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Abstract

Trussed arch bridges are commonly used to attain big spans. They are efficient structures that offer
a wide range of geometries, materials, and topologies. This thesis studies the influence of the
geometry and topology of arch bridges on both their structural performance relayed by the
maximum deflection and their structural weight. Various materials are also considered to calculate
the embodied carbon emission and investigate the environmental impact of arch bridges. Gustave
Eiffel’s Garabit Viaduct is used as a design precedent for this study. 2-D and 3-D parametric models
of the arch bridge are realized using Grasshopper [8]. Changing the geometric parameters in addition
to the topology enables the investigation of the bridge’s performance. The cross sections are
automatically optimized in each case. Furthermore, a multi-objective optimization process was run
on the bridge to examine the tradeoffs between the deflection and the self-weight. The weight-
oriented optimization allows saving more than 60% of the weight compared to the original structure.
Analyzing the different resulting designs proves that increasing the depth at the arch’s crown and
the depth at the base of the arch leads to better deflection results. It also demonstrates that using a

denser truss structure leads to a lighter structure.

Keywords: trussed arch bridges, geometry, topology, multi-objective optimization, deflection, self-

weight, embodied carbon emission.
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Chapter 1: Introduction

1.1 Arch bridges

Trussed arch bridges are structurally efficient and aesthetically appealing structures. Designers usually
choose them to span rivers and valleys that surpass 500m. Additionally, arch bridges are attractive
architectural structures that have become historical landmarks over the years. Arch bridges have a rich
history since they been used by many famous engineers such as Gustave Eiffel and Thomas Telford
(Figure 1). This legacy consists of many bridges that were considered cutting-edge at the time because
of their innovation, efficiency, and aesthetics. Those bridges still look as impressive today especially
since those engineers could attain such complete structures without the new structural computational

tools available now

Figure 1 Craigellachie Bridge, United Kingdom - Tomas Telford (1814)



These bridges are exciting and interesting to study because they can have different geometries and
topologies and can be made from a wide range of materials such as wrought iron, steel, concrete, etc.
However, most of these famous historical structures have not been studied using the new structural
computational tools. For this reason, this thesis uses these tools to study and understand those bridges

to learn from the past experience and attempt to contribute to future trussed arch bridges.

1.2 Bridges of Gustave Eiffel

Gustave Eiffel (1832-1923) was a famous French engineer mostly known for his design of the Eiffel
Tower in Paris (1889) and the internal truss used as a frame for the Statue of Liberty in New York City
(1886). Gustave Eiffel was also involved in designing bridges and creating new technologies surrounding
them. His contributions include the creation of portable bridges that can be easily assembled and
disassembled when needed. Gustave Eiffel designed many bridges some of which are famous while
others are less known. Two of Eiffel’s famous bridges are Maria Pia Bridge (Figure 2) in Portugal also

known as the Douro Bridge (1877) and the Garabit Viaduct in France (1884). [1]
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Figure 2 Maria Pia Bridge, Portugal — Gustave Eiffel (1877)

These two famous structures are both arch bridges. This solution was used in both situations to span a
deep valley. While the Maria Pia bridge was designed by Eiffel and his partner at the time, Theophile
Seyrig, the Garabit Viaduct was the result of the collaboration between Gustave Eiffel and Maurice
Koechlin [1,2,5]. These two bridges that look strikingly alike are actually different. The Garabit Viaduct
can be considered as an optimized version of the Maria Pia Bridge. The Garabit uses the same concept

of the arch bridge but changed some key elements to make the structure more efficient. However, both
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bridges share one very important detail. Graphic statics was used to find the form of the arch. The
forces were thus used to find the form. This leads us to conclude that geometry is a very important part
when designing any structure. This thesis investigates the influence of the geometry and topology on

the performance and efficiency of arch bridges.

1.3 Thesis scope and focus

This thesis analyzes the behavior of arch bridges if the geometry, topology, or materials were to be
changed. The work is divided into two different parts: a 2-D study of a trussed arch and a 3-D study of
an arch bridge. A parametric model is realized using Grasshopper [8] enabling the change of geometry
and topology in each case to observe the structural performance and self-weight evolution under
different values assigned to these parameters. A multi-objective optimization is also run on these
models to create a design that satisfies the different objectives: maximum deflection, structural weight,
and embodied carbon. However, the one and only optimum solution does not exist as every designer

can assign a weight to each of the objectives which will have considerable effect on the resulting design.
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Chapter 2: Literature Review

2.1 Historical context: Eiffel’s drawings and calculations

In 1875, the Royal Portuguese Railway Company decided to realize a railway between Lisbon and Porto.
However, this railroad had to cross over the Douro river which presented many challenges. The soil
condition of the Douro river made it difficult and very expensive to resort to building piers inside the
water as it represented a very thick layer of sand. So the bridge had to face a 160m span and a valley

which is 61m deep while avoiding to use any piers. [2]

G. Eiffel and Cie was up against three other competitors who presented 5 different designs in total but
still lost in front of Eiffel and Seyrig’s design. The design consists of a two-hinge arch bridge made of
wrought iron. Graphic static was used to decide the shape of the arch. The originality, efficiency and
cost of this bridge made it an iconic and famous bridge that was considered as a revolution at the time.
Gustave Eiffel got assigned the design and construction of the bridge through a very singular bid as he
was directly sought by the Léon Boyer, the state engineer in charge of the railway between Marjevols

and Neussargues, following the success of the Maria Pia bridge. [2]

The Garabit Viaduct is a one-way railway bridge. It is constructed as the continuity of the railway

between Marjevols and Neussargues (figure 3). The bridge is 564.65m long. It is mostly made of

13



wrought iron. However, around 116m is made out of masonry and it consists of both ends of the bridge.

(5,6]

Figure 3 Geographical position of the Garabit viaduct

The main challenge that faced the designer was the crossing over the Truyére river. The bridge had to
span for 165m over a 122.20m deep valley. This was challenging because of the soil conditions but also
since piles in France at the time were never higher than 80m. Indeed, the higher the piles the more the

influence of the wind load and it could have made the stability of the bridge in jeopardy. [5,6]

The deck is designed to support one railway only. It uses a very common truss system with an upper
and lower horizontal chord linked by vertical beams making various adjacent boxes. In order to add
stiffness to the truss, X-shaped beams are added in the middle of each box. However, the deck isn’t as
ordinary as it seems. Instead of being placed at the top of the deck, the railway was placed 1.66m under
the top chord (figure 4). This fairly simple change made the train ride mode secure. On one hand, the
surface of the train which is in direct contact with the wind got minimized so the wind load will have
less influence. Besides, in case the train deviates from its trajectory it will be supported by the deck and
is less likely to fall into the river which would end up being a very tragic accident especially that the
Garabit Viaduct was the highest bridge at the time. The deck is supported by 5 piers on the shore. In

order to cross the Truyére river, the deck beard on an arch at four different points. [5,6]
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Figure 4 The railway positioned far from the top of the deck

The arch (figure 5) is a two-hinge arch that rests on two masonry blocks by a pin connection at the base.
It is a trussed arch using the box system and the X-shaped beams to link the corners of each box. The
arch is meant to be acting in compression under its self-weight. For this reason, graphic statics was used
to make sure that the neutral chord of the arch was very close to the truss line as the latter is supposed
to stay inside the arch. As a result, the chords have a parabolic shape with a 165m chord. The intrados

has a rise equal to 51.858m. [5,6]

Looking at the bridge from the side, he depth of the arch gets bigger the closer we get to the crown we
find the biggest depth of 10m. That part is there mostly to resist the vertical loads such as the self-
weight of the bridge or the live load caused by the trains. And the moment resulting from these forces
is higher is higher at the crown. Looking at the bridge from the bottom we realize that the depth at the
crown is only equal to 6.28m while it gets bigger at the base of the arch to attend 20m. This shape also
reflects the shape of the moment diagram. Indeed, the depth of the bridge is mainly resisting the wind
load, the moment caused by the wind load is minimal at the crown but maximal at the base of the arch

which is why a bigger depth is needed there. [5,6]
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Figure 5 Original drawings of the bridge with dimensions (5]
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Aside from having a very sturdy and stable structure, a bridge needs to be maintained in order to keep
performing well. The design of the Garabit Viaduct included various access routes for maintenance. At
the bottom of the deck, a track was installed to enable the movement of a small wagon that would
transport maintenance workers along the bridge. Besides, every pile included an helicoidal ladder for

potential visits. [5]

tn 1965, the Garabit Viaduct was categorized as a French historical monument. The viaduct is now one
of the main touristic attraction in the region of Auvergne-Rhéne-Alpes. On January 24™, 2012, a joint
nominating process was started in order to include the Garabit and Millau Viaducts in the list of the

World Heritage Sites by UNESCO. [7]

The Maria Pia bridge was the reason this viaduct was assigned to the Eiffel company as Boyer contacted
Eiffel after hearing about the Maria Pia bridge. If one were to consider the overall aesthetic aspect, the
bridges are almost similar with only the position of the deck as difference. However, so many
differences exist between the bridges such as the position of the railway, the trussed pier and box beam
system, the position of the piers on the arch, etc. This all leads to one conclusion. The Garabit viaduct
has a better design than the Maria Pia bridge and it owes nothing but its general concept to it. So there
was an optimization process that led to the design of the Garabit Viaduct while taking the Maria Pia
bridge as an inspiration. For this reason, new structural design tools should be used more in order to

study old bridges and understand the optimization process like the Gaudi bridges for instance.

2.2 Structural optimization for arch bridges

Structural optimization is an approach used broadly in structural engineering research to explore
minimal weight or maximal stiffness solutions for structural design. Many papers and journals were
published about optimization and the different algorithms used for it. However, only a few documents

tackled its application to study arch bridges.

2.2.1 Size optimization (cross sections)

Most papers focusing on the application of optimization on arch bridges consider cross sections are the
only design variable. These papers aim at minimizing the structural weight in respect to two constraints.
The internal stress in the elements (strength) and the serviceability (deflection) using different

algorithms. {12,13]
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2.2.1.1 Teaching-learning-base optimization algorithm

This algorithm is used to solve the problem mentioned above. The geometry is fixed and used as an
input for the algorithm in addition to a catalogue of cross sections. The algorithm tries to minimize the

weight defined by the following function:

W)= AL,

While W is the structural weight (objective function), A is the cross section assigned to each element,

pi is the density of the material and L is the length of the different elements. [12]

Each iteration of the optimization process has 2 defined phases. The teacher phase where the best
design is considered as a reference and then all the other designs are changed to get closer to it using

the following formula:

X =X, +r.(X

new

teacher _TF y X mean )

While r and Tr are random parameters equal to 0 or 1. The second phase is called the learner phase. In
this phase all the different designs are compared to each other using the following formulas depending
on their performance related to the objective function f. Every element X; is compared to the elements

X; for which izj. X; is moved closer to X; if f(X)>f(X;) and it is moved farther from it otherwise. [12]
X, =X, +r(X, =X, ) if f(X,)>f(X,)

X, =X, +r(X,=X,) if f(X,)<f(X,)

This algorithm was applied to two different bridges. On bridge that was considered is Burro Creek
Bridge. The bridge was modelled as a 2D trussed arch and the load applied is considered 5713.5 Ib/ft

for dead and live load to simplify the problem.

20°

34 panels @ 20" = 680°

Figure 6 Elevation view of the Burro Creek Bridge [12]

As the bridge is symmetrical, only half of it was considered for the problem (Figure 7). The boundary

conditions and loads considered for the Finite Element analysis are represented in the picture below.
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p=2285401b

Figure 7 2D finite element model and element numbering {12]

This model is studied for 3 different cases. Each case has a different number of design variables. 4, 8,
and 12 variables are considered for cases |, Il and Il respectively. The results giver by each case are then

compared to each other (Figure 8). [12]

440000 -

=e= Casell |
m— Case 11

420000
400000 -
smx)()!‘;.,

3600001y

Weight (1b)

340000

320000+

300000

280000 ' - i L I I i I L I
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

Number of analyses

Figure 8 Comparison of the convergence rates for Burro Creek Bridge for three different cases

Even though increasing the number of variables makes the number of analysis needed in order to

converge considerably bigger but it generates significant structural weight savings. [12]

2.2.1.2 Hybrid genetic algorithm

Jin Cheng [13] uses a different algorithm to solve the same optimization problem defined above. This

optimization method functions according to the next flow chart (Figure 9).
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Initial parameters of the proposed GA

Generation=1

Generate initial population randomly

[ '_:__::-

Calculate the values of objective functions using FEM and
check the given constraint

'3 ¢ CO) 763 g o P e ') i
Is the convergence criterion Stop

satisfied?

The proposed GA operations

e  Selection
e Crossover

e Mutation

<;:% New generation

Figure 9 Flow chart of the hybred genetic algorithm based optimization [13]

The convergence criterion used in this study is defined as the maximum number of generations. So at
the beginning of the process, the number of population, the penalty parameter, and the maximum
number of generations are fixe. For the selection process, two random designs are chosen from the
population and compared. If they both satisfy the constraints then the design with the least weight is
chosen. If only one design satisfies the constraints then it is automatically chosen. However, if none of

the chosen design satisfies the constraints then the closest one to satisfying them is chosen. [13]

An arithmetic crossover is used in this paper. Two parent ¢; and c; designs are chosen and generate
two offsprings ¢i’ and ¢, using the following linear combination while w is a randomly-generated

number in the interval [0,1]:

=w-c+(1-w)-

c£={‘l—w)-c]+w-cz
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The paper uses the Chaotianmen Bridge as a study case. The bridge was once again modeled by a 2D

truss. [13]
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Figure 10 Elevation view of Chaotianmen Bridge (mm) [13]

Figure 11 Element numbering (only half the bridge because of symmetry) [13]

The same analysis as earlier is run by using different number of variables

Table 1. Weight of optimal design by number of design variables
Case | Caselll Case lll
Number of design variables | 41 10 4
Total weight (kg) 5215.445 7959.982 9514.766

Once again, having more variables lead to a better result. So in order to get a better result it is
recommendable to consider a larger choice of cross sections.

The work that has been done in the field of the optimization of arch bridges focuses the on cross

sections only. This thesis is thus trying to explore other characteristics of the bridge such as the

geometry and topology as they have the most impact. [13]
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2.2.2 Shape/geometry optimization

There is very little information about the geometry optimization of arch bridges. A paper published in
2015 dwells on the optimization of open spandrel arch bridges [14]. This optimization process uses a

gradient-based algorithm and is defined in MATLAB.

Cetina River bridge is used as a precedent for this study. The only objective function of this optimization
process is the volume of the arch but as it is directly proportional to the structural weight then the
objective function is no different than the previous cases. For this paper, there are three different
constraints implemented in the MATLAB code. The geometry is added as a constraint in addition to the
stress and deflection. Indeed, the arch geometry is being optimized, but the span and rise of the bridge
are fixed following the Cetina River bridge dimensions. The arch crown height is thus not allowed to

exceed a certain value. [14]

The deck and piers are modelled as fixed line elements in MATLAB while the arch geometry is defined

parametrically following the next graphic.

+

Figure 12 Arch geometry configuration, and definition of shape and design variables [14]

The web thickness is an important factor but was not considered as a design variable for the MATLAB
model. The thickness is defined before the algorithm is run. This was done for different thicknesses in

order to find the optimal solution.
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Figure 13 Optimum volume for different web thicknesses {14]

The optimal solution is obtained for a 0.35m thick web. The volume of the arch is 1054 m? after the

optimization process compared to 1504 m? for the original bridge. [14]

This is a simple application of optimization of arch bridges. This thesis will further the analysis by

considering more variables such as the deck height or the number of piers in addition to their spacing.

2.3.3 Topology optimization

The optimization of truss topology is a problem that has been addressed by many papers for the past
few years. All these papers aim at optimizing the layout of the truss elements to link a certain number
of nodes. Although the objective is the same, the papers use different algorithms while attempting to

find a solution. The genetic algorithm is the most commonly used one in these papers [15,17,18]

In the Michell beam example [16]. A ground structure (Figure 14) is considered as a starting point and
a global optimization process is run to minimize the relaxation (Figure 15) and to solve the discrete

minimum compliance problem (Figure 16).

Figure 14 The ground structure (n=632) [16]

29



Figure 16 Solution for the discrete minimum compliance problem [16]

The results of all these different papers are interesting but these truss structures are not applicable to
arch bridges. For this thesis, 2 different topologies are to be considered: Saint-Andre bracing and a

single diagonal bracing.
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2.3 Research question

Optimization of arch bridges is a very interesting, broad, and rich research topic. However, there
haven’t been a lot of work done in this field. Most existing papers focus on the structural weight
optimization by varying the different cross sections without studying the impact of geometry on the

structural and weight performance. In response, this thesis asks the following questions:

o What kind of structural insights can we gain about arch bridges like the Garabit Viaduct using

new computational design tools?

o How to create an optimal structure that meets structural design goals including weight,

structural stiffness, and embodied carbon?
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Chapter 3: Methodology

The use of new computational design tools generates a very accurate analysis of the structural behavior
and the performance of arch bridges. This thesis analyzes different geometries and topologies of arch
bridges while seeking optimal solutions and discusses their behavior. This chapter explains the

methodology used to achieve the result.

3.1 Conceptual overview

This thesis focuses on two different cases. A 2-D case focusing on a trussed arch and a 3-D case of a
complete arch bridge. The same approach is used for both cases. The parametrized geometry is created
in Grasshopper and is controlled by fixed parameters and design variables. 5 different load cases
including different combinations of gravity, live load, and wind load are considered for the analysis of
the 3-D bridge. However, 3 load cases are applied for the 2-D as the wind load is not considered.
Karamba then runs a Finite Element Analysis for each of the different load cases and gives the different
weight and deflection results. Moreover, this analysis is used as a result to obtain the optimal result
using the Optimize Cross Section component in Karamba and different optimization algorithms such as

MOO and Goat.
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MOO

,  Karamba

parametric engineenng
-

3.1.1 3-D case

Defined parameter Design variables

» Arch height
« Arch span
+ Deck in-depth

Deck height

Arch bottom in-depth
Arch top in-depth
Arch crown depth
Number of piers
Number of arch webs
per division

Pier width

« Pier division distance
+ Truss type (topology)

“« o o 8 » @

Load cases

Geometry

Gravity + uniform live load

Gravity + asymmetrical live load (rnight side)
Gravity + asymmetrical live load (left side)
Gravity + wind load (back to front)

Gravity + wind load (front to back)

FEM

Material properties Structural weight Deflection

Embodied carbon

Optimal solution
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3.1.2 2-D case

Defined parameter
* Arch Span
» Geometry
Design variables
»| Structural weight
* Arcn heignt
+ Depth at the crown
* Number of truss webs
« Truss shape (lopology)
»{ Optimal solution
Load cases
» Gravity + uniform live ioad Deflection
« Gravity + asymmetrical ive ioad (night sioe)

« Gravity + asymmetncal Iive load (len side)

3.2 Project parameters

3.2.1 Loading

A total of 3 types of load are considered for this study but the combinations and representations in

Grasshopper depend on the case-study.

o Gravity: it is the self-weight and is automatically implemented by Karamba after assigning the
different cross sections to the elements and then multiplying by the density of the material

used for the analysis.

o Live load: it is uniform load indicating the influence of a train on the bridge and is equal to 9.34

kN/m. For simplification, the point loads from the wheels are not considered.
o Wind load: it is the only lateral load considered for this study and is equal to 1.44 kN/m? = 30psf,
which is a reasonable value to use for wind loads simulations.
3.2.1.1 2-D case

In the case of the 2-D arch, out-of-plane wind load isn’t considered as it only makes sense in a 3-D
context. Thus, there is a total of 3 load combinations engaging gravity and live load. The gravity is
calculated by Karamba as explained earlier. The live load is on the other hand modelled as point loads

pointing downwards and applied on the upper chord nodes. The value of the load was assumed to be

the same at every node and equal to % :

o x:arch span
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© y:number of truss webs

o 2:9.34 kN/m it is the value of the uniform load applied by the passage of one train according

to the European code.

In the load case O (Figure 17) we consider the self-weight and a uniform live load applied along the
whole structure. As for load cases 1 & 2 (Figures 18 & 19), instead of applying the live load to all the

structure we only apply it to the left side for load case 1 and to the right side for load case 2.

75.97 7507 7597
75187 75.97 75007

75.97 7597 7507

7597
7597

7597

75197 75|07

7597 75|97
|
|7slo7

| |75/07

75/97 |
7ser |

75.87 75|87

Figure 17 Load case O Figure 18 Load case 1 Figure 19 Load case 2

3.2.1.2 3-D case

A total of 5 load cases is considered for this case using all 3 different load types. Like the prior case,
gravity is calculated by Karamba. However, the live load is directly modelled as a uniform load applied
to the bottom chords of the deck. Besides, the wind load is modelled as a uniform load applied

horizontally to each single element.

In the load case O (Figure 20) we consider the self-weight and a uniform live load applied along the
whole structure. For load cases 1 & 2, instead of applying the live load to all the structure we only apply
it to the left side for load case 1 and to the right side for load case 2. As for load cases 3 & 4 (figures 21
& 22), wind load is added to the gravity instead of the live load and it is applied towards the back for

load case 3 and towards the front for load case 4.

7R



"
W ‘ ‘\ I (A
‘ AT A "l fifiAftaAntmAt
U
A
B a0, BB
5 B Uit
S SRS
5 KD Wiy i
=l by, B
DG Sy, X
‘Aw “h\%
A WY
w N
4 N
Y, W

Figure 21 Load case 3 Figure 22 Load case 4

ple]



3.2.2 Materials

3.2.2.1 2-D case

The only material considered here is steel. It has the following properties:

Table 2. Material properties used for the 2D case

Material Steel
E: Young modulus [kN/cm?] 20,000
G: Shear modulus [kN/cm?] 8,600
Gamma: Density [kN/cm?] 78.45
Fy: Yield strength [kN/cm?] 21.5

3.2.2.2 3-D case

Different materials were considered for this case to push the study even further since the embodied

carbon emission is one of the objective functions.

Table 3. Material properties used for the 3D case

Material Steel Aluminum Carbon Fiber
E: Young modulus [kN/cm?] 20,000 6,890 18,100

G: Shear modulus [kN/cm?] 8,600 2,600 6,205
Gamma: Density [kN/cm?] 78.45 26.48 15.7

Fy: Yield strength [kN/cm?] 215 27.6 13.79

ECC [kg CO; per kg material] 1.2 8.2 15

These materials are assigned to every element of the bridge except for the connections linking the deck
to the piers which are modeled as an infinitely stiff material in Grasshopper. Figure 23 shows the

definition of the different materials in Grasshopper.

= [1f (x-1,20000,1% (x=2,6650,18100)) |R }
if (x=1,8600,if (x=2,2600,"6205")) |R pm '.
[1f (x=1,21.5,1% (x=2,21.6,"13.19")) |8 |
[if (x1,"Steel”,if (x~2,"Aluninum","Carbon Fiber")) |R |

: Deck-pier |
Y connection |
¢ 9999999999 )

MatProps

Figure 23 Materials definition in Grasshopper
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3.2.3 Boundary conditions

For the 2-D case, the arch has a total of 2 supports located at each base and are pin connections.

For the 3-D case, the deck is initially supported by the piers which either link it to the arch or to the
masonry base. Since this thesis is only interested in the part surrounding the arch. Only the piers
connecting the deck to the arch are modeled. The deck spanning outside of the arch span is not included
in the analysis and a fixed connection is placed at each end of the end of the two lower chords of the

deck to replace the piers. On the base of the arch, 4 pin connections are used to fix it to the base.

3.2.4 Geometry and topology

The bridges considered here are all composed of a deck supported by various piers which link it to the
arch. The geometry is controlled by two fixed parameters which are the bridge span fixed at 165m and
the bridge height equal to 68m (Figure 24). These two values represent the dimensions of Gustave
Eiffel’s Garabit Viaduct. The geometry is parametric and depends on different design variables such as
the number of piers, the depths at the crown and the base, the number of truss webs, and the height

of the deck. These design variables will be discussed in detail later in this paper.

Figure 24 General geometry

In addition to the geometry, two different topologies are considered for the arch in this study. Truss
shape 0 (Figure 25) is saint-andre crosses inside the truss webs. This type is the one used for the deck

and the piers. The truss type 1 (Figure 26) considered for the arch is a one diagonal in every truss web.
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Figure 25 Arch with truss shape 0 Figure 26 Arch with truss shape 1

are defined, a finite element analysis is run on the model using Karamba. Karamba is a plug-in of
Rhinoceros that runs linear elastic analysis on the models based on the Eurocode. This tool generates
different outputs such as the maximum deflection, weight of the structure, and the elastic energy as a
result. Different algorithms can be used to run the FE analysis on Karamba. The algorithm used for this

thesis is based on the first order theory.

The model is at initially assigned default cross sections. To obtain the lightest efficient structure, the
Optimize Cross Section is usually in the Karamba script. This component assigns cross section to every
element in the model by choosing it from a given list. This component uses an iterative procedure to
make a choice. In each iteration, it calculates the section forces in the elements and assigns the lightest
elements with a sufficient capacity then calculates the section forces again. The algorithm stops if the
all the sections proves to be sufficient after the verification calculation or if the maximum number of
iterations is used. The section forces are calculated according to the Eurocode 1993-1-1 for steel. This
component different outputs such as the weight and the maximum deflection for each load case. It is
possible to define a maximum deflection limit as an input in this component. In this case, the deflection

was limited to L/360 while L is the span of the Arch.

In order to verify the results from Optimize Crosse Section, the utilization of the different sections can
be observed on the Model View component. The lists of pre-defined sections in Karamba are usually
used for buildings. Thus, those sections are too small for a bridge. For this thesis, a list of 40 different
circular hollow cross sections (Appendix A) was created and implemented in Optimize Cross Section

instead of using one of the existing list.
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3.4 Optimization
3.4.1 Design variables (2D vs 3D cases)

3.4.1.1 2-D case

Before starting the analysis and optimization process, the arch span is fixed as an input characterizing
the arch (Figure 27). The arch span is defined as the distance between the two supports of the bridge.

There is a total of 4 design variables. 3 of these variables change the arch geometry:
1. The depth at the crown: the distance between the upper and lower chords vertexes.
2. The arch height: the height of the vertex of the upper cord of the arch.
3. The number of truss webs: the number of divisions in the arch.

4. The truss shape: it changes the topology of the arch by changing the type of the truss

\
A\
b4
-
//
Depth gt the Crown

__Arch Height

| Arch Span

Figure 27 Graphical representation of the variables and inputs

3.4.1.2 3-D case

A total of 12 parameters control the geometry in addition to the changing topology of the arch. In
addition to the bridge span defined earlier, the bridge height and the deck width are also fixed as an
input at the beginning of the analysis. The bridge height represents the vertical distance between the

supports at the base of the arch and the upper chord of the deck. The other 9 parameters are used in

addition to the varying topology as design variables.
1. Deck height: the distance between the upper and lower chord of the deck

2. Arch bottom width: the transversal depth at the base of the arch

33



3. Arch top width: the transversal depth at the crown of the arch
4. Arch crown depth: the longitudinal depth at the crown of the arch
5. Number of piers: the number of piers connecting the deck to the arch

6. Number of arch webs per division: the piers divide the arch into different spans called divisions.
This variable describes the number of truss webs in each division. This number is the same

everywhere.

7. Deck-pier connection height: the height of the infinitely stiff element connecting the deck to

the piers
8. Pier width: the width of the piers and it is the same everywhere
9. Pier division distance: the height of the truss webs in the piers

10. Truss type: the topology of the arch truss

'-ga _.: Arch_top_\.,vidth
GRS CCCICCT O @ ek
g < gﬂ/r ) i *?W 7 ;\..
<] L g < %
z 2
41 | 5
/);:’ie[_\a}dth
f/ |
Bridge span | Arch bottom width

Figure 28 Graphical representation of the geometry design variables and fixed inputs

3.4.2 Objectives

3.4.2.1 2-D case

Two objectives are considered for this case in order to study their relationship and the presence of any

trade-offs.

o Structural weight: the weight of the structure given by Karamba [9] after assigning cross

sections to the different elements. The material used in this case is steel.

o Deflection: the maximum deflection obtained at any point of the structure.
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3.4.2.2 3-D case

In addition to the 2 objectives mentioned earlier, 2 new objectives are considered.

o Structural weight: the weight of the structure given by Karamba [9] after assigning cross

sections and materials to the different elements.

o Deflection: the maximum deflection obtained at any point of the structure.

3.4.3 Algorithms

Two different approaches are used for this optimization process. On one hand, Goat is used to optimize
the structure for one objective at a time. On the other hand, MOO is used for the multi-objective

optimization.

Goat [10] focuses on one objective only. It uses a mathematical approach to get closer to the optimal
solutién. Goat offers different algorithms when running. A global algorithm that uses bigger gradients
to explore the design space randomly and covers an important part of the design space. The local
algorithm on the other hand uses smaller gradients and explore a specific area of the design space while
staying closer to the starting point of the analysis. For this analysis, a global algorithm is used to run
Goat starting from a random point while giving it enough time to explore the design space. The local
algorithm is used afterwards taking the result from the global algorithm as a starting point in order to

get the best result possible.

MOO [11] is a tool for multi-objective optimization. It uses the NSGA-Il algorithm which acts in a
revolutionary way and is able to study many samples of the population in an attempt to find the Pareto
front of the different objectives. In addition to the objective functions and the design variables. The size
of the population and the number of generations must be fixed before running the tool. A design is
chosen from the Pareto front for the comparison with the other types of optimization and is

represented on the graphics showing the Pareto front.
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Chapter 4: Results

This chapter explores the results given at the end of the optimization processes. For each case, the
Pareto front is first investigated while analyzing the logic behind. Furthermore, using different types of
optimization on different design problems by changing the span of the bridge allows to compare the

general geometry pattern and predict the overall geometry necessary for each case.

4.1 2D case

4.1.1 Data analysis

This section explores the results given by the multi-objective optimization done via MOO and it

investigates the existence of the Pareto front and the implications of it.
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Table 4. Evolution of the deflection and the structural weight
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Arch Truss type 1
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All these plots share the same pattern. A trade-off exists between the structural weight and the
deflection. Besides, each of the different cases has some Pareto optimum solutions representing the
best designs possible considering both objectives for each case. These solutions are essentially located

on the bottom left corner of the plots.

4.1.2 Optimization

This section investigates the different geometries given by MOO and Goat in order to study the patterns
and compares the maximum deflection and self-weight in each case. Goat is used in two phases: a first
run starting from a random point in the design space and using a global algorithm and a second run
starting from the best design chosen by the global algorithm and exploring the small area of the design
space surrounding that point using a local algorithm.

Table 5. Optimized designs for both structural weight and deflection (MOO)

Archt Truss type 0 Truss type 1
Span
H=100m H=51m
100m D=33m D=10m
N=6 N=9
W=158266 kg W=132709 kg
C0,=197832kg C0,=165886kg
Def=0.02 m Def=0.03m
H=57m H=6m
165m D=5m D=10m
N=25 N=11
W=268459 kg W=202856 kg
€0,=335574 kg €0,=253570kg
Def=0.21m Def=0.09m
H=63m H=61m
200m D=8m D=18m
N=28 N=27
W=340895 kg W=323223 kg
C0,=426119 kg C0,=404028 kg
Def=0.20m Def=0.06m
Table 6. Optimized designs for structural weight only (Goat)
Truss type 0 | Truss type 1
Arch
Global optimization method
Span
100 m | H=38m H=40m o
D=9m D=5m
N=7 N=12
W=155371 kg W=116613 kg
C0,=194214 kg C0,=145767 kg
Def=0.016m Def=0.046m
165 m H=49m H=63m
D=5m D=5m
N=13 N=23
W=237451 kg W=202090kg
C0,=296814 kg C0,=252612 kg
Def=0.16m Def=0.30m
H=81m H=63m
200m D=10m D=5m S
N=19 N=24
W=349241 kg W=226814 kg
€0,=436552kg €0,=283517kg
Def=0.22m Def=0.47m

an




Arch .
i Local optimization method
H=29m H=29m
100 m b S5
N=7 N=7
W=139709 kg W=103842 kg
€0,=174637 kg €0,=129802 kg
Def=0.025m Def=0.03m
H=47m H=45m
165m bt i
N=13 N=16
W=239866 kg W=175308 kg
C0,=299832 kg C0,=219135
Def=0.17m kg
Def=0.18m
H=60m 1 H=63m v are-
200 m D=5m D=5m
N=19 N=24
W=299623 kg W=226814 kg
C0,=374528kg C0,=283517kg
Def=0.36m Def=0.47m
Table 7. Optimized designs for deflection only (Goat)
Truss type O | Truss type 1
Arch e
-~ Global optimization method
H=40m H=44m
100 m D=21m D=21m
N=7 N=8
W=179401 kg W=133387 kg
C0,=224251kg €0,=166734 kg
Def=0.007m Def=0.008m
H=48m H=54m
165m D=20m D=25m
N=10 N=9
W=274822 kg W=232693 kg
€0,=343528 kg €0,=290866 kg
Def=0.026 m Def=0.025 m
H=65m H=63m
200 m D=30m / \/ D=16m
N=9 a4 N=8
W=502588 kg W=446584 kg
C0,=628235 kg C0,=558230 kg
Def=0.024 m Def=0.04m
Arch T
Span Local optimization method
H=43m H=46m
100 m D=21m D=22m
N=7 N=8
W=181886 kg W=136037 kg
€0,=227358 kg C0,=170047 kg
Def=0.007m Def=0.008m
H=54m H=65m
165 m D=30m D=23m
N=7 N=7
W=395187 kg W=304342 kg
C0,=453984 kg C0,=380427 kg
Def=0.017 m Def=0.022 m
H=68m H=63m
200m D=30m D=27m
N=8 N=8
W=566008 kg W=456364 kg
€0,=707510 kg ; €0,=570455 kg
Def=0.023 m Def=0.026 m
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From an aesthetic perspective, a pattern characterizing the different types of optimization can be
noticed. The structures optimized for the structural weight and embodied carbon tend to be slender as
they have more truss webs and a narrower crown. On the other hand, the designs optimized for
defection only tend to have fewer truss webs but the depth at the crown is bigger. Finally, the designs
given by MOO which are optimized in consideration for both the structural weight and the maximum
deflection have a medium number of truss webs and depth at the crown. The conclusion can thus be
made that the more the deflection weighs for the optimization, the broader the depth at the crown
and the more truss webs there are, while the opposite would be the case if the optimization is leaning
more towards the structural weight. In addition, for the structural weight optimization, the truss type

1 tends to have more truss webs than the truss type 0.

The global and local algorithms generate very similar arches from an aesthetic perspective. This is
probably due to the narrowness of the design space used by Goat as a gradient-based optimization
tool. Especially for local algorithms. It is thus only natural to get similar designs since the resulting design
of the global algorithm is used as a starting point for the local one. Besides, all the offspring created by
the local algorithm has a better performance than the parent design. Mixing these two algorithms is

thus the best way to use Goat for optimization.
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Figure 29 Weight of Optimal Designs by Span

In general, the weight increases when the span is increased. However, except for the multi-objective
optimization of a type 1 truss, all the other processes show a decrease in the slope for the second half

of the plot, which means that the weight increased at a lower speed when the span is increased.
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This plot proves once again that the weight of the objectives does matter in the optimization process.
If only one type of trusses is considered (solid lines for type 0 and dash lines for type 1), it can be seen
that the weight optimization has the least weight which is expected as this process only aims at reducing
the weight without any regard to the deflection or any other available objective. The deflection oriented
optimization on the other hand has the highest weight which gets considerably higher when the span
is increased because this kind of optimization does not take weight into consideration and seeks
reducing the deflection only. Finally, the multi-optimization process scores the middle weight as it
represents a trade-off between the structural weight and the deflection while looking for the optimum

design.

For every single optimization process, the structural weight of the arches with a type 0 truss is higher
than for the arches with a type 1 truss. This is probably the result of the type 1 truss using fewer

elements than type O trusses. However, the result might be the exact opposite for the deflection.
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Figure 30 Deflection of Optimal Design by Span

The general placement of the different plots follows the expected pattern by having the deflection
oriented optimization as the lowest while the structural weight oriented optimization has the highest
deflection and the multi-optimization in the middle. However, the multi-optimization of a type O truss
generated the highest deflection for a 165-m span. This result is different from the expectation, but
since there is only 4cm which represents around 8.9% of the 45.8cm allowable deflection this situation

can be considered exceptional but also without impact on the rest of the results.
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The most interesting part of this plot is the evolution pattern that changes according to the optimization
process. For the deflection orientated optimization, the deflection stays very low and increases at a
very slow rate so it almost seems constant. While it increases then decreases for the multi-objective
optimization. Finally, the deflection increases at an increasing rate when the span is bigger for the

structural weight orientated optimization.

There is almost no difference between both truss types for the deflection orientated optimization.
However, the deflection is higher for truss type 1 resulting from the structural weight oriented
optimization. Getting a lower weight was possible for this truss type because it has fewer elements, but
fewer elements also means less bracing so the deflection can be higher. On the other hand, a different
pattern is shown by the multi-objective optimization, as the deflection is considerably lower for a truss
type 1. This means that the truss type 1 has a very good potential but it's more apparent when there is

a trade-off between both objectives for the optimization process.
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Figure 31 Deflection/Maximum allowable deflection ratio by span

The maximum allowable deflection depends on the defined span L of the bridge and is equal to L/360.
The graphic above (Figure 31) has the same shape as the Graphic of the optimal deflection by span. It
is noticeable that the deflection/maximum allowable deflection ratio increases at a faster rate for the
weight oriented optimization and gets closer to 1. Focusing on the weight only leads to getting closer
to the maximum allowable deflection as the span increases. However, as expected for the deflection

oriented optimization, the ratio is low and almost constant and has an average of 3.8%.
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4.2 3D case study #1 — steel trussed arch bridge

4.2.1 Data analysis

This section investigates the result of the multi-objective optimization run on the 3D model using MOO.

It investigates the possible existence of a trade-off between the structural weight and the deflection.

Table 8. Evolution of the deflection and the structural weight

Arch
Span
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Structural weight and structural performance (deflection)

0.35
0.3

- PO o Qoo
0.25

o
o

® MOO results

Deflection (m
o
st
(¥,

O Chosen design

o
-

0.05

0 500000 1000000 1500000
Structural weight (kg)

165m
Structural weight and structural performance (deflection)

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

® MOO results

Deflection (m)

O Chosen design

0 500000 1000000 1500000 2000000
Structural weight (kg

A



200m _ _
Structural weight and structural performance (deflection)
0.6
ogge ©
0.5 d
' ®
£ 04 [ N
S
= 0.3 e
b b ‘ @ MOO results
=
= ,
a 0-2 ® Chosen design
0.1
0
0 500000 1000000 1500000
Structural weight (kg)
Truss type 1
100m ) ,
Structural weight and structural performance (deflection)
0.35
2
0.3
— 9 e
£ 025
S 02
o
o 015 ® MOO results
o
[
a 0.1 © Chosen result
0.05
0
0 500000 1000000 1500000 2000000
Structural weight (kg)
165m . )
Structural weight and structural performance (deflection)
0.5
é |
_. 04
c o
S 0.3 & ".
=
o 0.2 @ MOO results
ey
8 O Chosen design
0.1
0
0 200000 400000 600000 800000 1000000 1200000
Structural weight (kg)

Ag




200m
Structural weight and structural performance (deflection)

0.6

0.5

o
Iy

‘ ’ @ MOO results

O Chosen design

Deflection (m)
= =3
M w

o
>

]

0 500000 1000000 1500000
Structural weight (kg

Similarly to the 2D case, MOO is run on the 3D model of the arch bridge while using the maximum
deflection and the structural weight as objectives. In all cases, the graphics show a Pareto front. Thus,
there is a trade-off between the weight and deflection. Trying to optimize one of the two will generally
lead to worse results in the other. The bottom left corner of each graphic consists of the optimum

solutions that satisfy both objectives at the same time.

4.2.2 Optimization

This section investigates the differences between the results of each of the different types of
optimization mentioned earlier: a multi-objective optimization between weight and deflection, a
weight orientated optimization and a deflection orientated optimization. It analyzes the different
geometries to find characteristic properties for the optimization processes. It also studies the weight,
deflection, and embodied carbon for different study cases by changing the spans, truss types or used

materials.
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Table 9. Optimized designs for both structural weight and deflection (MOO)

Arch
Span

Truss type 0

Truss type 1

100m

165m

200m
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Table 10. Optimized designs for structural weight only (Goat)

Arch
Span

Truss type 0

Truss type 1

100m

165m

200m
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Table 11. Optimized designs for Deflection only only (Goat)

Arch

&oan Truss type 0 Truss type 1

100m

165m

200m

SN




LY

Deck height | Arch bottom | Arch top Arch crown |Number of :::t::;:: Pier width| Pier division Weight [ke] | Deflection [m]
[m] width [m] width [m] depth [m] piers i [m] distance [m]
per division
Multi-objective optimization
Span [m]
100 Tiuss 3.218 10.298 10.081 17.159 2 2 7.350 4,583 382155.801 0.198
165 3.107 29.972 8.037 19.199 2 2 6.422 6.472 863108.771 0.208
200 Ypal 2.150 32.096 10.394 15.693 3 4 6.927 6.870 765868.525 0.363
Span [m]
100 Truss 2.592 12.456 10.659 3.191 2 2 7.401 3.121 345435.213 0.260
165 type 1 2.689 25.833 9.361 14.255 4 2 5.254 6.726 663991.233 0.295
200 2.601 32.011 11.824 16.350 4 2 5.010 5.054 941465.750 0.291
Structural weight only
Span [m]
100 Triiss 2.873 10.085 6.710 4.690 2 4 5.391 4.493 251907.740 0.247
165 type 0 2.776 28.616 7.585 15.833 2 6 7.619 6.685 566575.506 0.372
200 2.493 19.277 11.771 19.587 2 6 6.445 6.210 707010.095 0.494
Span [m]
100 Truss 2.739 10.029 9.166 3.722 Z 4 6.268 5.116 256692.381 0.254
165 2.541 31.908 9.622 13.066 3 4 3.940 5.494 651511.967 0.362
200 s 2.595 29.614 7.236 16.255 3 4 3.574 6.658 807268.035 0.506
Deflection only
Span [m]
100 e 3.132 32.569 12.817 15.957 2 2 6.205 2.763 449133.830 0.130
165 0 3.119 30.655 8.063 15.807 2 2 8.095 6.545 841868.402 0.184
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Just like the 2D case, the arch crown depth is the largest for the deflection oriented optimization as the
crown tries to contain the moment from the vertical forces. Furthermore, the truss tends to be denser
for the weight oriented optimization. Thus, having more elements sometimes means a smaller weight,
since each element needs to have less capacity and is consequently lighter. Overall, the 2D and 3D

results are compatible.

In most cases, the arch bottom width is significantly higher than the arch top depth. This shape is
expected as the depth of the arch maintains the stability under the different load cases and especially
the wind loads. Since wind loads induce a maximum moment at the base of the arch, the depth at the
base should be larger compared to the depth of the arch which is the case here. It is noticeable thatin
average, the top depth is 67.6% smaller than the bottom depth for the deflection-oriented
optimization. For the multi-objective optimization and the weight-oriented optimization, the ratio is
around 65% for the 165m and the 200m spans. However, the ratio average is decreased to 50% if the
100m span is considered. The total load applied by the wind in this case is smaller since the area to
which the load is applied is smaller. If reducing the deflection is not the priority, it is then possible to

reduce the difference between the top and bottom arch depth if the span gets considerably small.

In general, only two piers are used for truss type 0 and it is the minimum number of piers allowable by
the design space. On the other hand, truss type 1 uses three piers in average. This is due to the density
of the truss. Since truss type O is denser as it has two diagonal elements, it needs fewer points to
transfer the load from the deck to the arch while truss type 1 needs more points to transfer the load as
there is only one diagonal in each truss web. Moreover, the piers are wider and have a denser truss
when the objective is to reduce the deflection while they are mode slender and have less dense trusses

when reducing the self-weight is considered as the only objective.
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Figure 33 Weight of Optimal Design by Span

The deflection is overall higher for the deflection-oriented optimization and gets lower for the multi-
objective optimization. The weight oriented optimization has the lowest weight as expected. For the
weight oriented optimization, the truss type O gives lighter results than truss type 1 result while it is the
opposite for the other two types of optimization. For the 200m span of the weight optimization, truss
type 1 has a result 14% heavier than truss type O (Figure 32) but the deflection is almost the same
(Figure 33). For this specific case, truss type O is the best choice. However, truss type 1 is a better choice

because designers don’t aim at reducing the weight only in reality.
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Figure 32 Deflection of Optimal Designs by Span
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The shape of this graphic (Figure 33) is interesting. The order of the curves follows the expected pattern
by the deflection oriented optimization giving the best results and the weight-oriented optimization
giving the worse results while not exceeding the maximum allowable deflection. However, is these two
cases, there is almost no difference in the results generated by the different truss types. The multi-

objective optimization results don't follow a specific pattern following the truss type.
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Figure 34 Deflection/Maximum allowable deflection ratio by span

None of the results given by the different optimization processes exceeds the maximum allowable
deflection. The order of the results by optimization type follows the same order as the deflection with
the deflection-oriented optimization giving the best result. However, the average ratio for this type of
optimization is 40% while it is 3.8% for the 2D case (Figure 31). The controlling load case causes this
difference. For the 2D case, the live load generates the maximum deflection in the structure while the

wind load generates it for the 3D case.
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The results of the graphic above (Figure 35) are the results of the analysis of the structure for two
additional materials: aluminum and carbon fiber. The results of the study are available in Appendix C
and Appendix D. The steel option generates a high amount of carbon emissions 4120.6kg/m for truss
type 0 and 4738.3kg/m for truss type 1. However, it generates 63% less carbon in average compared
to carbon fiber and 72.6% compared to aluminum. Choosing steel is thus more considerate towards

the environment as it emits less carbon.

4.3 Discussion and recommendations

The arch of the Garabit Viaduct weighs 1,185,701 kg and the deck weighs 2,140,713 kg. However, the
deck is 564.65m long in total [16,17]. The deck above the arch is 165m long so it weighs 625,551.5 kg.
The part considered of the bridge weighs 1,811,252.5 kg originally. The weight-oriented optimization
gives a structure that weighs 566,575.5 kg. This represents almost 69% of savings. The big gap in the
weight is the result of the optimization process and the use of steel which is stronger than wrought iron

used in the original bridge.

Both the 2D and 3D case showed that a bigger depth at the crown and more truss webs should be used
for better results for the deflection-oriented optimization. Besides, the piers should be wider and have
a denser truss for this type of optimization. Doing the opposite of these recommendations will lead to

increasing the deflection but the bridge will get lighter.

To resist the wind loads, the bottom arch width should be around 65% larger than the top arch depth
for all different cases if the span is higher than 100m. Finally, the truss type 1 is usually a better choice

as it generates a lighter structure in most cases while respecting the maximum allowable deflection. To
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make the use of this type more efficient, more piers should be used to transfer the load from the deck

to the arch.
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Chapter 5: Conclusions

5.1 Summary of contributions

This thesis tackles a new way of optimizing trussed arch bridges in comparison with the existing
literature by increasing the design space and the design variables. It analyzes the influence of changing
the geometry and topology on the structural performance and self-weight of arch bridges. The two
parametric models constructed using Grasshopper enabled their finite element analysis and

optimization using Goat and MOO.

Comparing the different resulting designs from an aesthetic perspective showed a clear pattern
characterizing each type of optimization. When the optimization leans more towards decreasing the
deflection, the design has larger depth at the crown and fewer truss webs. However, the more weight

is important in the optimization process, the narrower the crown is and the more truss webs there are.

This thesis proves once again that there is a trade-off relationship between structural weight and
deflection as we can not improve one without deteriorating the performance of the other. This effect

is shown by the plot positions for the different objectives.

It is easier to get a lighter design by using the type 1 truss because it uses fewer elements. However,
more care should be put into using this type of truss as the deflection can easily get higher if neglected

while choosing the design. This process usually leads to better results as it was demonstrated by the

57



multi-objective optimization since the type 1 had better results for both weight and deflection using

this optimization process for the design.

The optimization enables to save up to 69% of weight compared to the original material. Moreover,
steel is the best material for trussed arch bridges. Steel is structurally efficient but it also helps to save

63% of carbon emissions in average compared to carbon fiber and 72.6% compared to aluminum.

5.2 Potential impact

This thesis demonstrates that geometry has a major influence on the performance of arch bridges. The
results and conclusions made at the end of the analysis show the different geometrical patterns
according to single-objective or multi-objective optimization. These results can be used as a starting

point to design trussed arch bridges in the future.

5.3 Future work

The work realized in this thesis could be deepened by studying the impact of every single parameter on
the maximum deflection and the structural weight of the arch bridge. It is also possible to replicate an
exact 3D model of the Garabit Viaduct and analyze it using the same tools to compare the results. In
addition, considering wrought iron and replicating the loads used for the analysis of the Garabit Viaduct

will give new interesting results as it is a more direct comparison.

5.4 Concluding remarks

This thesis explores the use of new computational tools to study trussed arch bridges such as
Grasshopper, Karamba, MOO, and Goat. These tools enable the optimization of the trussed arch bridges
generating considerable amounts of weight and embodied carbon savings. These computational tools
should be explored more to study more structures to visualize their behavior and understand how the

difference parameters influence the structures’ weight and structural stiffness.
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Appendix A: Cross sections catalog

Table 13. List of used cross sections

Profile Diameter [cm] Thickness [cm] Diameter [cm] Thickness [cm]

10 0.5 110 5.5
15 0.75 115 5.75
20 1 120 6
25 1.25 125 6.25
30 1.5 130 6.5
35 1.75 135 6.75
40 2 140 7
45 2.25 145 7.25
Hollow |50 2.5 150 7.5
circle |55 2.75 155 7.75
60 3 160 8
65 3.25 165 8.25
70 3.5 170 8.5
75 3.75 175 8.75
80 4 180 9
85 4.25 185 9.25
90 4.5 190 9.5
95 4.75 195 9.75
100 5 200 10
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Appendix B: Case study #1 — steel trussed arch bridge
(extra views)

Table 14. Front view
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Table 15. Side view
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Table 16. Top view

Truss type 0

| Truss type 1

Arch
Span

Multiobjective optimization

100
m

165
m

200

: e o ey e o N :
sexnsx EOReR

Arch
Span

Weight only

100

P e s T e R e e T .
«':"xﬁ\:‘/x- :"_n’-‘--‘,{;m i;{:]v\;g--‘a\_‘«’-f -
“L‘I". N PR TP R RN O ST .

165 K2 py P Oy ¥y o= e
m | R ﬁ%ﬁ?ﬁf‘fﬁ)ﬁ- EECER RS e e i
Ko & it S ; ‘x’ 3. pam: | ' .

200

e e

5 x”*’*%#‘@é@m“ﬁ%@(ﬁ{ ek 2

Arch
Span

Deflection only

100

66




Appendix C: Case study #2 — aluminum trussed arch

bridge

Table 17. Evolution of the deflection and the structural weight
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Table 18. Optimized designs for both structural weight and deflection (MOQ)
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Table 19. Optimized designs for structural weight only (Goat)
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Table 20. Optimized designs for Deflection only only (Goat)
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Table 21. Front view
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Table 22. Side view
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Table 23. Top view
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Appendix D: Case study #3 — carbon fiber trussed arch
bridge

Table 25. The results of the weight-oriented optimization for the span = 165m

Truss type O Truss type 1
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per division
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165| type0 | 2.732] 26.666 13.914] 17.530] 2] 4] 6.646] 6.867| 128864.375) 0.238
Span [m] | Truss
165| type1 | 3.547| 5.748| 11.566] 3.153 2] 4 7.175] 0.012| 200385.308] 0.273
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