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Abstract 
This research encompasses the automated design and structural 

optimization of reinforced concrete slab frame bridges, considering 
investment costs and environmental impacts. The most important feature 
of this work is that it focusses on realistic and complete models of slab 
frame bridges rather than on optimization of only individual members or 
sections of a bridge. 

The thesis consists of an extended summary of publications and three 
appended papers. In the first paper, using simple assumptions, the 
possibility of applying cost-optimization to the structural design of slab 
frame bridges was investigated. The results of the optimization of an 
existing constructed bridge showed the potential to reduce the investment 
cost of slab frame bridges. The procedure was further developed in the 
second paper. In this paper, automated design was integrated to a more 
refined cost-optimization methodology based on more detailed 
assumptions and including extra constructability factors. This procedure 
was then applied to a bridge under design, before its construction. From 
the point of view of sustainability, bridge design should not only consider 
criteria such as cost but also environmental performance. The third paper 
thus integrated life cycle assessment (LCA) with the design optimization 
procedure to perform environmental impact optimization of the same 
case study bridge as in the second paper. The results of investment cost 
and environmental impact optimization were then compared. 

The obtained results presented in the appended papers highlight the 
successful application of optimization techniques to the structural design 
of reinforced concrete slab frame bridges. Moreover, the results indicate 
that a multi-objective optimization that simultaneously considers both 
environmental impacts and investment cost is necessary in order to 
generate more sustainable designs. The presented methodology has been 
applied to the design process for a time-effective, sustainable, and 
optimal design of concrete slab frame bridges.   

     

Keywords  
Slab frame bridge, Structural design, Cost optimization, Optimization of 
environmental impact, Life cycle assessment, Genetic algorithm, Pattern 
search method. 
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Sammanfattning 
I denna avhandling behandlas automatiserad design och strukturell 

optimering, med avseende på investeringskostnader och miljöpåverkan, 
på 3D-modeller av plattrambroar. Den största vikten av denna studie 
består i att arbetet utförts på realistiska och kompletta modeller av 
plattrambroar, och inte endast genom optimering av enskilda 
komponenter och sektioner. 

Avhandlingen består av en sammanfattande rapport och tre bifogade 
artiklar. I den första artikeln har under enkla omständigheter, 
möjligheten att tillämpa kostnadsoptimering vid dimensionering av 
plattrambroar undersökts. Tillämpning av optimering på en redan byggd 
bro har visat möjligheten att minska investeringskostnader. I den andra 
artikeln har automatiserad design och kostnadsoptimering, med 
detaljerade antaganden, undersökts, och överväganden av ytterligare 
faktorer för byggbarhet har applicerats på en bro innan dess byggnation. 
En hållbar brodesign bestäms inte bara av kriterier som exempelvis 
kostnad utan även av miljöpåverkan. I detta avseende, har i den tredje 
artikeln – genom användning av samma fallstudie som i artikel nummer 
två – livscykelanalys (LCA) och designoptimering integrerats. På detta 
sätt, har resultaten av optimering av investeringskostnader och 
miljöpåverkan jämförts. 

De erhållna resultaten presenteras i bifogade artiklar, vilka belyser en 
framgångsrik tillämpning av olika optimeringstekniker för plattrambroar. 
Resultaten visar att det är nödvändigt att ta både miljöpåverkan och 
investeringskostnader i beaktelse under optimeringsproceduren, för att få 
en mer hållbar design. Den presenterade metoden av strukturell 
optimering har tillämpats vid dimensionering av plattrambroar för att 
säkerställa en tidseffektiv, hållbar och optimal utformning. 

 
 

Nyckelord  
Plattrambro, dimensionering av konstruktion, Kostnadsoptimering, 
Optimering av miljöpåverkan, livscykelanalys, genetisk algoritm, Pattern 
search metod.  
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1. Introduction 
Today’s construction sector plays an important role in economic 

growth. However, it is also responsible for the consumption of significant 
amounts of raw materials and energy. The construction of bridges, a 
fundamental type of infrastructure, is an important contributor to this 
highly vital and active sector. Accordingly, the structural optimization of 
bridges and reduction of their cost and environmental impacts are 
essential and should be taken into consideration for a sustainable bridge 
design.  

While many effective algorithms exist that can be used in structural 
optimization, the design process still relies primarily on the experience of 
structural engineers. Today’s infrastructures are usually designed through 
a trial and error process and optimization is seldom applied; therefore, 
most structures may not be optimally designed. Referring to optimization 
in a practical design context, it is interesting to note that most of the 
previous research considers simple models with limited assumptions or 
single structural components that do not realistically represent the whole 
structure. Furthermore, most previous research focuses on reducing the 
construction costs, while environmental performance and its associated 
costs are rarely integrated into the optimization process. However, 
decision-making for bridges should not only be governed by criteria such 
as cost, technical feasibility, and durability; for a sustainable design, 
environmental performance should also be considered. 

This research aims to integrate optimization into the structural design 
of concrete slab frame bridges. In addition, it considers environmental 
impact (and its associated environmental cost) and the investment cost 
and examines the relationship between the results of these two 
optimization processes. The most important feature of this work is that it 
is focussed on realistic and complete models of slab frame bridges rather 
than on optimization of only individual members and sections. To the 
best of the authors’ knowledge, the current research is the first study 
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which applies structural optimization to the design of real life, complete 
three-dimensional (3D) models of slab frame bridges.  

1.1. Outline of the report 

This thesis consists of an extended summary and three appended 
papers upon which this work is based. The extended summary consists of 
an introduction to the research aims, contributions, and current state of 
the art. The optimization theory chapter presents the overall theory and 
assumptions implemented in this work. A summary of the appended 
papers, their conclusions, and some suggestions for future work are 
presented in the final chapters. The general topics of the three papers on 
which this thesis is based are as follows: 

 Paper I: This paper investigates the possibility of automated 
design and cost optimization of slab frame bridges with simple 
assumptions. 

 
 Paper II: This article performs detailed cost optimization for 

newly constructed slab frame bridges. 
 
 Paper III: This paper studies the LCA optimization of slab frame 

bridges and investigates the relation between the results of cost 
optimization and environmental impact optimization.  

1.2. Aim and scope of the work  

The main aim of this work is to integrate optimization into the 
structural design, considering investment cost and environmental 
impacts. The present work is focussed on the design of concrete slab 
frame bridges. Concrete slab frame or integral portal frame bridges are 
formed by one main bridge deck that is restrainedly connected to end 
supports (frame legs) and wing walls. These bridges can be built either as 
single spans or multi-spans, with open or closed foundation slabs on rock, 
packed soil, or piles. The span lengths are usually limited to 25m for 
reinforced concrete and up to 35m for prestressed solutions (The Swedish 
Transport Administration, BaTMan 2008). Advantages of slab frame 
bridges include simple design, fast construction, simple details, no 
expansion joints, and easy maintenance. These bridges are used 
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frequently in many countries. They are the most usual type of bridge, 
especially for short spans in Sweden. According to the database of the 
Swedish Transport Administration, slab frame bridges constitute almost 
46% of all the bridges in Sweden (Yavari et al 2014). Wing walls, as a part 
of a slab frame bridge, can be built either parallel to the road or inclined. 
Wing walls mainly behave like retaining walls, but in contrast to retaining 
walls, wing walls are connected to the abutments. Fig. 1 shows a slab 
frame bridge in Sweden. Fig. 2 illustrates different parts of a typical 
single-span slab frame bridge.  

 

Fig. 1 A slab frame bridge in Sweden (BaTMan 2008) 

Fig. 2  Different parts of a single-span slab frame bridge (BaTMan 2008) 
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1.3. Background  

In recent decades, many researches have examined several 
optimization algorithms for application to the structural design process to 
find the optimal design of different structures. However, in general, there 
are some shortcomings in the previous works which are described as 
follows: 

 Gap between theory and practical implementation in 
engineering: Even though structural optimization can lead to great 
savings in cost and material and can shorten the design process, 
there is a remarkable gap between the theoretical aspects of 
structural optimization and its practical application in engineering 
(Cohn & Thierauf 1997), particularly application of structural 
optimization to realistic and complex structures (Sarma & Adeli 
1998). Cohn and Dinovitzer (1994), in an extensive review based on 
500 optimization examples, concluded that applications of structural 
optimization to real life examples are very narrow compared to the 
mathematical aspects of optimization. 

 
 Lack of application of optimization to realistic 
structures, and simple assumptions in modelling and 
loads: The majority of the previous studies use simple assumptions, 
for instance, two-dimensional modelling with just a few load cases 
taken in to account. Cohn and Dinovitzer (1994) stated in their 
review that most of the studied examples deal with section or 
member optimization (e.g., beams, columns, plates, etc.). In 
addition, the majority of studied examples (88%) consider just a few 
static loads in the optimization process. Sarma and Adeli (1998) 
presented a broad literature review on cost optimization of concrete 
structures categorized by construction type, such as beams, slabs, 
columns, frame structures, bridges, shear walls, etc. They also stated 
that among the studied publications, there are only few journal 
articles focusing on optimization of realistic three-dimensional 
structures. Recently the application of optimization to structural 
design of realistic examples has increased, but the situation remains 
relatively unchanged.  
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 Stronger focus on cost optimization of structures 
compared to optimization of environmental impacts: The 
criteria for sustainable bridge design and environmental 
performance should be taken into account during decision-making 
in addition to technical feasibility, durability, and cost. The use of 
multi-objective optimization may lead to controversy: the most 
environmentally friendly solution may not be the cheapest or the 
most efficient one with regard to the construction process. These 
conflicts should be considered early in the design phase (Du 2015). 

The following sections review some important previous works regarding 
structural optimization.  

1.3.1. Automated design and structural optimization in design 
offices 

The aim of structural optimization should encompass not only finding 
the cost-optimized structure but also introducing automation in the 
structural design process. Templeman (1983) studied the use of structural 
optimization software in design offices and tried to examine the benefits 
of implementing computational optimization methods into practice. 
Referring to the lack of practical optimization software at that time, 
Templeman recommends more cooperative efforts between researchers 
and design offices. The aim here should be developing user-friendly and 
proficient structural optimization software, focusing on practical design 
problems and establish more time and cost effective as well as more 
productive design procedures. Among the first efforts of computer-
automated designs, Aguilar et al. (1973) at the Louisiana State University, 
in collaboration with the Louisiana Department of Highways, developed a 
computer program for use in designing and optimizing highway bridges. 
Their modular computer program allows the geometry of the bridge, soil 
conditions, construction costs and other parameters to be defined by the 
user. The authors claim that by using “dynamic programing” and 
heuristic optimization methods, the computer program can provide both 
preliminary designs and optimum and near optimum designs of multi-
span concrete bridges according to design specifications of the American 
Association of State Highway Officials (AASHTO) and the Louisiana 
Department of Highways. 
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In another application of structural optimization and automated 
design, Moharrami and Grierson (1993) presented a computerized 
method (“optimally criteria method”), for optimization of two-
dimensional reinforced concrete building frameworks. In this method, 
the cross-section dimensions and longitudinal reinforcement that lead to 
the minimum cost of the structure are determined. Moharrami and 
Grierson (1993) have applied the aforementioned method in the 
optimization of two framework examples to show the features of this 
optimization method. 

1.3.2. Optimization of concrete bridge systems 

Structural optimization of complex structures like bridges can lead to 
significant savings in the cost and design time. Cohn and Lounis (1994) 
presented an application of multilevel and multi-criteria optimization of 
structural concrete bridge systems. The focus of their research is 
prestressed concrete bridges with span lengths varying between 10 and 
50 m and widths of 8 to 16 m. The optimization proceeds at three levels: 
Level one, optimization of system components (e.g., cross-section 
dimensions, prestressed and ordinary reinforcement amount and layout, 
etc.). Level two, optimization of transversal and longitudinal system 
configuration of a bridge with a specific total length and width (e.g., 
number of spans, girder spacing, simple or continuous span or frame, 
etc.). Level three, optimization of structural system type (e.g., slab on 
precast I girders, solid or voided slab, one- or two-cell box girder). Level 
one of the optimization process uses nonlinear programming, and levels 
two and three apply a sieve-search process. The constraints are ultimate 
limit state (ULS) and serviceability limit state (SLS) requirements and 
design specifications according to Canadian and US bridge standards. 
The most important criterion in this multi-objective optimization is the 
minimum cost of the superstructure. Other objective functions, which 
introduced as “merit criteria”, are minimum weight of prestressing 
reinforcement, minimum volume of concrete, maximum girder spacing, 
minimum superstructure depth, maximum span to depth ratio, maximum 
feasible span length, and minimum superstructure camber. These criteria 
are based on different situations, for instance, aesthetic aspects, lack of 
cost data, unknown specific code limitations, limited clear space, and full, 
partial or zero prestressing solutions, etc. The obtained results can be 
used in the preliminary bridge design to find the optimal structural 
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system, longitudinal and transverse configuration, member’s cross-
section sizes, and prestressed as well as non-prestressed reinforcement 
layout and amount. 

Furthermore, Sirca and Adeli (2005) presented cost optimization 
procedure for precast, prestressed concrete I-beam bridge systems by 
using the robust neural dynamics model of Adeli and Park to solve a 
mixed integer-discrete nonlinear optimization. The design constraints are 
based on AASHTO 1999 design specifications and the objective function 
consists of the cost of concrete, reinforcement, formwork, and 
manufacturing of the I-beams. 

In another work, Martí and Vidosa (2010) studied cost optimization of 
cross-sections of precast prestressed concrete pedestrian bridges by using 
simulated annealing (SA) and threshold accepting (TA) algorithms. 
Among the studies in cost optimization of bridge structures, the following 
works can also be mentioned: cost minimization of a prestressed concrete 
box bridge girder used in a balanced cantilever bridge by Yu et al. (1986); 
cost optimization of a continuous three-span bridge RC slab of 16.6 m 
span length by Barr et al. (1989) using the general geometric 
programming method; optimization of short and medium span highway 
bridges consisting of reinforced concrete slabs on concrete I-girders by 
Lounis and Cohn (1993); and optimization of prestressed concrete 
highway bridges by Torres et al. (1996). 

1.3.3. Cost optimization of concrete frames 

 Balling and Yao (1997) studied the optimization of three-dimensional 
reinforced concrete frames made of rectangular columns and rectangular 
T- or L-shaped beams. Structural design and optimization of floor slabs, 
shear walls, etc., are excluded from the scope of their study. The design 
code used is ACI ("Building" 1989). The objective function is to minimize 
the total cost of material, procurement, and placement of concrete and 
reinforcement. In their research, it has been assumed that the placement 
cost of reinforcement steel is proportional to the number of bars, stirrups, 
and ties and that the material and formwork cost of concrete is 
proportional to its volume. Balling and Yao have compared the results of 
their optimization using two different assumptions for reinforcement 
design variables. In the first assumption, the so-called traditional 
assumption, they considered the area of reinforcement in each member as 
the only design variable for steel reinforcement. In the second 
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assumption, they also included the topology of the reinforcement 
(number, diameter, and longitudinal distribution of the steel bars) into a 
multilevel optimization process. By comparing the obtained results, they 
showed that the “traditional” method is much quicker in finding the 
optimum values but that the optimum values and objective cost in each 
scenario using the two assumptions are very similar and verified that the 
optimum concrete section dimensions are insensitive to the 
reinforcement pattern. Based on this verification, the authors proposed a 
simplified method for optimization of reinforced concrete frames.   

In another study, Perea et al. (2008) presented cost optimization of 
2D reinforced concrete box frames used in road construction. They 
implemented random walk and descent local search as heuristic methods 
and threshold accepting and simulated annealing as metaheuristic 
methods in the optimization process. Design variables are geometry, type 
of concrete and passive reinforcement of the bridge frame. Constraints 
are based on ULS and SLS requirements in Spanish Code (IAP) and 
geometrical and constructability controls. By applying the previously 
mentioned optimization algorithms to the same frame, they found that 
the threshold accepting method was more efficient compared to the other 
algorithms. Another interesting conclusion of their work is the high 
reinforcement ratio in the optimum design variables, which resulted in 
heavily reinforced and slender concrete sections.   

Perea et al. (2010) also carried out a parametric study by using the 
threshold acceptance method to find the optimum design for road frame 
bridges. The parametric study included horizontal spans from 8 to 16 m 
for different fills and earth cover parameters. The results are based on key 
parameters to find the optimum road frame design. The results show that 
variation in the steel cost results in moderate changes in the optimum 
frame characteristics. In other words, the optimum results are fairly 
insensitive to the steel cost. 

1.3.4. Environmental impact optimization 

Environmental sustainability involves indicators related to climate 
change, human health, and the depletion of natural resources. However, 
according to an extensive literature review on optimization considering 
life-cycle assessment (LCA) methodology (Pieragostini et al. 2012), most 
previous studies have dealt only with a single environmental impact such 
as for instance climate change as the objective function. Some examples 
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of studies that consider primarily embedded energy or CO2 emissions as 
objective functions are as follows:  

Camp and Assadollahi (2013) used a big bang crunch algorithm to 
optimize reinforced concrete footings according to ACI 318-11 code for 
structural concrete. The objective function is either cost for material and 
labor or CO2 emissions for transportation, procurement, and 
construction. Their results show that cost and CO2 emissions are closely 
related. 

Yepes et al. (2012) used a hybrid multi-start optimization method 
based on the threshold acceptance strategy to investigate optimization of 
reinforced concrete retaining walls. They attempted to find either the 
minimum cost of the structure or minimum CO2 emissions. Their results 
show that designs with low embedded emissions are very similar to the 
most cost-effective solutions. 

Yeo and Potr (2013) applied an optimization method to achieve 
sustainable design of reinforced concrete frame structures under gravity 
and lateral loads while reducing CO2 emissions. Another application of 
optimization by Yeo and Gabbai (2011) included as design variables the 
width and height of a reinforced concrete beam and the total area of the 
longitudinal reinforcement. The objective function is either cost or total 
embedded energy of the reinforced concrete structures. 

Ji, Hong, and Park (2014) proposed three decision-making methods to 
select “green building design” by taking into account both cost and CO2 
emissions of nine structural building designs. However, they claim that 
the most efficient method is still under debate. Paya-Zaforteza et al. 
(2009) used a simulated annealing (SA) optimization algorithm to 
minimize the embedded CO2 emissions of reinforced concrete building 
frames based on the Spanish Code for structural concrete. Cho et al. 
(2012) applied LCA methodology to the optimization of high-rise steel 
structures with a view on CO2 emissions. 

An additional emerging research trend involves the consideration of 
environmental costs in the total cost of a project by converting 
environmental impacts to monetary costs. For instance, Park et al. (2013) 
presented an optimization method to simultaneously minimize the cost of 
CO2 emission of composite steel reinforced columns in high-rise 
buildings. In their study, CO2 emissions were transformed to cost using 
the unit carbon price and added to the cost for material and labor, 
satisfying structural and constructability constraints to achieve a 
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sustainable design. Their results show that reducing the amount of 
concrete and increasing steel results in more cost-effective and 
environmentally friendly designs. 

In another work, Medeiros and Kripka (2014) used the harmony 
search algorithm to study the optimization of rectangular reinforced 
concrete columns based on different environmental impact parameters 
(impact on climate change, CO2 emission, and energy consumption). The 
results are compared with cost optimization according to different 
optimization methods. Comparison between the results shows that the 
cost-effective designs and environmentally friendly solutions are closely 
related and that generally, reducing the amount of concrete used leads to 
more sustainable designs.  
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2. Optimization theory 
2.1. Definition of optimization   

The term “optimization” is widely used in different areas of science 
and simply means finding the best solution to a specific problem from a 
collection of feasible solutions while satisfying all constraints to which the 
optimization problem is subjected. An optimization problem has three 
main parts. The first and most important step in the optimization process 
is recognizing and establishing these main parts. These key parts are as 
follows (NEOS 2016): 

 
Design variables: Design variables are unknown parameters of the 

optimization problem; the optimization process tries to find the values of 
these variables which generate the best solution.   

 
Constraints: Constraints are allowable values of design variables 

and relationships between them, as well as limitations and user-desired 
values, such as those due to constructability, lack of resources, or user 
preferences. Optimization constraints are usually divided into two 
mathematical forms: equality and inequality constraints. 

 
Objective function: The objective function, which is dependent on 

the design variables and other constant parameters, is a quantitative 
value that the optimization process tries to minimize or maximize. For 
instance, in structural optimization, it could be the value of total weight 
or volume of a structure, stiffness of a construction, cost, or 
environmental impact of a structure.   

 
An optimization problem can be expressed in mathematical form as 

follows: 
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Input variables:  x = [x1, x2, ..., xn] ∈ Rn  
Constraints:  gi(x) ≤ 0,  i = 1, 2, ..., m 

     hj(x) = 0,  j = 1, 2, ..., r 
 
Objective function:  Minimize  f(x) 
 

2.2. Different categories of optimization   

Finding suitable optimization algorithms depends on the category of 
optimization; therefore, identifying the type of optimization problem is an 
important step in solving the optimization problem. Optimization 
problems can be categorized into several groups, although in most cases, 
an optimization problem represents a combination of these groups. Some 
of these categories are as follows (NEOS 2016): 

 Discrete or continuous optimization 

In some optimization problems, design variables can only be discrete 
variables, such as number or diameter of reinforcement (discrete 
optimization) while in some optimization problems, design variables can 
theoretically take any value, such as for instance thickness of different 
parts (continuous optimization). Continuous optimization problems are 
usually easier to solve but there are several methods applicable to discrete 
optimizations, such as the branch and bound method. 

 Constrained or unconstrained optimization  

Depending on the existence of limits on the design variables, 
optimization problems can be categorized as constrained or 
unconstrained optimization problems. Constrained optimization can be 
further categorized into different groups such as linear, nonlinear, etc. 
Unconstrained problems are usually easier to solve. One method of 
solving constrained optimization problems is to replace the constraints 
with a penalty function in the objective function and transform the 
constrained problem into an unconstrained one.   
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 Single- or multi-objective optimization 

While single-objective optimization has only one objective function, in 
a multi-objective problem, the decision should be made regarding the 
trade-off between two or several objective functions. Multi-objective 
functions tend to be more difficult to solve; usually, they are combined 
and converted into a single-objective function by using weighting factors 
or by retaining one objective function and introducing the others as 
constraints or penalty functions.  

2.3. Optimization algorithms   

There are many methods to solve optimization problems. 
Optimization algorithms are usually divided into two major groups 
(MathWorks Inc. 2012): 

1. Minimum seeking or mathematical-based algorithms: 

These algorithms include traditional gradient-based methods that are 
fast but easily trapped in local minima. Newton’s method, gradient 
descent, the conjugate gradient method, simplex method, and line 
minimization are some of these algorithms. 

2. Metaheuristic or stochastic methods: 

These methods are approximate and usually non-deterministic. They 
generally use probabilistic calculations and do not use the gradient or 
Hessian matrix of the objective function. They are usually slower but 
more successful at finding the global minimum. Metaheuristic algorithms 
are often inspired by nature, such as genetic algorithms, ant colony, tabu 
search, particle swarm, simulated annealing, social harmony, etc. 

2.4. Choosing an algorithm   

Choosing a suitable optimization algorithm is a significant step in 
solving an optimization problem. Furthermore, user preferences 
regarding the solution of the optimization problem are very important 
and affect the selection of an optimization method. For instance, one may 
be looking for a local or a global optimum, time limitation, or one may 
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only want to reduce the objective function by performing an optimization 
process rather than fully optimizing it. 

There are several guidelines for selecting optimization methods that 
will perform better than others for specific problems. The first and most 
important step in selecting a good optimization method is to establish 
carefully the different parts of the optimization problem (objective 
function, constraints, and design variables) and identify the category of 
the optimization problem. The existence of constraints as well as the 
nature of the constraints (e.g., linear or nonlinear) are significant issues 
in choosing an optimization algorithm because some optimization 
algorithms work only with unconstrained problems or only with linear 
constraints. If the gradients of the objective function with respect to the 
input variables are available, the gradient methods often perform better 
and faster, although they can be trapped in local optima. If the derivatives 
are not available and the problem cannot be easily solved by 
mathematical and gradient-based methods, metaheuristic and stochastic 
algorithms can provide better performance. Smoothness of the objective 
function, which simply means that values at a point can be used for the 
points in the neighborhood, is also an important issue in selecting 
optimization algorithms that are suitable for smooth or non-smooth 
functions. The possibility of performing the optimization process on 
parallel computers is also a key feature, especially for design offices, as it 
reduces computation time. As Storn and Price (1997) have mentioned, in 
practical engineering problems, users usually request methods that can 
be executed in parallel, that are easy to use and robust, and that are 
effective and fast at finding a global optimum. In such a case, stochastic 
algorithms which can be performed on parallel computers are the best 
methods to find the global solution (MathWorks Inc. 2012, NEOS 2016). 

The present research involves nonlinear constraints, the objective 
function is stochastic and discontinuous, and the gradients of the 
objective function are undefined. Moreover, the process of evaluation the 
objective function is performed in external programs like a “black box”. 
Consequently, the algorithms that use only objective function values to 
find the optimum value are preferable. Based on these characteristics of 
the optimization problem, two algorithms have been implemented in the 
optimization process, genetic algorithm (GA) and pattern search (PS). GA 
and PS are robust and efficient methods that are useful for problems not 
easily solved by mathematical and gradient-based algorithms, and they 
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can perform very well in optimization problems that are discontinuous, 
non-linear, stochastic, and discrete or that have random data type and 
undefined derivatives. 

2.4.1. Direct search method 

The direct search method was first introduced by Hooke and Jeeves in 
1960 and it has been widely applied since that time (Storn & Price 1997). 
Direct search methods generally refer to optimization methods used to 
solve problems where the objective function is not continuous and 
differentiable. These methods examine only the objective function in a 
stochastic or non-stochastic strategy to obtain a best solution from earlier 
results.  

All direct search methods are based on approaches that produce 
variations of the parameter vectors and then select better values, that is, 
with lower objective function values, among these new generated 
parameters. As this description is quite general, many optimization 
algorithms that use objective function values rather than gradients of an 
objective function can be categorized as direct search methods, and it is 
sometimes considered a common term for all non-gradient based search 
methods (Kolda, Lewis & Torczon 2003, Storn & Price 1997). Powell 
(1998) used the term direct search in a paper describing seven different 
algorithms. In this research, an optimization method called pattern 
search in the MATLAB toolbox, which is under the category of direct 
search methods, has been used.  

At each iteration, the pattern search method generates a set of points, 
or a “mesh”, by adding the current point to a set of vectors, which is called 
the “pattern”. The pattern search method examines this set of points, 
searching for the one with the lowest value of the objective function 
(“polling”). If the pattern search algorithm finds a point in the new mesh 
with a lower objective function value, this point becomes the current 
point for the next step; otherwise, the algorithm generates and examines 
a new set of points around the current point. This process continues until 
the stopping criterion is met. There are three different strategies to 
produce patterns to generate a new mesh, the generating set search 
(GSS), generalized pattern search (GPS), and mesh adaptive search 
(MADS) (MathWorks, Inc. 2013). In GPS, the vectors forming the pattern 
are “fixed-direction” vectors. The GSS algorithm also uses fixed direction 
vectors but in linear optimization problems or in the case that the current 
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point is close to a constraint, the GSS algorithm is more effective. In 
contrast, MADS uses stochastic methods to produce the mesh.  

Although there are some issues regarding slow convergence, trapping 
in local optimums, and limitation of optimization problem size in the 
pattern search method (Kolda, Lewis & Torczon 2003), this method is 
very time effective and robust, especially in cases with a quite small 
number of variables and if the location of the global optimum is already 
relatively known.     

2.4.2. Genetic algorithm 

The GA was developed in the 1960s and 1970s by John Holland and 
colleagues to improve the coherence and robustness of existing 
optimization methods (Holland 1992). However, GA surged in popularity 
when one of Holland's students, David Goldberg, solved a complex 
problem concerning the control of gas-pipeline transmissions and used 
the results in his own dissertation. Goldberg summarized Holland's work 
and further developed it, forming a theoretical basis for GA. De Jorg then 
developed GA theory and made it even more practical for function 
optimization. He was also the first to make an effort to find optimized 
parameters specific to GA. Since Goldberg, many researches have tried to 
create new versions of the algorithm based on evolution principles, with 
varying results (Haupt R. L. & Haupt S. E. 2004). GA can be used to solve 
complex problems because it uses values of the objective function where 
it is not required to have knowledge about the function itself or about the 
mathematical gradients (Bengtlars & Väljamets 2014). 

In this research, GA in the MATLAB toolbox has been used. GA is 
based on techniques inspired by natural evolution and genetics 
principles, like inheritance, selection, mutation, and crossover. GA starts 
by generating an initial population and calculating their objective 
function values. The next step is to select “parents” with the lowest 
objective function values. Some of the individuals in the population with 
the lowest objective functions, the “elite”, will pass to the next population. 
The next step is to produce “children” from the parents by mutation or 
crossover techniques to create the next generation, from which “elites” 
are again selected, and so on, until meeting the stopping criterion (The 
MathWorks Inc. 2012). 

One of the GA's strong points is that it solves problems that are not yet 
mathematically defined. Another advantage of GA is its ability to solve 
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both continuous and discrete variables as well as very complex, stochastic 
and non-smooth optimization problems. Furthermore, because GA, at 
each step, examines a population of points instead of a single point, the 
search area is wider, providing more chances to find a global optimum. 
The drawback in this context is that the method can be time consuming 
although parallel computing can reduce the computation time. Despite 
these positive advantages, for smooth and convex problems with few 
variables, traditional mathematical-based algorithms can provide better 
and quicker performance. Additionally, some studies have shown that GA 
can have convergence problems and difficulties in finding the optimum 
value when the crossover function results in the same individual among 
the population points (Javadi et al. 2005, Chan et al. 2009). However, 
since the strong point of GA is to explore the whole objective function 
space to find the global optimum, it is robust and time effective to 
combine GA with other local-finding optimization algorithms to first 
explore the whole area and thus localize the global optimum position and 
then finely search that area with other optimization algorithms such as 
pattern search to find the optimum value (Bengtlars & Väljamets 2014).  

2.5. Stopping criteria   

Stopping criteria in optimization define the point at which the 
calculation can be stopped, terminating the process of finding the 
optimum value. In the automated optimization program presented in the 
appended papers, the stopping criteria are defined by the user and can be, 
for example, a maximum number of iterations or function evaluations, 
convergence of the objective function or input variables, or a calculation 
time limit, among others. It is important to select the proper stopping 
criteria for each optimization problem. However, it should be considered 
that in practical engineering problems it is often more important to find 
solutions that improve the initial design in the manner desired rather 
than finding the lowest objective function value. In other words, in 
practical problems, the main objective is to find a solution that is “good 
enough” within a specific amount of time rather than finding the global 
optimum (Bengtlars & Väljamets 2014). Hence, in the case study 
presented in the second and third appended papers, a threshold for the 
total computation time or function tolerance and mesh tolerance have 
been considered as stopping criteria (depending on which criterion is 
fulfilled first) in the PS method. Subsequently, the stopping criteria for 
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the genetic algorithm are adjusted considering the stopping criteria that 
were met faster in the pattern search. Accordingly, the results of the two 
algorithms are based on the same stopping criteria and assumptions and 
the results can thus be compared. 
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3. Summary of papers 
Three papers are attached to this report. The first paper examines the 

possibility of performing optimization on slab frame bridges using simple 
assumptions. In the second paper, the same methodology is applied, with 
more detailed unit prices and constructability factors, to real case projects 
before their construction. The third paper extends the optimization to 
consider environmental impacts and examines the relationship between 
the most economical and most environmentally friendly solution. This 
chapter presents a brief summary of each of the appended papers.  

3.1. Paper I  

The main aim of this paper was to examine the possibility of 
computer-automated design and optimization of complex and 3D models 
of slab frame bridges. For this purpose, a computer code consisting of 
several modules was developed to produce parametric models of slab 
frame bridges. Since this research was an exploratory work, very simple 
assumptions in unit costs were adopted. In addition, not all loads were 
included in the design process. Three optimization algorithms have been 
examined, including pattern search, genetic algorithm, and genetic 
algorithm with discrete values.  

 A case study was used to analyze the results and compare them with a 
previously constructed bridge. The case study considers the Sörmjöle 
Bridge, a railway bridge located on the Bothnia Line in Sweden. The 
bridge was designed by the Swedish consulting company, ELU Konsult 
AB, in 2004. In the case study, cost of material, procurement, and 
execution of concrete and steel for the bridge deck and frame legs were 
considered while the cost of the form working was neglected in the 
objective function. Moreover, just one concrete type was considered with 
very simple unit costs, and no constructability factors, for example, due to 
the thinner concrete sections, were taken into account. The results 
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showed that computer-automated design of slab frame bridges can be 
implemented and applied efficiently for real life problems. In addition, 
the algorithms show potential for material savings when applied to the 
studied bridge. The best results were achieved for the pattern search 
algorithm, which resulted in a projected cost reduction of 20% compared 
to the initial design. However, the study in this paper lacked sufficient 
detail and realistic unit prices; it also did not consider constructability 
factors and extra costs due to, for example, thinner structures. These 
issues should be taken into account in order to generate more realistic 
designs before applying optimization to new bridges. These concerns 
were investigated in the second paper.  

3.2. Paper II  

In this study, complete automated design and structural optimization 
were performed on a realistic 3D model of a concrete slab frame bridge. 
Optimization techniques based on the genetic algorithm and the pattern 
search method were applied. The case study presented in this paper 
considered the Sadjemjoki Bridge, a road bridge located on road number 
941 in Norrbotten County, Sweden. The bridge was optimally designed in 
2015 according to the process presented in this paper and is now in 
service. In this work, the input variables included dimensions of bridge 
elements and three concrete types. Cost of material, procurement, and 
execution of concrete, reinforcement, and form working for the bridge 
deck, frame legs, and wing walls were all considered. Moreover, thinner 
thicknesses of concrete sections imply higher amounts and more dense 
reinforcement with smaller spaces between bars, resulting in longer 
construction time and higher labor costs; therefore, the thickness of 
different parts was considered as an indicator of the constructability 
factor. Consequently, a factor for reinforcement work based on the 
thickness of each element was introduced.  

However, a sustainable bridge design is not only determined by 
criteria such as cost but also by environmental performance. Thus, the 
third paper integrated life cycle assessment (LCA) with the design 
optimization procedure to investigate the optimization of bridge 
environmental impacts.  
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3.3. Paper III  

The main objective of this paper is to integrate optimization with 
structural design while considering environmental impact (and its 
associated environmental cost) to find the most sustainable solutions for 
slab frame bridges. Environmental sustainability concerns not only 
climate change but also other indicators related to human health and 
depletion of natural resources. Therefore, environmental impact analyses 
focusing exclusively on the global warming potential will not provide a 
full profile of a bridge’s potential environmental impact. Consequently, 
this paper uses the ReCiPe method (Goedkoop et al. 2009) to consider 
not only global warming but also other important impact indicators 
regarding human health and damage of natural resources. In order to 
aggregate the impacts to create an intuitively comparable set, weighting is 
adopted to convert the impacts into monetary values with a common unit. 
Two monetary weighting systems were adopted and the optimization 
technique based on the pattern search method was applied.  

In the second paper, to facilitate automated design and cost 
optimization, a code with several modules was developed to produce 
parametric models of slab frame bridges. In this paper, the same code 
was used to study the environmental impacts of slab frame bridges. To 
compare the results with the cost-optimized results, the same 
assumptions (e.g., the same input variables, constraints, stopping criteria, 
etc.) were adopted; the only alteration was in the objective functions. The 
third paper investigates the same case study as the second paper for 
environmental impact optimization with the aim of examining the 
relationship between the most economical solution and the most 
environmentally friendly solution.  

The results show that both monetary weighting systems led to the 
same results. Furthermore, optimization based on environmental impacts 
led to thinner concrete sections using a higher class of concrete; 
meanwhile, the cost optimization considered constructability factors and 
provided relatively thicker sections and an easier to construct solution. 
The difference in results of cost optimization and environmental 
optimization highlights the importance of integrating optimization with 
structural design, considering multiple criteria including environmental 
impact and investment cost to find more material-efficient, economic, 
sustainable, and time-effective bridge solutions. 
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4. Conclusions 
This research included automated design and structural optimization 
considering investment cost and environmental impacts of realistic 3D 
models of concrete slab frame bridges. In summary, the following can be 
concluded: 

 Computer-automated design and cost optimization of slab frame 
bridges could be implemented and applied efficiently. The obtained 
results showed the efficiency of the applied algorithms in terms of the 
cost optimization of slab frame bridges. 

 
 Structural optimization with consideration of environmental impacts 

and their associated environmental costs was efficiently implemented 
and applied in the design process of slab frame bridges. 

 
 Considering the high costs of computation time in the engineering 

consulting sector, it is essential to have a “good enough” solution that 
can be achieved within a reasonable amount of time. Therefore, 
choosing the proper optimization algorithm and stopping criteria in 
structural design optimization of real projects, especially in the case of 
time-consuming computations, is very important. The pattern search 
method is time effective and robust, particularly in the case of small 
numbers of variables and time-consuming objective function 
evaluations. 

 
 In the case study presented in the second article, despite the fact that 

the genetic algorithm explored a larger space to find the optimal value, 
pattern search was more efficient to optimize the bridge considering a 
specific length of search time as the stopping criterion. 
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 The monetary weighting systems (Ecovalue and Ecotax) applied in the 
context of environmental impact optimization led to the similar 
results. 
 

 Optimization based on environmental impacts led to thinner concrete 
sections using a higher class of concrete; meanwhile, the cost 
optimization considered constructability factors and provided thicker 
sections and easier to construct solutions. 
 

 A multi-objective optimization that considers both environmental 
impacts and investment cost simultaneously is necessary in order to 
obtain more sustainable designs. 
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5. Future work 
Some suggestions for future research are as follows:  

 Exploration of multi-criteria optimization combining LCA and 
investment cost. 
 

 Integration of structural design and optimization considering 
investment cost and environmental impact for other bridge types 
such as beam bridges (research project currently underway). 
 

 Investigation of the efficiency of different optimization algorithms 
based on convergence time and accuracy of the results.  

 
 Examination of the impact of different variables on the results 

(sensitivity analyses). 
 

 Examination of the optimization for the whole life cycle of bridges 
including maintenance and end-of-life costs. 

 
 Parametric studies for different span lengths, widths, and heights. 

 
 Production of guidelines for optimal design, including diagrams or 

tables showing optimal dimensions, optimum ratios between 
concrete and reinforcement for different bridge parts, etc., and the 
associated LCA impacts. These tables and guidelines are intended to 
be used in preliminary design of new bridges.  
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