0.38 15 0.24

30 0.41 15 4.83

Table 7.7: Optimal solution for case 4. The optimal solution for the upper flange
of the girder has minimum dimensions 20 x 300 mm.

tlf
(mm)

wlf

(m)
tw

(mm)
hbeam

(m)

Segment
length

(m)

Penalized
objective
function

(m3)

Contribution
of penalty

term

25 0.45 15

1.78

5.15

8743 0.14%

45 0.39 10 0.64

35 0.53 10 1.18

25 0.88 10 12.96

40 0.32 15 5.08
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Table 7.8: Optimal solution for case 5. The optimal solution for the upper flange
of the girder has minimum dimensions 20 x 300 mm.

tlf
(mm)

wlf

(m)
tw

(mm)
hbeam

(m)

Segment
length

(m)

Penalized
objective
function

(m3)

Contribution
of penalty

term

30 0.74 15

1.28

5.71

10663 0

45 0.67 20 11.63

30 1.03 15 1.28

25 1.07 15 1.4

20 1.08 15 4.98

Table 7.9: Optimal solution for case 6. The optimal solution for the upper flange
of the girder has minimum dimensions 20 x 300 mm.

tlf
(mm)

wlf

(m)
tw

(mm)
hbeam

(m)

Segment
length

(m)

Penalized
objective
function

(m3)

Contribution
of penalty

term

40 0.68 15

1.43

9.83

11320 0

40 0.67 25 1.10

40 0.68 25 0.29

40 0.67 25 6.22

40 0.67 15 7.56
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Table 7.10: Optimal solution for case 7. The optimal solution for the upper flange
of the girder has minimum dimensions 20 x 300 mm.

tlf
(mm)

wlf

(m)
tw

(mm)
hbeam

(m)

Segment
length

(m)

Penalized
objective
function

(m3)

Contribution
of penalty

term

20 0.30 20

1.94

4.92

9118 0

40 0.36 10 0.54

40 0.44 10 0.4

40 0.56 10 14.35

20 0.31 20 4.79

7.7.1.1 The penalty factor

Considering the searching domain in Table 7.3 and the span length of 25 m, the
objective function of the expected optimal solution is in the order of magnitude of
103. Therefore, a penalty factor of 103 is in the same order of magnitude of the
objective function, while 104 is one order of magnitude higher. 107 is so high with
respect to the objective function that any solution violating one or more constraints
would be disregarded when compared with feasible solutions. The latter
corresponds to applying the direct approach instead of the penalty method.

The optimization process with the penalty factor in the same order of magnitude
of the objective function (Case 1 in Table 7.4) returns a non-feasible solution even
though the starting solution is feasible. When the penalty factor is increased of one
order of magnitude without changing other parameters (Case 3 in Table 7.6), the
optimal solution is feasible instead. However, keeping the same penalty factor as
the latter case but different starting point in terms of splice locations and different
initial mesh size (Case 4 in Table 7.7) results in a slightly infeasible solution.
Finally, when the penalty factor is increased to 107 (Case 6 and 7 in Table 7.9 and
Table 7.10), no matter the other preassigned parameters, the optimal solution is
feasible as long as the starting solution is feasible.

From these results, one may conclude that for the studied problem and the
formulation of the penalized objective function of Eq. (3.3), a penalty factor of
one or more order of magnitude higher than the expected objective function is
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preferable. Alternatively, the direct approach can be successfully used to handle
structural constraints.

7.7.1.2 The initial mesh size for Pattern Search

Concerning the initial mesh size, two different values are tested: 0.3 and 0.01.
Table 7.5 and Table 7.6 show two cases that differ only for the initial mesh size:
Case 2 and Case 3. Both the optimization procedures lead to feasible solutions,
which are different. The optimal solution obtained with the smaller initial mesh
size (Table 7.5) presents a taller cross-section compared to that with a bigger mesh
size (Table 7.6). The reason for this can be explained as follows. A big mesh size
immediately generates, among others, a solution with a short beam. This is still
feasible thanks to the overdesigned bottom flange (Table 7.2). Feasible solutions
with tall beams and smaller bottom flanges are produced as well. The reduction in
the objective function due to a smaller height all along the span is more than that
due to a local decrease in one of the other dimensions. Therefore, the short solution
is identified as current best solution. Once the current best solution is short, to
guarantee feasibility, the other dimensions cannot vary as much.

As expected, results in Table 7.5 and Table 7.6 show that the bottom flange is
generally bigger when the beam is shorter. However, its dimensions have more
significant variations along the span if the beam is taller. A very small bottom
flange is enough to resist small bending moments close to the supports if enough
lever arm (i.e. beam height) is available. Approaching the midpoint, the
dimensions need to increase. Whenever the lever arm is reduced, both at the
midspan and towards the supports, bigger dimensions of the bottom flange are
needed everywhere. A confirmation of this can be found observing the optimal
solution of case 6 (Table 7.9) that presents a very short beam and almost constant
bottom flange dimensions.

In all cases shown up to now, the longest girder segment is the middle one (around
midspan). This one contributes the most to the objective function. Comparing the
optimal solutions in Table 7.5 and Table 7.6, one can notice that the middle
segment is slightly shorter in the case of bigger bottom flange.

To summarize, it can be said that the initial mesh size affects the optimal solution.
In particular, for overdesigned initial solutions, a bigger mesh size can lead to an
optimal solution with a short beam. Compared to taller beams, shorter ones present
wider bottom flanges with less variations along the span. Moreover, the distance
between the two splices closest to the mid-span is shorter. Considering the
objective functions, taller beams appear to reduce the overall volume (savings of
3.30% in the objective function for Cases 2 and 3) and thus cost and embedded
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carbon emissions. By only looking at the objective function, one may conclude
that taller solutions are to be preferred to shorter ones. However, the choice
between solutions is for the designer to make and it should take into account the
objective function values as well as other factors that are not considered in this
study (e.g. minimum vertical clearance).

7.7.1.3 The initial solution

To analyse the possible effect of a different initial solution, cases 5 to 7 in Table
7.2 are studied. All these cases use a penalty factor of one or more order of
magnitude higher than that of the objective function and a small initial mesh size
but they start from a shorted beam. In contrast to all others, the starting solution of
case 7 has varying cross-sections along the span. In particular, the bottom flange
dimensions increase towards midspan while the web thickness decreases to follow
respectively bending moment and shear force. These trends are observed in the
optimal solutions of other cases as well.

All optimal solutions are feasible but different from each other. Solutions of cases
5 and 6 (Table 7.8 and Table 7.9) present the shortest beams and the bottom flanges
with the biggest areas of all other cases. Concerning case 7 (Table 7.10), the beam
height is the highest together with the solution of Case 2. The same initial beam
height can lead to different optimal solutions when paired with different initial
cross-section dimensions. In cases 5 and 6, since the bottom flange dimensions are
high in all sections, the algorithm finds that reducing the beam height all along the
span is possible and more effective than changing other dimensions locally.
Indeed, in the optimal solution, the other dimensions do not differ from the starting
values as much as the beam height. As in Case 3, once the search is moved towards
short beams, the algorithm can get stuck in a local minimum. This is a potential
problem in all applications where pattern search is used; however, it is the first
time that this issue is so evident. The reason is to be found in the stronger
relationship between variables in this application compared to the previous. One
could change optimization algorithms and use e.g. Genetic Algorithm. The author
tested this approach without success: the final solutions was not better than those
obtained with PS and the computational time was much longer.

One interesting result is that Case 2 and Case 7, while starting from solutions far
apart, lead to similar results. In particular, the objective function of the solution of
case 2 is the lowest. This could mean that this solution is the closest to the global
minimum.
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7.7.1.4 Easy-to-build optimal solutions and number
of splices

Regardless of the differences between the feasible optimal solutions presented in
the previous sections, one result is shared: two or more splices are placed less than
1.5 m apart. For a span of 25 m, this corresponds to saying that not so many
variations in the girder dimensions are actually needed. Moreover, almost
symmetrical solutions are produced for some of the cases showed above. As done
in section 5.7.2.6, it is possible to manually modify the optimal solution (OS) to
take into considerations these trends and to produce buildable optimal solutions
(BOS). Some examples are in Tables 7.11 to 7.14 for Cases 2, 3, 6 and 7.

Table 7.11: Buildable optimal solution (BOS) for Case 2 (Table 7.5).

tlf
(mm)

wlf

(m)
tw

(mm)
hbeam

(m)

Segment
length

(m)

Objective
function

BOS (m3)

Increase in the
objective

function from
OS to BOS

30 0.33 15

1.94

5

8708 1.57%35 0.56 10 15

30 0.33 15 5

Table 7.12: Buildable optimal solution (BOS) for Case 3 (Table 7.6).

tlf
(mm)

wlf

(m)
tw

(mm)
hbeam

(m)

Segment
length

(m)

Objective
function

BOS (m3)

Increase in the
objective

function from
OS to BOS

35 0.45 15

1.75

6

9108 2.73%35 0.65 10 13

35 0.45 15 6



CHAPTER 7. OPTIMIZATION OF COMPOSITE BRIDGE DECKS

146

Table 7.13: Buildable optimal solution (BOS) for Case 6 (Table 7.9).

tlf
(mm)

wlf

(m)
tw

(mm)
hbeam

(m)

Segment
length

(m)

Objective
function

BOS (m3)

Increase in the
objective

function from
OS to BOS

40 0.68 25 1.43 25 13237 16.94%

Table 7.14: Buildable optimal solution (BOS) for Case 7 (Table 7.10).

tlf
(mm)

wlf

(m)
tw

(mm)
hbeam

(m)

Segment
length

(m)

Objective
function

BOS (m3)

Increase in the
objective

function from
OS to BOS

20 0.30 20

1.94

4.5

9115 -0.03%35 0.56 10 16

20 0.30 20 4.5

Considering that all cases with 4 splices suggests the need of only 2 splices, an
additional study (Case 8) is performed. The starting solution is shown in Table
7.15, a penalty coefficient of 107 and an initial mesh size of 0.01 are used. The
advantage of reducing the number of splices is in the computational time. Indeed,
by going from 4 to 2 splices, the number of design variables is lowered from 30 to
18.

Table 7.16 presents the optimal solution obtained in Case 8. The optimal solution
for Case 8 is almost identical to the buildable optimal solution for Case 2. This
plays in favour of the hypothesis that the solution obtained in Case 2 could be the
global minimum for this problem.
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Table 7.15: Starting girder dimensions for Case 8.

Dimensions Starting solution

tlf (mm) 30 – 40 – 30

wlf  (m) 0.5 – 0.7 –0.5

tuf (mm) 20

wuf (m) 0.30

tw (mm) 20 –10 –20

hbeam (m) 2.00

Segment length (m) 8.33 – 8.33 – 8.33

Table 7.16: Optimal solution for case 8. The optimal solution for the upper flange
of the girder has minimum dimensions 20 x 300 mm.

tlf
(mm)

wlf

(m)
tw

(mm)
hbeam

(m)

Segment
length

(m)

Penalized
objective
function

(m3)

Contribution
of penalty

term

25 0.36 15

1.94

5.16

8674 035 0.56 10 14.83

30 0.33 15 5.01

7.7.1.5 The choice of steel grade

All cases studied in the previous sections considered S355 steel girders. In this
section, solutions with S420 and S460 are studied and compared with S355 ones.
From the starting solution in Table 7.15, the optimization procedure is performed
again for the two steel grades considering two splices, 0.01 initial mesh size and
107 penalty factor. Results are in Table 7.17 and Table 7.18. As expected, the
volume amount decreases with increased steel quality as well as the beam height.
When 4 splices are considered instead and the starting solution is the one for Case
7 in Table 7.2, results are those in Table 7.19 and Table 7.20. Once again, the
objective function decreases with increasing steel grade. In these cases, the
optimal solutions with the three steel grades are almost identical in terms of girder
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dimensions but the splice locations are different. In particular, the girder segment
around midspan increases with the steel quality. The same is observed for the cases
with 2 splices. This could seem counterintuitive; however, this portion has the
thinnest web. For such a tall beam, having a thin web for as long as possible, means
reducing the total volume.

Table 7.17: Optimal solution using steel S420 for simply supported 25 m long
bridge with 2 splices. The optimal solution for the upper flange of the girder has
minimum dimensions 20 x 300 mm.

tlf
(mm)

wlf

(m)
tw

(mm)
hbeam

(m)

Segment
length

(m)

Penalized
objective
function

(m3)

Contribution
of penalty

term

20 0.44 15

1.94

5.16

8602 030 0.65 10 16.03

20 0.30 15 3.81

Table 7.18: Optimal solution using steel S460 for simply supported 25 m long
bridge with 2 splices. The optimal solution for the upper flange of the girder has
minimum dimensions 20 x 300 mm.

tlf
(mm)

wlf

(m)
tw

(mm)
hbeam

(m)

Segment
length

(m)

Penalized
objective
function

(m3)

Contribution
of penalty

term

20 0.31 15

1.90

3.73

8485 030 0.67 10 17.59

20 0.30 15 3.68
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Table 7.19: Optimal solution using steel S420 for simply supported 25 m long
bridge with 4 splices. The optimal solution for the upper flange of the girder has
minimum dimensions 20 x 300 mm.

tlf
(mm)

wlf

(m)
tw

(mm)
hbeam

(m)

Segment
length

(m)

Penalized
objective
function

(m3)

Contribution
of penalty

term

20 0.30 20

1.94

3.87

8973 0

40 0.36 10 1.59

35 0.44 10 0.4

35 0.56 10 15.47

20 0.30 20 3.67

Table 7.20: Optimal solution using steel S460 for simply supported 25 m long
bridge with 4 splices. The optimal solution for the upper flange of the girder has
minimum dimensions 20 x 300 mm.

tlf
(mm)

wlf

(m)
tw

(mm)
hbeam

(m)

Segment
length

(m)

Penalized
objective
function

(m3)

Contribution
of penalty

term

20 0.30 15

1.94

3.22

8423 0

40 0.36 10 2.24

35 0.44 10 0.4

35 0.56 10 15.03

20 0.35 15 4.11
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To determine which steel grade should be preferred, it is necessary to consider the
girder cost and embedded emissions. Considering the material prices and unit
emissions of Table C. 2 in appendix C and the optimal solutions with 2 splices,
the graph in Figure 7.6 is obtained. The solution with S460 is the best in terms of
both weight and GWP, while the one with S355 is the best for material cost.

The unit prices or emissions could change over time; however, they are expected
to be proportional to the steel grade. The volume of the optimal solution instead is
expected to be indirectly proportional to the steel grade. Only if the reduction in
volume is such that the increase in unit price/emission is counteracted, it is worth
to switch to a higher steel grade.

Figure 7.6: Volume, cost and global warming potential for three steel grades.
Values are normalized with respect to the minimum value for each quantity.
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7.7.2 Continuous multispan bridge vs series of
simply supported bridges

In this section, the optimization procedure is used to design continuous bridges
with two and three spans of 25 m each, 4 splices per span and steel S355. The
penalty factor is set to 107 and the initial mesh size to 0.01. The girder cross-section
is continuous over the internal supports.

Table 7.21 shows the starting point for the optimization while results for the two
and three spans cases are shown in Table 7.22 and Table 7.23 respectively. The
dashed lines in the tables represent the internal support locations. Comparing these
solution with those of Cases 2, 7 or 8, one can conclude that two or three simply
supported beams should be preferred over one continuous beam. Those three cases
and the associated BOS would reduce the total volume by 2.5 – 9%. Moreover,
the optimal girder height in the case of simply supported beams happens to be
lower than the continuous cases. This can be favourable if minimum vertical
clearance has to be guaranteed. This result might raise concerns: continuous beams
usually present smaller sections due to the redistribution of moments. Additional
studies are needed to  confirm or deny the result above. Factors to consider are:
the total height of the cross section being kept constant along the bridge, the
increase of shear in the continuous beam case and the presence of hogging
moments but limited upper flange dimensions.

In the continuous cases, there are even more relationships between variables. Over
the internal supports, the upper flange starts playing a more important role.
Moreover, in the same area, a part of the web contributes to the bending resistance
as well as to shear. One can notice that the optimal solution requires more splices
with respect to the simply supported case. Indeed, different parts of the section
need to change in different points. Of course, the designer could decide to reduce
the number of splices when constructing the BOS at the cost of increasing the
solution volume.

By looking at the utilization ratios in the simply supported case, the author can
notice that fatigue limits are approached in all sections adiacent to splices. In the
case of continuous beams, there are additional peaks in the bending utilization
ratios at internal supports, while no fatigue problems arise at the splices closest to
the internal supports. This could suggest to remove these splices; however, an
increase in the cross-section dimensions is needed over the internal supports as the
high utilization ratios suggest. Thus, the presence of these splices is not needed
from a structural perspective but it limits the length of the segment with increased
dimensions.



CHAPTER 7. OPTIMIZATION OF COMPOSITE BRIDGE DECKS

152

Table 7.21: Starting girder dimensions for 2-spans bridge of 25 + 25 m.

Dimensions Initial dimension: Spans 1 and 2

tlf (mm) 20 – 40 – 40 – 40 - 20

wlf  (m) 0.35 – 0.50 – 0.60 – 0.50 – 0.35

tUF (mm) 20 – 20 – 20 – 40 – 40

wUF (m) 0.30 – 0.30 – 0.30 – 0.70 – 0.70

tw (mm) 20 –15 – 10 – 15 – 20

hbeam (m) 2.60

Segment length (m) 5 – 5 – 5 – 5 – 5

Table 7.22: Optimal solution for 2-spans bridge of 25 + 25 m. Upper flange: 20 x
300 mm. Dashed line: location of the middle support.

tlf
(mm)

wlf

(m)
tw

(mm)
hbeam

(m)
Segment

length (m)
Penalized objective

function (m3)

20 0.30 15

2.58

2.50

18761

25 0.34 10 3.06

35 0.40 10 12.6

25 0.42 15 4.34

20 0.30 20 2.5 + 2.5 = 5

25 0.30 15 4.12

40 0.32 10 12.30

20 0.43 10 3.58

20 0.30 15 2.50
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Table 7.23: Optimal solution for 3-spans bridge of 25 + 25 m. Upper flange: 20 x
300 mm. Dashed line: location of the middle supports.

tlf
(mm)

wlf

(m)
tuf

(mm)
wuf

(m)
tw

(mm)
hbeam

(m)
Segment

length (m)

Penalized
objective
function

(m3)

20 0.35 20 0.30 15

2.32

3.08

28277

40 0.41 20 0. 30 10 14.77

40 0.41 20 0. 30 10 0.21

40 0.34 20 0.32 15 4.105

20 0.35 25 0.39 20 2.84 + 2.62
= 5.46

20 0.31 20 0.33 15 43.06

25 0.60 20 0.30 10 14.01

20 0.42 20 0.34 15 0.31

20 0.35 20 0.33 15 5+ 5= 10

25 0.37 20 0.33 15 1.45

40 0.54 20 0.30 10 3.36

40 0.50 20 0. 30 10 10.19

20 0.35 20 0.30 15 5.00

7.7.3 Simply supported bridge: several span
length

In this section, the design and optimization procedure presented in this work is
used to optimize simply supported bridges with span lengths of 15 m, 25 m, 35 m
and 45 m. The penalty factor is set to 107 and the initial mesh size to 0.01 for all
span lengths. The number of splices is increased proportionally to the span length;
2, 4, 6 and 8 splices are used respectively for spans of 15, 25, 35 and 45 m. The
initial cross-section is assumed to vary along the span following the trend of Case
7 and increasing the dimensions together with the span length. Finally, three steel
grades are used: S355, S420 and S460.
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The designing action varies with the span length and the steel grade. Considering
S355, for span lengths of 25 m and shorter, fatigue is the designing action; indeed,
the utilization ratio for fatigue reaches almost the value 1 in proximity of the
splices while the one for bending in ULS is lower all along the span. Increasing
the bridge length to 35 m and above, bending in ULS becomes decisive. However,
if also the steel grade is increased, in the case of 35 m long span, fatigue gets back
to being the designing action. In the case of 45 m long bridge instead, no increase
in the steel grade changes the designing action, which remain bending in ULS.

Concerning the number of splices, the optimal solutions do not need so many
different cross-sections: 3 cross-sections and 2 splices are enough up to 25 m long
bridges, while 5 cross-sections and 4 splices are enough for spans of 35 and 45 m.

When working with bridges, an interesting metric is the cost or environmental
impact per unit area. In this case, the deck is assumed to have the same width for
all span lengths, the girders volume is used as a measure of cost and emissions.
Thus, Figure 7.7 shows the volume per meter of the optimal solutions for the
studied span lengths and steel grades. One can notice that variations in the steel
grade do not affect significantly the volume per unit length. On the other hand, the
volume per unit length grows almost linearly with the span length.

Finally, some recommendations on the optimal beam height can be given.
Common practice suggests a beam height-span length ration of around 1/20. The
results of this optimization suggest values between 1/10 and 1/15 for spans
between 15m and 45 m and S355 steel. Increasing the steel grade to S460, values
of 1/11 – 1/16 are reached. Therefore, when possible, it would be more climate-
friendly and economical to increase the beam height to the suggested values.

Figure 7.7: Girders volume per unit length for optimal simply supported bridges.
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7.8 CONCLUSIONS

Conclusions

In this section, the design and optimization procedure presented in this work is
applied to steel beams in composite bridge decks. One steel material is used for all
plates in the girders and the volume is used as objective function. Material cost
and global warming potential are calculated at the end of the optimization process.
Both the girder dimensions and the splice locations are used as design variables.
For every analysed solution, structural analysis and cross-sectional verifications
are performed at each stage of concrete casting and during service of the structure.

A software for the application of the proposed procedure has been developed in
MATLAB® and integrated with a commercial FEM software for the structural
analysis of bridges (Strip Step 3) and an in-house software produced by ELU
Konsult for cross-sectional verification (ECBalk). Pattern Search provided in
MATLAB® Optimization Toolbox has been used and a memory system has been
integrated to make the process faster and treat continuous variables in a discrete
way.

The software has been tested on a simply supported 25 m long bridge. Several
analyses have been carried out to identify critical choices that could affect the
optimal solution. The following conclusions can be drawn:

When the penalty method is used to handle structural constraints, a
penalty factor of one or more order of magnitude higher than the expected
objective function is preferable. Alternatively, the direct approach can be
successfully used.

Considering a normalized problem where design variables are between 0
and 1, the initial mesh size for Pattern Search affects the optimal solution.
A smaller mesh size (0.01) leads to a solution with a lower volume
compared to a bigger mesh size (0.3).

The initial solution can affect the optimal one. Therefore, it is suggested
to perform the process several times with different starting
values/dimensions to increase the chances of lowering costs and
emissions.

A strong relationship between the beam height, the bottom flange
dimensions and the splices location is observed. Compared to taller
beams, shorter ones present wider bottom flanges with less variations
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along the span. Moreover, the distance between the two splices closest to
the mid-span is shorter.

The comparison of optimal solutions obtained with steel grades from
S355 to S460 shows that the girder volume decreases with increasing
steel grade. Considering the unit material prices and emissions used in
this study, the solution with S460 is the best in terms of GWP, while the
one with S355 is the best for cost. This result is highly dependent on the
unit prices/emissions which may vary due to market oscillation or
production techniques. Therefore, it is suggested to carefully identify the
values that applies to the specific project to understand if the reduction in
volume due to increased steel grade would be beneficial in terms of cost
and climate.

The case of continuous beams over three and four supports are studied as well. 25
m long spans are considered to allow the comparison with the simply supported
case. The following conclusions can be drawn:

From a cost and climate impact perspective, two or three simply
supported beams appear to be preferable over one continuous beam since
reductions to the total volume up to 9% are observed. However,
additional analyses should be performed to validate this unexpected
result.

The continuous solution presents more variations in the cross-section
dimensions compared to the simply supported case. Here, strong
relationships exist between the web  and the top flange dimentions too.

Finally, simply supported bridges with 15 m, 35 m and 45 m long spans have been
studied as well. The following conclusions can be drawn:

When possible, taller beams should be preferred to shorter ones since
their total volume, cost and environmental impact is lower. Height to
length ratio of between 1:10 and 1:15 are suggested for span lengths
between 15 m and 45 m. This is far from the common practice in Sweden
where a height to length ratio of 1:20 is usually used. However,
production and constructability limitations exist, which have not been
included in the optimization procedure. Wide steel plates of constant
thickness are produced and then cut to desired dimension. To avoid
unnecessary waste, the designer should keep this in mind when selecting
the girder plate widths and thicknesses. Moreover, when welding two
plates together, maximum variations in the width are allowed. This
should be kept in mind when tall solutions with pronounced changes in
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the bottom flanges are considered. The suggestion is thus to opt for the
tallest solutions that would fulfil all practical limitations.

In simply supported bridges with 25 m long spans or less, three different
cross-sections along the span are sufficient. For 35 m and 45 m long
spans, 5 cross-sections are recommended. Therefore, the optimization
can be performed with less splice locations among the design variables.
This will drastically reduce the computational time.

Increasing the span length will almost linearly increase the volume of
girders per unit meter. As s results, also cost and embedded emissions
will increase with the same amount.
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8

Conclusions and further
research

In this work, an automated design and optimization procedure is presented as an
alternative to the traditional point-based design with the aim of reducing
embedded environmental impact and costs. The procedure is applied to three
typical structures: RC road beam bridges, RC overhang bridge slabs with steel and
GFRP reinforcement bars and decks of composite road beam bridges.

In each application, suggestions on the best use of the methodology and on the
characteristics of optimal solutions are given. More conclusions can be found at
the end of each of the three application chapters. Below, some general conclusions
are drawn.

The comparison between existing structures designed in the traditional
way and optimal solutions produced with the proposed method shows
considerable savings in costs and embedded emissions.

By constraining the optimization problems in order to consider typical
constructability needs, the resulting optimal solutions are not too
complex to be built. Moreover, post processing the results of the
optimization allows to further simplify the solutions while keeping costs
and emissions low.

In the case of RC structures with traditional steel reinforcement, costs
and embedded emissions are not conflicting objective functions in a size
and topology optimization problem. This conclusion could stop being

Chapter



CHAPTER 8. CONCLUSIONS AND FURTHER RESEARCH

160

valid because of changes in the market or the production techniques. A
method to identify the possible need of multi-objective formulation based
on unit prices, unit emissions and expected reinforcement content is
presented in this thesis.

In the case of RC structures with traditional steel reinforcement, the latter
contributes the most to the cost and the emissions of the structure.
Therefore, to further reduce embedded emissions, design methods that
aim at reducing the reinforcement content should be given the highest
priority. Techniques for producing reinforcement material with lower
emissions and the use of recycled steel are crucial for the sustainable
construction of future transportation infrastructure.

When including cost for maintenance of the structure, more durable
materials should be considered. GFRP reinforcement in overhang slabs
and RC edge beams is an effective alternative to traditional steel
reinforcement.

Optimal deck solutions for RC and composite beam bridges have taller
cross-sections than the commonly built solutions. The dimension of
components with little to none structural resistance (e.g. overhang slabs,
edge beams, top or bottom girder flanges depending on the static system)
are minimized by the optimization procedure. Thus, there is the need of
changing the traditional aesthetic of bridges.

To further develop the work of this thesis, the author suggests the following:

Additional parametric study should be performed to produce more
extensive guidelines for designers. Automated design is growing in
design offices; however, it is still not available for all structures. In the
meanwhile, these types of guidelines could be used as starting solutions
for point-based design.

Results of the optimization of overhang bridge slabs and edge beams
suggest to totally remove the traditional RC edge beam. Since this is not
possible, alternative more durable edge beam solutions should be
developed.

In this study, optimization of composite bridges appears to be more
complex than that of reinforced concrete structures. Additional studies
are recommended including testing of other optimization algorithms (e.g.
with more global search but reduced computational time), complete
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optimization of the structure including the static system and the
substructure and extension of the study to hybrid steel girders.

The first step in the design consists of choosing the most suitable bridge
type (e.g. RC beam/slab/frame or composite bridge). An optimization
methodology that can provide a direct comparison between different
optimal bridge type solutions (e.g. reinforced concrete deck vs composite
bridge) for several span lengths would be of great use. For this to be
reliable, other life cycle stages should be included in the study together
with any details that differs between solution types.

Finally, the comparison between continuous RC beam bridges and
several simply supported beams would be of great interest.
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A. RC road beam bridges

Table A. 1: Unit prices for materials (pier types in Figure 4.1).

Material Unit price Cm Description

Concrete C32/40 17004 SEK/m3 -

Concrete C35/45 1800 SEK/m3 -

Concrete C50/60 2000 SEK/m3 -

Reinforcement 9000 SEK/ton -

Formwork for deck 10005 SEK/m2 Distance from the
ground: up to 5 m

Formwork for deck 1250 SEK/m2 Distance from the
ground: 5 - 7 m

Formwork for piers 300 SEK/m2 Type 1

Formwork for piers 700 SEK/m2 Type 2

Formwork for foundation slabs 200 SEK/m2 -

Table A. 2: Unit prices for piles.

Pile types Unit price Cpile (SEK/m)

Concrete piles SP1 450

Concrete piles SP2 550

Concrete piles SP3 700

Steel core piles 90 3500

Steel core piles 100 4250

Steel core piles 120 4750

Steel core piles 150 5500

4 It incudes transport for 20-30 km. Increase of 50 SEK/m3 for every 10 km of
additional distance site - concrete supplier.
5 It includes also scaffolding.
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Table A. 3: Nominal time for material installation.

Material Time Unit

Concrete 1 h/m3

Reinforcement 20 h/ton

Formwork 1 h/m2

Table A. 4: Constructability coefficients for concrete. Cross-section and pier types
are shown in Figure 4.1.

Element Constructability coefficient Description

Deck 1 Cross-section type 1

Deck 1.1 Cross-section type 2

Deck 1.3 Cross-section type 3

Piers 1 Pier type 1

Piers 2 Pier type 2

Foundation slabs 1 -

Table A. 5: Constructability coefficients for reinforcement. Cross-section and
piers types are shown in Figure 4.1.

Element Constructability coefficient Description

Deck 1 Cross-section type 1

Deck 1.15 Cross-section type 2

Deck 1.25 Cross-section type 3

Piers 1.2 Type 1

Piers 1.7 Type 2

Foundation slabs 1 -
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Table A. 6: Constructability coefficients for formwork. Pier types are shown in
Figure 4.1.

Element Constructability
coefficient Description

Deck 2 Distance from the ground: up
to 5 m

Deck 2.3 Distance from the ground: 5 -
7 m

Piers 1.2 Type 1

Piers 2.5 Type 2

Foundation
slabs 1 -

Table A. 7: Emission of LCI items from Ecoinvent database (Swiss Center for Life
Cycle Inventories, 2008).

Material m Impact
category k Unit

Concrete C25/30

CC 261 kg CO2/m3

TA 0.44 kg SO2/m3

FE 0.014 kg P/m3

Other concrete

(form C30/37 to C55/67)

CC 288 kg CO2/m3

TA 0.50 kg SO2/m3

FE 0.016 kg P/m3

Reinforcement A500HW

CC 1446 kg CO2/ton

TA 4.74 kg SO2/ton

FE 0.87 kg P/ton

RC piles C40/50

CC 404 kg CO2/m

TA 0.88 kg SO2/m

FE 0.085 kg P/m
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Table A. 8: Parameter used in the optimization of overhang bridge slabs.

Parameter Value

Concrete class C35/45

Steel reinforcement quality B500B

Young modulus steel reinforcement 200 GPa

Density of steel reinforced concrete 7 850 kg/m3

Characteristic yield strength GFRP reinforcement 580 MPa

Young modulus for GFRP reinforcement 60 GPa

Density of GFRP reinforcement 2 024 kg/ m3

Ultimate strain for GFP reinforcement 0.74%

Partial factor for GFRP reinforcement 1.3

Minimum concrete cover due to environmental
conditions: steel reinforcement

30 mm

Minimum concrete cover due to environmental
conditions: GFRP reinforcement

0 mm

Minimum concrete covers: steel reinforcement 40 mm

Minimum concrete cover: GFRP reinforcement 25 mm

Maximum admissible crack width: steel reinforcement 0.2 mm

Maximum admissible crack width: steel reinforcement 0.5 mm

Pavement thickness 95 mm

Density of pavement 2 350 kg/ m3

Commercial rebar diameters for reinforcement in the
bottom edge: slab

12 – 16 – 20 – 25 –
30 mm

Rebar diameter for transversal reinforcement: slab 20 mm

Rebar diameter for longitudinal reinforcement: slab 16 mm

Bar spacing for transversal reinforcement 10 mm

Bar spacing for longitudinal reinforcement 50 mm
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Table A. 9: Ecovalue12 weighting set (Finnveden et al., 2013).

Impact category Weighting factor

Global warming 2.85 SEK/kg CO2-eq

Terrestrial acidification 30 SEK/kg SO2-eq

Freshwater eutrophication 670 SEK/kg P
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B. Overhand bridge slab

Table B. 1: Unit prices for materials.

Material Unit price Cm

Concrete up to C32/40 1 7006 SEK/m3

Concrete from C32/40 to C45/55 1 800 SEK/m3

Concrete from C50/60 to C80/95 2 000 SEK/m3

Steel reinforcement 9 000 SEK/ton

GFRP reinforcement 60 000 SEK/ton

Formwork 200 SEK/m2

Table B. 2: Time needed to construct/install one unit of material.

Material
Element Time

( × )

Unit

Concrete
Slab 1

h/m3Edge beam 1

Steel
reinforcement

Slab with constant thickness 20

h/tonSlab with variable thickness 1.15*20 = 23

Edge beam 20

GFRP
reinforcement

Slab with constant thickness 15

h/tonSlab with variable thickness 1.15*15 = 17.25

Edge beam 15

Formwork
Slab 2

h/m2Edge beam 2

6 It incudes transport for 20-30 km. Increase of 50 SEK/m3 for every 10 km of
additional distance site - concrete supplier.
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Table B. 3: Life cycle measures for RC overhang cantilever slab and edge beam
with steel reinforcement (Trafikverket, 2018).

Operation
Time

interval
(years)

Condition Cost Unit

Edge beam:

impregnation
20 Length to

impregnate

0 - 99 440

SEK/m99.1 - 499 400

 499.1 380

Edge beam:

replacement
60 Length to

replace

0 - 99 13 900

SEK/m99.1 - 199 12 800

 199.1 11 800

Waterproofing
layer in the

slab:
replacement

40 Surface to
replace

0 - 100 3 600

SEK/m2100.1 - 400 2 700

 400.1 2 000

Table B. 4: Emission CO2-eq. from Ecoinvent Database v3 (Swiss Center For Life
Cycle Inventories, 2013).

Material Emissions of CO2-eq. (fm)

Concrete C28/35 295.2 kg CO2-eq./m3

Concrete C32/40 367.7 kg CO2-eq./m3

Concrete C35/45 381.0 kg CO2-eq./m3

Concrete C50/60 456.4 kg CO2-eq./m3

Steel reinforcement (B500B) 2092 kg CO2-eq./ton

GFRP reinforcement, 70% fibres, VE 3527 kg CO2-eq./ton
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C. Composite bridges

Table C. 1: Parameter used in the optimization of composite bridge decks.

Parameter Value

Width of the concrete slab 9.5 m

Thickness of the concrete slab 0.3 m

Edge beam dimensions 0.4 m × 0.4 m

Height of the concrete heel 0.025 m

Distance between shear studs 0.25 m

Distance between girders (b) 5.5 m

Distance between transversal stiffeners 8 m

Concrete class C35/45

Young modulus for concrete 34 GPa

Reinforcement quality Ks500

Young modulus for reinforcement 200 GPa

Specific weight of reinforced concrete 25 kN/m3

Steel grade S355

Young modulus for steel 200 GPa

Specific weight of steel 78.5 kN/ m3

Poisson’s ratio for steel 0.3

Thermal coefficient for steel 1 × 10-5

Load due to formwork 5 kN/m

Load due to asphalt 2.52 kN/2

Load due to railings 0.5 kN/m

Max and min temperature for even load case + 36 / - 29 °C

Reference temperature + 10°C

Max and min temperature for uneven load case + 15 / - 18 °C
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Total number of lorries per year in the slow lane 0.05 × 106

Average gross weight of the lorries in the slow lane 410 kN

Design life 120 years

Table C. 2: Unit prices and CO2-eq. emissions for several steel grades.

Steel grade Unit price Csteel
(SEK/ton)

Emissions of CO2-eq.
(fm/ton)

S355 7200 2044

S420 7450 2072

S460 7650 2089
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